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Living cells exploit membrane proteins to carry out crucial functions like transport of

nutrients, signal transduction, energy conversion, etc. Recently, the remarkable and

continuous improvement of computational algorithms and power allowed simulating and

investigating relevant aspects of the mechanisms of this important class of proteins.

In this thesis we focused on the study of two membrane proteins: a transporter and

an ion channel. Firstly, we investigated the bacterial homologue of Sodium Galactose

Transporter (SGLT), which plays an important role in the accumulation of sugars (i.e.

glucose or galactose) inside cells, assuring a correct intestinal absorption and renal re-

absorption. Using enhanced sampling techniques, we focused in understanding selected

aspects of its transport mechanism. First, we identified a stable Na+ ion binding site,

which was not solved crystallographically. Second, based on the results of the first study,

we investigated the mechanism of the binding/release of both ligands to/from the pro-

tein in the inward-facing conformation and their interplay during this process.

Finally, we also worked on another membrane protein: the Cyclic Nucleotide-Gated

(CNG) channel. Using a chimera, the NaK2CNG mimic, we investigated the struc-

tural basis of the linkage among gating and permeation and of the voltage dependence

shown by this channel. Large-scale molecular dynamics (MD) simulations, together with

electrophysiology and X-ray crystallography, have been used to study the permeation

mechanism of this mimic as a model system of CNG in presence of different alkali cations.
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Chapter 1

Overview

Membrane proteins are macromolecular machineries associated or embedded in cellular

membranes playing crucial roles in biological processes like energy conversion, trans-

port of ions and small molecules, signal recognition, transduction etc. [1]. A detailed

structural and mechanistic characterization of this kind of proteins is nowadays much

more difficult than that of the cytosolic ones, due to important experimental difficulties

in their expression, solubilization, crystallization, etc. However, recent improvements

in electrophysiological and crystallographic techniques, together with a remarkable and

continuous improvement of computational tools, have greatly accelerated the progress

in this field, allowing understanding of relevant aspects of the working mechanisms of

these proteins.

In this thesis, we focused on two membrane proteins: the Sodium/Galactose Transporter

(SGLT) and the Cyclic Nucleotide-Gated (CNG) ion channel, fundamental players in

the transport of nutrients inside the cell and in the sensory transduction, respectively.

Using enhanced sampling techniques (Metadynamis and Bias-Exchange Metadynamics)

we investigated several important aspects of their mechanisms.

Sodium/Galactose Transporter

Sodium/galactose transporter (SGLT) is a secondary active symporter that accumulates

sugars (glucose, galactose) inside the cells exploiting the electrochemical gradient of Na+

ions across the membrane. This process is very important for the correct functioning

of intestine and kidney and it has been hypothesized to occur via an alternating access

mechanism [2, 3], in which the protein switches from an outward to an inward-facing

conformation.

1



Chapter 1. Overview 2

The crystal structure of a bacterial homologue of this transporter has been solved in 2008

[4]. This homologue shares a high sequence identity with the human protein (hSGLT)

and translocates in the same direction one Na+ ion and one galactose molecule (while

hSGLT can use one or two ions depending on the isophorm). The structure revealed

the symporter in the inward-facing occluded conformation with the galactose bound.

Even if Na+ ion was not detected by the X-ray experiments, a plausible binding site

was proposed by a structural comparison with other transporters that share the same

mechanism and fold [5]. However, recent molecular dynamics (MD) simulations studies

suggested that the crystal structure represents an ion-releasing state of the transporter

[6–8]. Indeed, after a few ns of MD simulation, the Na+ spontaneously diffuses outside

the protein, towards the intracellular space.

As a first goal of this thesis we focused on identifying a stable binding site for the ion

in the inward-facing conformation, namely an ’ion-retaining’ state.

Performing classical MD and metadynamics (MTD) [9, 10] simulations, we explored the

free energy surface (FES) and the conformations involved in the binding and dissociation

of the Na+ ion. In Figure 1.1, we report the FES as a function of the coordination

number of the ion with the five closest residues in the crystal binding site, and the

distance between Na+ ion and a residue seen to interact with the ion along its exit

pathway, D189. Among the several binding sites detected, we identified the most stable

Figure 1.1: Free energy surface in the neighbourhood of the stable binding site of
Na+ discovered in this work. More detail in the text, Chapter 4.

one, called LC1. By long MD simulations we then showed that LC1 is indeed an ion-

retaining binding site.

As a second goal of this thesis, we investigated the dissociation mechanism of the two

ligands, Na+ and galactose, from their binding sites into the cytoplasm. This topic
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Figure 1.2: The free energy along the exit pathway of galactose. For more details,
see Chapter 5.

has already been investigated by molecular simulations and experimental studies, but

contradictory conclusions concerning the possible gating role of Y263 in the galactose

release and the overall order of dissociation among the ligands were drawn [7, 8, 11–13].

Starting our simulations from the stable binding site identified in the first part of our

study, we performed bias-exchange metadynamcs exploiting nine different collective vari-

ables (among which the path collective variable, coordination numbers, hydrogen bonds,

distances, etc). Our results revealed that: 1) the minimum free energy exit pathway of

the galactose does not involve any rotameric transition of the side-chain of Y263; 2) the

main barriers characterizing the releasing mechanism are of the order of 11-12 kcal/mol

for both the ion and the substrate; 3) the release mechanism of the galactose and the

sodium ion is non-cooperative. Based on these results, we propose to extend the six-

state kinetic model introduced by Wright and coworkers [12, 13] by adding one more

state. Indeed, we suggest that, from the ligand bound inward-facing conformation, the

transporter can follow independently two paths for Gal and Na+ release.

Cyclic Nucleotide-Gated (CNG) ion channel

In the third part of this thesis we addressed the CNG channels, cation channels that

mediate sensory transduction in the process of vision and olfaction. Despite belonging to

the voltage-gated cation channels (VGCC) superfamily and, thus, harboring a voltage

sensor domain, CNG channels respond to the binding of cyclic nucleotides to their

intracellular domain. They are tetramers, with four subunits symmetrically organized

around a central pore whose narrowest part, called selectivity filter, underlies the crucial

role of selecting which type of ion can pass through the channel. Unfortunately, the only

crystal structures available for this type of ion channels are those of a mimic based on

the NaK channel, where the residues DGNFS of the selectivity filter were substituted

by the ETTP which are characteristic of the CNG channels [14].

Recently, functional studies highlighted two remarkable features, previously overlooked,

characterizing CNG channels: first, the permeation (the passage of specific/aspecific
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Figure 1.3: Free energy of Na+ and Cs+ systems. More details in Chapter 6.

ions) and gating (conformational changes that open and close their ion-permeable pores)

are tightly coregulated at the selectivity filter; second, even if they were thought not to

be voltage gated, a very recent work showed that CNG channels behave in a voltage

dependent way in the presence of large cations (Rb+, Cs+) [15].

In order to investigate these issues we performed bias-exchange metadynamics using

several collective variable (the dipole, distances, coordination number of ions, etc.). Our

results can be summarized as follows: 1) the Cs+ system is more flexible than the Na+

system, and is characterized by a liquid-like behaviour in which E66 assumes a large

number of conformations (Figure 1.3); 2) the conformation of P68 depends strongly

on the voltage only if the channel is occupied by Cs+. Consistently with this finding,

this residue was previously shown to affect the selectivity of the channel [16]; 3) the

movement of P68 and the permeation of the top ion in the Cs+ system are strongly

coupled. Based on our simulations, we then conclude that the pore flexibility plays a

relevant role in the mechanism of the non-selective cation channels.



Chapter 2

Biological Background of

Transporters and Ion Channels

2.1 Membrane Proteins

An essential condition for life is the compartmentalization of cells and organelles from

their environment. This is made possible by the presence of biological membranes which,

beyond this basic role as a barrier, promote many other functions, mainly determined

by the type of proteins associated with or embedded in the bilayer. Membrane proteins

are therefore key players in crucial processes like energy conversion, transport of ions

and small molecules, signal recognition, transduction etc. [1]. Indeed, over 25% of all

genes in most genomes encode for membrane proteins [17, 18]. Their important biolog-

ical role is further highlighted by the fact that they represent the target of about 60%

of approved drugs and their experimentally determined three-dimensional structures are

eagerly sought to assist in structure-based drug design [19].

Unfortunately, a detailed structural and mechanistic characterization of this kind of pro-

teins is much more difficult than that of the cytosolic ones, due to experimental difficul-

ties (at expression, solubilization and crystallization levels). The first atomic-resolution

structure of a membrane protein was obtained by Johann Deisenhofer and Hartmut

Michel in 1985 [20]. They were able to determine the structure of a photosynthetic re-

action center, contribution awarded with the Nobel Prize in 1988. The most important

accomplishment was probably the demonstration that membrane proteins could be crys-

tallized, thereby opening the way for atomic-resolution X-ray crystallography also for

this kind of proteins. Nowadays, 29 years later, more than 494 atomic resolution struc-

tures (excluding the mutants or the same proteins in presence of different substrates)

5



Chapter 2. Biological Background 6

are available in the PDB database, obtained mainly by X-ray crystallography, but also

by nuclear magnetic resonance (NMR) and electron cryo-microscopy [21, 22].

In this thesis we focused on two main types of membrane proteins: transporters and ion

channels, which play a key role in the transport of nutrients inside the cell and in the

sensory transduction, respectively.

2.2 Transporters

Transporters are membrane proteins involved in the translocation of small organic

molecules across the cellular membrane. While the primary active transporters work

using directly the light or the energy released by chemical reactions (i.e. ATP hydrol-

ysis), the secondary active transporters exploit the energy stored as transmembrane

electrochemical gradient of ions (mostly Na+ or H+). These proteins can transport two

or more molecules and ions in the same direction (symporters) or in opposite directions

(antiporters). Sodium symporters, in particular, use this alkali metal ion to cotransport

(in the same direction) a variety of substrates (sugars, amino acids, neurotransmitters,

nucleobases) [3, 23] against their chemical concentration. They play a crucial role in

the physiology of the brain, intestine, kidney, thyroid and skin, representing thus the

target for therapeutic intervention in the treatment of depression, diabetes, obesity, etc.

[3, 23]. Despite belonging to different gene families, the hypothesized transport cycle of

these transporters occurs via a common alternating access mechanism [2, 3], in which

the protein switches from an outward to an inward-facing conformation (Figures 2.1 and

2.2).

In recent years, the atomistic structures of several secondary symporters have been

obtained by X-ray diffraction: the leucine transporter, LeuT, belonging to Neuro-

transmitter Sodium Symporter (NSS) family [5, 24], the benzyl-hydantoin transporter,

Mhp1, belonging to Nucleobase Cation Symporter-1 (NCS1) family [25], the betaine

transporter, BetP, belonging to Betaine Carnitine Choline Transporter (BCCT) family

[26, 27], the glutamate transporter, GltPh, belonging to Excitatory Amino Acids Trans-

porter (EAAT) [28] and the sodium/galactose transporter, SGLT, belongs to Sodium

Solute Symporters (SSS) [4]. These structures provided insights into the molecular ar-

chitecture of the transporters in the different stages of the transport cycle [3], unveiling

their common characteristics. Indeed, despite their unrelated sequences (sequence iden-

tity 10-16%), they share a common structural core of 10 transmembrane (TM) helices

composed by two five-helix inverted repeat (5HIR) motifs. In Figure 2.3, where the lig-

ands’ binding sites and the 10-TM core domains of four different symporters with a very

low sequence identity are superposed, this striking structural similarity is highlighted.
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Figure 2.1: Conformational switch depicted here for the Vibrio parahaemolyticus
bacterial homologue of SGLT (vSGLT). Slice of the protein surface is reported in the
outward (left) and inward-facing (right) conformations, showing the hydrophilic cavity
(blue mesh). Helices TM3, TM7 and TM11 are colored orange, green and blue, respec-
tively. Galactose is shown as black and red spheres (for the C and O atoms), while the

ion is colored as a blue sphere. Image from Ref. [4].

Thus, the study of the molecular mechanism of one of these proteins is important not

only per se, but also because it can provide information on the general mechanism of

this class of secondary active transporters, referred now on as ’LeuT-fold’.

In this work we focused on the sodium/galactose transporter (SGLT), which has an

important role in accumulating sugars (i.e. glucose or galactose) inside the cells. This

process is fundamental for the physiological intestinal absorption and renal reabsorption

of sugars, and it is nowadays a promising field for the development of a new class of

drugs for the treatment of type 2 diabetes [13]. Moreover, SGLT has a very important

role in water absorption as it can promote the uptake of about 6 liters per day in normal

adult intestine. The exact mechanism of water permeation through this transporter is

still debated [29, 30]. The two main hypotheses are: (i) the active cotransport [29, 31],

where water flux is coupled to the flux of ion/solute, and (ii) the passive permeation [32],

for which a flux of water is induced as a response to the local osmotic gradient created

by the accumulation of solutes near the intracellular side of the membrane during solute

transport. However, despite this relevant function has still to be clarified in detail, it

is already greatly exploited in the oral rehydration therapy (ORT) for the treatment of

secretory diarrhea [13, 33].

2.2.1 Ion Binding Sites

The binding of sodium ions (one, two or even three ions, depending on the protein)

represents a crucial event in many of secondary transporters. However, details of ion
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Figure 2.2: Hypothesized alternating access mechanism. Simplified model showing
the hypothesized possible conformational states of the symporter and the role of gates
in the transport. In state 1 no ligands are bound to the transporter. In the presence of
extracellular sodium, once the ion(s) and the substrate bind, state 2, the external gate
closes, state 3. The next step is the conformational switch, that leads to the closure
of the external vestibule, state 4, and the opening of the internal vestibule, state 5.
Opening of the internal gate permits substrate and sodium ion(s) to dissociate and exit
at the intracellular face of the membrane, state 6. The cycle is completed by the closure

of the internal vestibule and the return to state 1. Image from Ref. [3].

Figure 2.3: Common binding sites. Left: a structural alignment of TM1 and TM6
(TM2 and TM7 for vSGLT), and the substrate-binding site for vSGLT (red), BetP
(blue), LeuT (green), and Mhp1 (cyan). Center: the same as before but for the sodium-
binding site. Right: structural alignment of the core domains from vSGLT, BetP, LeuT,
and Mhp1 yield an RMSD between 3.8 and 4.5 Å . The two 5-helix repeats are colored

red and blue, respectively. Image from Ref. [3]

binding sites are poorly characterized in most cases, in part because of the challenges

of membrane protein crystallography, the relatively low resolution of the data currently

available, and, in part, because of the similarity of the scattering factors of sodium ions

and oxygen atoms of water. Thus, the location of their biding site(s) is often unclear.

It is interesting to note from the X-ray structures available nowadays for the different

members of LeuT family that, while for the outward or occluded-facing conformations
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the ions are tightly coordinated by protein residues, in the inward-facing conformations

no ions are detected. Moreover, in case of suggested binding sites, the ions are loosely

surrounded by residues. Indeed, for SGLT the crystal structure of the inward-facing

conformation was solved by Faham et al. [4] from the bacterial homologue, Vibrio

parahaemolyticus (vSGLT), with only galactose (Gal) bound inside the protein (Figure

2.4). The Na+ ion was not detected and a plausible ion-binding site was proposed, on

the basis of a structural comparison with the LeuT structure [5] and by mutational

analysis. Molecular dynamics (MD) simulations studies, however, suggested that the

crystal structure represents an ion-releasing state of the transporter [6–8] since the ion

departs from the putative binding site after a few ns of MD.

Figure 2.4: The vSGLT structure. A) The structure is colored as a rainbow from the
N-terminus (red) to the C-terminus (purple). The blue and red trapeziums represent the
inverted topology of TM2-6 and TM7-11. Galactose is represented as a gray hexagon
with red trim. Residues involved in sugar recognition, gate residues, and a proposed
ion site are shown (cyan, gray, yellow circles, respectively). B) The whole structure
viewed in the membrane plane. Same coloring scheme and numbering of helices as
in A). Galactose (black and red spheres) and proposed Na+ (blue sphere) are shown.

Image from Ref. [4]

Recent studies addressed several ion-related aspects in the 5HIR proteins. Khafizov et al.

[34], for example, have recently employed MD simulations in parallel with experimental

studies to characterize the Na+-binding sites in BetP for which experimental evidence

was lacking. In Ref. [35], Perez et al. studied the sequential formation of the substrate

and sodium binding sites in the outward open state of BetP. Using a combination of

structural and computational studies, they unraveled that the binding of the substrate

leads to the occlusion of the sodium sites, especially the Na2 site, which is the one

conserved among sodium coupled transporters, leading to a progressive dehydration and

reshaping of the binding sites.

For LeuT, a close inspection of the role of the local hydration and of the ions in Na1

and Na2 binding sites has been addressed [36, 37].

Concerning GltPh transporter, free energy calculations revealed the presence of a third

Na+ binding site, not solved in the crystal structure [38].



Chapter 2. Biological Background 10

2.2.2 Binding/Releasing Mechanism of the Ligands

The binding/dissociation mechanism of the ligands to/from their binding sites in the

outward/inward-facing conformation of the symporter represents another relevant step in

the study of the functional mechanism of this class of proteins. Indeed, many theoretical

and experimental studies have been conducted in order to investigate these processes.

For vSGLT, galactose release has showed to happen spontaneously or by applying an

external force [7, 8, 11, 39]. A more detailed discussion is reported on this topic in

Chapter 5.

Performing MD simulations on LeuT, Zhao et al. hypothesized that the binding of the

ion in Na2 site leads the protein to a more outward-open state, which facilitates the

entrance of the substrate [37].

Computational studies on GltPh have described the time-resolved events that drive the

recognition and binding of substrate at the outward-facing conformation, identifying a

helical hairpin (HP2) as the extracellular gate that undergoes large motions driving the

diffusion of the substrate towards the binding site [40]. An attempt to describe the

energy profile along the exit pathway of the aspartate from GltPh using Steered MD

simulations led to quite high barriers, around 15 kcal/mol [41]. The substrate uptake

and release, together with the role of ions during these processes, have been addressed

in Ref. [42] by metadynamics simulations. The authors defined different roles for the

two ions: while the first ion with the substrate stabilize the closed conformation of HP2,

the second Na+ plays a fundamental role in locking GltPh in a conformation competent

for substrate internalization.

2.2.3 Inward-to-Outward Switch

The study of the whole transport cycle of these symporters is the most challenging

and difficult part. Several scientists have approached this issue for different proteins

[24, 27, 43, 44].

In 2009 Forrest and Rudnick proposed a mechanism to explain how the ion-coupled

solute flux works in symmetrical transporters: the so-called rocking bundle model [43].

Based on the outward-facing structure of LeuT, they defined a four-helix bundle, made

by the first two helices of each repeat (see Figure 2.4), and a scaffold that surrounds

the bundle protecting it from the lipids. The different tilt of the bundle with respect

to the scaffold determines the inward or outward conformation of these transporters.

According to this rocking-bundle mechanism, the binding sites would be located at the

interface between the moving bundle and the stationary scaffold, providing a way for the

ligand to control the orientation of the bundle through direct interactions. In 2012 the
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resolution of the inward-facing conformation of LeuT by X-ray crystallography confirmed

this hypothesis in a more complex picture where both local conformational changes and

rigid body movements of groups of helices were associated with the transport [24].

The alternating access mechanism has been investigated also for BetP, based on the three

major conformations solved crystallographycally: outward-facing, closed and inward-

facing ones [27]. Here, a hybrid of rigid body movements and individual flexing of

symmetry-related helices has been described, resembling changes seen for LeuT, but

also showing differences attributed by the authors to the osmolytic nature of betaine

[27].

The analysis of three structures together with molecular dynamics simulations have

been useful to Shimamura et al. to study the transition from the outward through the

occluded to the inward state of Mhp1 [44]. They found the mechanism of this symporter

to be more consistent with the rocking bundle model.
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2.3 Ion channels

The movements of ions across biological membranes is crucial to physiological processes

like nerve excitation, muscle cell contraction and hormone secretion [45]. To this end,

ion channels play a vital role by providing passages through pores within membranes,

allowing specific ions to move down their electrochemical gradients. At difference with

transporters, whose transport mechanism involves the movement of transmembrane seg-

ments leading thus to a relatively slow turnover rate (200-50000 molecules per second),

an open ion channel, consisting basically in an aqueous pore, can permeate molecules

with rates up to 108 per second, close to the diffusion limit [46]. Moreover, ion channels

can be highly selective towards specific ionic species, and this property, together with the

high conduction rates, leads to a very interesting paradox: how is possible to conciliate

high selectivity (that implies high binding affinity) with the high turnover rate?

The modern history of ion channels begins in 1952 with the fundamental work of Hodgkin

and Huxley on the definition and description of the action potential in the squid giant

axon [47]. 46 years later, the atomic resolution of the first ion channel by X-ray crys-

tallography represented another breakthrough in this field [48]. The structure of this

bacterial K+-selective channel (KcsA) revealed a tetramer with four identical subunits

symmetrically organized around a central pore. Located at the narrowest part of the

pore, the selectivity filter underlies the crucial role in determining which type of ion can

pass through the channel.

In this thesis we studied the Cyclic Nucleotide-Gated (CNG) channels, non-selective

cation channels expressed not only in vertebrate photoreceptors and olfactory sensory

neurons, mediating sensory transduction in the process of vision and olfaction, but also

in other neurons and non-neuronal tissues. In the visual transduction, CNG channels,

present in the rod photoreceptors, open in dark conditions, activated by the binding

of cyclic guanosine monophosphate (cGMP), and allow a steady cation current (dark

current), keeping the membrane depolarized. Light triggers a cascade of enzymatic re-

actions that leads to the hydrolysis of cGMP and thus to the closure of CNG channels

(Figure 2.5, left). During olfaction, volatile odorant molecules reach the olfactory ep-

ithelium in the nasal cavity and activate odorant receptors. This interaction triggers an

enzymatic cascade that leads to an increase of intracellular concentration of cyclic ade-

nine monophosphate (cAMP) and to the subsequent activation of CNGs, whose opening

generates a current of Na+ and Ca++ ions (Figure 2.5, right).

CNG channels belong to the voltage-gated cation channels (VGCC) superfamily, which

also includes voltage gated K+, Ca++ and Na+ channels, believed to have evolved from a

common ancestral predecessor [45]: a two-transmembrane domain channel probably sim-

ilar to the bacterial K+ channel solved by the MacKinnon group [48]. Despite belonging
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Figure 2.5: Vision and olfaction mechanisms. Left: representation of the molecular
steps of photoactivation in the outer membrane disk of a rod. Activated proteins are
labelled by ∗. The absorption of a photon activates the rhodopsin molecule (R), step 1.
R∗, interacting with the transducin molecule (G), catalyzes its activation by exchanging
the bound guanosine diphosphate (GDP) with the cytoplasmic guanosine triphosphate
(GTP), step 2. The activated form of transducin, G∗, binds the inhibitory γ subunit
of the phosphodiesterase (PDE), activating its α and β subunits, step 3. The activated
PDE hydrolyzes cGMP, step 4, a process that causes the closure of the CNG channels,
and thus a decrease of the intracellular concentration of Na+ and Ca++. Guanylyl
cyclase (GC) is the enzyme that synthesizes cGMP from GTP, step 5. Right: binding
of odorant compounds to an odorant receptor (OR) initiates a transduction cascade
involving a G protein and activation of adenylate cyclase 3 (AC3), which in turn pro-
duces the second messenger cAMP. cAMP binds to a CNG channel and results in the
influx of cations (Na+ and Ca++) which depolarizes the cell membrane. Ca++ can
also activate a Ca++-dependent Cl− channel. Olfactory sensory neurons (OSNs) main-
tain a high intracellular Cl− concentration, such that this channel supports an efflux
of negatively charged Cl−, producing a further depolarization of the cell membrane.
Notably, the elevated levels of cAMP in the soma have a crucial role in regulating the
phosphorylation of proteins and the transcription of genes important for growth and

survival of the axons of OSNs. Images taken from Ref. [49, 50].

to the VGCC superfamily and, thus, harboring a voltage sensor domain (S1-S4 trans-

membrane helices), CNG channels respond to the binding of cyclic nucleotides (cAMP,

cGMP) to their intracellular domain (Figure 2.6, left) [51]. Another important region is

the pore domain, comprising two transmembrane helices (S5, S6), a short P-helix and the

selectivity filter, lined by backbone carbonyl oxygens (Figure 2.6). Unfortunately, de-

tails of the selectivity and dynamic properties of CNG channels are not fully understood,

since no high resolution structures are nowadays available. However, to reveal some in-

sights on the structural mechanism and functional properties, Derebe et al. engineered

and solved the crystal structures of a set of mimics of CNG [14]. The mimics, named

NaK2CNG, were based on the NaK channel, a non-selective cation channel, where the

residues DGNFS of the selectivity filter were substituted by the residues ETTP (and

their mutants DTPP or NTPP), a characterizing and highly conserved motif in the CNG

channels (Figure 2.7). The structures of all chimeras, in complex with various cations

(Na+, K+ and Ca++ ions), were determined in an open conformation with a resolution

< 2 Å. The selectivity filter adopts an architecture intermediate between NaK and KcsA.

It contains three contiguous ion binding sites equivalent to sites 2-4 of K+ channel and

numbered in the same way for comparison. In Figure 2.8, the selectivity filters of K+,

NaK and NaK2CNG show a different number of sites for the three types of channels.
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Figure 2.6: Topology of CNG channels. Left: two of the four subunits of a CNG
channel are shown. The transmembrane segments (S1–S6) are shown in black, except
for the pore region (S6 and pore loop), which is shown in red. The voltage sensor (S4)
is indicated by positive charges. The C-terminal region contains the cyclic nucleotide
binding domain (CNB, blue, shown with cGMP bound) and the C-linker (green), which
connects the CNB to the pore. Right: the selectivity filter is highlighted in red and the

3D structural rearrangement at the bottom. Images taken from Ref. [52]

Figure 2.7: Sequence alignment of channels. While the pore of K+ channels are
characterized by TXGXG (where X denotes a hydrophobic residue), CNG channels
contain an ETPP motif flanking the conserved TXG residues. Image taken from Ref.

[14].

Ion channels undergo conformational changes that open and close their ion-permeable

pores, a process referred to as gating. This process is regulated by different factors:

changes of the transmembrane potential (voltage-gated channels), ligand binding, pH

variations or mechanical forces. Once in the open form, ion channels allow the passage

of specific/aspecific ions, in the so-called permeation process.

2.3.1 Selectivity

The ability to select specific ionic species, known as ion selectivity, is a fundamental

property of ion channels. K+ channels, for example, are able to transport 103-104 K+

ions over one Na+. In the last years, many attempts have been done in order to describe
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Figure 2.8: Selectivity filters of selected ion channels. The selectivity filter of KcsA
contains four contiguous ion binding sites (S1-S4), on the left. While the NaK harbors
only two sites (central), in the NaK2CNG we can see three sites, equivalent to S2-S4
(right) of KcsA. S1 in the chimera is replaced by a funnel-shaped vestibule. Image

taken from Ref. [53].

the mechanisms underliying selectivity.

Two main hypotheses have been proposed for K+ channels: (i) the mechanism of ionic

selectivity by selective exclusion (a kinetic view) and (ii) the mechanism of selectivity

by selective binding (a thermodynamic view). In the first mechanism, proposed in elec-

trophysiological studies, the rates at which ions enter the pore are the key determinants

[54], while in the second view, the presence of multiple binding sites with high affinities

for permeant ions and low affinities for impermeant ions represents the key factor [55].

High resolution structures of KcsA appear consistent with the selective binding mech-

anism: the oxygen atoms in the selectivity filter coordinate K+ to compensate for the

energetic cost of dehydratation, while they will not optimally coordinate the smaller Na+

[48, 56]. Using calorimetry and crystallography, Lockless et al. [57] showed for KcsA

that the formation of the conductive structure involves not only the atoms of the selec-

tivity filter that are in direct contact with bound ions, but also the surrounding atoms

up to a distance of 15 Å from the ions, concluding that ion selectivity is a property of

size-matched ion binding sites created by the protein structure rather than a property

of charge density.

Also the hydration and the dynamics have been described as important for the selectiv-

ity in ion channels [58]. Indeed, computational studies showed that the S2 site of KcsA

is the most selective binding site favouring K+ over Na+. Thus, the disruption of this
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site in NaK (Figure 2.8) appears the major determinant to explain why this channel

permits the conduction of both ions. Moreover, an increase in average hydration num-

ber strongly correlates with a loss of selectivity for K+ in favor of Na+ [58]. The ability

of NaK to bind both ions may also arise from the ions’ ability to utilize the existing

environment in unique ways (different configurations, hydration, sites.) [59].

Sauer et al. [60] demonstrated that K+ channel filter exists as an energetically strained

structure and requires key residues Tyr and Asp to hold the filter in the precisely defined

single-file four-sited configuration, essential for selective K+ permeation. Free energy cal-

culations of NaK2CNG suggested that the presence of the site S23 (namely, a site at the

boundary between S2 and S3) for Na+ ions is important in determining non-selectivity

in channels [61].

A recent work, however, done using in concert electrophysiology, MD simulations and

crystallography [62], is consistent with the kinetic hypothesis. Here, small cations have

been observed to bind a separate site within KcsA, suggesting that selective permeation

may primarily results from a large barrier blocking the entry for Na+ in the presence of

K+, and not from a difference of binding affinity between ions.

Concluding, it is likely that the story is more complex than what appears to date and

that multiple mechanisms are responsible for selectivity in ion channels.

2.3.2 Gating and Permeation

For several decades gating and permeation were considered two distinct and independent

processes. Indeed, in Na+ and K+ channels they have different structural basis. Gating

is controlled by the so-called bundle crossing, where S6 helices cross over and form a tight

bundle towards the intracellular face of the channel [48, 63]. Permeation, instead, reflects

ion-ion repulsion and ion-pore attraction (whose effects underlie the high turnover rate

[64, 65]) within the selectivity filter at the extracellular side. Namely, the gate and

selectivity filter are localized at the opposite sides of the protein.

In contrast to K+ channels, in CNG channels the bundle crossing does not gate ion

permeation. Indeed, Contreras et al. [66] showed that ion permeation in CNG channels

is tightly regulated at the selectivity filter, and not at the intracellular end of the pore.

By scanning the entire selectivity filter using small cysteine reagents (like cadmium

and silver), they observed a state-dependent accessibility pattern consistent with gated

access at the middle of the filter [66].

A model of the complex events initiated by the binding of the cyclic nucleotide to

the cyclic nucleotide binding (CNB) domain has been proposed [67]: (1) upon ligand

binding, the CNB domain and the C-linker rotate by 30◦ to 60◦; (2) this rotation is

transmitted to the pore region by a rotation of the S6 helices around their axis; and (3)
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as a consequence of this rotation and of the tight coupling between S6 and the P-helix,

the lumen of the pore widens and the channel opens. Thus, the selectivity filter acts

also as a gate, namely, the same part of the structure controls ion permeation as well as

gating [66, 67].

It is interesting to note that, if the primary gating of K+ channels is located in the S6

helix, there is now increasing evidence that conformational changes occur also in the

selectivity filter of K+ and NaK channels [68–70]. Indeed, by free energy calculations,

the occupancy of S2 and the strength of intersubunit interactions involving the GYG

signature have been depicted as microscopic factors attributing a gating role to the filter

of K+ channel [68]. Chakrapani et al. identified E71 as having a key function in this

process, by experimental means [69].

Potential of mean force for complete conduction events of Na+ and K+ ions through

NaK showed that the filter of cation selective channels can adopt a conductive state

(represented by the mutated NaK, namely NaK2CNG) and a closed one (WT-NaK)

[70]. Hydrogen bond between D66 and N68 seems to be correlated to the permeation

barriers.

2.3.3 Conduction

The paradox of ion channels mentioned before, namely, high conduction rates coupled

to high selectivity, has been described in terms of concerted mechanisms in which ion-

channel attraction and ion-ion repulsion have compensating effects, since several ions

are moving simultaneously in single-file through the selectivity filter [48, 71]. Two main

configurations - with ions at sites S1, S3, or S2, S4 - are at equilibrium. The entrance of

a third ion from one side is coupled to the exit of an ion on the opposite side, recalling

the ’knock-on’ mechanism proposed in 1955 by Hodgkin and Keynes [72].

Bernèche and Roux [64] found in KcsA that the largest free energy barrier in this process

was on the order of 2-3 kcal mol−1, meaning that conduction is essentially barrierless

and limited by diffusion.

Similarly to KcsA, also the pore of the voltage gated Na+ channel, NavAb, preferentially

occupied by two ions, can switch between different configurations by crossing low free

energy barriers. However, in contrast to K+ channels, the movement of the ions appear

to be weakly coupled and, what is believed to confer selectivity, Na+ ions are partially

dehydrated and a selective site is present in the narrowest region of the filter, where a

hydrated Na+ is energetically stable [73].
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2.3.4 Voltage Dependence of CNG Channels

Despite harbouring a voltage sensor domain, CNG channels were thought not to be

voltage gated until a very recent work, showing that they behave in a voltage dependent

manner in the presence of large permeating ions [15]. From Figure 2.9 it is evident the

Figure 2.9: Current recordings of WT CNGA1 channel in symmetrical conditions.
Panel A: Macroscopic currents recorded in Na+, Rb+ and Cs+. Panel B: single-channel
recordings at +160 mV and -160 mV in Cs+. Dashed lines indicate the closed state
(C). Panel C: dependence of open probability (PO) and conductance (γsc) on voltage

(V) for symmetrical Na+ [15].

asymmetric behaviour of the channel at positive and negative voltages in the presence of

cations larger than Na+ ion. At single-channel level, it is clear that in presence of Rb+

and Cs+ both open probability (PO) and channel conductance (γsc) depend on voltage

(V), but in an opposite way: PO increases with V, while γsc decreases. Moreover, at

negative potentials channel openings are more flickering.

The authors hypothesize that, during evolution, these channels lose their voltage-sensing

ability when Na+ and K+ permeate so that the vertebrate photoreceptor CNG channels

are open at negative voltages, a necessary condition for phototransduction [15].
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Methods

3.1 Molecular Dynamics

Molecular Dynamics (MD) is a simulation technique that allows computing the equilib-

rium and transport properties of a many-particle system. This method calculates the

time evolution of atoms and molecules by integrating the Newton’s equations of motion.

The main ideas at the basis of MD are: 1. set up of the system (defining the conditions

of the simulation, like temperature, number and typology of particle/atoms; defining

the time step and the initial positions and velocities of particle/atoms); 2. computation

of the forces acting on all the particles; 3. integration of Newton’s equations of motion;

4. calculation of the averages of measured observables. The two central steps represent

the core of the simulation; indeed, they are repeated until we reach the desired length

of time. In general, for biomolecules, the initial positions of the atoms are taken from

PDB crystal structures, NMR data or built by homology modeling.

3.1.1 Molecular Mechanics Force Field

The forces acting on the atoms are generated by a potential that provides approximations

of the physics and chemistry of the system fitting experimental or high level quantum

chemical data into simple functional forms. The potential energy of the system under

investigation can be written as a sum of intra- and inter-molecular forces:

U(r) =
∑
bonds

U str +
∑
angles

U bend +
∑

torsions

Udihe +
∑

imp−tors
U im−dihe +

∑
i<j

(ULJ + UCoul)

(3.1)
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where the first four terms include the bonded interactions, while the last summation

includes the non-bonded ones. More in detail:

U(r) =
∑
bonds

1

2
kr(r − req)2 +

∑
angles

1

2
kθ(θ − θeq)2 +

∑
torsions

1

2
Vn(1 + cos(nφ− φeq))

+
∑

imp−tors
kξ(ξ − ξeq)2 +

∑
i<j

4εkLJ

((
σij
rij

)12

−
(
σij
rij

)6
)

+
∑
i<j

1

4πε0εr

qiqj
rij

(3.2)

where the first two terms model the bond stretching and angle bending by harmonic

potentials that give an increase in energy as the bond with distance r or the angle θ

among bonded atoms deviates from the equilibrium reference values, req and θeq. kr and

kθ are the force constants. The equilibrium values of these terms are usually derived from

structural databases, while the force constants are derived from infrared spectroscopy

[74] or quantum chemical calculations. In the third term, the torsion potential models

how the energy changes as a bond rotates. Vn is the torsional barrier of a given torsional

angle. Dihedral parameters are calibrated on small model compounds, comparing the

energies with those obtained by quantum chemical calculations [46]. Improper dihedrals

are added to preserve planarity in aromatic rings or to prevent molecules from flipping

over their mirror images. The last two terms refer to non-bonded interactions between

all pairs of atoms (i and j) separated by at least three bonds. The van der Waals (vdW)

interactions are modelled using a Lennard-Jones potential containing an attractive and

a repulsive term. In the formula, ε is the depth of the potential well, σij is the finite

distance at which the potential is zero, rij the distance between the two particles. The

electrostatic interactions are modelled with Coulomb potential. The latter is evaluated

using Coulomb’s law for the partial atomic charges associated with each atom qi and qj .

ε0 εr are the dielectric constants in vacuum and in the material used.

The non-bonded interactions are by far the most expensive part of MD calculations. In

practical applications, however, the number of interactions is limited by a pre-defined

cutoff distance, introducing in this way a small truncation error (< 10−4 of the total)

in the vdW energy. Instead, this trick can not be used for Coulomb term, since the

interaction between charges qi and qj decays much less rapidly with distance. In this

case a different approach is applied (see 3.1.3).

3.1.2 Equations of Motion

Once the forces between the particles are computed (using Fi = − δV
δri

), the Newton’s

equations are integrated in order to proceed along the trajectory. Several algorithms
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have been designed to carry out this task. One of the simplest, and used here, is the

so-called Leap Frog algorithm[75].

r(t+ δt) = r(t) + δtv(t+
1

2
δt) (3.3)

v(t+
1

2
δt) = v(t− 1

2
δt) +

δt

m
F (t) (3.4)

It calculates positions and forces at time t + δt, while velocities at time t + 1
2δt. As a

consequence, kinetic and potential energy are also not defined at the same time, and

hence it is not possible to directly calculate the total energy. However, it can still be

computed using:

v(t) =
1

2
(v(t+

1

2
δt) + v(t− 1

2
δt)) (3.5)

3.1.3 Periodic Boundary Conditions and Long Range Interactions

In order to minimize boundary effects and to mimic the presence of the bulk MD simula-

tions are usually performed under periodic boundary conditions (PBC). In this approach,

the system containing N atoms is replicated in all directions to yield an infinite periodic

lattice of identical cells. When a particle moves in the central cell, its periodic image

in every other cell moves accordingly. As one molecule leaves the central cell, its image

enters from the opposite side without any kind of interactions with the cell boundary.

Non-bonded interactions. PBCs are taken into account calculating non-bonded in-

teractions. Since vdW interactions are truncated above a certain cutoff distance, each

of the interactions is calculated between atom i and the nearest periodic image of atom

j. A natural consequence of this treatment is that the periodicity of the system in each

direction must be higher than twice the cutoff distance, in order to avoid additional

errors arising from double counting of interactions between atoms separated by ∼ 1/2

the unit cell length. Electrostatic interactions are instead long ranged, and as such they

are calculated between all the atoms of the system and all their periodic images: as a

consequence, the total electrostatic energy is composed by an infinite number of terms:

UCoul =
1

4πε0εr

 ′∑
~n

N∑
i,j=1

qiqj
|~ri~rj + U~n|

 (3.6)
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where ~n = (nx, ny, nz) and U~n = nx~ux, ny~uy, nz~uz and the prime on the summation

indicates that we omit ~n = 0 for i = j.

This energy contribution is usually calculated by Particle Mesh Ewald method [76, 77],

which splits the sum in a short range term, comprising the interactions within a cutoff

distance, and a long range term, in which the remaining interactions are calculated by

Fourier transform.

3.1.4 Temperature and Pressure Control

In this work we performed the classical MD simulations at constant temperature, T ,

and constant pressure, P . This means that the equations of motion are modified, taking

into account the temperature and pressure couplings.

The Nosé-Hoover thermostat is a deterministic algorithm originally developed by Nosé

and improved in the formulation of Hoover. Briefly, the system is extended by intro-

ducing a thermal reservoir and a friction term in the equations of motion. The friction

force is proportional to the product of each particle’s velocity and a friction parameter,

ξ. This friction parameter (or heat bath) is a fully dynamic quantity with its own mo-

mentum (pξ) and equation of motion. In this formulation, the particles’ equations of

motion are:

d2ri
dt2

=
Fi
mi
−
pξ
Q

dri
dt

(3.7)

where the equation of motion for the heat bath parameter ξ is:

dpξ
dt

= T − T0 (3.8)

The heat bath parameter will have the effect of increasing or reducing frictional forces

affecting in this way the velocities of the particles in order to control the current in-

stantaneous temperature (T ) of the system by the reference one (T0). The strength of

the coupling is determined by the constant Q (usually called the mass parameter of the

reservoir) in combination with the reference temperature:

Q =
τ2TT0
4π2

(3.9)

where τT is the period of the oscillations of kinetic energy between the system and the

reservoir. This provides a much more intuitive way of selecting the Nosé-Hoover coupling

strength (in addition τT is independent of system size and T0).
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However, this dynamics can be non-ergodic, meaning that only a fraction of phase space

is sampled, even if the simulation is run for a infinitely long time. For this reason, the

approach was improved and made ergotic adding a chain of thermostats [78].

In the Parrinello-Rahman barostat [79, 80], the box vectors as represented by the matrix

b obey the matrix equation of motion:

db2

dt2
= VW−1b

′−1(P − Pref ) (3.10)

where V is the volume of the box, W a matrix parameter determining the strength of

the coupling. The matrices P and Pref are the current and the reference pressures,

respectively.

Since we work with membrane proteins, we used a semi isotropic ensemble firstly ap-

plying the surface tension coupling (NPγT ensemble), then, after the desired Area Per

Lipid (APL) is reached, we fixed the Area of the membrane, in a NAT ensemble.

The average surface tension γ(t) can be calculated from the difference between the nor-

mal and the lateral pressure:

γ(t) =
Lz
n

(
Pzz(t)−

Pxx(t) + Pyy(t)

2

)
(3.11)

where Lz is the height of the box and n is the number of surfaces (here it is equal to 2).

Pzz, Pxx and Pyy are the pressure along the z, x and y-directions, respectively.

3.2 Advanced Techniques

Molecular dynamics simulation method is a very important computational tool used in

several fields of science. However, most important processes we are interested in happen

at much higher time scales we can simulate using MD with the present-day computa-

tional resources. Indeed, the trajectories usually got stuck in local minima, close to the

starting point of the dynamics, missing an efficient exploration of the conformational

space. A solution to this problem has been proposed with the metadynamics approach

[9].

3.2.1 Metadynamics (MTD)

This method has been developed in order to escape from local minima in the free energy

surface (FES) [9, 10]. It is based on the addition of an external history-dependent
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potential, VG(s, t), acting on a small number of collective variables (CVs). The CVs can

be any explicit function of the Cartesian coordinates r. The bias is constructed as a

sum of gaussians:

VG(S(r), t) = w
∑

t′=τG,2τG,..

exp

(
−

d∑
α=1

(Sα(r)− sα(t
′
))2

2δs2α

)
(3.12)

where s(t) = S(r(t)) is the value taken by the CV at time t, τG is the frequency at which

the gaussians with height w and width δs are added. These three parameters influence

the typical deviation of VG from the free energy. If the gaussians are large, the deviations

will be large. It has been empirically [81] and analytically [82] demonstrated that, in the

limit in which the CVs evolve according to a Langevin dynamics, the average of the bias

converges to the negative of the free energy, thus providing an optimal bias to enhance

transition events:

− F (s) ∼ V̄G(s) =
1

ttot − teq

∫ ttot

teq

dtVG(s, t
′
) (3.13)

where V̄G(s) is the time average of the bias, ttot the total simulation time, teq the time

needed to fill all the relevant minima and V i
G(s) reaches a stationary state.

The time required to reconstruct a free energy surface of a given accuracy scales ex-

ponentially with the number of CVs. Thus, the performance of the algorithm rapidly

deteriorates as the dimensionality of the CVs space increases, representing an important

limitation for the study of complex biological processes, like protein folding, gating of

ion channels or other events involving major conformational changes, and so several in-

dependent degrees of freedom. To overcome this constraint, some approaches combining

metadynamics and replica exchange [83, 84] have been developed. Exchanges between

replicas evolved by metadynamics at different temperatures are exploited in Ref. [85]

to enhance convergence. In this approach, it is not necessary to know in advance all

the important coordinates of the system, since the barriers are crossed due to diffu-

sion in temperature. A different way to combine replica exchange and metadynamics is

proposed in Ref. [86], which is the method used in this thesis.

3.2.2 Bias Exchange Metadynamics (BE-MTD)

This method allows reconstructing the free energy in a virtually unlimited number of

variables [86]. It is based on the simulation of several replicas of the system at the same

temperature but biased by time-dependent potentials acting on different variables. Ex-

changes of conformations among pairs of replica are attempted according to the replica
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exchange method [84, 85]. The exchange move consists of swapping the atomic coordi-

nates ra rb of two replicas a b selected at random. Since the two replicas are evolved

under the action of two different potentials, the move is accepted with a probability pab:

pab = min(1, exp{β[V a
G(ra, t) + V b

G(rb, t)− V a
G(rb, t)− V b

G(rb, t)]}) (3.14)

If the move is accepted, the CVs of replica a perform a jump from sa(ra) to sa(rb), and

replica b from sb(rb) to sb(ra). Since the gaussians are time dependent, detailed balance

is violated in BE-MTD, as in ordinary MTD. However, the jumps greatly increase the

capability of each replica to diffuse in the CV space, and thus the accuracy of the free

energy reconstruction.

The analysis of the BE-MTD simulation is performed as follows.

In the first step one groups together configurations in microstates sets of configurations

in which the value of the CVs are similar. An important issue is how many and which

CVs should be used for the analysis. It is not necessary to use all the CVs that have

been biased in the replicas, as some of those might prove a posteriori to be less relevant

for the process or strongly correlated with other variables.

The next step of the analysis is computing the free energy of the microstates. In MTD the

history-dependent potential provides an estimate of the low dimensional projections of

the free energy. In order to pass from low-dimensional projections to multi-dimensional

microstates one uses the weighted-histogram technique (WHAM) [87]. Following the

approach of Ref. [88], the equilibrium probability of microstate α is estimated as:

piα = niαexp[β(V i
α − f i)] (3.15)

where i is the replica index, fi is a shift constant fixing the normalization, niα is the

number of time state α is observed in replica i and V i
α = V i(sα) is the bias potential

evaluated on the microstate α. V i is estimated from the time-average between the

equilibration time of the bias potential teq and the total simulation time ttot:

V i(s) =
1

ttot − teq

∫ ttot

teq

dtV i
G(s, t) (3.16)

where V i
G(s, t) is the metadynamics bias at time t, computed from the sum of gaussians.

The piα-s are then combined in a single estimate of the probability following the standard

WHAM procedure. This leads to:



Chapter 3. Methods 26

pα = C

∑
i

1
γiα
niα∑

i

1
γiα
exp[β(f i − V i

α)]
(3.17)

where C is a normalization constant, γiα is a constant that takes into account the corre-

lation time [88].

Finally, the free energy of microstate α is given by the usual formula:

Fα = −kBT log pα (3.18)

3.2.2.1 Collective Variables

The choice of the CVs plays an essential role in determining the convergence and ef-

ficiency of the free energy calculation. In order to avoid hysteresis, caused by the in-

sufficient exploration of important regions in the conformational space, the CVs should

distinguish the different metastable states of the system. Although there is no a priori

recipe for finding the correct set of collective variables, in the BE-MTD method the

number of variables can be large at will, making the selection less critical than in other

methods. We here list some of the collective variables used in this work.

Coordination number: counts the total number of contacts (e.g. hydrogen bonds,

hydrophobic contacts) between the atoms of two groups:

CN =
∑
i,j

1− (
rij
r0

)n

1− (
rij
r0

)m
(3.19)

where rij is the distance between atoms i and j belonging to two different groups and

m, n are exponents that allow to tune the smoothness of the function.

Hydrogen bonds: similar to the coordination number, where i belongs to the group

of hydrogen donors and j to the acceptors.

Dihedral similarity: measures the similarity of dihedral angles to a reference value

φRefi .

sαβ =
1

2

ND∑
i=1

(1 + cos(φi − φRefi )) (3.20)

where ND represents the number of dihedrals used. This variable is useful, for example,

when the torsions of some particular residues are relevant for the process studied.
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Distance: measures the distance between the center of mass of two groups of atoms.

Gyration radius: it is defined as:

sGyr =


n∑
i
| ri − rCOM |2

n∑
i
mi


1/2

(3.21)

where mi is the mass of atom i and the sums are over the n atoms in the group. The

center of mass is:

rCOM =

n∑
i
rimi

n∑
i
mi

(3.22)

In our case, the gyration radius is useful in estimating the changing of the volume and

the stiffness of the binding sites.

Path collective variable (PCV) [89]: this is one of the most relevant CVs used in

this work. It requires choosing a set of N reference conformations, Ri, that define a path

in configuration space, from an initial state to a final state. The s variable (identified

with the keyword S PATH), measuring the position of the system along the path, is

defined as:

s = Z−1
N∑
i=1

ie−λd(Ri,R(t)) (3.23)

where R(t) is the configuration of the system at any given time, d is a distance metric on

χ, and Z =
N∑
i=1

e−λd(Ri,R(t)) is a normalization factor in which the prefactor, λ, should

be chosen so as to have λd(Ri, Ri±1) ∼ 2.3 on average.

3.2.2.2 Choice of the Parameters

Here we discuss the choice of some parameters that are specific to a BE-MTD calculation.

Part of this analysis is based on Ref. [90], where extensive benchmarks were performed

using a coarse-grained force field, UNRES, comparing BE-MTD with standard REMD.

The authors considered the PDB code 1E0G, a 48-residue-long alpha-beta protein that

folds with UNRES into the experimental native state.
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Frequency of exchange moves

Extensive simulations of 1E0G indicate that very frequent or very rare exchanges make

BE-MTD marginally less efficient (see Figure 3.1). The optimal exchange time for this

system is τexch = 120 ps, which gives the system enough time to explore the local

free-energy wells before a change in the direction of bias.

Figure 3.1: BE-MTD folding simulations on PDB 1E0G at T = 280 K with different
τexch. The Gaussian height is held fixed w = 0.012 kcal/mol, and a set of 8 CVs has

been used (adapted from Ref. [90]). The average folding times are shown.

Dimensionality of the bias potentials

The efficiency of standard metadynamics degrades with increasing dimensionality of the

Gaussian hills, as it takes more time to fill with Gaussians a high dimensional space

than a low-dimensional one. On the other hand, if the free-energy landscape of the

system is intrinsically high dimensional and one uses only a one-dimensional bias, the

metadynamics estimate of the free energy is affected by large errors. BE-MTD provides,

at least in principal, a solution to this problem, as one can explore high dimensional free

energy landscape by using several low-dimensional biases. Benchmarks indicate that

using one-dimensional Gaussians increases the efficiency of the method by a factor of

almost 2 compared with two-dimensional Gaussians [90]. The difference in performance

might be due to the fact that the gain in the speed by which wells are filled with

one-dimensional hills overwhelms the larger flexibility in finding complicated transition

pathways with two-dimensional hills. The general validity of this assertion may however

require to be checked on different systems.
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Treatment of the boundaries: overcoming an artifact

When a metadynamics simulation reaches convergence, the history-dependent potential

fluctuates around the negative of the free energy of the system, namely VG(s(r), t) ∼
−F (s). The lack of stationary fluctuations may indicate serious convergence problems.

One technical problem that has to be solved to allow convergence concerns the bound-

aries of the CV space. Metadynamics simulations typically take advantage of a finite

and not too small width of Gaussian hills to fill the free energy surface quickly. However,

finite width Gaussians can induce systematics errors at the boundaries of the CV space

(whether natural or artificially imposed ones): these errors are due to the fact that a sum

of finite-width Gaussian-shaped hills can not accurately reproduce discontinuities on the

free energy profile. The presence of the discontinuities is common for several types of

CVs that are intrinsically limited (e.g. to be non-negative, like coordination numbers,

alpha/betarmsd, etc). At the beginning of the simulation these errors are small and

are usually overlooked, but at long times they can become important, preventing the

system from reaching stationary condition. A procedure to overcome this problem has

been introduced in ref [91] that works only for one-dimensional biases, but that has the

great advantage of being very robust and parameter-free. The solution is to change the

metadynamics algorithm setting the bias force equal to zero beyond the boundary. For

example, to compute the free energy as a function of a CV, s, for s > sw region, one

still updates the history dependent potential according to Eq 3.12, but then sets

dVG (s, t)

ds
= 0, ∀s < sw (3.24)

Updating VG implies that Gaussians are added also if s < sw, as the tails of these

Gaussians influence VG in the region where it is relevant, s > sw. In this way, the force

on the system in region s > sw comes from both metadynamics and the force field, in

the region s < sw only from the latter. This approach allows to reconstruct correctly

the free energy. In Fig 3.2, an example of this treatment for a dialanine molecule is

presented [91]. It is clear that the two estimates differ only on a tiny region close to the

boundaries.
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Figure 3.2: Time evolution of VG for a metadynamics performed on a dialanine,
using the dihedral ψ as a collective variable. The metadynamics parameters are w =
0.1, δs = 0.2, τG = 2 ps. The blue line is the exact free energy of the system. a)
Metadynamics is performed using parabolic wall with K = 100000 at ψ = −1 and
ψ = 2 rad. Significant errors in the reconstruction appear close to the boundaries.
b) Metadynamics is performed by setting the force equal to zero beyond ψ = −1 and
ψ = 2 rad, according to the approach described in this section. The errors close to the
boundaries are much reduced and do not become larger with simulation time. c) The
average value of VG in panel b is compared with the exact result (adapted from Ref.

[91]).
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A Stable Ion-Binding Site

4.1 Overview

In this part of the thesis we addressed the issue of identifying a stable Na+ binding

site in vSGLT. Indeed, recent studies showed that the sodium ion spontaneously leaves

its initial position diffusing outside the transporter, towards the intracellular space.

This suggested that the crystal structure corresponds to an ion-releasing state of the

transporters. Here, using metadynamics, we defined a more stable Na+ binding site

corresponding to an ion-retaining state of the transporter. In addition, our simulations,

consistently with mutagenesis studies, highlight the importance of D189 that, without

being one of the Na+-coordinating residues, regulates its binding/release.

Figure 4.1

31
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4.2 Introduction

As already discussed in Chapter 2, in 2008 Faham et al. [4] reported the crystalliza-

tion and structural resolution of SGLT from Vibrio parahaemolyticus bacterium (that

shares the 32% of its sequence with the human homologue), capturing the protein in the

inward-facing galactose-bound conformation. Even if Na+ ion was not detected by the

X-ray experiments, a plausible binding site was proposed by a structural comparison

with the LeuT structure [5], by considering the conservation of putative Na+ binding

residues among the SSS family and by mutational analysis [4]. However, recent molec-

ular dynamics (MD) simulations studies suggested that the crystal structure represents

an ion-releasing state of the transporter [6–8]. Indeed, starting from the binding site of

the Na+ ion proposed experimentally, after a few ns of MD simulation, the Na+ spon-

taneously diffuses outside the protein, towards the intracellular space.

Here we focused on identifying of a stable binding site for the ion in the inward-facing

conformation, corresponding to a putative ’ion-retaining’ state by performing classical

MD and metadynamics (MTD) [9, 10] simulations to explore the free energy surface and

the conformations involved in the binding and dissociation of the Na+ ion.

4.3 Computational Details

4.3.1 Building the Model

The model of vSGLT was built using the chain A of the ∼3.0 Å resolution crystal

structure (PDB accession code 3DH4 [4]). The first helix, solved only for the backbone

atoms of residues S3-Y19, was eliminated and it was then reconstructed taking these

residues from a more recent crystal structure in which they were solved (PDB code

2XQ2 [8], 2.7 Å resolution). We did not choose this latter crystal as the starting

structure of our simulations since it represents the inward-open ligands-free conformation

of the transporter and, therefore, it was not useful for the aim of our study. In the

whole work we preferred to use the original numbering of the helices of the protein, i.e.

from helix 1 to helix 14 [4]. The missing atoms of side chains of residues K124, V185,

R273, K454, K547 were reconstructed using SwissPDBViewer [92] application. All the

Hys residues, far from the binding sites and oriented towards the solvent, were kept

protonated in ε position. The Asp and Glu residues were considered in the deprotonated

form, while the Arg and Lys residues in the protonated form. Residues S31 to L46,

located between transmembrane helix (TM) 1 and TM2, and residues Y179 to A184,

between TM5 and TM6, were constructed using Loopy [93] program. This latter loop

is far from the ion binding site and does not affect our results. The final monomeric
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structure contained 539 residues (S9 to K547). The protein was embedded in a pure, pre-

equilibrated 1-palmitoyl-2-oleilphosphatidylcholine (POPC) lipid model (kindly supplied

by T. A. Martinek) [94, 95] using the g membed [96] tool of Gromacs and then it was

oriented following OPM [97] database model. Afterwards, the system was neutralized

and solvated with TIP3P model [98] water molecules (80969 total atoms in a box size

of 97.6 x 96.7 x 85.1 Å3). In Figure 4.2 is reported an overview of the whole simulated

system.

Figure 4.2: Overview of the simulated system. A section of vSGLT protein is shown
in gray. From this view, the hydrophilic cavity of the protein, filled with many water
molecules coming from the cytoplasmic side (the lower part of the figure with respect to
the ion), is visible. The sodium ion in its binding site is colored in yellow. The POPC

lipids are drawn in thick orange lines and water molecules in blue spheres.

4.3.2 Molecular Dynamics Simulations

Simulations were carried out with GROMACS4 [99] package using Amber03 [100] force

field for protein and GAFF [101] for membrane and galactose; for this latter, RESP

[102] charges were calculated fitting an electrostatic potential calculated using the 6-

31G* basis set and B3LYP [103, 104] functional and the Gaussian03 [105] program. The

simulations were done in periodic boundary conditions at 310 K using the Nose-Hoover

thermostat [106] and Parrinello-Rahman barostat [79, 80], described in Chapter 3, with

a semiisotropic pressure coupling type and a time step of 2 fs.

Position restraints of atoms were fixed with a force constant (K) equal to 1000 kJ

mol−1 nm−2. Distance restraints were imposed using Umbrella Sampling keyword as

implemented in Plumed [107] and considering the distances measured in the crystal

structure as reference values and a K=20000 kJ mol−1 nm−2. The equilibration was

performed in three stages: (1) the system was heated for 3 ns with protein backbone
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and ligands completely fixed, while side chains were left free to move. (2) 5 ns were

run using distance restraints between the ligands and a few close residues. These two

stages were conducted in a NPγT ensemble with a surface tension equal to 600.0 bar*nm

[94]. (3) Then the system was simulated for 26 ns where the membrane area was kept

constant (Area Per Lipid around 64 Å2).

15 MD production runs of different lengths (one of 125 ns, 2 runs of 70 ns, 12 runs of 12

ns) were simulated. During all the simulations, we took care in particular that important

parameters of the membrane, such as the Area Per Lipid (APL) and thickness, were in

agreement with experimental values [108].

4.3.3 Metadynamics Simulations

MTD was used in order to explore the FES and the conformations involved in the binding

and dissociation of the Na+ ion. The approach in described in detail in Section 3.2.1.

Two different CVs were found to describe this process: the coordination number of the

ion with the carbonyl oxygens of A62, I65, A361, and the hydroxyl oxygens (Oγ) of S364,

S365, the five closest residues in the crystal binding site, and the distance between Na+

ion and the carboxylate group of D189. This latter is the only charged residue in the

vicinity of the putative binding site and it has been also previously observed to interact

with the sodium ion along its exit pathway [7, 8]. The functional form of these CVs is

provided in Section 3.2.2.1, where, for the coordination CV, we used n = 6, m = 12 and

r0 = 0.4 nm. We remark that we considered also different sets of CVs (i.e. the water

coordination of the Na+ and the distance between two charged residues, D189-R273, that

could have moved closer the two helices, TM6-TM7, making a saltbridge). However, the

set previously described is the only one able to correctly describe the binding/release of

Na+ in a relatively short simulation time. 10 MTD simulations, of about 10 ns each,

were performed using PLUMED 1.2 [107] in NVT ensemble. Gaussians width (δs) was

0.1 for CV1 and 0.02 nm for CV2, and the height (w) equal to 0.4 kJ/mol for both CVs.

The repulsive gaussian potentials were added every 5 ps. These values were found to be

optimal for the correct FES reconstruction (see Section 3.2 and Ref. [10]). To exactly

estimate the exit barriers from the two most important minima determined by MTD we

followed the procedure described in Ref. [10]. Namely, we performed six independent

MTD simulations starting from a configuration corresponding to different minima with

initial velocities drawn at random from a Maxwell-Boltzmann distribution at 310 K.

Then, we calculated the averages of the barriers and estimated the accuracy as the

standard deviations of these values.
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4.4 Results

4.4.1 Molecular Dynamics Simulations

After the setup of the system (see Section 4.3.1), we carried on an unbiased MD simula-

tion aimed at elucidating the features of the experimental structure. We first analyzed

the mechanism of water permeation [13, 32, 109]. As mentioned in Chapter 2, two

different transport mechanisms have been proposed for this symporter: the water co-

transport mechanism [110, 111], in which water is actively cotransported with Na+ and

glucose, and the local osmotic gradient hypothesis [112], in which water molecules are

transported passively through permeation pathway. Nevertheless, the last theoretical

and experimental studies [32] support the passive mechanism. Consistently with these

studies [32], a visual inspection of our simulations shows that water molecules permeate

relatively easily through the protein following a pathway [32] that presents a small gap

of low water density localized in proximity of residues Y87 (on helix TM3), A259 (TM7),

Q425 and Q428 (TM11), F479 and M483 (TM13).

We then verified whether the crystal structure of vSGLT represents an ion-releasing

state of the transporter, consistently with the proposal of Li and Tajkhorshid [6]. In-

deed, according to previous theoretical studies [6–8], our simulation shows that Na+

leaves its binding site in a few ns. In particular, initially the sodium ion interacts with

D189, I65 and A62, but is loses its coordination with I65 after 1 ns. Then, it starts

increasing its hydration (up to 3-4 water molecules). As it has been already shown

for LeuT [36], water molecules can penetrate from the cytoplasm into the protein core,

entering through the hydrophilic cavity. This increases the local hydration of the Na+

ion, probably facilitating its release from the Na2 site. In fact, after 6 ns, Na+ ex-

its the binding site. It moves towards the cytoplasm along TM9, passing close to the

TM5-TM6 loop and finally exiting the protein after 12.5 ns. In order to evaluate the

behavior of galactose we extended our simulation up to 125 ns. In spite of previous ob-

servations [8, 11], reporting spontaneous unbinding events of the substrate, in our case

the galactose remained stably placed inside its binding site, conserving all its starting

interactions. Indeed, the distances of the substrate from some of the residues important

in keeping it in place through hydrogen bonds are (values in Å): Gal(O2)-E88(CD) 4.7

(±0.9); Gal(O4)-N260(CG) 4.6 (±0.7); Gal(O5)-Q428(CD) 4.0 (±0.5); Gal(O4)-Y87(O)

3.6 (±0.6). Also the Y263, considered the intracellular gate [4], stably interacts with

N64, another galactose hydrogen-bonding residue (N64(ND)-Y263(OH) 3.1 (±0.2)).
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4.4.2 Metadynamics Simulations

To investigate which residues form a stable sodium binding site and affect ion specificity

in the ion-occluded state of vSGLT, we performed six independent MTD simulations.

The free energy landscape explored is similar in all the independent metadynamics sim-

ulations (Figure 4.3). There are three distinguishable minima. Two minima correspond

to high values of CVs and they are close to each other. The third one, corresponding

to lower values of CVs, is located far from the first two and it is separated from them

by a high barrier. By a cluster analysis, performed on all the MTD trajectories, in

the regions corresponding to the three minima of the FES, we identified three putative

binding states. All these states show the expected octahedral coordination for the Na+

ion (Table 4.1). For sake of clarity, the different binding states were classified according

to the coordinating residues. The first two states show a Na+ ion coordinated by 4

residues and 2 water molecules. In particular, the first state (hereafter named Highly

Coordinated 1 or HC1) involves residues I65 (on TM2), A361, S364 and S365 (on TM9);

in the second state (hereafter named Highly Coordinated 2 or HC2) Na+ interacts with

I62 and A62 (on TM2), A361 and S365 (on TM9). The chosen CVs cannot distinguish

between HC1 and HC2, which correspond to the same minimum of the FES. Except

for the hydroxyl oxygens (Oγ) of the serines, the other residues coordinate the ion with

the oxygens of their carbonylic moieties. The coordinating distances Na+-O are in the

range of 2.3-2.7 Å, in good agreement with the experimental data of ion binding sites of

LeuT and other ion channels or transporters [5, 113] (see Table 4.2). Instead, the Na+-O

distances in the crystallografic structure of vSGLT (PDB code 3DH4) are significantly

larger, in the range 3.1-3.6 Å (Table 4.2). This is consistent with the hypothesis that

the experimental structure corresponds to an ion-releasing state. Another important

minimum (hereafter Low Coordinated 1 or LC1) corresponds to a configuration where

the ion is coordinated by 3 residues and 3 water molecules (3+3). The residues forming

the coordination shell are A62, I65 and S365 and they bind to Na+ with the carbonyl

oxygens of A62 and I65 and hydroxyl oxygen of S365, as in HC1 and HC2. In this state

the coordination distances Na+-O are in the range of 2.3-2.6 Å, marginally smaller than

in HC1-2. The three coordinated water molecules exchange with other waters during

the simulation. Moreover, one of them makes simultaneously a H-bond with Na+ and

D189. The third minimum, visible in Figure 4.3, shows the Na+ ion poorly coordinated

by protein residues (A62 and S364 forming the binding site hypothesized on the base

of the crystal structure, and also one or two Oδ of D189, close to the exiting pathway).

This minimum (called hereafter Poorly Coordinated or PC) is quite close to the hy-

drophilic cavity opened towards the cytoplasm, formed from the intracellular portions

of helices TM2, TM3, TM4, TM7, TM9 and TM11 (Figure 4.4). Therefore, it was not
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Figure 4.3: Free energy surface with the coordination states shown for the three
minima. In the axes: CV1, the coordination number of the ion with the five closest
residues in the crystal binding site (A62, I65, A361, S364, S365); CV2, the distance
between Na+ ion and D189. Anticlockwise boxes: HC1 state, in which the ion interacts
with residues I65 (on TM2), A361, S364 and S365 (on TM9); HC2 state, with residues
I62 and A62 (on TM2), A361 and S365 (on TM9); both these states involve also two
coordinating water molecules. Then LC1 state, where the ion is coordinated by 3
residues (A62, I65 and S365) and 3 water molecules. The third minimum reports the
PC state, coordinated by A62 and S364 from the crystal binding site, one or two Oδ of
D189 and two water molecules. Except for the hydroxyl oxygens (Oγ) of the serines,
the other residues coordinate the ion with carbonyl oxygens. The barriers on the path

arrows are expressed in kcal/mol.

considered as a good ion-retaining candidate. Indeed, MD simulations started from this

site unavoidably lead to the release of Na+ in the cytoplasm.

4.4.3 Validation of Metadynamics’ Results

This FES in Figure 4.3 has been obtained by metadynamics with a bias acting on two

variables, ending the simulation as soon as the Na+ ion reached the cytoplasm, well

before the dynamics in CV space becomes diffusive [10]. In these conditions the FES

obtained by metadynamics is accurate for what concerns the position of the free en-

ergy minima [9], but not for their relative depth and the height of the barriers. Thus,

to determine exactly the barrier to exit the most important minima (HC1-2 and LC1)

we followed the procedure described in Ref. [10]. Namely, we performed three MTD
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XXXXXXXXXXXStates
Residues

A62 I65 A361 S364 S365 D189 W

HC1 X X X X 2

HC2 X X X X 2

LC1 X X X 3

PC X X X 2

Table 4.1: Protein residues included in the coordination sphere of Na+ in the four
different coordination states (HC1, HC2, LC1 and PC) identified analyzing the MTD

simulations.

Figure 4.4: Part of the protein in cartoon, showing TM2 and TM9 helices forming
sodium binding site, colored in pink. The ion is represented in yellow, while galactose

in cyan and red. The hydrophilic cavity is shown in gray.

simulations starting both from HC1 and LC1, assigning different initial velocities (see

Section 4.3).

The barrier that Na+ has to overcome to leave the HC1 or HC2 sites towards the exiting

PC site is of 3.8 (±0.4) kcal/mol; the exit pathway of the ion from these sites does not

involve a passage from LC1. It involves a transient interaction with A62, S364, S365

and D189 and two water molecules (i.e. PC ligands plus S365), and it ends directly in

PC site, after losing the coordination with S365. The exit barrier from LC1 is signifi-

cantly higher: 6.5 (±0.4) kcal/mol. The exit pathway from LC1 also ends directly in

PC, without passing through HC1-2. These results suggest that LC1, despite its lower

Na+-protein coordination, is marginally more stable than HC1-2, leading to the con-

sideration that this site is a more stable ion-retaining state than the one proposed on

the basis of the crystal structure and bioinformatics analysis. With our metadynamics

simulations we performed only an exploration of the FES relative to small structural

rearrangements of the residues surrounding the binding site. This does not rule out the

existence of other Na+ binding sites more stable than the one we identified in this work,

which may require larger conformational changes with respect to the initial structure.
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Symporter PDB code Cystallographic distances between Na+ ion and coordinating ligands

vSGLT A62 (O) I65 (O) S365 (Oγ) A361 (O) S364 (Oγ)
3DH4 3.72 3.33 3.64 3.15 3.10

vSGLT1 A62 (O) I65 (O) S365 (Oγ)
This work 2.42 (±0.12) 2.35 (±0.09) 2.62 (±0.19)

LeuT 2 A22 (O) N27 (Oδ) T254 (Oγ) T254 (O) N286 (Oδ)
(Na1) 2A65 2.11 2.18 2.28 2.39 2.54

LeuT G20 (O) V23 (O) A351 (O) T354 (Oγ) S355 (Oγ)
(Na2) 2A65 2.21 2.11 2.25 2.21 2.32

GltPh G306 (O) N310 (O) N401 (O) D405 (Oδ1) D405 (Oδ2)
(Na1) 2NWX 2.70 2.61 2.73 2.71 2.77

GltPh T308 (O) M311 (S) S349 (O) T352 (O)
(Na2) 2NWX 2.75 3.43 1.96 2.48

Mhp1 A38 (O) I41 (O) A309 (O) S312 (Oγ) T313 (Oγ)
(Na2) 2JLN (out) 2.62 2.66 2.09 2.53 2.77

2JLO (occl) 2.84 2.79 2.56 2.62 2.65
2X79 (inw) residues far apart from each other, no ion

BetP A147 (O) M150 (O) F464 (O) T467 (Oγ) S468 (Oγ)
(Na2) 4AIN 2.17 2.48 2.33 2.31 2.36

1 The three coordinating water molecules are not reported.
2 The sixth coordinating ligand in LeuT Na1 site is represented by the substrate, Leu (2.52 Å).

Table 4.2: Distances (expressed in Å) for sodium binding sites in the crystal structures
of several Na+ symporters. Except for vSGLT, we report the residues identified in the
crystal structures within 3 Å from the ion. For vSGLT we report (in bold) also the

average distances and standard deviations of the coordinating residues.

In order to further validate this prediction, considering that multiple short MD simula-

tions enable a better exploration of the conformational space with respect to a single long

simulation [114], we performed 14 independent unbiased MD runs starting from different

configurations and monitoring the conformational states explored by the dynamics. In

seven simulations (4 performed starting from HC1 and 3 from HC2), the Na+ ion, after

spending few nanoseconds on HC2 state, moves to LC1 and remains in this configuration

for the entire simulation time (12 ns). The variation of the CVs values during one of

these simulations and their dependence on time have been reported in Figure 4.5. In

two additional simulations, started from LC1, the ion remains in that configuration for

70 ns without observing any modification (Figure 4.6). The last five runs, two started

from HC1 and the other three from HC2, quickly lead the ion to interact with D189 and

to the loss of its original coordinating ligands in a few ns. These observations confirm

that HC1 and HC2, despite their larger protein coordination ligands, are marginally

less stable than LC1. The barrier we find to escape from this site are consistent with

literature data of other symporters [32, 37, 38, 64, 73]. Indeed, the free energy barrier

for the Na+ dissociation from Na1 site in LeuT has been recently estimated to range

between 14 and 6 kcal/mol [37], depending on the extent of outward open conformation

of the transporter. Interestingly, the minimal value of this barrier is consistent with our

results. The binding affinities calculated recently for the ion in the Na1 site of GltPh
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Figure 4.5: One of the 12 ns-long MD simulations started from HC2 site, reporting
the values assumed by the two CVs (top), CV1 values as a function of time (center)
and CV2 values as a function of time (bottom). After the first ns, sodium ion moves
towards the LC1 site, remaining stably placed until the end of the run. On the top

panel is visible that LC1 is a more populated state than HC2.

are also consistent with our hypothesis [38]. Moreover, our values are in line also with

the barriers estimated for ion conduction via membrane proteins estimated in computa-

tional studies [64, 73]. Indeed, theoretical studies conducted on the X-ray structure of

the KcsA K+ channel showed that the largest free energy barrier for the process of ion

conduction is on the order of 2-3 kcal/mol [64]. Similar values were found also by Furini

et al. [73] in a theoretical work aimed at studying the conduction of Na+ in bacterium

sodium channel.

4.4.4 Final Remarks

The three binding states for the Na+ ion identified in this work (HC1-2, LC1) share the

interaction with the hydroxyl oxygen (Oγ) of S365 on TM9. Remarkably, this residue

is conserved throughout the SSS family. Most importantly, mutation S365A leads to a
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Figure 4.6: Distances (Å) between sodium ion and the oxygen of coordinating
aminoacids (Oγ for serine, carbonyl oxygens for the other residues) in the last 10 ns of

a 70 ns MD simulation.

complete abrogation of Na+-dependent transport [4].

Comparing the crystal structure of vSGLT and the protein conformation assumed when

the Na+ ion is in LC1 state, we couldn’t find any relevant difference in the orientation of

the helices. However, we noted that, when Na+ is in LC1, D189 is closer to the binding

site with respect to the position occupied in the crystal structure (Figure 4.7). This

conformation is stabilized by a hydrogen bond with S364 (Oγ). Moreover, a water bridge

between Na+ and D189 is present both in LC1 and HC1-2. In addition, in the simulations

where the Na+ was unstable we observed a rotation of D189 towards the hydrophilic

cavity that seems to be related with the exit of the ion. This residue is highly conserved

throughout the SSS family and experimental studies have highlighted its importance in

a correct Na+-galactose cotransport and in the cation selectivity [115, 116]. Therefore,

we hypothesize that D189 plays an important role in stabilizing the ion-retaining LC1

state.

Finally, molecular mechanics simulations strongly depend on the force field parameters

especially when metal ions are considered [117, 118]. To test the dependence of our

results on the ion force field adopted [100], we repeated one MTD simulation considering

the ion force field parameters developed by Cheatham and coworkers [119]. Also in this

case, we found results (the same free energy picture with the three minima containing

the binding states described previously) similar to the other MTD simulations. This

excludes a strong influence of the force field parameters on the FES.



Chapter 4. A Stable Ion-Binding Site 42

Figure 4.7: Overlap of crystal structure, colored in light gray, and LC1 conformation,
in green. The most notable difference concerns the position of residue D189, much

closer to the binding site in LC1.

4.4.5 Conclusions

In the last years several efforts have been done to investigate the ion binding sites of the

LeuT-fold secondary active transporters [34, 36–38, 42]. In this study we identified a

putative ion-retaining state of vSGLT [4, 8], which is more stable than the one proposed

on the basis of the crystal structure and bioinformatics considerations and mutational

studies [4, 8]. In fact, several theoretical works performed on this transporter showed

a spontaneously-diffusing ion outside the protein, leading to the hypothesis that the

crystal structure represents an ion-releasing state of vSGLT [6–8]. By performing force

field based MD and MTD simulations we identified the LC1 binding site, a site in

which the Na+ ion has an octahedral coordination geometry with three water molecules

and three residues A62, I65 (carbonyl oxygens) and S365 (hydroxyl oxygen) forming its

coordination shell. This state turns out to be stable for long (70 ns) MD simulations and

is characterized by a barrier of approximately 6 kcal/mol to leave the coordination site.

The coordination distances (Table 4.2, Figure 4.6) and the calculated barrier that the

Na+ ion has to overcome to exit from this minimum are consistent with literature data

[32, 37, 38, 64, 73]. The identification of this stable, ion-retaining binding site is very

important not only for better understanding the mechanism of this symporter, but also

for identifying sodium binding site in other 5HIR members for which crystallographic

evidence is not available. Furthermore, a stable ion-binding site is fundamental for

investigating the concerted binding/release mechanism of both ligands, the ion and the

galactose. We characterized this part of the transport mechanism in the next Chapter.



Chapter 5

Releasing mechanism of Gal and

Na+ from vSGLT

5.1 Overview

In this part of the thesis we study some aspects of the transport mechanism of vSGLT

symporter addressing, in particular, a detailed kinetic and thermodynamic character-

ization of the exit path of the two ligands. We use bias-exchange metadynamics, the

approach described in Section 3.2.2, to characterize the free energy profile of the galac-

tose and Na+ release processes towards the intracellular side. Our study shows that (i)

the Na+/Gal interplay along the dissociation path is minimal and it is limited only to

the initial displacement of both Na+ and Gal from their binding sites; (ii) the dissocia-

tion of both Na+ and Gal occurs with free energy barriers of about 11-12 kcal/mol, and

the rate limiting step is associated to conformations in which Na+ and Gal are more

than 10 Å far from their binding sites; (iii) no gating role can be assigned to Y263.

Simulation of the Y263F mutant reveals a rather significant change in the binding site

of Gal, confirming that this residue has an important functional role, even if it does not

act as a gate. On the basis of these results we propose a branched six-state alternating

access mechanism, which, according to bioinformatic analysis, may be shared also by

other members of the LeuT-fold transporters.

43
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5.2 Introduction

The dissociation mechanism of galactose in vSGLT has been investigated by molecular

simulations studies which showed that Gal release occurs either spontaneously or by

applying an external force [7, 8, 11]. These studies lead to contradictory conclusions on

a possible gating role of Y263, on the exact conformational state of the transporter (open

or occluded) captured crystallographically and on the free energy profile of Gal release

[7, 8, 11]. Namely, Zomot et al. showed that Gal exited the protein only by using steered

molecular dynamics (SMD), after the rotameric transition of the side chain of Y263,

which, according to this study, acts as a gate. A second gate represented by Y269 was

also encountered later on along the path [7]. Consistently with these findings, Watanabe

et al. showed that the sodium exit triggers the substrate release after the new rotameric

conformation acquired by Y263 and that Gal has to overcome very small barriers (∆G#

∼2 kcal/mol) along its exit pathway [8]. A different scenario was instead provided by

Li and Tajkhorshid in 2011. By combining MD and SMD simulations, they identified

a curved translocation pathway for Gal release. In this path Gal moves around Y263,

requiring no gating event. This study pointed out that the crystal structure represents

an open state of the transporter [11]. Unfortunately, experiments do not help solving

the puzzle, as data on the order of dissociation of the two ligands are incomplete [120].

We here perform bias exchange metadynamics simulations (BE-MTD) [86, 88, 121],

the approach described in Section 3.2.2, to establish the reciprocal influence of the

Na+ and Gal in their dissociation mechanism and at characterizing the kinetics and

thermodynamics of the process.

5.3 Computational Details

5.3.1 System Setup

We used the same setup described in Section 4.3.1. In short, the model of vSGLT, built

using the chain A of the 3 Å resolution crystal structure (PDB accession code 3DH4

[4]), was embedded in a pure, pre-equilibrated 1-palmitoyl-2-oleilphosphatidylcholine

(POPC) lipid model (kindly supplied by T. A. Martinek) [94, 95] using the g membed

[96] tool of GROMACS4 [99] and then it was oriented following OPM [97] database

model. Afterwards the system was neutralized and solvated with TIP3P [98] water

molecules (80969 total atoms in a box size of 97.6 x 96.7 x 85.1 Å3). Simulations were

carried out with GROMACS4 package using Amber03 [100] force field for protein, GAFF

[101] for galactose and for membrane the parameters supplied by T. A. Martinek [94].
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5.3.2 Bias-Exchange Metadynamics Simulations

The starting point of this study was the structure of vSGLT in the ion-retaining state

obtained from our previous MTD simulations, described in Chapter 4. In order to study

the binding/dissociation of galactose and its coupling with the binding/dissociation of

sodium ion by using BE-MTD, we exploited nine different collective variables (whose

functional form is described in Section 3.2.2.1) using the Plumed plugin [107]. Seven of

them were reserved to the Gal. In particular, to assess the controversial role of Y263 we

used:

1) a combination of two dihedral angles of Y263 (C-Cα-Cβ-Cγ and Cα-Cβ-Cγ-Cδ) using

the dihedral similarity CV;

2) the hydrogen bonds between Y263 and N64.

To focus on the dissociation of Gal from its binding site we used:

3) the distance of galactose from its binding site (represented by the center of mass

(COM) of selected residues, see Table 5.1);

4) the hydrogen bonds between galactose and its binding site;

5) the hydrogen bonds between galactose and the likely exiting pathway [7, 8, 11];

6) the radius of gyration of a group of atoms belonging to the galactose binding site;

7) a path collective variable (where λ = 53.5 nm−2), that describes the progression of

the galactose along its exit channel [89]. This variable, added after a spontaneous exit

of the galactose was observed using the other variables, is defined by a set of 7 reference

conformations.

Two additional variables were used to characterize the release mechanism of Na+:

8) the distance between the sodium ion and its binding site (defined by the COM of

selected residues, see Table 5.1);

9) the coordination number between sodium and four residues of the binding site (car-

bonyl oxygens of I65 and A361 and hydroxyl oxygens of S364 and S365), where n = 10,

m = 20 and r0 = 0.4 nm.

The BE-MTD calculations were conducted in the NVT ensemble. Moreover, some

parabolic restraints (walls) (force constant, K, 5000 kJ mol−1 nm−2) were introduced, in

order to avoid the sampling of regions which were not relevant for the ligand dissociation

process, see Table 5.1 In order to reduce the error close to the boundaries we applied

the approach in Ref. [91], see Section 3.2.2.2. The gaussians were added every 5 ps with

a height (W) equal to 0.08 kJ/mol for all the CVs. The exchanges between the bias

potentials of the different variables were periodically attempted every 20 ps. We started

the simulation with 8 walkers using all CVs except the path collective variable. After

740 ns we added other 4 walkers for the distance between Gal and the center of mass of

its site; at 820 ns we introduced 4 more walkers biased on the path collective variable of

the Gal.
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CV δs Upper Wall Interval

1. Dihedral angle Y263 0.025 - 0.1 - 1.9
2. H-Bonds Y263-N64 0.35 - 0.1 - 2
3. Distance Gal-site 0.05 3.5 0 - 3.5
4. H-Bonds Gal-site 1 - 1 - 30
5. H-Bonds Gal-path 1 - 1 - 31

6. Radius of Gyration Gal site 0.02 1.05 0 - 1.05
7. PCV 0.3 - 1.2 - 6.8

8. Distance Na+-site 0.05 3.5 0 - 3.5
9. Coordination Na+ site 0.1 - 0.1 -3.5

Table 5.1: CVs used in this study. The units of the CV3, CV6 and CV8 are expressed
in nanometers, CV1 in radiants. The galactose binding site was defined by the Cα of
residues Q69, N260, K294 and Q428. The ion binding site was defined by the Cα of

A62, I65, S66, V363, S364 and S365.

In this way, we simulated a total of 1400 ns using at most 16 walkers. Parameters

like gaussians width (ds), intervals, walls were added/changed and adapted for a better

and faster convergence of the simulation (Table 5.1). Simulations of ligands dissocia-

tions were also performed in the absence of Na+ in order to assess the role of the ion.

Moreover, we have performed an additional simulation starting from the Y263F mutant

to clarify the role of this residue in shaping the free energy landscape. At this scope

we elongated the BE-MTD simulation mutating Y263F (for a total of 15 ns*16 CVs

= 240 ns), maintaining all the CVs and their parameters used in the wild type (WT)

simulation.

5.3.3 Analysis

All structural and free energy analyses were performed using METAGUI [122], a VMD

[123] interface for analyzing metadynamics and molecular dynamics simulations.

The error of the free energy profiles was calculated as the standard deviation of two

different time averages of the biased potential in the first and the second part of the

converged interval of the simulation.

In order to assess the role of selected residues along the ligands dissociation paths we

calculated the average interaction energies at the relevant minima and transition states.

We considered the van der Waals and coulombic interactions. We remark that this

analysis is qualitative and is meant only to provide a picture of the role of selected

residues in the relative stabilization/destabilization of transition states and minima, as

shown in other studies [124, 125].

H-bond analysis was performed using Plumed [107].

In order to understand the role of the residues that turned out to be involved in the exit

pathway, we also performed a bioinformatic analysis. We conducted sequence alignment
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Figure 5.1: Exit pathway of galactose. On the left is shown the free energy profile
(kcal/mol) along the path collective variable representing Gal exit. On the right it is
reported the position of the Gal in the different minima along exit pathway on the top
of the protein. This latter is depicted in pink cartoons, the substrate in licorice, while
the Na+ is depicted as a yellow sphere. The curved path is connected by dark dashed

lines

of the Solute Sodium Symporters (SSS) family (namely, the human homolog hSGLT1,

the Na+/I− transporter, NIS, and the Na+/L-proline transporter, PutP) with ClustalW

[126]. We also performed structural alignment of the vSGLT, Mhp1, BetP and LeuT

transporters using the HHpred server [127]. Other alignments found in the literature

were used to validate and complete our analysis [4, 34].

5.4 Results

5.4.1 Galactose Exit Pathway

We first investigated the dissociation path of Gal. The projection of the free energy along

the path collective variable, representing the progression of Gal along its exit channel, is

reported in Figure 5.1. For sake of clarity, we add a subscript G for the states relative to

the Gal exit path, and a subscript Na for those relative to the ion path. Initially, Gal is

in the deepest minimum (Min 1G), which is the same binding site identified in the crystal

structure (the RMSD of the heavy atoms of residues within 4 Å of Gal with respect to

the conformation in the crystal structure is 1.0 Å (± 0.1)). The substrate is stabilized

by an extended H-bond network with E88, Q428, Q69, E68, N64 (Table 5.2). Residue

Y263 (OH) interacts with N64 (HNδ). There are 2-3 water molecules in the binding

site, interacting with the substrate. While Gal is in its binding site, Na+ is coordinated

by three water molecules and three residues (A62, I65 and S365). This corresponds to

the ion-retaining binding site of the inward-facing conformation of vSGLT identified in

Chapter 4, the LC1 site.

The next free energy minimum along the exit path of the substrate is Min 2G, where,
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HB Mean (st.dev.) % ≤ 3 Å % ≤ 3.2 Å

Min 1G
E68OE1-GalO1 2.70 (± 0.27) 94.6 95.0
E88OE2-GlaO3 2.62 (± 0.095 100.0 100.0

Q428NE2-GalO6 3.88 (± 1.14) 22.7 44.1
N64ND2-GalO2 3.28 (± 0.27) 13.2 45.5

N64ND2-Y263OH 3.09 (± 0.21) 38.2 75.0
Q69NE2-GalO2 3.03 (± 0.15) 50.0 86.4

Min 2G
GalO6-T431OG 2.92 (± 0.26) 72.9 90.6

GalO2-N64O 2.92 (± 0.21) 68.8 92.7
S66N-E68OE2 2.78 (± 0.07) 100.0 100.0

S66OG-E68OE1 2.76 (± 0.33) 88.5 89.6
N64ND2-Y263OH 3.17 (± 0.26) 28.1 64.6

Min 3G
GalO1-T431OG 3.40 (± 1.17) 50.6 74.7
S66N-E68OE1 3.10 (± 0.20) 35.6 71.3
S66N-E68OE2 2.81 (± 0.12) 95.4 97.7

S66OG-E68OE1 2.80 (± 0.42) 87.4 87.4
GalO2-N142OD 4.42 (± 1.94) 44.8 47.1
GalO3-N142OD 3.84 (± 1.41) 57.5 58.6
GalO5-Y262OH 3.62 (± 1.32) 36.8 54.0

Min 4G
GalO1-D189OD2 2.76 (± 0.78) 90.4 97.9
GalO2-D189OD2 2.77 (± 0.58) 94.9 98.6
GalO4-S368OG 2.98 (± 0.55) 68.9 90.4
GalO6-A184O 3.06 (± 0.94) 74.4 87.7

TS2G
GalO3-N371OD 3.54 (± 1.09) 52.1 64.6

Table 5.2: The average distances (Å), the standard deviation and the life time (%)
of relevant H-bonds along the Gal dissociation path.

consistently with the suggestion of Li et al. [11], Gal undergoes a lateral displacement

towards a position in which it is only partially shielded by the ring of the Y263. From

this point, the substrate will find its way out by rotating about 90 degrees (assuming

a conformation in which its ring is roughly parallel to the protein axis) and continues

his progression along a curved path beyond Y263. This residue is at the edge of the

hydrophilic cavity and the presence of water molecules confers flexibility to it, which

hence is able to accomodate to the passage of Gal (Figure 5.2). In this new position,

several water molecules enter the binding site, while the substrate (C6-O) interacts with

T431 (HOγ) and, through a water bridge, with N142. In this minimum residue E68

assumes a new rotameric conformation. Indeed, its side chain, initially heading towards

the Gal binding site, rotates towards the Na+ binding site, making one or two H-bonds

with S66, a conserved residue across the SSS (E68 (Oδ1) with S66 (HN) and E68 (Oδ2)

with S66 (HOγ)), Figure 5.3. The interactions of N64 (O) with galactose (HO-C2) and
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Figure 5.2: Flexibility of Y263. Min 1 (purple), Min 2 (green) and Min 3 (blue) of
the Gal exit path are shown. Residues Y263, N64 and Gal are reported in licorice. In
order to capture the flexibility of the Y263, several conformations of the same minimum
are represented. Water molecules, freely coming from the hydrophilic cavity, are shown

in red dotted spheres.
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vSGLT   285 KGIVFAAFLKLIVPFLVVL----PGIAAYVITSDPQLMASLGDIAATNLPSAANADKAYP-WLTQFLP--VGVKGVVFAALAAAIVSSLASMLNSTATIFTMDI 381
hSGLT1  312 GGCILCGYLKLMPMFIMVM----PGMISRILYTEKIACVVPSECEKYCGTKVGCTNIAYPTLVVELMP--NGLRGLMLSVMLASLMSSLTSIFNSASTLFTMDI 409
NIS     280 LALLI----NQVGLFLIVSSAACCGIVMFVFY---------TDCDPLLLGRISAPDQYMPLLVLDIFEDLPGVPGLFLACAYSGTLSTASTSINAMAAVTVEDL 370
PutP    269 HA----RRISMTWMILCLAGAVAVGFFGIAYF---------NDHPALAGAVNQNAERVFIELAQILFN--PWIAGILLSAILAAVMSTLSCQLLVCSSAITEDL 357
                                                                                                      *                              
                                                            396                                                                                427
VSGLT   382 YKEYISPDSGDHKLVNVGRTAAVVALIIACLIA--PMLGGIGQAFQYIQEYTGLVSPGILAVFLLGLFWKKTTSKGAIIGVVASIPFA-LFLKF---------- 472
hSGLT1  410 YAKVRKRASE-KELMIAGRLFILVLIGISIAWVPIVQSAQSGQLFDYIQSITSYLGPPIAAVFLLAIFWKRVNEPGAFWGLILGLLIG-ISRMITEFAYGTGSC 511
NIS     371 IKP-RLRSLAPRKLVIISKGLS-LIYGSACLTVAALSSLLGGGVLQGSFTVMGVISGPLLGAFILGMFLPACNTPGVLAGLGAGLALS-LWVALGATLYPPSEQ 471
PutP    358 YKAFLRKHASQKELVWVGRVMVLVVALVAIALAANPENRVLGL-VSYAWAG---FGAAFGPVVLFSVMWSRMTRNGALAGMIIGALTVIVWKQFGWLGL----- 452
                          *                                                                             *            
                         
vSGLT   473 -M---PLSMPFMDQMLYTLLFTMVVIAFTSLSTSINDDDP-KGISVTSSMFVTDRSFNI--------------------AAYGIMIVL--AVLYTLFW* 543
hSGLT1  512 ME---PSNCPTIICGVHYLYFAIILFAISFITIV-----------------------VI--------------------SLLTKPIPD--VHLYRLCW* 561
NIS     472 TMRVLPSSA--ARCVALSVNA-SGLLDPALLPANDSSRAPSSGMDAS-RPALADSFYAISYLYYGALGTLTTVLCGALISCLTGPTKRSTLAPGLLWW* 565
PutP    453 -YEIIPGF----------IFGSIGIVVFSLLG-----KAPSAAMQK--RFAEADAHYHS------------------------APPSR-------L--* 499

Figure 5.3: Sequence alignment among SSS family using ClustalW. The residues con-
served across the family and depicted in our work as relevant amino acids along the exit
pathways are in bold character. The color of the boxes highlight the identical residues
(yellow) or the similar ones, concerning the polar/apolar character of the aminoacid
(magenta). The star and the numbers are put in order to simplify their identification.
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N64 (HNδ) with Y263 (OH) are still present, even if characterized by large fluctuations.

A qualitative analysis of the interaction energies between the substrate and selected

residues shows that in the first two minima the van der Waals interactions regard the

substrate and Y263, while the electrostatic interactions involve Gal-N64 (Table 5.3)

Afterwards, the substrate, hydrated by 4-5 water molecules, enters into a narrow cavity

created by the residues N267, Q268, W134, T431, V434, transiently interacting with

N142 and Y262 (Min 3G). The H-bonds of E68 (Oδ1) with S66 (HN) and E68 (Oδ2)

with S66 (HOγ) contribute to stabilize Gal in this minimum (Table 5.2). Y263 and N64

become very flexible as they can not form reciprocal H-bonds.

After overcoming a transition state (TS1G), where the substrate is partially hydrated,

Gal finds another minimum (Min 4G). Here, it is almost fully hydrated, and surrounded

by S368, V185, residues conserved in the SSS family and among LeuT-fold transporters

(see Discussion), and the TM2-I, TM9, TM6, above loop TM5-6 and it is right below the

sodium binding site, inside the hydrophilic cavity of the transporter. Gal (C1-OH and

C2-OH) makes H-bonds with D189 (Oδ) and Gal (C6-OH) with A184 (carbonyl oxygen).

Residue D189 is highly conserved throughout the SSS family (Figure 5.3) and it has been

experimentally seen to play an important role for a correct Na+-Gal cotransport and

cation selectivity [115, 116]. We see here that it is also involved in the exit path of

galactose, contributing to the stabilization of this minimum. Here, the aromatic ring of

Y263 maintains an orientation similar to the crystal structure, while the side chain of

N64 assumes a new conformation, pointing towards the carboxylic group of E68. The

H-bond between E68-S66 is present also when Gal is in this minimum (Table 5.2).

In order to leave this site, moving deeper in the hydrophilic cavity, Gal has to overcome a

transition state, TS2G (∆F# (TS2G) 11.9 ± 0.4 kcal/mol with respect to the minimum,

which corresponds to the largest free energy barrier of the exit pathway. The breaking

of the H-bonds between Gal and D189 contributes to the barrier, as suggested by the

interaction energies among Gal and D189 along the path (Table 5.2 and 5.3).

At TS2G, the substrate is at the protein surface and, although being hydrated, it is still

interacting with a few surface residues forming a H-bond (Gal (C3-OH) with N371 (Oδ)

and hydrophobic interactions with other residues (G181, L182 (on loop TM5-6), V396

(TM10), N371 and T375 (TM9) (Table 5.2). These latter residues are all conserved

across the SSS family (Figure 5.3).

Remarkably, the free energy barriers associated to the exit path of Gal are significantly

higher than those calculated by Watanabe et al. [8]. This is most probably due to the

fact that our simulations start from a stable ion-retaining state of the transporter, and

since a subtle cooperativity between Na+ and Gal is observed at the very beginning of

the path, simulations starting from the crystal structure, as those of Watanabe et al.

[8], which corresponds to an ion-releasing state, may lead to simulate a less realistic

dissociation process.
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State Coul Y263 LJ Y263 Coul N64 LJ N64 Coul D189 LJ D189

1G 0.10 (±0.45) -4.04 (±0.65) -2.90 (±1.39) -1.40 (±0.70) 0 0
2G -0.40 (±0.52) -4.38 (±0.66) -3.36 (±1.75) -1.68 (±0.80) 0 0
3G 0.05 (±0.15) -0.61 (±0.41) 0 0 0 0

TS1G 0.01 (±0.02) -0.10 (±0.03) -0.01 (±0.04) -0.15 (±0.06) -0.02 (±0.03) -0.02 (±0.02)
4G 0 0 -0.03 (±0.03) -0.20 (±0.05) -22.82 (±6.38) 2.39 (±2.22)

TS2G 0 0 0 0 0 0

Table 5.3: Average electrostatic and van der Waals interaction energies (kcal/mol)
between galactose and residues Y263, N64 and D189, at selected minima and transition

states visited along the exit path of Gal.

Figure 5.4: Free energy profile of wild type and the mutant. The free energy profile
of wild type (WT) system along the path collective variable of Gal (black line) and that

of the mutant Y263F (green line).

Since Y263F mutation has been observed to impair the transport mechanism, to further

check the controversial role of Y263 in the dissociation of the substrate, we performed a

BE-MTD simulation of the mutant using the same setup of the WT simulation. Looking

at the Figure 5.4, we can clearly see a different profile, where the second minimum

becomes the global one, more stable and broader than the first minimum. In short, Min1-

Y263F corresponds to Min1-WT, while Min2-Y263F is broad and thus characterized

by different configurations of Gal (containing among them the Min2-WT minimum).

Their relative free energy has changed, meaning that Y263 decides in this transporter

the relative stability of the minima characterizing the releasing path of the substrate.

Thus, this mutation has a role in reshaping the free energy surface of Gal exit path.

The stabilization of the other minimum does not seem to influence the barrier height

significantly, but it may hamper Gal from assuming a position necessary to undergo the

inward-outward conformational change affecting in turn the overall transport cycle, in
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Figure 5.5: Exit pathway of sodium ion. Free energy profile (kcal/mol) projected
along the distance ion - center of mass of its binding site (Å) is displayed. On the right
the position of the different states along the exit path of Na+ are shown on the top of

the protein.

line with experimental findings [8]. We remark that the change in the free energy profile

of the releasing of Gal caused by this mutation does not imply a gating role for this

residue.

5.4.2 Sodium Ion Exit Pathway

The dissociation path of Na+ is characterized by an overall free energy barrier of 11.1

(± 0.7) kcal/mol and by the presence of a few faint metastable states (see Figure 5.5).

The most stable ion binding site is LC1 in which the ion is coordinated by three water

molecules and three residues (A62, I65 and S365). As soon as the ion starts moving

towards the cytoplasm, it loses its coordination with I65; then, it approaches the mouth

of the binding site keeping the interaction with A62 and coordinating S364 and D189.

This latter is often found to bind Na+ along the exit. This state is referenced to as PC

in Chapter 4.

In this configuration the side chain of E68 rotates from a configuration in which it heads

towards the Gal binding site to a new conformation in which it forms hydrogen bonds

with S66. In State 2Na the ion, at almost 5 Å from its binding site, has overcome D189,

moving deeper into the hydrophilic cavity, and it is fully hydrated. Then, it continues

descending into the cavity coordinating G181 (loop 5-6) and S368 (on TM9) and four

water molecules (State 3Na). Remarkably, D189 interacts with the ion through water

bridges, accompanying it from LC1 to State 3Na, confirming its important role in the

exit pathway of Na+ [115, 116, 128]. After interacting with L182 (loop 5-6) (State 4Na),

it reaches State 5Na, which is at approximately 1.8 Å from the binding site. Here, Na+ is

coordinated by a few residues of loop 1-2 and by 3-4 water molecules. It finally overcomes

TSNa, where it is still transiently coordinated by D43, R400, (both conserved residues in
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Figure 5.6: The cooperativity in the release mechanism. (A) Free energy surface
(kcal/mol) depicted with respect to the distance between Na+ and its binding site (Å),
and the galactose exit path. Note that the deepest minima for both exit pathways are
the same, i.e. 1Na = 1G = 1. (B) Close view of the initial part of the FES. (C) The
projection of the free energy (kcal/mol) along the path collective variable representing
Gal exit. Black and green lines correspond to the simulations carried out in presence
or in absence of Na+. On the two sides of the image, the most relevant structures

corresponding to minima and transitions states (TS) are depicted.

the SSS family, Figure 5.3), and even by a POPC molecule. Thus, the total free energy

barrier is due to cumulative energy cost of small structural changes accompanying the

Na+ release without the formation of any stable intermediate. After the TSNa Na+ is

quite delocalized, in a vestibule mainly formed by loops TM9-10, TM1-2 and loop TM5-

6. It is important to note that the two ligands, starting from different binding sites,

exit the protein through the same hydrophilic cavity (characterizing the inward-facing

conformation) communicating to the cytoplasm.

5.4.3 Is the Release Mechanism of the Galactose and the Sodium Ion

Cooperative?

In order to investigate possible cooperative effects in the release mechanism of Na+ and

Gal, in Figure 5.6 we report a projection of the FES as a function of two CVs, the

distance between the ion and its site and the path variable of Gal. It is possible to note

that the deepest minimum for both exit pathways is the same, i.e. 1Na = 1G. Thus,

it is labeled as Min 1. A zoom of the free energy landscape in the region close to the

binding sites is also reported. The shape of the free energy landscape clearly suggests an
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interplay between the two ligands. Indeed, upon displacement of Gal from its binding

site to move towards Min 2G, the Na+ loses its coordination with I65 and moves towards

a site with a reduced number of coordinating residues, the PC site (state TSa). The

residue linking the two binding sites is the E68. Indeed, upon Gal displacement from Min

1, E68, initially heading towards the Gal binding site, rotates towards the Na+ binding

site, establishing one H-bond with S66 (HN) (Table 5.2), a conserved residue across the

SSS family (Figure 5.3). This functional rotation of E68 is also observed between the

holo (PDB 3DH4) and the apo (PDB 2XQ2) forms of the vSGLT crystals. These results

are in line with the previous hypothesis suggesting that the departure of Na+ from its

stable putative ion-retaining site, LC1, towards the PC site triggers the conformational

changes at the basis of Gal displacement from the binding site, heading to the second

metastable minimum of the path (Min 2G). However, the free energy barrier associated

to this initial displacement is very small and the highest barriers lay further along the

dissociation path of Na+ and Gal. This fact, along with the overall L-shape of the free

energy for large values of the collective variables (see Figure 5.6), indicates that the rate

limiting steps of the release of the ion and the substrate are independent. Indeed, the

values of the two CVs (the path collective variable of Gal and the distance Na+ - binding

site) at the highest transition state (TS2G) of Gal exit are 6.2 and 3 Å. While, those at

the TSNa of Na+ exit are 2.2 and 21 Å. Namely, at the transition state of Gal, Na+ is

close to its binding site, and vice versa. In order to quantitatively verify this point, we

computed the free energy of Gal exit in absence of Na+. The free energy profile of Gal

dissociation in the absence of Na+ is practically identical to the profile in the presence

of Na+, confirming unambiguously this important result (Figure 5.6, panel C).

5.5 Discussion

In this Chapter we used BE-MTD to study the binding/dissociation mechanism of the

two ligands of vSGLT symporter. We observed that the minimum free energy exit path-

way of the galactose does not involve any rotameric transition of the side chain of Y263.

Indeed, as already observed [11], Gal circumnavigates the so-called inner gate Y263 and

proceeds along the hydrophilic cavity. However, our simulation of the mutant points to

a possible functional role of Y263 in determining the relative stability of the minima

observed along the Gal exit path. The global free energy minimum for the mutant and

for the WT turns out to be different (Figure 5.4).

The main barriers characterizing the releasing mechanism are of the order of 11-12 kcal/-

mol for both the ion and the substrate. These barriers are strikingly higher than the

ones reported by Watanabe et al. [8]. This is probably due to the fact that the free

energy space explored in our case includes an occluded state of the transporter, with
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both ligands stable in their binding sites, while the work of Watanabe et al. [8], starting

from a different structure, may simulate a different process, the departure of the ion

from an ion-releasing state.

We underline that these barriers are in line with the kinetic experimental data. Indeed,

the galactose turnover in vSGLT was estimated to be around 0.4 s−1 by Turk et al.

[129], or on the order of tens of ms in other works [13, 130–132]. Lapointe and coworkers

measured the turnover rate of hSGLT1, finding values of 8 s−1 or, being near Vmax condi-

tions, 13 s−1. Moreover, a transition rate of 50-60 s−1 was found for hSGLT1 [120, 131].

These values correspond to a ∆G# in the range of 11-15 kcal/mol, consistently with our

results. Our simulations suggest that the barrier associated with the dissociation of the

ligands from the inward-facing conformation may be of the same order of magnitude of

those associated with the inward-outward switch.

Importantly, our simulations provide for the first time direct insights on the possible

cooperativity between Na+ and Gal for their release mechanism towards the cytoplasm.

A small interdependence is observed only at the very beginning of the ligands release

process, with residue E68 playing a central role in the communication between the two

binding sites. Remarkably, this intercommunication occurs far from the point of the free

energy profile associated to the highest free energy barriers. Our simulations, carried

out in the absence of Na+, reveal that the whole free energy profile of Gal exit is essen-

tially unaffected, Figure 5.6 (green line, panel C). The lack of a marked cooperativity

in the release mechanism of Gal and Na+ from the binding site is at first sight surpris-

ing. However, it is likely that the cooperativity might be associated to the first steps of

the transport cycle, when the symporter, in the outward-facing conformation, binds the

sodium ion and then the substrate, and their binding triggers the outward-to-inward

facing conformational change, as observed in the LeuT-fold superfamily [27, 37, 133–

135].

Due to this non-cooperativity in the Gal and Na+ release mechanism from the inward-

facing conformation of vSGLT and to the almost identical rate limiting free energy

barriers, we propose to extend the six-state kinetic model introduced by Wright and

coworkers [12, 13] by adding one more state, Figure 5.7 (blue region). Indeed, we sug-

gest that, from the ligand bound inward-facing conformation, the transporter can follow

independently two paths for Gal and Na+ release. The very similar free energy barriers

observed for the Na+ and Gal release from the inward-facing conformation may be in

part responsible for the difficulties encountered experimentally in providing a detailed

and clear picture for this part of the transport path of hSGLT [12, 13, 120].

We remark that the binding site of Na+ observed here is the same described in Chapter

4, by independent metadynamic simulations, demonstrating the reliability of our results.

We also observe that the crystal structure of the inward-facing conformation in the apo

form of (PDB code 2XQ2) [8] differs in the presence of a kink of a few degrees in TM2-I
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Figure 5.7: Six-state kinetic model for Na+-galactose cotransporter updated to a
branched six-state model. In the absence of ligands, the transporter can be in two
states: outward or inward-facing conformation (C1 and C6, respectively). After the
binding of Na+ to the outward conformation (C2Na), the substrate enters the protein
and finds its site (C3NaS). This step is then followed by the crucial event that sees the
transporter switching to the inward-facing conformation (C4NaS). In case the transport
follows the dashed line, namely passing from C2Na to C5Na, a uniport of Na+ ion
happens. From the ligands-loaded inward conformation (C4NaS) the protein can lose
at first the substrate (C5Na), as suggested in Ref. [12, 13], or, based on our results
(blue region), in an independent way characterized by similar barriers, the ion (C5S).

(intracellular half) and the side chain of E68 heading towards S66. Remarkably, these

structural features are observed during the Gal release pathway, suggesting that starting

from a Na+ occluded and holo state of vSGLT (PDB code 3DH4) [4], we are able to

visit these structural features of the apo state captured crystallographically (PDB code

2XQ2) [8].

An important process associated to this transporter is the permeation of water (as men-

tioned in Chapter 2), whose precise mechanism is still under debate [29, 30]. The two

mechanisms considered more viable are the active cotransport [29, 31], where water flux

is coupled to ion/solute flux, or the passive permeation [32], where the accumulation of

the solutes near the intracellular side of the membrane during solute transport induces

a flux of water as a response to the local osmotic gradient. A detailed analysis of this

controversial issue is beyond the scope of our study. However, in line with the passive

mechanism [39], we observe that: (i) the water molecules permeate easily through the

whole protein during the releasing process; (ii) the water is free to enter from the cy-

toplasm into the hydrophilic cavity and then into the binding sites. Consistently with

Ref. [36, 37], in our simulations water molecules help the breaking of the H-bonds that
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keep the ligands bound to the protein, playing an important role in the whole releasing

pathway. Their presence at the edge of the Gal binding site confers, indeed, flexibility

to Y263, facilitating the initial displacement of the substrate (Figure 5.2).

Finally, a bioinformatic analysis reveals that several of the residues cited in describ-

ing the exit pathways of the ligands are conserved among the SSS family or, despite

the low sequence similarity and the fact that different substrates are transported, even

among different LeuT-fold transporters (LeuT, Mhp1 and BetP). This underlies their

importance in the ligand release process (see Figure 5.3 and 5.8 for the alignments). For

example, S66, with whom E68 makes H-bonds as soon as the system leaves the deepest

minimum, is conserved across the whole SSS family. Mutation T460C in hSGLT1, corre-

sponding to T431 of vSGLT, which in our simulations stabilizes Gal in Min 2G through a

H-bond, decreases glucose affinity in the human homolog [136]. A mutation of K157A of

hSGLT1, corresponding to N142 of vSGLT, has been experimentally seen to impair the

glucose transport in oocyte [137]. Moreover, Q268R mutation in the human homolog

causes glucose/galactose malabsorption [138]. This residue surrounds Gal in Min 3G

and the substitution by a positively charged residue can further stabilize it, affecting

the overall free energy profile and reducing in this manner the sugar transport rate. As

we can see from Figure 5.3 and 5.8, E68 is not conserved by performing a standard

sequence or structure alignment of vSGLT with the other symporters. So, the coupling

mechanism between the ion and the substrate in the dissociation path may be different

in other transporters. However, superimposing the structure of vSGLT with those of

Mhp1 and LeuT, we found that, close to the location of the corresponding residue, other

polar residues (Q42 in Mhp1, N27 in LeuT) are present and could play the same role of

E68 in vSGLT.

Mutations regarding Y263, the hypothesized external gate, and N64 highlight their

important role in the transport mechanism [8, 120]. Consistently with this picture, the

simulation of the Y263F mutant reveals that this residue has an important role in re-

shaping the free energy profile of Gal exit path. This mutation may not influence the

kinetic of Gal release, but it probably hampers Gal from assuming a position neces-

sary to undergo the inward-outward conformational change. This may affect the overall

transport cycle, in line with experimental findings. For both Na+ and galactose exit

pathways residue D189, a highly conserved residue in SSS family, plays an important

role: stabilizing Gal in Min 4G and participating in the highest barrier of its exit path,

and accompanying the ion along its releasing mechanism [115, 116]. In short, a conser-

vation of key residues involved in the Na+ and Gal dissociation path has been observed

certainly across the SSS family and, at times, even across the whole LeuT super family,

both in terms of identity or similarity (for a graphical representation of the conserved

residues along the exit pathways see Figure 5.9). This suggests that the mechanism of

release of Na+ and Gal elucidated here for vSGLT is likely to be common in the SSS
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                                                      43
vSGLT    1 MSNIEHGLSFIDIMVFAIYVAIIIGVGL-WVSRDKKGTQKSTEDYFLAGKSLPWWAVGASLIAANISAEQFIGMSGSGYSI----------------G-- 81
Mhp1    23 -----------------------------------------------AERSVGPFSLAAIWFAMAIQVAIFIAAGQMTSSF----------------QV- 58            
BetP    93 -SAVVDNLGWAFILFGTVFVFFIVVIAASKFGTIRLGRIDEAPEFRT------VSWISMMFAAGMGIGLMFYGTTEPLTFYRNGVPGHDEHNVGVAMS-- 183            
LeuT    16 ----------------------------------------------------------LAMAGNAVGLGNFLRFPVQAAEN----------------GGG 41              
                                                      *             
vSGLT   82 ---LAIASYEWMSAITLIIVGKYFLP-IFIEKGIYTIPEFVEKRFN--------K---KLKTILAVFWISLYIFVNLTSVLYLGGLALETIL----GIP- 161
Mhp1    59 ---WQVIVAIAAGCTIAVILLFFTQS-AAIRWGI-NFTVAARMPFG--------I---RGSLIPITLKALLSLF-WFGFQTWLGALALDEITRLLTGFT- 140
BetP   184 ---TTMFHWTLHPWAIYAIVGLAIAYSTFRVGRKQLLSSAFVPLIGEKGAEGWLG---KLIDILAIIATVFGTACSLGLGALQIGAGLSAAN----IIED 273
LeuT    42 AFMIPYIIAFLLVGIPLMWIEWAMGR-YGGAQGHGTTPAIFYLLWR--------NRFAKILGVFGLWIPLVVAIYYVYIESWTLGFAIKFLV----GLV- 127

                                                                           181
vSGLT  162 --L--------------------------------------MYSILGLALFALVYSIYG------GLSAVVWTDVIQVFFLVLGGFMTTYMAVSFIGGTD 215
Mhp1   141 --N--------------------------------------LPLWIVIFGAIQVVTTFY------GITFIRWMNVFASPVLLAMGVYMVYLMLDGADVSL 194
BetP   274 PSD--------------------------------------WTIVGIVSVLTLAFIFSAISGVGKGIQYLSNANMVLAALLAIFVFVVGPTVSILNLLPG 335
LeuT   128 --PEPPPTDPDSILRPFKEFLYSYIGVPKGDEPILKPSLFAYIVFLITMFINVSILIRG------ISKGIERFAKIAMPTLFILAVFLVIRVFLLETPNG 221
                                                                            *
                                                        
vSGLT  216 GWFAGVSKMVDAAPGHFEMILDQSNPQYMNLPGIAVLIGGLWVANLYYWGFNQYIIQRTLAAKS-------VSEAQKGIVFAAFLKLIVPFLVVLPGIAA 308
Mhp1   195 G--------------------EVMSMGGENPGMPFSTAIMIFVGGWIAVVVSIHDIVKECKVDPNASREGQTKADARYATAQWLGMVPASIIFGFIGAAS 274
BetP   336 SIGNYLSNFFQMAGRTAMSADGTAGEWLGSW---TIFYWAWWISWSPFVGM---FLARISRGRS-------IREFILGVLLVPAGVSTVWFSIF------ 416
LeuT   222 TAADGLNFLWTPDFEKL------------KDPGVWIAAVGQIFFTLSL-GFGAIITYASYVRKD-------QDIVLSGLTAATLNEKAEVILGGSISIPA 301

                                                                       368                         396
vSGLT  309 YVITSDPQLMASLGDIAATNLPSAANADKAYPWLTQFLP--VGVKGVVFAALAAAIVSSLASMLNSTATIFTMDIYKEYISPDSGDHKLVNVGRTAAVVA 406
Mhp1   275 MVLVGEWNPVI---------------------AITEVVG--GVSIPMAILFQVFVLLATWSTNPAANLLSPAYTL-CSTFPRVFT-------FKTGVIVS 343
BetP   417 -------GGTAIVFEQNGESIWGDGAAEEQLFGLLHALPGGQIMGIIAMILLGTFFITSADSASTVMGTMSQHG--------QLEANKWVTAAWGVATAA 501
LeuT   302 AVAFFGVANAVAIAKAGAFNLGF-----ITLPAIFSQTAGGTFLGFLWFFLLFFAGLTSSIAIMQPMIAFLEDEL--KLSRKH---------AVLWTAAI 385
                                                                        *                                                                 *
                              427
vSGLT  407 LIIACLIAPMLGGIGQAFQYIQEYTGLVSPGILAVFLL-------------------------GLFW-KKTT-------------------SKGAIIGVV 461
Mhp1   344 AVVGLLMM--PWQFAGVLNTFLNLLASALGPLAGIMIS-------------------------DYFLVRRRRISLHDLYRTKGIYTYWRGVNWVALAVYA 416
BetP   502 IGLTLLLS----GGDNALSNLQNVTIVAATPFLFVVIG-------------------------LMF---------------------------------- 538
LeuT   386 VFFSAHLVMFLNKSLDEMDFWAGTIGVVFFGLTELIIFFWIFGADKAWEEINRGGIIKVPRIYYYVM-RYIT-------------------PAFLAVLLV 465
                               *

vSGLT 462  ASIPFALFLKFMPLSMPFMDQMLYTLLFTMVVIAFTSLSTSINDDDPKGISVTSSMFVT* 520
Mhp1  417  VALAVSF----LTPDLMFVTGLIAALLLHIPAMRWVAKTFPLFSEAESRNEDYLRPIGP* 471
BetP       -----------------------------------------------------------* 
LeuT  466  VWAREYIPKIMEETHWTVWITRFYIIGLFLFLTFLVFLAERRRNHESA-----------* 513

Figure 5.8: Structure alignment among LeuT-fold transporters using HHPred server.
The residues conserved across the family and depicted in our work as relevant amino
acids along the exit pathways are in bold character. The color of the boxes highlight the
identical residues (yellow) or the similar ones, concerning the polar/apolar character of
the aminoacid (magenta). The star and the numbers are put in order to simplify their

identification.

family and to share remarkable mechanistic similarities with other LeuT transporters

despite harboring different substrates and working with different stoichiometries ions/-

substrates.
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Figure 5.9: Conserved residues (violet spheres) along Gal and Na+ dissociation path
among the SSS family or LeuT-fold members.



Chapter 6

A Computational Study of CNG

Channels

6.1 Overview

Permeation and gating in K+ and Na+ channels are considered as independent processes,

while in cyclic nucleotide gated (CNG) channels a significant coupling occurs. In this

part of the thesis we discuss the work done in collaboration with electrophysiologists and

crystallographers to unravel the molecular basis of this coupling using a bacterial CNG

mimics as model system. When the CNG mimics is crystallized in the presence of alkali

monovalent cations, the side chain of E66 in the pore shows multiple conformations.

MD simulations indicate that E66 and the prolines in the outer vestibule have a large

mobility, modulated by the ionic species and the voltage. The pore of CNG channels

is highly flexible with an almost “liquid-like” behavior. This allows rationalizing the

anomalous coupling between gating and permeation observed in this channel.

60
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6.2 Introduction

As discussed in Section 2.3, in K+ selective channels, the opening and closing of the

ion channel pore (gating) and the translocation of ions through the pore (permeation)

are normally considered independent processes [45]. Gating is indeed controlled by the

‘bundle crossing’ at the intracellular side [48, 63], while permeation reflects ion-ion and

ion-pore interactions within the selectivity filter. These experimental observations have

led to the paradigm in which the 3D structure of the selectivity filter is rigid and that

the mechanisms of ionic permeation can be deduced in essence from its crystal structure,

as successfully done for K+ channels [48, 65]. Cyclic nucleotide-gated (CNG) channels

underlie sensory transduction in the retina and olfactory epithelium and share a high

degree of homology with K+ channels in the pore region. Despite of this strong homology,

in contrast to K+ channels, CNG channels gate at the selectivity filter, implying that

the same protein region controls ion permeation as well as gating. Moreover, in CNG

the ionic species present inside the channel influences channel gating [139–141], but how

this coupling occurs is not well understood. In the presence of large cations, such as

Rb+ and Cs+, this coupling is also controlled by membrane voltage [15] and current-

voltage relationships activated by 1 mM cGMP depend on the radius of the permeating

ion. Since structural information on CNG channels is still patchy and limited to a low-

resolution electron-microscopy map [142], a chimeric channel where the CNG selectivity

filter sequence is embedded into a NaK channel, was engineered and crystallized, creating

a CNG mimic, the NaK2CNG [14] (Section 2.3). This CNG mimic provides a suitable

model to understand the properties of the pore since it shares with the CNG channels

the low ionic selectivity and the coupling between gating and permeation.

To investigate the structural basis of the linkage between gating and permeation, we

combined our efforts with those of two experimental groups expert in electrophysiology

and X-ray crystallography.

A) The electrophysiologists showed that the mimic recapitulates the voltage dependent

coupling observed in CNGA1 channel. Indeed, with single channel recordings they

observed that in the presence of Na+ similar openings were visible at 100 and -100 mV,

while in the presence of Cs+ clear voltage-dependent asymmetries are observed: the

channel displays flickering openings at -100 mV and long-lasting well-defined channel

openings at +100 mV (Figure 6.1).

B) A structural analysis of the mimic in the presence of monovalent alkali cations (Li+,

Na+, Rb+, Cs+, NH4+, MA+, DMA+) complexes resulted in small but significant struc-

tural changes in the polypeptide backbone lining the pore lumen. An expansion of the

latter has been detected with increasing cation size, and especially in the presence of

the larger Cs+ and DMA+ (Figure 6.2). Smaller structural variations were observed for
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Figure 6.1: Electrophysiology of Na+ and Cs+ in NaK2CNG channel. A) Current
recordings from a single CNG mimicking NaK chimera channel at +100 mV (upper
panel) and -100 mV (lower panel) in the absence (black traces) and in the presence
(red traces) of the blocker TPeA in symmetrical 110 mM Na+ solution. B) current
recordings from a single WT CNGA1 channel at +100 mV (upper panel) and -100 mV
(lower panel) in the presence (black traces) and in the absence (red traces) of 1 mM
cGMP in symmetrical 110 mM Na+ solution. C) As in A but in symmetrical 110 mM
Cs+ solution. D) As in D but in symmetrical 110 mM Cs+ solution and at + and
-160 mV. Amplitude histograms for recordings in the absence of 30 µM TPeA and in
the presence of 1 mM cGMP, for the mimic and for the WT channel respectively, are
shown at the right (gray area). Black lines represent a two-terms Gaussian fit to the
histograms. Red lines represent a one-term Gaussian fit to the histograms for recordings
in the presence of TPeA and in the absence of 1 mM cGMP, for the mimic and for the
WT channel respectively. Blue dashed lines indicate the 0 current level. C and O refer

to the closed and open states, respectively.

P68 at the external vestibule. When Na+ and Cs+ structures were compared, a small

displacement of the backbone polypeptide chain in this region was observed (Figure 6.2),

resulting in a 0.7 Å widening of the funnel. Significant structural differences are also

observed in the region surrounding the selectivity filter. Indeed, the structures showed

a variety of conformations for the E66 side chain (Figure 6.2).

In order to rationalize these observations from an atomic perspective, we performed

molecular dynamics (see Section 3.1) and bias-exchange metadynamics (see Section

3.2.2) simulations.
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Figure 6.2: Crystallography of the NaK2CNG-E channel pore. (a) The tetrameric
structures of Li+, Na+, Cs+ and DMA+ complexes have been overlapped and are
viewed along the fourfold axis. The main chains of residues 62 to 68 are shown for
two opposite subunits in the tetramer and are colour-coded as following: Li+ (light
green), Na+ (teal), Cs+ (cyan) and DMA+ (orange). Changes in the pore size and the
orientation of E66 carbonyls can be observed. (b) Top: the distances for the carbonyl
oxygens of two V64 residues on opposite subunits are plotted against the various ions,
in order of ionic radius. Bottom: the distances between opposite E66 carbonyl oxygens
versus the different ions tested are plotted versus ion type. (d) An overview of the
changes in the relative orientation of the E66 side chains as seen down the tetrameric
channel axis, viewed from the extracellular side. (e, f, g) A sample of the different
relative orientations and hydrogen bonding patterns of E66. Purple spheres represents
sites 2, 3 and 4 (from top to bottom); the neighboring molecule is shown in darker
green; side chains residues involved in the interactions are shown; residues coming from

an adjacent subunit are labelled with a hash (#).

6.3 Methods

6.3.1 System Setup

The model of the chimera NaK2CNG-E was built using the chain B (residues from 19 to

113) of the 2 Å resolution crystal structure soaked with Na+ ions (PDB accession code

3K0G [14]). Applying transformation matrices we generated the tetramer using VMD.

The Hys residues, all exposed to the intracellular solvent, were kept protonated in ε

position. The Asp and Glu residues were considered in the deprotonated form, while the

Arg and Lys residues in the protonated form. The final tetrameric structure contained 95
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residues (A2 to R96). The protein was embedded in a pure, pre-equilibrated 1-palmitoyl-

2-oleilphosphatidylcholine (POPC) lipid model (kindly supplied by T. A. Martinek)

[94, 95] using the g membed [96] tool of Gromacs and then it was oriented following

OPM [97] database model, similarly to the system of vSGLT (Chapter 4). Afterward

the system was neutralized and solvated with TIP3P model [98] water molecules (76305

total atoms in a box size of 92.8 91.9 87.5 Å3).

6.3.2 MD Simulations

Two systems were prepared with different permeant ions. Firstly, in the three Na+

binding sites identified by the crystal structure were put two sodium ions alternated by

a water molecule.

We followed a protocol similar to the one described in Section 4.3.2. The simulations were

performed in periodic boundary conditions at 300 K using the Nose-Hoover thermostat

[106] and Parrinello-Rahman barostat [79, 80] with a semiisotropic pressure coupling

type and a time step of 2 fs. Position restraints of atoms were added with a force constant

(K) equal to 1000 kJ mol−1 nm−2. We used GROMACS [99] package with Amber03

[100] force field for protein and GAFF [101] for the membrane. The equilibration was

performed in three stages: (1) the system was heated for 2.5 ns with protein backbone

and ions fixed, while side chains were left free to move; (2) 5.2 ns were run using position

restraints only for the selectivity filter and the ions. In the first stage we used the NPT

ensemble, while in the second one a surface tension equal to 600.0 bar*nm [94] was

added; (3) For the next 1 ns the membrane area was kept constant.

A configuration taken from this step was used as a starting point for a free molecular

dynamics (MD) simulation of ∼100 ns. Moreover, from the same conformation the 2

Na+ ions were substituted by two Cs+, and the new system was then evolved for a ∼100

ns long simulation.

6.3.3 Bias-Exchange Metadynamics

In order to explore the free energy surface of the conformational states of the channel and

better characterize its variability in the two systems, we performed two bias-exchange

metadynamics (BE-MTD) simulations of 384 ns (48 ns * 8 walkers) (for the system with

two Na+ ions in the selectivity filter) and 320 ns (40 ns * 8 walkers) (for the system

with two Cs+ ions in the selectivity filter). The approach is described in Section 3.2.2.

The collective variables (see Section 3.2.2.1) used here are:
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1. the dipole of the selectivity filter, only heavy atoms (164 atoms, 6 residues for each

monomer, two walkers), defined as:

Dt =
∑
i

qi(zit − z̄t) (6.1)

where for each atom i the charge q is moltiplied by the distance of its z coordinate

at time t from the average of the z coordinates of all atoms at time t.

2. the distance between the Cα of E66 and the C of the carboxylic group (Cδ) of E66

in the opposite monomer (4 variables, see Figure 6.3, panel C);

3. the coordination number of the ions with the two oxygens of the carboxylic group

of E66 (where n = 6 and m = 12 for both systems; r0 = 0.3 nm for Na+ and

r0 = 0.43 for Cs+);

4. the coordination pairs of the native contacts between carbonylic oxygen (O) of E66

and the hydroxyl group of Y55 and carboxylic oxygens (Oδ) of E66 with hydroxyl

group of T60 (n = 6, m = 12 and r0 = 0.25).

In the simulation time the free energy converged for almost all CVs, both in the Na+

and Cs+ case. In particular, for the analysis of the Na+ system we used the two walkers

biased on the dipole CV and the four distances (for a total time of 108 ns (18 ns * 6

walkers)), while for the Cs+ system we used one dipole, the four distances and also the

coordination number of the ions (for a total time of 90 ns, namely 15 ns * 6 walkers).

In order to understand and quantify the differences of the two systems, and especially ex-

plain the voltage-dependence observed by electrophysiological experiments, we measured

some observables and their linear dependence on the external field. The dependence of

an observable O on the external voltage V has been calculated as:

O(V ) =

∑
αOαe

− 1
kT

(Fα−fV dα)∑
α e

− 1
kT

(Fα−fV dα)
(6.2)

where Fα is the free energy of microstate α, dα is its dipole, f the Faraday constant

(96485.34 C/mol) and Oα is the value of the observable in the microstate α. We con-

sidered three observables:

1. the RMSD of the P68 of each monomer with respect to the crystal structure;

2. the distance of the center of mass of the four Cδ of E66 from the center of the pore

(measured as the center of mass of the four G65) and

3. the position of the top ion, measured as the distance of the ion from the center of

the mass of the heavy atom of the four G65, using only the z-direction.
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With the four distances used as CVs in BE-MTD we built a new variable, called Contacts,

describing approximately the location of the four E66. It is defined as the sum of 4

switching functions, each one going from 0 to 1. The higher the value of this variable,

the closer to the crystallographic position of E66:

Contacts =

4∑
i=1

1−
(1− rαδi

0.8 )6

(1− rαδi
0.8 )12

(6.3)

where rαδi is the distance between the Cα of E66 and the Cδ of E66 in the opposite

monomer. The sum runs over the four pairs of Cα-Cδ.

The free energy as a function of the voltage is estimated as:

F (V ) = −kT ln
∑

α e
− 1
kT

(Fα−fV dα)

Nα
(6.4)

where Nα is the number of configurations assigned to microstates α.

6.4 Results

Electrophysiological recordings strikingly reveal a significant voltage-dependence of the

current and of the gating probability in the presence of Cs+, but not in the presence

of Na+. As stated above, crystallography provides a hint that a key factor determining

this difference might be the flexibility of the E66 chains. However, it does not provide a

clear explanation of why gating and permeation are so tightly coupled only in the pres-

ence of Cs+. In order to shed some light on these intriguing topics we first performed

∼100 ns of MD at 300 K in the presence of either two Na+ and or two Cs+ ions within

the selectivity filter. Visual inspection of these trajectories reveals a significantly higher

flexibility for the system in the presence of the cesium ions. A quantitative measure of

this difference was given by a recently developed clustering algorithm [143], capable of

finding from a MD trajectory the metastable states of the system, namely the configu-

rations which correspond to local free energy minima, separated by the other minima

by barriers that are crossed rarely on the time scale of the simulation. Remarkably, we

observed 38 metastable states for the Cs+ case, and only 3 for the Na+ system. The

metastable states observed in the presence of Cs+ differ in most of the cases for the

position of the side chain of E66, that assumes a large array of conformations rang-

ing from the crystallographic position to a re-orientation towards the external vestibule

and finally towards the pore, where it often coordinates the ion. A similar mobility

has been observed also in the corresponding residue, E177, in the Na+ selective NavAb

channel [144]. While these 100 ns of molecular dynamics are sufficient to reveal that

the presence Na+ or Cs+ triggers a qualitatively different behavior, they do not provide
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a quantitative picture of the free energy landscape, which for a simulation of this du-

ration is not converged (for example, the population of the aforementioned metastable

states is different when is computed on the first and the second half of the trajectory).

In order to overcome this limitation, we used bias-exchange metadynamics (BE-MTD).

Since the electrophysiological experiments revealed a strong voltage-dependence in the

presence of Cs+, the z-component of the dipole of the selectivity filter was selected as

a CV. Since plain MD and structural data reveal an important mobility of the side

chains of E66, we also included as CVs the four distances between the carboxylate and

the carbonyl groups of E66 in opposite monomers. Finally, we included a CV measur-

ing the coordination of the ions with the carboxylate oxygens and a CV measuring the

presence of the crystallographic H-bonds between E66 and the two residues Y55 and

T60 (see Section 6.3.3 for the exact definition of these CVs as explicit functions of the

coordinates of the atoms). In Figure 6.3 we show the free energy as a function of the

z-dipole of the selectivity filter and of a variable, called Contacts, counting the number

of contacts between the carboxylate and carbonyl groups of E66 in opposite monomers.

The higher the value of this variable, the closer is E66 to the crystallographic position.

While in the presence of Na+ (Figure 6.3, A) the landscape is characterized by a deep

broad minimum, in the presence of Cs+ (Figure 6.3, B) the landscape is much more flat,

with several local minima characterized by different number of contacts and different

dipoles within a range of ∼1 kcal/mol from the global free energy minimum. These

local minima are separated by free energy barriers that are rather small, of 0.5 kcal/mol

or less, but this is likely to be an effect of the two-dimensional projection, since plain

MD reveals that these states are stable for 1 ns or more. This picture is in agreement

with what observed by classical MD: the Cs+ system is more flexible and characterized

by several metastable states, differing significantly for the value of their dipole and for

other structural features. This provides the first hint on the molecular mechanism at

the basis of the differences observed by electrophysiology.

In order to investigate the difference in the voltage-dependence in the presence of Na+

and of Cs+, we then computed the two-dimensional projection of the free energy on

the dipole and on several geometrical observables, describing the position of the ions

in the selectivity filter, the position of the E66 residues, and the position of the P68

residue. Computing these projections allow predicting the dependence of any geometric

observable on the external voltage V. In Figure 6.4 we show the dependence on V of the

distance of the top ion (red lines), of the variable counting the number of contacts of

E66 (blue lines) and the RMSD of P68 from the crystallographic positions (black lines).

This latter variable has been chosen because P68 is the residue whose backbone changes

conformation more significantly with V among those in the vicinity of the selectivity

filter. The top panel shows the dependence of these variables for the channel in the



Chapter 6. CNG channels 68

Figure 6.3: Free energy of Na+ and Cs+ systems. (A, B). The free energy as a
function of the z-dipole and of the contacts variable for the Na+ (A) and Cs+ system
(B). The crystallographic structure used as initial model (PDB ID: 3K0G) falls at the
coordinates (0.69; 3.62). (C). The selectivity filter in the crystallographic structure is

shown from a top and a side view (E66 in green licorice).

presence of Na+, the bottom panel in the presence of Cs+. The difference between the

two cases is striking. The average position of the top Na+ ion changes by only 0.2 Å when

the external potential is changed between -0.2 and 0.2 V, while the top Cs+ moves by

more than 2 Å. The Contacts variable shows a net change in its trend in the Cs+ system.

The RMSD of P68 shows a strong voltage dependence in the presence of Cs+, and not

in the presence of Na+, suggesting that this residue might be related to the anomalous

coupling between gating and permeation observed in electrophysiology. Interestingly,

previous electrical recordings from CNGA1 channels pointed out the involvement of this

proline in Cs+ permeation [16]. Indeed, when P365, equivalent to P68 in the mimic, was

replaced with a threonine, Cs+ permeation was almost abolished (Figure 6.5). Notably,

the presence of intracellular Cs+ appears to slow down the deactivation kinetics as large

Na+ transients are observed at hyperpolarized membrane potentials only in the presence

of Cs+ (Figure 6.5). Therefore, while Cs+ ions could still interact or possibly enter the

selectivity filter and affect channel gating, the absence of Cs+ currents at depolarized

potentials suggest the existence of a high energy barrier within the selectivity filter

preventing Cs+ translocation.

As a next step, we investigated the difference between the transport mechanism in the
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Figure 6.4: Dependence on the external potential of the RMSD of P68 with respect
to the crystal structure (black line), of the position of the top ion (measured as the
distance of the ion from the center of the mass of the heavy atom of the four G65, using
only the z-direction) (red line), and of the variable Contacts (blue line), for Na+ (upper
panel) and Cs+ system (lower panel). Structures of the selectivity filter (licorice), ions
(yellow and green spheres, for Na+ and Cs+, respectively) and the P68-70 (stick and
balls) are reported on the two sides of the graphs, corresponding to different voltages.

Figure 6.5: Macroscopic currents recorded from mutant P365T CNGA1 channel in
the presence of 110 mM intracellular Na+ (left) and Cs+ (center) with 1 mM cGMP
on the cytoplasmic side. Patch pipette was filled with 110 mmM Na+. Voltage steps
from -200 to +200 mV (∆V = 20 mV). Right: current versus voltage relationship for

the recordings in Na+ (filled circles) and Cs+ (open squares).
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presence of Na+ and Cs+, and we searched for structural signatures at the transition

states that could explain the observed coupling between permeation and gating. To

this end, we projected the free energy along the vertical position of the two ions in the

selectivity filter (Figure 6.6). Different minima in this landscape correspond to states

in which the position of at least one of the two ions has changed. Therefore, transitions

between these minima are associated with transport. While this landscape does not

provide a full description of the permeation process, it reveals differences between the

Na+ and the Cs+ case that are in striking agreement with experimental evidence. In

the presence of Na+, the bottom ion can move between the two local minima without

influencing the location of the top ion. Instead, in the presence of Cs+ the position of

the two ions is strongly coupled and, when the bottom ion moves upward, the top ion

must move towards the outer vestibule. In the Na+ case the free energy between the

two minima does not change with the external voltage. In the case of Cs+ the minimum

in which both ions are in the selectivity filter is occupied with the same probability of

the other minimum only for positive external voltage. For V=0, the first minimum is

disfavored by 0.70 kcal/mol and for negative V it is disfavored by 1.29 kcal/mol. This

indicates that V influences this step of the transport mechanism only in the Cs+ case.

6.5 Discussion

By combining electrophysiology, molecular dynamics simulations and X-ray crystallog-

raphy we have found a remarkable flexibility of the pore region of the CNG mimic. This

flexibility is intimately linked to the ion residing within the pore, influences ionic conduc-

tion and is in our opinion at the basis of the coupling between gating and permeation.

A simple model of the selectivity of ionic channels [145], based on general physical prin-

ciples of the thermodynamics of ion hydration and geometrical factors, suggested indeed

that the poor selectivity of CNG channels could be explained by a significant larger flex-

ibility. These simple physical considerations indicated that the high selectivity of K+

channels required a very low flexibility of the pore of K+ channels. In agreement with

this earliest notion, crystallographic data of the structure of the CNG mimics collected

in the presence of different ionic species inside the pore show highly flexible residues

at the pore region. The distance between the opposite carbonyl of V64, located at the

narrowest section of the channel pore, increases with the size of the ion accommodated

in the pore: for the smallest alkali cation Li+ is 3 Å and increases up to 5.5 Å for the

largest alkali cation, i.e. Cs+, Figure 6.2. Therefore the pore adapts its shape to the ion

it houses. MD simulations and crystallographic data demonstrate a large flexibility of

side chains of E66, best seen in Figure 6.3, and suggest that the flexibility of P68 in the

outer vestibule could play an important role in the permeation of large alkali cations,
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Figure 6.6: (a, b) Projection of the free energy (Kcal/mol) along the positions of the
top (Ion1) and bottom (Ion2) ion (measured as distances of the ions from the center of
the mass of the heavy atom of the four G65s, using only the z-direction). On the x-axes
is reported the lower ion, on the y-axes the upper ion. Representative structures of the
minima are shown: the selectivity filter drawn in cyan licorice, E66 in green licorice,
while the ions as yellow (Na+) or green (Cs+) spheres. (c,d) Schematic view of the
dependence of the free energy of the two minima on the external field (-200 mV, green

line; 0 mV, red line; +200 mV black line).

such as Cs+ (see Figure 6.4 and 6.5). This conduction mechanism is reminiscent of what

has been recently suggested to occur in Ca++ and Na+ channels, whose selectivity filter

is formed also by the side chains of several aminoacid in the pore region [144, 146, 147].

Ca++ and Na+ channels are less selective than K+ channels and have been proposed

to be rather flexible. Multi-ion occupancy in these channels is believed to arise from

the mobility of a ring of four glutamates residues, known as the EEEE locus, lining the

extracellular end of the selectivity filter. Indeed, MD simulations in a bacterial Na+

channels indicate that the binding of Na+ is intimately coupled to conformational iso-

merization of the four glutamate side chains resulting in a highly degenerate, liquid-like

energy landscape propitious to Na+ diffusion [144]. The side walls of the selectivity filter

of all K+ channels as well as the CNG mimics is formed by the carbonyl groups of the

aminoacids lining the pore [48]. However, while K+ channel selectivity filter is viewed

as a relatively static and rigid structure our data demonstrates that CNG channel filter

is rather flexible and dynamic. What are the structural basis of this strikingly different

behavior? In the K+ channels two key protein interactions involving the tyrosine residue
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in the selectivity filter and the charged aspartate, immediately following the signature

sequence, play a major role in holding the conductive conformation of the filter and

are necessary for K+ selectivity [60]. The ring of bulky tyrosine residues, known as the

aromatic girdle [48, 56], is conserved in most K+ channels and is thought to provide the

putative rigidity and the network of hydrogen bonds necessary to stabilize the structure

of the selectivity filter [48, 60, 68]. Moreover, the aspartate immediately following the

filter has been shown to be part of a multipoint H-bond network defining the energetic

profile of C-type inactivation in KcsA channels [60, 148]. The aromatic girdle is replaced

by the ring of E363 in CNG channels (E66 in the mimic), while the aspartate imme-

diately following the filter is substituted by P365 (P68 in the mimic). Therefore these

two key structural pillar anchoring the K+ channels selectivity filter in its conductive

configuration are lost in CNG channels. It is therefore not entirely surprising that the

results of our MD simulations and our crystallographic data identify the mobility of just

E66 and P68 as the major molecular players underlying the coupling between gating and

permeation best seen in the presence of symmetrical Na+ and Cs+ conditions. Based on

our results, we propose that the selectivity filter “liquid-like” behavior herein described

underscores the poor ionic selectivity of CNG channels and represents a conduction mode

very different from that of classical K+ channels, which are highly selective and with a

fairly rigid molecular structure. This flexibility is likely shared by others non-selective

ionic channels, such as TRP and chloride channels, where a significant coupling among

gating and permeation is also known to occur.
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Conclusions

Membrane proteins are an important class of biological molecules playing fundamental

functions in several aspects of cells’ life. Their working mechanisms are less explored

with respect to globular proteins as they are more difficult to handle experimentally. For

this reason simulations techniques can be of help in assessing structural and functional

aspects of this class of proteins, allowing in some cases interpreting and rationalizing

puzzling experimental data. In this thesis we focused on two membrane proteins: the

Sodium/Galactose Transporter (SGLT) and the Cyclic Nucleotide-Gated (CNG) ion

channel, fundamental players in the transport of nutrients inside the cell and in the sen-

sory transduction, respectively. Using enhanced sampling techniques (metadynamis and

bias-exchange metadynamics), we elucidated several important aspects of their mecha-

nisms. Concerning the Vibrio parahaemolyticus SGLT, we first identified a stable Na+

ion binding site, which was not discovered crystallographically. Then, we investigated

the mechanism of the binding/release of both ligands to/from the protein in the inward-

facing conformation, focusing in understanding their interplay during the dissociation

process. We were able to simulate this complex process, directly addressing the relative

influence of Na+ and galatose during their dissociation towards the cytoplasm. Our

results, for the first time, enlighten a non-cooperative mechanism of Gal and Na+ ion

in their dissociation process from the vSGLT symporter, remanding the cooperativity

of the two ligands at the beginning of the transport mechanism (namely the binding

of the ligands in the outward-facing conformation or in their conformational switch).

Moreover, they point out that the dissociation free energy barriers of Na+ and galac-

tose are very similar and of the same order of magnitude of the rate limiting step of

the whole transport cycle. With these studies we obtained important results on issues

that are difficult to address by experimental techniques. Indeed, concerning the direct

identification of a stable ion binding site, crystallographic structures need to be solved

at a very high resolution, which can be quite difficult for this class of proteins. In a
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similar manner, the exit order of the ligands from this secondary active transporter was

unknown before our work. Our results offer a rationalization to the difficulties encoun-

tered experimentally to characterize this part of the transport mechanism. Indeed, we

propose that the experiments can be rationalized with a branched transport mechanism,

which is more complex that what originally believed.

In the last part of this work we used the same methods to investigate the mechanistic

aspects of the CNG ion channel. For this channel, electrophysiological experiments

revealed a linkage permeation-gating and voltage dependence in the presence of large

cations. However, an atomistic understanding of these two aspects was missing. Our

simulations of a CNG mimic immediately revealed the key role of two residues: E66,

in the selectivity filter, and P68, at the external vestibule, and how this flexibility is

correlated with the type of cation transported and depends on the external voltage.

Together with the crystallographic data, our simulations demonstrated the relevant role

of the pore flexibility for this class of channels.

An important part in unraveling the transport mechanism of SGLT that is missing

from our study would be the description of the whole inward-to-outward conformational

transition. We have recently started to approach this aspect, modeling the outward-

facing conformation and starting another BE-MTD simulation in order to capture the

whole structural and energetic aspects of this step of the transport mechanism. In the

same manner, to do a further step in the mechanistic characterization CNG channels, a

very interesting and fulfilling study would be the investigation of the whole permeation

pathway of Na+ and Cs+ ions along the CNG mimic. This would provide a detailed

picture and highlight the precise role of the residues involved in this process.

In short, in this thesis we have provided examples of how molecular simulations, thanks

to recent development in computational methods, in the accuracy of force fields and to

the ever increasing computational power available, can give an important contribution

in complementing experimental techniques to characterize the mechanism of complex

biological systems and in particular of membrane proteins.
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