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Abstract

Ion channels are transmembrane proteins which allow small ions to �ow across

the membrane downhill along the electrochemical gradient, with high e�ciency and

selectivity over the di�erent ion species, and which play crucial roles in a wide range

of vital physiological functions. Research on the channels selective for potassium

ions have attracted a great deal of attention over the past decade. This is because

of the availability of three dimensional microscopical structures and because they

provide a paradigm for the study of the complex superposition of the permeation of

the ions and structural rearrangements which is responsible for the regulation of the

current in ion channels.

In the present work a thorough study of the strong coupling between perme-

ation and the dynamics of the protein in the potassium ion channel KcsA is pre-

sented, based on Molecular Dynamics and Metadynamics calculations, which reveals

the clear links between the function and the structure of the protein. The molecular

determinants for the conformational changes of the pore region have been identi-

�ed and described in details. The relationship between these rearrangements and

the gating process known as �C-type inactivation�, found in a variety of potassium

ion channels, have been investigated and a mechanism has been proposed for the

process. The knowledge acquired from these investigations is �nally applied to un-

veil the driving forces and energetics associated with the permeation and selectivity

properties of KcsA channel.

x



Chapter 1

Introduction

Cells are surrounded by membranes consisting of a phospholipid bilayer imperme-

able to charged compounds. Permeability is conferred by di�erent classes of proteins

and, among them, channels enable ions to �ow rapidly in the downhill direction.16,64

The latter catalyse ion permeation with extremely high e�ciency, resulting in over-

all high conductivities, with additional features of selective permeability and gating

according to some speci�c stimuli, such as a membrane potential change, a neuro-

transmitter, or a mechanical deformation.64 Ion channels have primary responsibility

for vital physiological functions such as the regulation of osmotic pressure and cell

volume, and for electrical activity and signal transduction as they are involved in

a variety of processes such as nerve impulses, muscle relaxation, cognition, sensory

transduction, regulation of blood pressure, and cell proliferation.10 Because of their

fundamental roles, ion channels are among the most important drug targets and have

been linked to diverse diseases including cardiac disorders, neurological indications,

kidney failure, the perception of pain, and blindness.10,75,124 Moreover, arti�cial ana-

logues have also been found to have applications in engineering in the construction

of biosensors, in interfacing biological surfaces with semi-conductors, and in organic-

inorganic hybrid membranes synthesis for fuel cells. There is a great diversity among

ion channels.64 Typically they consist of di�erent protein domains which span across

the membrane, creating a water �lled pore. Most of the ion channels possess a spe-

ci�c region that functions as a �lter in the selection of the di�erent ion species.10,64

Di�use families of ion channels are selective for K+, Na+, Ca2+ and Cl - .64 Selec-

tivity is so e�cient that Na+ current is practically undetectable in K+ ion channels

except under very speci�c conditions.110

Although strong structural and functional similarities can be

recognised,64,70,132 wide di�erences are found even within the same family of ion
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channels, which can di�er in kinetics, mechanisms and modulation of gating. For

instance, a mix of many K+ channel sub-types characterised by di�erent gating

kinetics cooperates in each excitable membrane.64

Investigation of microscopic features and properties of ion channels is a com-

plicated task. For a long time their three dimensional microscopic structures had

been unknown because of the di�culties in isolation and crystallisation outside of

their natural environment and because of the complexity of the experimental tech-

niques required to solve protein structures.64 Thus all the knowledge was derived

from electrophysiology experiments. The �rst three dimensional molecular structure

was determined only in 1998 by MacKinnon and co-workers,46 for the K+ ion chan-

nel KcsA from the Streptomyces lividans bacteria, in a work that was awarded the

Nobel prize for Chemistry in 2003. Since then, structures of other K+ ion channels

have been determined (see for instance73,74,81,84,94,95) and, more recently, a Na+ ion

channel.118

Because of their fundamental roles in a wide range of physiological processes

and the availability of three dimensional microscopical structures, K+ ion chan-

nels continue to attract a great deal of attention from researchers and provide a

paradigm for the study of ion channels.64,132 Theoretical methods have been widely

employed in exploring the most intimate mechanisms that govern these complex sys-

tems, particularly MD simulations and free-energy calculations (the subject has been

reviewed several times, i.g. see101,129,132). The limitations imposed by experimental

techniques, in which the complex dynamics occurring on molecular spatial and time

scales are averaged, providing static images of a channel, can be overcome using these

methods.132 Thus the simulation area, with application to ion channels, is a rapidly

growing �eld able to provide theoretical models and tools to better understand and

interpret experimental data.129

1.1 KcsA

Potassium ion channels are found in several families such as voltage-dependent K+

channels, in which the current is regulated by the transmembrane voltage, and in-

ward recti�er K+ channels, characterised by a higher conductance for inward current

rather than outward current. However, they all share similarities in overall organ-

isation and sequence.64,70,132 The bacterial channel KcsA, found in Streptomyces

lividans has been widely used as a model in the understanding of structural and

functional features of these proteins, and it still continues to attract a great deal

of attention. This is in part due to its sequence similarity to eukaryotic K+ chan-

2
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Figure 1.1: KcsA potassium ion channel. Di�erent regions of the pore are de-
noted: Selectivity �lter (SF), cavity, inner gate. Five binding sites for potassium,
S0. . . S4, can be recognised in the SF. The P-helix is coloured according to an
electrostatic calculation performed using the Particle Mesh Ewald (PME) method
implemented in the program VMD67, in order to show its dipolar nature (red and
blue colours correspond to negative and positive charge, respectively).

nels, and in part because of its role as an archetype for ion permeation, selectivity

and for the complex interplay of gating and activation that is commonly found in

the K+ channel superfamily.64,128 It is a tetrameric protein in which each subunit

is formed by two transmembrane helices (TM1 and TM2) connected by a P-loop.

The P-loop is made up of a short polarised helix (P-helix ) and an amino acid signa-

ture sequence, TXXTXGYGD, that represent a motif conserved across most of K+

channels.31,37,46,64,85

In common with most of K+ ions channels, the whole quaternary structure of

KcsA is divided into three functional regions: the selectivity �lter (SF), the cavity,

and the inner gate (Fig. 1.1). The SF is the narrowest part of the pore, formed

by the backbone carbonyl oxygens of the TXGYG sequences, part of the signature

sequence, of the four subunits, i.e. residues from 75 to 79 with a valine in position

76 which results in the sequence TVGYG. The cavity is a wider water-�lled region

(\sim 5 Å radius) that creates a hydrophilic environment for the ions in the hydrophobic

region of the membrane. The inner gate is accompanied by large movements in the

helical transmembrane segment TM2 which creates a restriction or relieves the ion

�ow.62,119,138,140,147

The SF is widely considered as being fundamental for permeation and se-

lectivity, since backbone oxygen atoms of VGYG sequences and T74 side chains,
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arranged in rings, create well-de�ned binding sites for the K+ ions, which force the

permeation to occur in a single �le fashion. Although the initial X-ray experiments

(resolution 3.2 Å) suggested the presence of four binding sites (named S1 to S4),

more re�ned structures (resolution 2.0 Å) revealed the presence of �ve sites in the

SF (S0 to S4) and an additional one, relatively weak, on the extracellular side (S\mathrm{e}\mathrm{x}\mathrm{t}),

con�rmed by theoretical calculations.18,157

1.1.1 Gating

Current in K+ ion channels is regulated by di�erent types of �gates� which are

crucial for physiological functions.66 Experimental studies demonstrated that current

is initiated by the opening of the inner gate, referred to as activation gating, and is

further regulated by smaller structural rearrangements in the SF region.29,37,119,157

In KcsA, activation opening is regulated by intracellular pH, with maximal open

probability at acidic pH.62,119,138,140 The proton sensors can be identi�ed in two

glutamate residues at the C-terminus of TM2 (E118 and E120) and a histidine at

the N-terminus of TM1 (H25).

Once the inner gate is opened, conformational changes in the SF are responsi-

ble for slow inactivation (C-type inactivation) and modal-gating. The single-channel

behaviour of KcsA is characterised by very low �open� probability (po). Although

inactivation can be coupled to the activation process,42 continuous recordings of

single-channel currents demonstrated a certain degree of independence. Measure-

ments under steady-state conditions at maximal activation (pH 3.0) showed very

long silent periods (\tau > 25s) interrupted by very fast bursts of opening.29,35 Bursts

are characterised by three gating modes: high-po, low-po and a high-frequency �icker

mode, all di�ering in their mean open times (Fig. 1.2). C-type inactivation, fre-

quently found in K+ ion channels, is responsible for the long silent periods and

reveals a dependence on the voltage in KcsA, particularly on the inversion of the

direction of the current. It is furthermore a�ected by the extracellular concentration

of K+.34�37,66

The overall regulation of the current is thus believe to arise from a complex

dynamics among the di�erent states reported in the scheme 1.3, which involve tran-

sition of the inner gate and subsequent rearrangements of the �lter region. Detailed

understanding of these �ne regulations occurring at the level of the SF remains

elusive. In KcsA the conductive state of the SF is intrinsically unstable.28,29,35 A

structure solved in the presence of a low concentration of K+ revealed a constriction

in the central region of the SF, often referred to as �collapsed� state, which was

proposed as a putative inactive state.157 Crystallographic studies on a constitutively
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Figure 1.2: Modal behaviour of KcsA. (A) A continuous single-channel recording
of KcsA under steady-state conditions at pH 3.0 (maximal activation) with mem-
brane potential at +100 mV. (B) the highly variable kinetic behaviour of KcsA
arises from a combination of three distinct modes of channels activity: the low-po,
high-po, and the �icker mode (po is reported as Po in the �gure). These modes
occur with random frequency. (C) The open-state lifetimes within the modes are
described by single exponentials. c\bigcirc Chakrapani et al., 2007. Originally published
in Journal of General Physiology (doi:10.1085/jgp.200709844)
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open mutant channel (tKcsA-OM) showed systematic variations in the structure of

the SF associated with the diameter of the intracellular gate, which suggested they

provided a mechanism for the C-type inactivation. Within this mechanism, the ex-

istence of an intermediate state was suggested in which the K+ pathway is slightly

narrowed by the movements of the glycine residues in position 77 (G77) before the

complete collapse of the pore is �nally reached. However, this mechanism remains

conjectural since a dynamical pathway is still lacking, as well as a detailed descrip-

tion of the molecular determinants and evidence of a dynamical equilibrium between

active and inactive states once the intracellular gate is opened.35,68 At the same

time, experimental evidence supports the idea that di�erent non-conductive states

exist and di�erent hypothesis for C-type inactivation, such as pore dilation, have

been proposed as the reason for this.66

Figure 1.3: Scheme of the structural transitions from which the current regulation
is believed to arise in many K+ ion channels. Transitions between conductive and
collapsed structures of the �lter (upper and lower) should correspond to C-type
inactivation and recovery from inactivation in single channel records. c\bigcirc Zhou et
al., 2001. Originally published in Nature (doi:10.1038/35102009, licensed content
of Nature Publishing Group, license number 3356501082913)

Di�erent experiments suggested the important role played by the region that

surrounds the SF in determining inactivation probability. A key role in selectiv-

ity �lter conformational changes was identi�ed for the E71�D80 hydrogen bond by
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means of current measurements, crystal structure determination, and radioactive �ux

studies, with the E71A mutant (in which this hydrogen bond cannot exit, Fig. 1.4)

being resistant to the collapse of the selectivity �lter, even at low K+ concentra-

tions.29,30,32,35,38 Furthermore, dependence of inactivation on voltage was suppressed

by the neutralisation of E71.34 Either the breaking or the strengthening of E71�D80

bridge was suggested as being related to C-type inactivation.30,32,34�37 The muta-

tion of E71 with histidine (E71H) generated a non-conductive channel. Molecular

dynamics simulations showed the creation in this protein of an hydrogen bond be-

tween D80 and H71, which caused a lowering of the backbone distance \mathrm{C}\alpha  - \mathrm{C}\alpha 

between positions 71 and 80 as well as the disruption of the conductive state. Using

this �nding as the starting point, Cordero-Morales et al. 36 compared inactivation

probabilities of di�erent mutants in position 71, and the backbone distance \mathrm{C}\alpha  - \mathrm{C}\alpha 

between positions 71 and 80 was found to be directly linked to the inactivation pro-

cess. The authors then proposed the strengthening of E71�D80 bridge as a possible

cause of the inactivation. The residue E71 and D80 are two acidic residues, and their

carboxyl groups are distant \sim 2.6 Å in the putative conductive structure of KcsA.157

The existence of a carboxyl-carboxylate linkage has been widely studied.19,22,24 It is

believed that the two residues share a proton, with a preference for E71.24 A mech-

anism for the lowering of the distance between D80 C\alpha and E71 C\alpha in the wild type

(WT) is still unknown.

Several mutants proved the in�uence on inactivation process of other residues

located in the region behind the SF. Among these, residues R64, Y82 and W67

demonstrated the most dramatic e�ects:35,37,105 macroscopic currents from rapid

pH jumps showed a sharp reduction of inactivation for R64A and an enhancement

of the rate and extent of inactivation for Y82A (Fig. 1.4), while inactivation was

suppressed for W67Y. Furthermore, a cooperation between the two neighbouring

arginines R64 and R89 was proved to be in�uencing the inactivation process.105

These results suggest inactivation in K+ channels a result of cooperation among

di�erent residues. In this direction Cordero-Morales et al. 37 proposed that C-type

inactivation in KcsA is governed by a multipoint hydrogen-bond network formed

by the triad E71-D80-W67. However, fundamental questions remain regarding the

molecular determinants on the mechanism, which originate the C-type inactivation,

and on the structural de�nition of the inactive state of the channel.

1.1.2 Permeation

The most determinant region of the protein for permeation and selectivity is the

SF,7,64 that is often referred as the real pore. The carbonyls' dipoles pointed toward
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Figure 1.4: Structures of the region of the selectivity �lter in the di�erent proteins
studied in this work: i) wild type (WT, pdb code 1K4C157), ii) E71A, iii) R64A,
and iv) Y82A. The latter three mutants were created in-silico from starting from
the structure of the WT. Relevant residues are showed in the pictures.
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the channel axis are able to repel anions while attracting cations and catalyse their

dehydration.46,60,64 Di�erent lines of evidence suggest that ions and water molecules

in the SF are arranged in a single �le, in order to have two or three K+ ions in

the selectivity �lter.17,18,44,46,72,107,107,154,156 High resolution X-ray experiments at

high [K+] suggested the four sites S1 to S4 on average are equally occupied. This is

consistent with a high permeation rate for K+ ions.154,156

Current experimental techniques are not able to distinguish between the �ne

details of permeation and selectivity. In consequence, a huge number of theoretical

models have been developed for the purpose of trying to catch the complex behaviour

of the microscopic current.9,64,101,129 Issues in modelling ion channels originate from

the intrinsic complexity of the systems. These have often been described too simplis-

tically for capturing the relationship between structure and function. For example,

traditional models consider ions as point charges, water as a continuous dielectric,

and protein as a dielectric with rigid walls, although ion size, hydration, and inter-

actions with protein are also known to play crucial roles. Thus atomistic models,

such as Molecular Dynamics (MD), have been widely used in recent years because

of their ability to provide detailed descriptions of the processes involved, often in

combination with free energy methods, mainly the so-called Umbrella Sampling (the

topic has been reviewed in detail in9,64,101,129,132).

Permeation is believed to occur according to the hypothesis of a �knock-

on� conduction mechanism, �rstly proposed by Hodgkin and Keynes 65 , in which

an incoming ion �knocks-on� the ions already in the SF.18,39,72,107 Based on MD

simulations, Berneche and Roux 18 proposed that concerted motions of ions within

the pore are purely di�usive, with barriers contained within 2 and 3 kcal/mol. In

any event, the process is not completely clear owing to the inherent complexities

associated with inactivation and the conformational �exibility of the pore which make

calculations very di�cult, as recently reported in a paper of one of the authors of

the previously-cited work (see Li, Andersen, and Roux 92). Moreover, the occurrence

and the role of vacancies within this mechanism, proposed by Hodgkin and Keynes 65

in the same work in which �knock-on� was described, is still under debate.54,71,72

1.1.3 Selectivity

Selectivity in potassium ion channels has been the focus for decades of ion-channel

research but remains an open question. The ability to select K+ over smaller ions,

especially Na+, is crucial for physiological function. A number of di�erent hypothe-

ses have been proposed (see Andersen 7 and reference within) that can be grouped

into two main classes: i) kinetically driven, initially proposed by Bezanilla 21 and
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determined by the entrance rates of the di�erent ion species in the SF; and ii)

thermodynamically driven, derived from Mullins 108 , which is based on the ion-pore

interactions being able to better compensate for the energetic cost of dehydration

for K+ than for Na+. The classic textbook explanation is the so-called �snug �t�

hypothesis and belongs to the latter class: selectivity occurs before the SF because

the small Na+ ions are not coordinated as well as the K+ ions within the pore.64

When the microscopic structures of the channels became available these hy-

potheses were tested against the dynamical properties of the protein in numerous

studies.7,110,130 The geometry of the �lter is consistent with the �snug �t� hypothesis,

since the eight oxygen ligands that constitute the sites are optimally placed to inter-

act with a K+ (radius 1.33 Å) more than with the smaller Na+ (radius 0.95 Å).8,43

Some authors proposed alternative mechanisms based on a more �exible interpreta-

tion of the �lter. The site S2, located at the centre of the pore, was proposed as

being responsible for a thermodynamically driven selectivity.18,48,130 Other studies

proposed that the binding of Na+ inside the �lter to be not thermodynamically un-

favourable and the existence of di�erent binding sites, called B sites, for Na+, has

been suggested.78,110,135,141 This led to kinetically based hypotheses for selectivity

which occurs before the SF.78,110,141

A coupling between selectivity and gating was proved by experimental studies.

Intracellular Na+ was found to decrease the open probability of the channel, causing a

slow �gating e�ect� mostly noticeable at high voltages and a�ecting the K+ current

with a fast block.110,111,141,157 The two e�ects are believed to occur according to

di�erent mechanisms that have yet to be fully understood.110

Despite the long-lasting research and the available experimental data, the

debate is still continuing and a de�nitive answer for selectivity and its associated

processes is not available.

1.2 Aim of the work

Macroscopic current in potassium ion channels arises from a complicated interde-

pendence between ions-protein interactions and �ne structural rearrangements of

the protein which is responsible for complex behaviours of the single-channel cur-

rent.28,29 Selectivity appears to be coupled with the same mechanisms as those which

underlay current regulation.66,110 The understanding of the physiological behaviours

of K+ channels requires the investigation of the atomic resolution dynamics. Avail-

able experimental techniques are unable to provide directly a similar dynamical pic-

ture. Theoretical approaches have therefore been, and continue to be, widely used
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in studying ion channels. Molecular dynamics simulations are an excellent tool for

this purpose since they are able to deliver a detailed description of the microscopic

scales. A wide research on empirical force �elds for biological systems79,98 and great

developments of the computational resources have permitted a wide application of

this method which has been used in many relevant works on ion channels over the

last few years.9,64,101,129,132

The success of molecular dynamics simulations lies in the possibility of de-

termining free energies, fundamental information to de�ne directions, rates, and

the driving forces of biological processes. The advantage with respect to di�erent

methods derives from the dynamical nature of molecular dynamics, which allows

the explicit consideration of the entropic contribution to free energy, which is es-

sential in biological systems. Methods commonly used to compute free energy from

molecular dynamics simulations on biological systems take advantage of modi�ed

Hamiltonians, which are biased on selected subsets of degrees of freedom. These

order parameters, usually referred as collective variables (CVs), are chosen to pro-

vide an adequate description of the investigated process. There is no general, simple

approach for this selection, which primarily depends on chemical intuition and on

the experience of the researchers.86 The Boltzmann distribution and free-energy are

then recovered, as a function of the CVs, from the exact knowledge of the bias po-

tential added to the original Hamiltonian. The high complexity of the these systems

makes free-energy calculations a challenging task. The dimensional reduction de-

rived from the projection of the free-energy onto the CVs can be extremely di�cult,

re�ecting the fact that proteins are highly correlated systems having a wide range

of time scales involved in their dynamics. This is the case for ion channels. In a

recent paper from the B. Roux Group, which has worked for long time in ion channel

research, the authors stated:

�However, while MD simulations of K+ channels of ever-increasing com-

plexity are possible, issues of permeation and selectivity are partly ob-

scured by the inherent complexities associated with inactivation and con-

formational �exibility of the pore.� 92

In the present work a wide investigation on the strong coupling between per-

meation and the dynamics of the pore region in the potassium ion channel KcsA is

presented. The study was performed using Molecular Dynamics simulations com-

bined with free-energy methods, in particular well-tempered Metadynamics, and

statistical analysis. The network of residues and the dynamics responsible for the

regulation of the channel activity was de�ned in details. The long-lasting question

of the control of the current at the �lter was addressed, and a mechanism for C-type
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inactivation has been proposed based on conformational changes of the network of

residues located behind the selectivity �lter of the channel. Finally, these results

allowed a more transparent investigations of permeation and selectivity than that

provided in previous works, revealing driving forces and mechanisms, by means of

the suppression of the conformational equilibria associated with inactivation, which

are widely known to obscure similar analysis. From this work one paper was pub-

lished,40 while three papers are in preparation.

In Chapter 3, in which part of the results published in Cosseddu et al. 40 are

reported, the dynamics of the channel was investigated from the MD trajectories

in order to validate the applicability of the methods commonly used to compute

free energies and to determine the relevant time scales involved in the dynamics of

the system. In Chapter 4, the existence of a highly-correlated network of residues

behind the SF was revealed, centred on a highly-conserved aspartic acid residue

located on the pore entryway (D80). This network was proved to be able to in�u-

ence the state of the �lter and the dynamics of the permeating ions. In Chapter 5,

possible mechanisms for C-type inactivation are proposed based on conformational

changes of the network of residues, which further con�rmed the key role of the as-

partic acid D80 and its neighbouring hydrogen-bond donors in determining the state

of the pore. In Chapter 6, studies on permeation and selectivity are presented,

having been performed on a truly conductive state of the channel, the equilibrium

conductive/non-conductive states being transparently suppressed. These studies un-

veiled the driving forces and energetics associated with the two processes, including

energies involved in the dehydration of the ions.
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Chapter 2

Methods

2.1 Molecular Dynamics

Molecular Dynamics represents the most detailed approach to study complex

biomolecular systems. With the availability of empirical force �elds able to de-

scribe proteins and lipids, molecular dynamics have been used extensively to create

realistic atomic models of complex biological systems, including many types of ion

channel.129

Molecular dynamics (MD) is the term used to describe the solution of the

classical equations of motion (Newton's equations) for a set of molecules2, and it

provides a direct route from the microscopic details of a system to macroscopic

properties of experimental interest. It is based on the possibility, within the Born-

Oppheneimer approximation, to express the Hamiltonian of the system as a function

of the nuclear variables, the motion of the electrons having been averaged out. Given

the sets of coordinates \bfitq i and momenta \bfitp i of each molecule i:

\bfitq = (\bfitq 1, \bfitq 2, \bfitq 3, . . . , \bfitq N ) (2.1a)

\bfitp = (\bfitp 1,\bfitp 2,\bfitp 3, . . . ,\bfitp N ) (2.1b)

the Hamiltonian can be written as a sum of kinetic, \scrK , and potential, \scrV , energy
terms

\scrH (\bfitq ,\bfitp ) = \scrK (\bfitp ) + \scrV (\bfitq ). (2.2)

Usually \scrK take the form

\scrK =
N\sum 
i=1

\sum 
\alpha 

p2i\alpha 
2mi

(2.3)

where mi is the mass of the ith atom, and \alpha runs over x, y, z, the components of
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its momentum. The term \scrV is the potential function of the system and contains the

force acting on the i\mathrm{t}\mathrm{h} atom

\bfitf i =  - \nabla i\scrV (2.4)

where \nabla i is the gradient operator on the coordinates of the i\mathrm{t}\mathrm{h} atom. For Cartesian

coordinates, Eqs. (2.2) to (2.4) become56

\.\bfitr i = \bfitp i/mi (2.5a)

\.\bfitp i =  - \nabla i\scrV (2.5b)

where mi and \bfitr i, are the mass and position of the ith atom respectively and the

dot denotes the time derivative. Eqs (2.5) describe a state in the phase space \BbbR 6,

corresponding to 6N equations for a system of N atoms. The trajectories of the

system in the phase space are generated integrating numerically Eq. (2.5), since an

analytical solution is not achievable due to the continuous changes in the forces as

the particles move.

In common biological simulations Eq.(2.5) is computed for millions of in-

tegration steps on many thousands of atoms. Although this might appear as an

excessive e�ort, given the highly correlated nature of the investigated system this

is most of the time necessary. For instance, in the case of ion channels, experimen-

tal evidence has shown that the �lter is directly a�ected by mutations in remote

positions.41 Decreasing the size of the simulated system to bare essentials could in

many cases lead to loss of signi�cance, because many important microscopic factors

would be likely altered or even cut o�.129 Computations are made more e�cient

representing the potential energy \scrV in Eq. (2.5b) using quite simple functions, in-

cluding relatively simple mathematical terms to describe the physical interactions

and empirical parameters �tted to accurately reproduce experimental and quantum

mechanical energetic data.98 The combination of the functional forms and the as-

sociated parameter set is called a Force Field (FF). The �tting is not trivial and a

proper balance between solvent-solvent, solvent-solute, and solute-solute interactions

is very important to have the right partitioning of molecules or parts of molecules in

di�erent environments. It means making compromises among best �tted parameters

in di�erent conditions. Furthermore FF most commonly used in biological simula-

tions does not account for the phenomenon of electronic polarization, with the aim of

simulate bigger systems for longer times.158 This lack is usually compensated scaling

the parameters for polar molecules by a factor derived from a quantum mechanical

calculations, where the polarization e�ect is represented, which is chosen to better

reproduce condensed-phase properties at the expense of agreement with gas-phase
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data.99,158 It is important to note that the potential function incorporates the great-

est assumptions of molecular dynamics,2 and it is fundamental to the success of the

method.

In a real multi-particle system, the term \scrV should be:2

\scrV i =
\sum 
i

v1(\bfitr i) +
\sum 
i

\sum 
j>i

v2(\bfitr i, \bfitr j) +
\sum 
i

\sum 
j>i

\sum 
k>j>i

v3(\bfitr i, \bfitr j , \bfitr k) + . . . (2.6)

where v1(\bfitr i) represents the e�ect of an external �eld and vn (n = 2, 3, . . . ) are the

potential terms between pairs, triplets, etc. The pair potential is the most important,

and in the practical implementation of molecular dynamics pairwise approximation

is used de�ning an e�ective pair potential in which the upper terms are, in principle,

included as ensemble averages. Then Eq.(2.6) is rewritten in the form:

\scrV i \approx 
\sum 
i

v1(\bfitr i) +
\sum 
i

\sum 
j>i

v\mathrm{e}ff2 (r) (2.7)

where r = rij = | \bfitr i  - \bfitr j | . The presence of any external �eld is usually neglected,

although electric �elds have been considered in modeling ion channels. However

their implementation is not always straightforward and the e�ect of the �nite sizes of

the system is still under debate.127 For molecular systems, intramolecular potential

terms are added to model the geometries that are generally referred as �bonded

interactions�.

Several di�erent force �elds and set of parameters have been developed over

the past years. The most known and used for biological systems are CHARMM,

AMBER, GROMOS and OPLS. The calculation of the present work were performed

employing all-atom CHARMM force �eld.79,99,100 The intramolecular potential in-

cludes terms for bond stretching, angle bending, Urey-Bradley 1,3 interaction, tor-

sional rotation, and out-of-plane (improper) motion and has the form

V\mathrm{b}\mathrm{o}\mathrm{n}\mathrm{d}\mathrm{e}\mathrm{d}(r) =
\sum 
bonds

Kb(b - b0)
2 +

\sum 
angles

K\theta (\theta  - \theta 0)
2+

\sum 
Urey - Bradley

Ku(u - u0)
2 +

\sum 
dihedrals

K\phi [1 + cos(n\phi  - \phi 0)]+\sum 
impropers

K\psi (\psi  - \psi 0)
2

(2.8)

where Kb, K\theta , Ku, K\phi and K\psi are the bond, bond angle, Urey- Bradley, dihedral

angle, and improper dihedral angle force constants, respectively; b, \theta , u, \phi and \psi 

are the bond length, bond angle, Urey- Bradley 1,3 distance, dihedral torsion angle,
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and improper dihedral angle, respectively, with the subscript zero representing the

equilibrium values for the individual terms. The Urey-Bradley term is a harmonic

term in the distance between atoms that are bonded to a common third atom of

some of the angle terms important for the in-plane deformations as well as separating

symmetric and asymmetric bond stretching modes.100

Pairwise potential, usually referred as �non-bonded� because it is computed

between atoms that are not covalently bonded, assumes the form

V (r) =
\sum 
i,j

4\epsilon ij

\Biggl[ \biggl( 
\sigma ij
rij

\biggr) 12

 - 
\biggl( 
\sigma ij
rij

\biggr) 6
\Biggr] 
+
\sum 
i,j

qiqj
\epsilon Drij

(2.9)

where i, j are non-bonded pairs and qi, qj are their charges. Non-bonded, non-

electrostatic Van der Waals forces are represented by a Lennard-Jones 12-6, in which

the �rst term represents repulsions due to the Pauli principle and the second attrac-

tions due to small instantaneous dipoles generated by the electronic motions. It

is characterised by a minimum of depth \epsilon , where the two terms are balanced, and

the curve crosses the x-axis when the distance is \sigma . The �nal term of Eq. (2.9)

represents the coulumbic interactions. Consistent with CHARMM parametrisation,

non-bonded interactions have been computed also for the atoms within the same

molecules, excluding the bonded atoms and all pairs of atoms that are bonded to

a common third atom. In this work grid-based correction CMAP was used, which

improves distributions of the dihedral angles of the protein backbone.25

Boundary conditions are crucial to overcome the problem of surface e�ects

that arises in the small simulated systems. Periodic boundary conditions were used

in this work, and they are also the most commonly used in molecular dynamics. The

system is virtually replicated in the three dimensions to create an in�nite lattice of

identical cells, and each atom interacts, according to the force �eld, with all other

atom in this in�nite periodic lattice, those in the box and their replica, included his

own copy.53 There is, in principle, an in�nite number of terms. To avoid this, the

minimum image convention is used: each atom lies in the centre of a region of the

same size and shape as the basic simulation box, and it can directly interact only

the atoms inside this region. On top of this, cuto�s on Van der Waals forces are

employed to reduce the amount of computation.

Solution of the Hamiltonian equations The Hamiltonian equations are solved

by a step-by-step procedure. The most used methods of integration are the Verlet-

style algorithms.53 They are simple, allow to use large time step and give a very good

energy conservation over long times. The most common is the so-called Velocity
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Verlet

\bfitr (t+ \delta t) = \bfitr (t) + \bfv (t)\delta t+
1

2
\bfita (t)\delta t2 (2.10a)

\bfv (t+ \delta t) = \bfv (t) +
1

2
[\bfita (t) + \bfita (t+ \delta t)] \delta t. (2.10b)

with \bfitr , \bfv , \bfita the sets of Cartesian coordinates, velocities and accelerations. The

algorithm implemented to advance the con�guration of the system over a time-step

\delta t is the following:

\bfv (t+
1

2
\delta t) = \bfv (t) +

1

2
\bfita (t)\delta t (2.11a)

\bfitr (t+ \delta t) = \bfitr (t) + \bfv (t+
1

2
\delta t)\delta t (2.11b)

\bfita (t+ \delta t) =
 - \nabla \scrV (\bfitr (t+ \delta t))

m
(2.11c)

\bfv (t+ \delta t) = \bfv (t+
1

2
\delta t) +

1

2
\bfita (t+ \delta t)\delta t. (2.11d)

2.2 Free energies Methods

2.2.1 Free energies and MD

MD simulations are based on performing a sampling on a statistical ensemble such

as microcanonical (NVE), canonical (NVT), or isothermal-isobaric (NpT). Free en-

ergies are equilibrium properties and they can be retrieved by applying statistical-

mechanics equations. Free energies related to a process of interest are conveniently

de�ned with respect to a small subset of n degrees of freedom, generally referred

as collective variables, CVs. They can be easily de�ned as functions of the Carte-

sian coordinates of the N atoms of the system S(\bfitr ) = (S1(\bfitr ), S2(\bfitr ), . . . , Sn(\bfitr )),

\bfitr = (xj , yj , zj) with 0 < j < N . This dimensional reduction is crucial to allow

any understanding of events that involve a large number of atoms. CVs are usually

selected to be representative of a given process, and typical examples are distances,

angles, coordination numbers, etc. Let's de�ne the potential energy \scrV (\bfitr ), \beta = 1/kBT

where kB and T are respectively Boltzmann's constant and the temperature, and

\delta s = \delta (S(\bfitr ) - \bfits ) is the bin in the the histogram of the CVs for the n dimensional

vector of values (s1, . . . , sn). Following Roux 126 , at equilibrium the probability dis-

tribution function (pdf ) of the CVs is, according to the Boltzmann distribution,

\scrP (S) = \langle \delta s\rangle =
\int 
d\bfitr e - \beta \scrH (\bfitr )\delta s\int 
d\bfitr e - \beta \scrH (\bfitr )

. (2.12)
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where
\int 
d\bfitr e - \beta \scrH (\bfitr ) is the partition function of the system. This probability is clearly

equal to one on the space of the CVs,\int 
ds\scrP (s) = 1. (2.13)

From statistical mechanics, the free energy, G, can be written as function of S, within

an immaterial constant C 86

G(S) =  - kBT \mathrm{l}\mathrm{n} (\scrP (S)) + C. (2.14)

From the de�nition of MD and within the assumption of ergodicity, the pdf in

Eq. (2.12) is retrieved from the histogram of the CVs13

N(S, t) =

\int t

0
dt\prime \delta 

\bigl( 
S(\bfitr , t\prime ) - \bfits 

\bigr) 
(2.15)

in the limit of a complete sampling

\scrP (S) = \mathrm{l}\mathrm{i}\mathrm{m}
t\rightarrow \infty 

N(S, t)\int 
dsN(s, t)

. (2.16)

In big systems, especially in the biological ones, it is very di�cult to ob-

tain a good convergence of Eq. (2.16), due to limits of computational resources.

As mentioned in previous sections, MD requires signi�cant computational e�orts,

which become unrealistic when dealing with very complex free energy landscapes,

characterised by large barriers.86 To overcome these limitations, several methods to

perform non-Boltzmann sampling have been developed.

2.2.2 Umbrella sampling

Umbrella sampling is probably the most known of among the non-Boltzmann sam-

pling methods. It belongs to a category of method where the MD is performed on

modi�ed Hamiltonians where an extra potential energy term \scrW (S) is added to bias

the calculation

\scrH \ast (\bfitr ,\bfitp ) = \scrK (\bfitp ) + \scrV i(\bfitr ) +\scrW (S(\bfitr )). (2.17)

Thus this class of methods are generally referred as biased simulations.

In umbrella sampling the bias potential is �xed and used to enhance the

sampling in a particular region of the CVs phase space. Since only a small piece

of the FES is computed with su�cient accuracy, several calculations (windows) are

performed, moving the centre of the bias potential on di�erent values of S(\bfitr ). The
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most common choice is to use harmonic bias potentials, that, for the case of a single

CV, takes the form of

\scrW i(S) =
1

2
K (S(\bfitr ) - si)

2 (2.18)

where si are the centres of the di�erent n windows.126 The di�erent pieces of the

FES obtained from the di�erent calculations are �nally combined to obtained the

FES over the whole range of interest of S(\bfitr ).

Following Eq. (2.12), the biased distribution for the single window is

\scrP \scrW i(S) =

\int 
d\bfitr e - \beta \scrV (\bfitr )e - \beta \scrW i(S)\delta s\int 
d\bfitr e - \beta \scrV (\bfitr )e - \beta \scrW i(S)

=
e - \beta \scrW i(S)\scrP (S)\int 
d\bfitr e - \beta \scrW i(S)

.

(2.19)

From Eq. (2.14), the free-energy can be written126

G(S) =  - kBT \mathrm{l}\mathrm{n} (\scrP \scrW (S)) - \scrW (S) + F (2.20)

where F =
\int 
d\bfitr e - \beta \scrW i(S) + C is an unknown constant. The absolute value of this

constant is not required for practical purposes, but it is adjusted at the moment of

the reconstruction of the FES for the whole range of interest.

In general the unbiasing procedure granted by Eq. (2.20) is made di�cult by

many statistical errors, mainly in the overlapping region between two windows.126

Di�erent methods have been proposed to solve the equation

\scrP (S) =
n\sum 
i=1

\scrC i(S)\scrP i(S) (2.21)

were \scrC i(S) is the appropriate weight of the unbiased distributions \scrP i(S) computed

for the i-th window. Weighted histogram analysis method (WHAM), �rst proposed

by Kumar et al. 82 , is one of the most in use and it was employed in this work via

the implementation by.Gross�eld 58 The complete description of the method is out

of the scope of this work (see Roux 126 and references therein for details).

2.2.3 Metadynamics

Metadynamics (metaD) is a computational method that can be used either to re-

construct free energy surfaces (FES) or to force the system to escape from energy

minima.13,86�88,137 It is based on a bias history-dependent potential created as a

sum of Gaussians centred along the trajectory of the CVs. It is sometimes referred
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as a self-learning adaptive umbrella sampling because previous extensive knowledge

of the investigated process is not strictly required, adapting the bias potential to

the underlying free-energy. Several implementations of the metaD algorithm have

been successfully used in the past. In the present paper, we used the so-called well-

tempered metaD for the productive runs which allow a better convergence to the

true free energies, and the both well-tempered and standard implementations for the

preliminary test calculations.

The biasing potential for metaD, with respect of the previously de�ned set

of CVs S = (S1(\bfitr ), S2(\bfitr ), . . . , Sn(\bfitr )), is given by

\scrV \mathrm{B}(S) =
\sum 

t\prime =\tau \mathrm{G},2\tau \mathrm{G},...

w
n\prod 
i=1

e

\left(   - 
(Si(\bfitr i) - Si(\bfitr i, t

\prime ))2

2\sigma 2

\right)  
(2.22)

where w is the Gaussian height, \tau \mathrm{G} is the time interval between the deposition of the

Gaussians, 2\sigma the Gaussian width along the each CV.87 For well-tempered metaD

the height w is history-dependent as well

w = w0e

\scrV \mathrm{B}(S, t)

kB\Delta T (2.23)

where w0 is the initial Gaussian height and \Delta T a parameter with the dimension of

a temperature.13 In this case the biasing potential generates a �at distribution, the

FES can be easily retrieved from the biased potential for standard implementation

of metaD

G(S) =  - \scrV \mathrm{B}(S) (2.24)

or via a scaling factor in well-tempered metaD

G(S) =  - T +\Delta T

\Delta T
\scrV \mathrm{B}(S). (2.25)

In well-tempered metaD the scaling factor in Eq. (2.23) theoretically guarantees the

convergence to the real free energy. The function G(S) is often referred as potential

of mean force, PMF, and we will use the term as synonymous of FES.

2.2.4 MetaD parameters

Free-energy surfaces computed via biased methods derives from the projections of

the full distribution function for the system onto the reduced set of n CVs, S, via non-

Boltzmann sampling. This is obtained by integrating over the remaining variables

20



with appropriate weights. However a particular care is required to obtain meaningful

distributions, that, in the practice, can be very challenging. As in any biased method,

the choice of CVs is crucial for a good implementation of metaD and it would ideally

be the smaller possible set of CVs which are able to deliver the best description of the

process under investigation. There are also practical di�culties in the calculation,

because an optimal sampling of the CVs is obtained for the bias potential's slow

growths, in the limit of w/\tau \mathrm{G} \rightarrow 0.87,88 In the practical implementation of the

method this limit cannot be reached and, as a result, there is a risk of over�lling

some minima by generating hysteresis. This issue are alleviated by the use of history-

dependent heights of the Gaussians as implemented in well-tempered metaD and can

be solved explicitly considering within the set of CVs, and thereby bias, the degrees

of freedom that most contribute in generating similar e�ects.86,88

The success of the free energy reconstruction in well-tempered metaD relies

on the parameters i) \Delta T and ii) \omega = w0/\tau \mathrm{G}, the initial deposition rate.13 A �ne

choice of \Delta T allows both a quicker convergence and a con�nement within a relevant

region of the CVs space. It is worth noting that although important from a practical

perspective, the computed FES will eventually converge to the real one irrespective

of the particular choice of \Delta T .13 Initial deposition rate \omega = w0/\tau \mathrm{G} a�ects relaxation

over the orthogonal degrees of freedom.13 The choice of w0 was not trivial in our

case and, as will be discussed in details in Chap. 6, low values (0.005 Kcal/mol)

produced the best outcome resulting in a smoother �lling of the biasing potential.

The deposition times (\tau \mathrm{G}) was selected 400 fs for the one dimensional calculations

and 200 fs for multidimensional, but these di�erent choices did not appear to a�ect

the �nal results.

2.3 Simulation set up

The simulations presented in this work were performed using NAMD 2.8 and NAMD

2.9120 in the NpT ensemble with pressure 1.01 bar (Langevin piston implemented

via Nose-Hoover method120), temperature 310 K (Langevin thermostat120) and

electrostatic forces were computed using the smooth particle-mesh Ewald method

(SPME).49 Metadyanamics calculations were performed using the built-in �colvar�

module.50 A multiple-timestep algorithm was used59,145 and di�erent integration

steps according to the scope of the simulations:

\bullet 1 fs for unbiased simulations, bonded interactions computed every time step,

non-bonded non-electrostatic forces computed every 2 time step and electro-

static forces every 4 time step;
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\bullet 2 fs for biased simulations, bonded and non-bonded non-electrostatic forces

computed every time step and electrostatic forces computed every 3 time step;

Using longer integration steps (2 fs) is a common choice for biased simulations, since

it allows longer sampling18,20,36,54,78,92,131,131 The CHARMM27 force �eld (FF) was

used for the protein, with a modi�cation in the Lennard-Jones term to represent the

interaction between K+ and the carbonyl oxygens of the protein, CHARMM36 for

the lipids and TIP3P for water.79,99,112

2.3.1 Embedding protein in the membrane

The system was prepared from the X-ray structure of KcsA solved at 2 Å res-

olution.157 The protein conformation is widely considered as a closed conductive

state, i.e. the inner gate is closed, while the SF is in a conductive conformation.

The single monomer reported in the original �le obtained from the protein data

bank (pdb code 1K4C) was replicated according to the transformation matrix pro-

vided by the authors to create the tetramer and embedded in a membrane patch

of 1-palmitoyl-2-oleoylphosphatidylcholin (POPC) using the VMD 1.8.6 membrane

plug-in, modi�ed in order to work with CHARMM36 (Fig. 2.1). Two K+ ions

were placed in the SF and one K+ in the cavity. The system was solvated in-

serting the protein into a pre-equilibrated water box with VMD solvate plug-in.

To avoid the creation of unphysical gaps close to the protein surface, this step

had been preceded by a preliminary salvation using the Solvate program by Grub-

müller (www.mpibpc.mpg.de/home/grubmueller/downloads/solvate), which cre-

ates an irregularly-shaped solvent volume around the protein according to steric cri-

teria. Many water molecules inside the cavity were not resolved by the X-ray experi-

ments, and have been inserted using the DOWSER program.152 The missing param-

eters for K+ necessary for DOWSER have been taken from the GROMOS87 FF for

consistency.115 MD free energy sampling, and quantum mechanical/molecular me-

chanical (QM/MM) calculations suggest that, in the conductive state, the E71/D80

pair are linked by an hydrogen bond (H-bond) where one residue is ionised, and the

proton exchanges with a preference for E71.19,24 Consistent with conventional MD

force �elds, this has been mimicked in this work by assigning the proton to E71

in every protein where E71-D80 bridge is present (WT, R64A, Y82A). R52, R64,

R89 were modelled as protonated, and E51 as deprotonated, as appropriate for a

pH range 4�8.29,35,157 The potassium concentration in the aqueous phase was 0.2 M,

equal to bulk concentration used in many experiments.29,34�36,46,157

The system was relaxed before the productive runs in three steps. (i) A 2 ns
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Figure 2.1: Simulated protein, prepared from the X-ray structure of KcsA solved
at 2 Å resolution (pdb code 1K4C, 6284 atoms),157 embedded in a membrane
patch of 1-palmitoyl-2-oleoylphosphatidylcholin (POPC, 222 molecules and 29748
atoms), solvated by 17740 water molecules (53220 atoms), with 75 Cl - ions and 63
K+ ions. The �nal size of the system was \approx 95\times 95\times 100 Å and the total number
of atoms was 89390. The di�erent sizes of the atoms in the �gure are chosen only
for visualisation purposes and do not have any physical meaning, while the colours
are chosen as follow: i) a di�erent colour is used for each protein domain; ii) lipid
tails are in green; iii) lipid heads in red; iv) K+ ions in purple; v) Cl - ions in grey;
vi) water molecules are in red (oxygen atoms) and white (hydrogen atoms).

MD simulation in which the protein, water, ions and lipids headgroups were frozen;

this ensured melting of the lipid tails. (ii) A further 2 ns MD simulation in which

the protein (only) was restrained with harmonic tethers. (iii) A 1 ns MD simulation

in which all atoms were unrestrained.

2.4 General analysis

2.4.1 Order parameters or Collective variables

In the present work conformational changes in the region of the selectivity �lter of

potassium ion channel KcsA are investigated. Within these dynamics, it will be

shown that an aspartic acid residue located in the external entryway of the channel
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(D80) plays a key role. Consequently several analyses have been focused on the

rearrangements of D80 with respect of its neighbouring residues. Few sets of order

parameters which will be used throughout the text are de�ned below.

The �rst set corresponds to distances between D80 side chain, de�ned by C\gamma 
atom (the carbon of the carboxyl group), and an atom used to describe a second

residue's side chain. The distances are simply labelled by �d�, appending the position

of the second residue, i.e. d71 is the distance between D80 and E71 side chains. The

following residues have been considered as second residues: (i) E71 (�d71�), its side

chain de�ned by the H-bond donor oxygen belonging to the carboxyl group; (ii)

arginines R64 (�d64�) and (iii) R89 (�d89�), their side chains de�ned by the carbon

atoms of the guanidino group (C\zeta ); and (iv) W67 (�d67�), its side chain de�ned by

the H-bond donor N\epsilon 1.

A second set de�nes distances between D80 side chain and the backbone C\alpha 
atom of a second residue and they are labelled by appending �CA�. In this case

two residues have been considered as second residues, the residue in position 71,

glutamic acid for WT, Y82A, R64A and alanine for E71A (�d71CA�) ; ii) the alanine

in position 73 (�d73CA�). The distance between D80 and E71 C\alpha atoms is named

�E71CA-D80CA�.

A third set corresponds to distances from the SF of the side chains of relevant

residues. Again the side chains are de�ned by representative atoms, and the SF by

the center of mass (COM) of the C, N, C\alpha atoms of the residues in position 74 to

78 of each subunit. These distances are labelled by �C� followed by the number of

the considered residue, i.e. C64 and C89 are, respectively, the distance from the SF

COM of the C\zeta atoms of the arginines in position 64 and 89.

A forth set de�nes dihedral angles of di�erent residues. Their names are

formed by appending the position of the residue in the sequence to the name of the

Greek letter that de�nes the dihedral within the residue itself, ignoring incremental

numbers if exists. For instance \chi 1 dihedral angle of residue L81 is labelled chi81,

psi of residue V76 is psi76.

Labels for the ions bound to the SF and in the cavity are formed by the

symbol of the element and an increasing number starting from the outermost in the

SF, i.e. two K+ ions in the SF and one in the cavity are labelled respectively K1,

K2 and K3.

24



2.4.2 Projection of the computed FES onto lower dimensional sur-

faces

In this work, the computed FES have been projected into lower dimensional surfaces

in several cases. The projections onto a subset of the CVs, A \subset S, were computed

from the unbiased distribution, integrating over the j CVs that does not belong to

A, S  - A:

G(A) =

\int 
Sk\in S - A

\mathrm{d}Sk e
 - 
G(Si)

kbT (2.26)

where the terms G(Si) were obtained via Eq. (2.25) for Si \in S. Eq. (2.26) was

implemented using R language.122

2.4.3 Statistical analysis

The statistical analysis were performed using R language and vmd 1.9.67,122 Several

packages for R were used in addition to the core functions: bio3d, ggplot2, car,

�elds.1,52,55,57,148 Many functions and packages have been written both for R and

VMD for the purpose of this study that have a more general applicability. Most

of the analysis have been performed on the whole simulated trajectories with the

coordinates stored either every 5 or 2 ps, ignoring an initial equilibration period.
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Chapter 3

Dynamics of the ions and

free-energy calculations

KscA is a potassium ion channel from Streptomyces lividans bacteria, which has an

amino acid sequence closely similar to that of vertebrate and invertebrate voltage-

dependent potassium channels46. The detailed molecular structure of KcsA has

been known since 199846. Since that time it has been actively studied through the

use of molecular dynamics (MD) simulations for verifying and testing a variety of

hypotheses related to the conductivity and selectivity of the channel. The extremely

high dimensions of the corresponding model (see Sec. 2.1) represents one of the most

di�cult aspects in the analysis.27,144

A MD model is a Hamiltonian, non-linear, high-dimensional, dynamical sys-

tem which typically shows multi-scale behaviour in both space and time. A direct

way to reduce the dimension is to assume ergodicity and mixing in the systems, that

is to consider Brownian Dynamics model. These assumptions allow each atom to be

considered as a particle moving in some potential under the action of a stochastic

source, resulting in a low-dimensional dissipative stochastic non-linear system. Thus,

a simple way to think of the permeation of ions through the channel is by focusing

on the properties of a selected part of the system: the permeating ions. In this way

the ions can be described by a generalised Langevin Equation (GLE) of the form80:

mi \.\bfv i(t) =  - \partial G(\bfr i)
\partial \bfr i

 - 
\int t

0
\bfM (t - \tau )\bfv i(\tau )d\tau +\bfR (t), (3.1)

where \bfv i is the ion's velocity (\bfv i = \bfp i/mi); G(\bfr i) is the so-called potential of mean

force (PMF) and corresponds to the free energy (Sec. 2.2); and the term \bfM (t) is an

appropriate memory function connected to the random force \bfR (t) acting on the ion
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via the second �uctuation-dissipation theorem:

\bfM (t) =
1

kBT
\langle \bfR (0)\bfR (t)\rangle . (3.2)

The picture is typically further simpli�ed by making the assumption that

ionic motion corresponds to overdamped Markovian di�usion17,126, resulting in the

overdamped Langevin equation123

\.\bfr i =  - 1

mi\gamma (\bfr i)

\partial G(\bfr i)

\partial \bfr i
+

\sqrt{} 
2kBT

mi\gamma (\bfr i)
\bfitxi (t), (3.3)

where \gamma (\bfr i) speci�es the damping and \bfitxi (t) = (\xi x(t), \xi y(t), \xi z(t)) is a vector of Gaus-

sian white noises. The parameter \gamma can be calculated from the di�usion coe�cient

D, if known, using the relation D = kBT/\gamma . Di�usion coe�cients can sometimes

be estimated experimentally, otherwise from coordinate and velocity time-series (see

Mamonov et al. 103 for details).

Within this framework the identi�cation of G(\bfr i) is a key task, since it is

determinant in the de�nition of the process. However, this identi�cation is gener-

ally very complicated. It is possible to retrieve G(\bfr i) in Eq. (3.3) directly from the

MD trajectories (see Sec. 2.2 and126). This is extremely expensive in computational

resources and in many cases unachievable. Therefore, common techniques for calcu-

lating free-energies are based on the introduction of a known additional deterministic

term in the Hamiltonian\scrH (Eq. (2.2)) for a subset of degrees of freedom of the system

S, generally referred to as �order parameters� or �collective variables� (CVs), which

are de�ned as functions of \bfr i. This additional force enables the retrieval of the

theoretically true Boltzmann distribution for S(\bfr i) from a non-Boltzmann sampling

thus reducing the computational e�orts.126 The most frequently-applied technique

is the so-called Umbrella Sampling (US) method (Sec. 2.2.2), which has been widely

used to investigate ion channel properties.18,20,54,78,121,126,131 However the assump-

tion that the di�usion process can be fully described by an overdamped equation

(3.3) instead of a GLE (3.1) must be validated. This can be achieved by means of

time-series analysis of the trajectories obtained from MD simulations. Additionally

this analysis would provide more general information on dynamical and statistical

properties of the system, and in particular of the ions in channels.

In this chapter, ionic dynamics are considered in the selectivity �lter of the

KcsA channel using MD simulations and the common assumptions employed in the

description of ion channels and in the derivation of free energies for describing ions'

motion are discussed. The applicability of the overdamped model is veri�ed by
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analysing the statistical and dynamic properties of the system. Moreover, statistical

errors derived from the MD approach are investigated. The results presented here

are published in Cosseddu, Khovanov, Allen, Rodger, Luchinsky, and McClintock 40 .

3.1 Methods

A set of MD simulations was performed. The dynamics of the ions were analysed,

in particular in the the three sites S2, S1 and S0. Two con�gurations were selected

for MD simulations. One of these was C1 with two K+ ions in the cavity, a water

molecule in S4, a K+ in S3, a water molecule in S2 and an K+ in S1. The other

con�guration, referred to as C2, corresponded to a K+ in S4, a water molecule in

S3, a K+ in S2, a water molecule in S1, and a K+ in S0.

The coordinates \bfr = (x, y, z) calculated relative to the centre of mass (COM)

of the selectivity �lter (referred to as CVs, units of Å ), and corresponding velocities

\bfv = (vx, vy, vz) (in units Å/ps) were stored for each integration step of 1 fs for

di�erent atoms. These atoms included: K+ ions and water molecules inside the

selectivity �lter, K+ ions in the cavity and in the bulk, as well as the oxygen atoms

of the binding sites. A typical realisation consisted of 106 time steps (1 ns). During

the simulations the lipids of the membrane were not constrained and the simulated

piece of membrane slowly moved together with the channel protein. The centring

on the CVs was applied to compensate for this slow motion, and the COM of the

selectivity �lter was de�ned as the backbone atoms of residues between 74 to 79 of

the four subunits. It should be noted that slow time-scales of longer than about 105

ps were automatically removed from consideration.

3.2 Analysis of equilibrium dynamics

Atomic motions are assumed to be realisations of a stochastic process. The latter

are characterised by the probability density functions (distributions) of positions and

velocities \scrP (\bfr ) and \scrP (\bfv ), as well as by the power spectrum P (f) and/or the auto-

correlation coe�cient \rho (\tau ) of the coordinates' or velocities' projections onto one of

the Cartesian axes x, y or z, for the correlation time \tau .15 The resultant time-scales

of the atomic dynamics can be revealed via P (f) and/or \rho (\tau ). Although there are no

analytic expressions for P (f) and \rho (\tau ) for arbitrary forms of G(S), a huge volume of

results is nonetheless available for di�erent stochastic non-linear equations similar to

Eq. (3.3). They place limitations on the possible shapes of the power spectrum and

the auto-correlation function. Thus, combining estimated distributions with power
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spectra (or auto-correlation function), it is possible to verify the validity of the use

of the overdamped Langevin dynamics for the ions in the selectivity �lter. This is

the assumption most widely used for analysing the properties of ions in the KcsA

channel.18,20,54,78,121,126,131

Distributions of the coordinate and the velocity of a K+ ion in di�erent loca-

tions are shown in Fig. 3.1. The velocities have same distributions, regardless of the

position of the ion: they are almost perfectly Gaussian, consistent with the Maxwell-

Boltzmann distribution. Accordingly, the value of temperature Ts can properly be

estimated on the basis of \scrP (vs). Coordinates x, y and z show similar distributions

and are close to Gaussian for coordinates x and y, but they di�er signi�cantly from

Gaussian for the z coordinate, as illustrated in Fig. 3.1a. This depends on the cylin-

drical geometry of the channel, with the main symmetry axis (channel axis) being

approximately parallel to z in the simulation set-up. The current understanding

is that the permeation process occurs along the channel axis through a concerted

sequence of jumps performed by the ions between the di�erent sites.18,39,65,72,107

Hence the PMF along z is multistable and non-parabolic. Analyses of the distri-

butions \scrP (z) for di�erent steady-state positions demonstrated that the PMF was

close to being harmonic (parabolic) in the vicinity of each stable/meta-stable state

but that its shape deviated from parabolicity at large displacements from that state.

The overall picture, parabolic PMF and linear (3.3) and (3.1) in (x, y), multistable

PMF along z, demonstrated the particularly good coordination o�ered by the SF to

K+, con�rming a design specialised in catalyse K+ �ow.

The power spectra in each of the positions considered are very similar, and

Fig. 3.2 shows a representative example. The spectra for all coordinates have a

part characterised by 1/f scaling, which for the velocity spectra transforms to \propto f

scaling because Pv(f) = Pr(f)f
2. The existence of this scaling region is re�ected in

the behaviour of the auto-correlation coe�cients \rho (\tau ) (Fig. 3.3) for each coordinate,

which decay slowly towards zero. This picture is typical of processes with long-

range correlation. However, the auto-correlation for velocity does not support the

presence of any long range correlation and \rho (\tau ) decays exponentially to zero, but

in an oscillatory manner. This latter feature demonstrates that the motion of the

atoms is not overdamped.

The 1/f scaling is observed for the low frequency range only, which suggests

that a possible origin of 1/f scaling lies in the relatively slow changes in the protein

dynamics. This can be illustrated by the spectral coherence function \psi (f) (Fig. 3.2b)

which estimates the linear correlation between atoms for a given frequency.15 It can

be seen that for any atomic location the coherence is maximal in the low frequency
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of ions for di�erent locations are shown by markers: \circ (red colour) corresponds
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colour) corresponds to the coordinate z and velocity vz of an ion in the site S0;
and \times (black colour) corresponds to the velocity vz of an ion in the bulk (the
distribution of the coordinate is not shown in this case since it is time-dependent).
The coordinate distributions \scrP (r) are centred with respect to the mean value, that
is \langle r\rangle = 0. Dashed lines correspond to �ts of Gaussian distributions with mean
values and the variances estimated from the corresponding time-series.
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part of the coherence function \psi (f). However the coherence is not complete and

there is a signi�cant stochastic component in the low-frequency range.

1/f noise or �icker noise is an ubiquitous phenomenon in nature, extensively

studied in many physical systems47, and it was recently observed in single ionic con-

ductance.139 In solid physics, it has been explained as a superposition of independent

noise sources induced by generation-recombination processes.47. In biological system

a general consensus exists that 1/f noise indicates a complex multi-scale dynamics,

although a debate is still continuing.11 Only trajectories in which ions and the �lter

were in meta-stable con�gurations have been considered in this work, therefore we

suggest that the 1/f noise is related to the more general variability of the protein.

It is noted that the presence of the 1/f scaling a�ects the retrieval of the

PMF from MD trajectories, which is accompanied by an undetermined error. This

error originates from the large energy contribution from the 1/f noise which leads

statistical measurements such as probability distributions to converge slowly. Con-

sidering the representative case of a K+ ion a meta-stable state (site S0), mean values

and variances show signi�cant variations as functions of the time interval used to

calculate them (Fig. 3.4). However, these dependences can be overcame by longer

sampling, since mean values and variances eventually converge toward plateaus, as

shown in Fig. 3.4, which have their roots in the de�nition of the CVs, i.e. in the

centring of the coordinates with respect of the �lter, which e�ectively removes the

slower time-scales.
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Figure 3.4: Mean values and variances of the positions of a K+ ion in the site S0 as
a function of the time interval used to calculate them (coordinates x and z centred
with respect of the COM of the selectivity �lter are reported). An instability
is demonstrated for small lengths of the time interval which is proposed being
originated from the 1/f noise. This instability can be overcome by means of longer
sampling, because the use of longer time intervals reveals that the examined values
eventually converge toward plateaus thanks to the centring of the coordinates with
respect of the COM of the �lter, which e�ectively removes the slower time-scales.

3.3 Conclusions

The conventional assumption of over-damped dynamics for the permeating ions can-

not completely explain the process. Accordingly, a role for inertia should be con-

sidered. The dynamics of the selectivity �lter and of the atoms bound to it (ions

and water molecules) include a 1/f component. Although this 1/f component is

unimportant for activated events occurring on a relatively fast time-scale, among

which permeation is an example, the presence of the 1/f scaling leads to biased cal-

culations of free energies. A convergence can be reached using longer sampling, with

errors derived from the 1/f component being included in the outcomes. However,

this inclusion eventually leads to overestimates of the free energies and to a loss of

accuracy. A similar result is consistent with various published studies on di�erent

narrow ion channels in which the barriers obtained by MD simulations were consid-

ered overestimated.3,51,54 An attempt to explain these unexpected barriers has been

done by attributing the errors to the lack of an explicit consideration of electronic

polarisation in the current implementation of the empirical force �eld.Patel et al. 117

Although this latter might indeed represent an additional source of error, the present

work demonstrates that the presence of 1/f noise in K+ ion channel can explain an

overestimation of the free energies using MD models. This means that a calculation
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properly performed is able to reliably deliver a qualitative picture of the PMF, whilst

quantitative analysis would be associated with an uncertainty which it is di�cult to

determine.

Time-series analysis of MD trajectories indicates the presence of complex

multi-scale dynamics of the pore which are unknown. In the next chapter the in-

vestigation will focus on the investigation of some relevant molecular factors in the

region of the protein that surrounds the pore which are proposed being determinant

in these dynamics.
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Chapter 4

Identi�cation of the network of

residues a�ecting SF dynamics

4.1 Introduction

Initial studies of ion channels treated the pore as a rigid structure which were

considered as being independent from the dynamics of the rest of the protein.129

This idea has been abandoned over the past decades when it became clear that

conduction, selectivity and gating are in reality closely linked to each other with

structural rearrangements of the channel. The recent availability of microscopic

structures has opened the way to vast research on the mechanisms underlying these

linkages.30,35,37,68,85,93,119,141,151,157 It has been found that a relevant part of the reg-

ulation of the channel activity occurs because of small rearrangements in the �lter

region which are responsible for C-type inactivation and modal-gating.66,85 Although

structures of putative inactive states have been proposed and a set of residues near

to the pore were identi�ed as a�ecting inactivation of the channel, there is still no

complete understanding of mechanisms and determinants.66,85 This is mainly due

to the limitations of the available experimental tools used to investigate the phe-

nomena, which so far are only able to provide static pictures and miss the actual

dynamics of the processes.132 Theoretical approaches have been recently employed

with the aim of overcoming these limitations, in particular MD and free-energy meth-

ods.9,64,101,129,132 Although they have proved to be a powerful tool in the exploration

of the dynamics of protein and ions from an atomistic perspective, a comprehensive

description has not yet been drawn, mainly because of the inherent complexities

associated with the conformational variability of the pore.20,92

In the previous chapter these complexities were proved and it was shown that
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they a�ect any permeation analysis of potassium ion channels, such as KcsA, because

of the presence of a 1/f component in the dynamics of the ions. This is the result of

the multi-stable dynamics of the protein governed by a complex energy landscape,

which further determines the dynamics of the ions governing the equilibrium between

the conductive and non-conductive states of the channel. It is worth noting that this

is not the limit of the theoretical descriptions used to perform the analysis, but it

arises from intrinsic features of ion channels that are, at the same time, the origins

of some of the most important macroscopic properties of the current. Therefore,

a deep understanding of the dynamics of the pore region becomes a fundamental

prerequisite in the study of both the permeation and gating processes. This is even

more important when considering that for KcsA multiple lines of evidences suggest

that the conductive state is not favoured but is intrinsically unstable.29,35

Several experimental studies have revealed the existence in the protein se-

quence of molecular determinants for permeation, selectivity, and

inactivation.28�32,34�37,105 Few residues located in the region near to the pore were

found to have a strong in�uence on the modes of the current burst, on the inactiva-

tion probability, and on the dependence of inactivation on the voltage. Among them

E71, Y82, R64 and W67 were recognised as having a great impact (Fig. 1.4).34�37

Cordero-Morales et al. 37 recently suggested the existence of a network of hydrogen

bonds behind the SF formed by the triad E71-D80-W67 which is capable of stabil-

ising the conductive conformation. Additionally, within the dynamics of the SF, a

rotation which involves the peptide group linking V76 and G77 (generally referred as

V76 �ipping) was proposed as possibly being responsible for non-conductive states

of the channel.17,20,30 However, there is no complete picture and the mechanisms be-

hind the strong in�uences of some residues revealed by the experiments are mostly

unknown.

In this chapter, it will be shown that the dynamics of the pore cannot be

considered to be independent from the rest of protein. Small rearrangements of

a highly coupled network of residues which surround the pore induce structural

rearrangements along the permeation path. The most relevant elements of this

network are identi�ed, and the central role of the aspartic acid D80, the main hub,

is demonstrated. This aspartic acid residue is located at the outer entrance to the

channel and acts as a handle of the �lter. It should be noted that this residue

belongs to the signature sequence motif conserved across most of the K+ channels,

suggesting a more general importance of the results.

The investigation was carried out by means of unbiased MD simulations and

metaD free-energy calculations on four proteins: i) the wild type of KcsA (WT, pdb
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code 1K4C157), and three mutants created in silico ii) Y82A which experimentally

showed an enhanced probability of inactivation; iii) R64A which showed a sharp

reduction of inactivation; and iv) E71A, which was resistant to inactivation and is

often referred to as behaving similarly to the most conductive mode of WT.29,35

Analysis on E71A, a system less complicated to investigate than the other proteins,

revealed that rearrangements in the SF can be caused by wider structural dynamics

and proved that �ipping of V76 does not hinder the K+ current by itself. The results

were con�rmed by the comparison of the behaviours of WT, R64A and Y82A, which

made it possible to de�ne the main elements of the highly-correlated network located

behind the pore.

4.2 Results

The mutations on the simulated proteins involve the region behind the pore (Fig. 1.4).

In the mutant E71A, the substitution in position 71 of a glutamic acid with an ala-

nine residue suppresses the possibility of a direct electrostatic interaction with the

aspartate in position 80. A non-inactivating protein is generated which is resistant

to the collapse of the SF even at low K+ concentrations.30,32,35,36,125

Two opposite e�ects on inactivation are generated by the mutations of residues

Y82 and R64 with alanine (Fig. 1.4), respectively enhancing and reducing the prob-

ability of its occurrence. The reason behind such di�erent behaviours is unknown.

As shown in the pictures, Y82 and R64 are located relatively close to each other

in the quaternary structure, with R64 directly interacting with the Y82 neighbour

residue L81.

Initial simulations commenced from an observed crystal structure of the

WT157 (pdb code 1K4C, widely considered to be a closed conductive state) in-

serted into a POPC bilayer, with the potassium concentration in the aqueous phase

0.2 M equal to bulk concentration used in many experiments.29,34�36,46,157 Mutants

were obtained from the same crystal structure, as described in the chapter �Meth-

ods�, and simulations started from an identical set-up. The KcsA channel has a

tetrameric structure and the four subunits of the KcsA are referred to using capital

letters A, B, C, D. The SF is described as a �ve-site pore46,64 (Fig. 1.1), where

ions and water move in a single-�le fashion. Standard notation of the sites will be

maintained: S0 to S4 starting from the outer site. The ion con�gurations in the SF

are described in this chapter by �ve digits using a binary formalism (from S0 to S4,

1 will represent the potassium ion, 0 a water molecule) separated from the number

of the K+ ions in the cavity by a �+�, e.g. 01010+1 means the presence of K+ in
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S1, S3 and in the cavity. All the simulations started from a 01010+1 arrangement

of the K+ ions.

Several simulations for WT were performed. The longest was \sim 38 ns long,

and this will be simply referred to as WT. The others will be described within

the text when encountered. One main simulation was performed for each of the

considered mutants: Y82A was simulated for \sim 28.5 ns, R64A for \sim 23 ns and E71A

for \sim 24 ns. None of the protein showed dramatic conformational changes, with the

RMSD for the backbone from the original X-ray structure of the WT reaching a

limiting value of \sim 1.8 Å.

In the WT, V76 �ipped temporarily few times at the beginning of the simula-

tion until transitions of the ions 01010+1  - \rightarrow 01011+0  - \rightarrow 10101+0 led to the �nal

stable conformation without any V76 residue in a �ipped conformation. The most

external K+ left the SF brie�y when in S0, being substituted soon after by another

K+ from the bulk. A vacancy was created in site S3, occupied by neither an ion nor

a water molecule in the con�gurations 10101+0 and 00101+0, as observed in similar

previous works.72 Analogous sequences of events were found in other simulations for

the WT, and for just one of them (\sim 18 ns long) the V76 �ipped conformation was

found to be meta-stable for a relatively long time (> 10 ns).

4.3 Analysis of E71A dynamics

When considering the SF, E71A showed a variability similar to or slightly greater

than the WT, with RMSD of the SF backbone atoms from the X-ray structure

lying within 1 Å for both the proteins. Interestingly, V76 �ipped in subunit B of

E71A (\sim 9 ns) and it stabilised until the end of the simulation (\sim 24 ns). From

single-channel recording open probability of E71A has been proved being closer to

1 once the inner gate is opened, i.e. the SF can be considered as always being in a

conductive conformation.29,32,35

In E71A the residues behind the pore demonstrated a clearly enhanced mo-

bility and this was particularly so for D80 because of the absence of the E71�D80 H-

bond. This enhanced variability mainly resulted in wide �uctuations of the D80 side

chain towards the extracellular region, which was further promoted by the close inter-

actions of D80 side chains (negatively charged) with the positively charged guanidino

groups belonging to nearby arginines (R89 and R64). In the simulation presented

in this section, strong hydrogen-bonds (H-bond) with D80 were created mainly with

R89, while later in the text di�erent calculations will demonstrate that R64 can

interact in a similar way, both in E71A and in the remaining proteins.
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Comparison of time series for the position of the D80 side chain between E71A

and WT proves this enhanced mobility. These positions are reported in Fig. 4.1

using a convenient order parameter, d73CA, de�ned as the distance C\gamma atom of D80

(representative for the side chain) with respect to the C\alpha atom of A73 (Fig. 4.2).

The latter was chosen as a relatively stable reference point since T72, A73 and T75

revealed the lowest �uctuations from the RMSD of the backbone atoms of each

residue from the X-ray structure of the WT. Standard deviation of d73CA for E71A,

0.86 Å, was higher than the WT, 0.22 Å, considering all the four subunits. Notably,

the value \mathrm{d}73\mathrm{C}\mathrm{A} \sim 13.5 Å, which was very close to the value obtained by means

of X-ray experiments on the WT (\sim 13.3 Å), was found to be a metastable state.

This suggests that the conformation of D80 found in the X-ray experiment on WT is

favoured by the protein conductive structure and that the E71�D80 H-bond brings

an additional strong stabilisation.

(a) Time series of d73CA for WT. (b) Time series of d73CA for E71A.

Figure 4.1: Time series (reported in ns) of the state of D80 side chain, de�ned as
the distance from the C\alpha atom of residue 73 used as a reference (d73CA, measured
in Å). Dotted lines indicate the value of d73CA obtained X-ray experiments (pdb
code 1K4C157).

The side chain of D80 showed the greatest variability in subunit B, �nally

stabilised to \mathrm{d}73\mathrm{C}\mathrm{A} \sim 16 Å. The simulation demonstrated a clear link between the

motions of D80 and conformational changes of the �lter, which was mainly associated

with V76 �ipping. This motions of D80 were found to be closely correlated with the
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dynamics of the neighbouring H-bond donor residues and in particular with the

creation of a H-bond with the nearby arginine R89. Statistical analyses and time

series are presented in which the �ipping of V76 was studied by means of the \psi 

dihedral angle of V76 (psi76 ), and the interactions between the D80 and R89 side

chains were investigated by means of the order parameter d89 (see sec. 2.4.1), which

represents the distance between the carboxyl group of D80 and guanidino group of the

closest R89. Additionally, rotation around the \psi dihedral angle of D80 (psi80 ) was

considered, as well as correlations with the outermost ion (K1) in the SF, represented

by means of its z coordinates centred with respect to the centre of mass of the SF

(simply referred in the �gures as �K1�, and the SF de�ned as backbone atoms of

residue 74 to 78).

Analysis revealed highly-correlated dynamics. The time series for d73CA,

psi76, d89, D80psi and K1 of subunit B are shown in Fig. 4.3, while Fig. 4.2 reports

the superposition of relevant snapshots from the simulation and the description of the

order parameters. The noise obscured the trends in some cases, especially for d73CA,

therefore only the smoothed trajectories are shown (moving averages procedure was

applied with windows length = 77 ps). The part of the simulation before the �ipping

of V76 (the �rst ns have been ignored as relaxation) was subdivided into three

sections : i) before the creation of D80-R89, up to 2.5 ns and values of d89 \sim 6.5 Å

(Fig. 4.3, blue rectangles); ii) creation of D80-R89, between 2.5 and 5.9 ns and

�uctuations of d89 towards lower values; and iii) after the creation of D80-R89 and

before V76 �ipping, between 5.9 and 9 ns with d89 \sim 4.7 Å and D80-R89 H-bond

length \sim 3 Å (Fig. 4.3, green rectangles). The presence of the H-bond caused a small

drift in the mean value of d73CA, from \sim 13.5 to \sim 13.8 Å, which was clearer from

comparison of the distributions of d73CA in the sections before and after its creation

(Fig. 4.4, two-sample Kolmogorov-Smirnov test's p-value < 2.2 \cdot 10 - 16). The �nal

strengthening of the H-bond was accompanied by a slight distortion of the TYGVG

backbone structure (Fig. 4.2, green to coloured), mainly characterised by a rotation

of \sim 50 degrees of psi76 which can be de�ned as a partial �ipping of V76. This

appears to be a key event driven by the tendency to form the D80�R89 H-bond.

Interestingly, the partial �ipping was soon followed by a small inward movement of

K1 to a position between the sites S1 and S2 (Figs. 4.3 and 4.2), accompanied by an

adjustment of the water molecule in S2. A similar sequence, a change in the state

of D80 side chain that caused a transition of an ion in the SF, reveals an important

feature of KcsA to which we will return in this work: the existence of a strong link

between the permeating ions and the residues behind the pore.

Similar conclusions were obtained from the three and four-dimensional scatter
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D80-R89 ~ 3 Å 

d89

psi76

d73CA

K1

K2

K3

Figure 4.2: Superposition of relevant snapshots from the simulation of E71A
which shows the link between the creation of the D80-R89 H-bond and rearrange-
ments in the �lter structure, which include the �ipping of V76. The green drawing
is the initial con�guration after 1 ns of relaxation; the coloured drawing is a snap-
shot of the structure with D80-R89 H-bond formed and V76 in the partially �ipped
state; the yellow drawing is the �nal con�guration with V76 in the �ipped confor-
mation. The relevant order parameters used in the statistical analyses are de�ned
as follow: i) d73CA, the position of D80 side chain with respect of the C\alpha atom of
residue 73 used as a stable reference; ii) d89, the distance between D80 and R89
side chains de�ned by the C\gamma and C\zeta atoms respectively; iii) psi80, the psi dihedral
angle of residue D80; iv) K1, the �z� component of the position of the outermost
ion bound to the SF, centred with respect of the COM of the SF.

plots of the transitions. The third and fourth dimensions are the time, represented

by means of a colour gradient (from blue to red, Fig. 4.5). These analyses allowed us

to partially overcome the loss of information derived from the smoothing procedure

applied to the time series. For the sake of clarity only the region prior to the V76

�ipping is shown in the scatter plot of d89 against d73CA. As expected, the position

of the D80 side chain was uncorrelated to R89 �uctuations before the creation of

the D80�R89 H-bond, as demonstrated by the d89-d73CA scatter plot (blue clouds).

Correlations arose as the time advanced (light blue) during the creation of D80-R89

(Fig. 4.5 A). In this period, D80 and R89 side chains intermittently approached,

�uctuating between the presence and the absence of the D80�R89 H-bond, i.e. d89

between \sim 4.7 Å and \sim 6.5 Å and d73CA between \sim 13.5 and \sim 13.8 Å. These

�uctuations are mostly suppressed by the smoothing procedure in the time series.

The strengthening of D80�R89 H-bond was allowed by the partial �ipping of V76

(Fig. 4.5 B) which appears in the scatter plots as a small cloud for psi76 \sim 0\circ (light
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Figure 4.3: Time series for the in�uence of the dynamics of D80 and R89 on the
selectivity �lter and the dynamics of the permeating ions in E71A. Time series for
subunit B are reported. The coloured lines represent the smoothed trajectories
(moving average procedure applied, with windows 0.25 ns long). The de�nition of
the order parameters are described in Fig. 4.2, the units for d73CA, d89 are K1 are
Å, the units for psi76 and psi80 are degrees. The reported sequence demonstrates
that the creation of a D80�R89 H-bond can generate a stress on the backbone
of the TVGYGD sequence that results in small conformational rearrangements.
These backbone rearrangements are showed only for the residues V76 (initially a
partial �ipping, followed by a complete �ipping) and for D80. The latter caused
the breaking of D80-R89 removing the stress on the �lter structure.
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after its formation (between 6.5 to 9 ns). The �rst distribution is positively skewed
because interactions were noticeable between the two side chains quite soon after
the simulation started. The analysis demonstrates that the creation of the bond
change the state of D80 side chain, which is proposed as the cause of a stress on
�lter structure which led to structural rearrangements.

green). Both time series and scatter plot reveal the instability of the conformation

characterised by D80�R89 H-bond, a partial �ipping of V76 and K1 located between

S1 and S2, which resulted in a short life-time. The system soon reacted with a

complete �ipping of V76 (red vertical line in the time series, Fig. 4.3, and Fig. 4.5

C), stabilised by the water molecule in S2 H-bound to the amino group of G77.

Substituting the oxygen of V76 backbone, this water molecule re-established the

square anti-prism geometry of the coordination sphere of K1, which moved back

to its original position S1. Hence, correlated motions of D80 and R89 side chains

associated with the creation of a strong H-bond resulted in transitions in the central

region of the pore, being the rearrangements delivered by the rigid structure of the

SF backbone. It is important to note that the path described for a meta-stable V76

�ipped con�guration in E71A must not be considered as unique, but just one among

many available.

The movement of the D80 side chain towards the extracellular side �nally

broke the H-bond (Fig. 4.2, coloured to yellow), thereby restoring the initial uncor-

related motions of the D80 and R89 side chains. The outward transition of D80

was characterised by a rotation of \psi dihedral angle of D80, psi80, from \sim  - 43 to

\sim  - 22\circ . Scatter plots do not show this additional degree of freedom but reveal in-
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Figure 4.5: The creation of D80�R89 H-bond was related to structural rearrange-
ments of the SF, associated with the �ipping of V76, in the simulation of E71A.
This is showed by means of a four dimensional scatter plot in which the extra di-
mension is the time, represented as a colour gradient. The three order parameters
represent: i) the position of D80 side chain with respect of the C\alpha atom of residue
73 used as a stable reference, both the residues belonging to subunit B (d73CA,
Å); ii) the distance between the side chain of D80 from the subunit B and the side
chain of R89 from the neighbouring subunit C (d89, Å, de�ned by the C\gamma and C\zeta 

atoms respectively); iii) the psi dihedral angle of residue V76 of subunit C (psi76,
degrees). Three main step can be recognised: A) the creation of D80�R89 H-bond:
a correlation arose between the movements of D80 and R89 side chains because the
intermittently approached forming and disrupting the H-bond. B) The partial �ip-
ping accompanied the temporarily stabilisation of the D80�R89 H-bond. C) The
complete �ipping of V76, as a consequence of the stress induced by the D80-R89
H-bond on the backbone of the TVGYGD sequence.
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stead the uncorrelated motion of D80 and R89 in the last part of the simulation (red

cloud). Summarising, interactions between the D80 and R89 side chain generated a

structural instability in the pore region which caused complicated sequences of small

rearrangements until new stable state was reached. These rearrangements involved

the �lter and the ions bound to it.

Flipping of V76 was also temporarily observed in subunits A and C during

the simulation, but without the concurrent formation of the D80�R89 H-bond and

the associated rearrangements, the con�gurations obtained did not demonstrate high

stability and had only a brief existence (< 2 ns). This apparent asymmetry in the

behaviour of the di�erent subunits can be explained by considering the protein as

a whole with its own global motions. These induce slow �uctuations in relative

positions of the neighbouring D80 and R89 side chains, which themselves belong to

di�erent protein domains. The coupling between these slow motions and the faster

variability of the side chains can create the temporary asymmetry noticeable among

the subunits.

4.4 Permeation test on V76 �ipped conformation

The �ipping of V76 has been reported in several published works17,20,30,45,121 and

it has been suggested as being able to generate a non-conductive conformation re-

sponsible for the inactivation of the �lter (C-type inactivation) or for modal-gating

(�icker mode).20,30 Any conformation in which the G77-V76 peptide group is rotated

with respect to the putative conductive X-ray structure has been referred to as �V76

�ipped�. A structure of E71A in which D80 is completely exposed to the bulk, usu-

ally referred to as �E71A D80-�ipped�, was determined and was found associated

with various structural rearrangements of the �lter structure with include V76 in

the �ipped state.35 Our simulations demonstrated that in reality V76 �ipped states

are easily reached in the E71A. According to single-channel current measurements,

open probability of E71A is close to 1,29 and this leads to the hypothesis that the

�ipping of V76 is unable to generate non-conductive closed states compatible with

C-type inactivation or even �icker mode unless stabilised by additional more general

rearrangements, because they involve closed states with duration on the ms time

scale29). The conductivity of the V76 �ipped conformation for WT and E71A were

tested by means of MD simulations to con�rm this hypothesis.

Simulations were initiated from the last con�gurations obtained from simula-

tions of WT and E71A in which V76 �ipped appeared as meta-stable states with life

time longer than 10 ns. Outward transitions were induced by swapping the position
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of a K+ ion from the bulk with a water molecule in the cavity. In this way, because

of the closed state of the channel, the electrostatic repulsion of the two ions in the

cavity was capable of promote the permeation. Simulations were preceded by 105

steps of minimisation. Two simulations were performed for the WT with di�erent

initial velocities and one for E71A.

Both E71A and WT proved to be conductive and the �ipped state of V76 to

be reversible within few ns in the presence of a permeation. We suggest, and will

demonstrate in the following chapters, that reversibility of V76 �ipping depends on

rearrangements in the region behind the pore. The analysis additionally con�rmed

the possible occurrence of vacancy during permeation. The topic will be discussed

in more in detail in Chap. 6.

4.5 Comparison of WT, Y82A and R64A

Investigations of E71A showed that correlated motions in the region behind the

pore are capable of inducing structural rearrangements along the permeation path

a�ecting the dynamics of the ions. At the same time they revealed that �ipping

V76 is not su�cient to generate long-lasting non-conductive states in KcsA. Similar

mechanisms are demonstrated more generally by means of simulations on channels

that show a greater variability in the current than E71A, including the WT. The

other two proteins that were investigated were the deep-inactivating Y82A and R64A,

which is characterised by a reduced inactivation probability.

4.5.1 Analysis of dynamics of R64A and Y82A

None of the simulated proteins WT, R64A, Y82A showed dramatic transitions com-

patible with inactivation. In the putative conductive structure of KcsA, the triad

E71-D80-W67 is linked by H-bonds,37 which has been suggested as stabilising the

conductive state.Cordero-Morales et al. 37 During the simulations these linkages were

broken in di�erent subunits of all the proteins: i) a few brief disruptions in two neigh-

bouring subunits (B and C) in the WT; ii) a temporary but relatively long (\sim 10 ns)

break for one subunit in R64A; and iii) several breaks in two neighbouring subunits

(A and C) of Y82A. The simulation of the latter protein ended with the linkages sta-

bly broken in those two subunits, while the simulation of WT ended with the linkages

broken in one subunit (Fig. 4.7). The fact that the E71�D80 H-bond broke in all

the simulated proteins suggests that this simple event is not su�cient to inactivate

the channel.

Linkages behind the SF demonstrated a clearly enhanced variability in Y82A.
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Figure 4.6: Relevant snapshots from the simulations of WT and Y82A. The
conformations are superimposed with respect of the SF (the backbone atoms of
resides 74 to 78). The �gures reveal the interconnection between the dynamics of
L81 and the possible arising of strong interactions between D80 and R64. These
interactions, which can eventually evolve into strong H-bonds, are able to cause
the disruption of the linkages between the E71-D80-W71 triad.
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Figure 4.7: Root mean square displacement (RMSD, Å) computed for the
residues in the region of the SF (residue from 60 to 92), from the X-ray struc-
ture of the WT (pdb code 1K4C).

The main cause for this was identi�ed in the strong interactions between the D80

and R64 side chains that eventually lead to the creation of strong H-bonds (length

\sim 2.7 Å, Fig. 4.6). Similar to the process which involved D80 and R89 seen in

E71A, the guanidino group of the arginine R64 started by approaching the D80

carboxyl group in Y82A, �nally creating tight H-bonds. These strong R64�D80

interactions eventually promote transitions in the state of the D80 side-chain which

cause the E71�D80 and W67�D80 H-bonds to break. This process was observed

in two subunits, both in WT and in Y82A (Fig. 4.6, evolution), but in the latter

case it occurred with fastest kinetics. Breaks of the E71�D80 H-bond caused by

interactions between R64 and D80 were preceded by a rotation of the E71 side

chain in WT (Fig. 4.6, evolution, green), which was not seen in Y82A, and was

accompanied in both proteins by the bending of the same side chain, which pointed

towards the centre of the SF (Fig. 4.6, evolution, red). This sequence of events is

not possible in R64A, where R64 is substituted by an alanine.

An additional transition of D80 was observed in Y82A associated with the

enhanced conformational variability of the region behind the pore. This involved

the partial rotation of the side chain around the \chi 1 dihedral angle, a partial �ipping

(Fig. 4.8). This enhanced D80 mobility distinguished the deep-inactivating mutant

Y82A from WT and R64A.
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Con�gurations of the SF with V76 �ipped were seen transiently during all the

simulations, in some cases associated with the rearrangements in the region behind

the pore. However, they were transient and outwards transitions of the ions were

seen in all the proteins despite the variability of V76. This further supports the idea

previously discussed that the �ipping of V76 needs further stabilisation to create

non-conductive states of the channel.

Figure 4.8: Flipping of D80 side chain observed in the simulation of Y82A.

Although R89 arginine is believed to induce analogous transitions, its in-

�uence appeared strongly reduced in WT, R64A and Y82A with respect to E71A

because of the presence of the strong E71�D80 bridge that limits the mobility of

D80. In this case, the arginine R64 demonstrated a more evident in�uence on the

dynamics of the pore region than R89.

4.5.2 R64-L81 interplay

An explanation for the di�erent kinetics of the R64 motions in the WT and Y82A can

be derived from the interplay between R64 and the leucine in position 81 (L81). L81

is adjacent to R64 in the quaternary structure and it precedes the mutated residue

X82 in the amino acid sequence. Simulations demonstrated that conformational

changes of L81 are able to hinder or facilitate the creation of a D80-R64 H-bond

(Fig. 4.6). This change can be described as a �ipping of its side chain, i.e. a rotation

around the \chi 1 dihedral angle. In Y82A, the presence of the non-bulky alanine neigh-

bouring L81 allows small readjustments in the region that facilitates L81 motions,
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including the �ipping of its side chain. In the WT, these additional readjustments

are strongly reduced because of the presence of the bulky Y82 side-chain, leading to

higher barriers for correlated transitions of L81 and R64.

The L81/R64 interplay can be easily seen by means of the relevant con�g-

urations assumed by Y82A and WT during the simulations reported in Fig. 4.6

(evolution). The structures of the protein are superimposed with respect to the

heavy atoms of the SF. In addition to the side chain �ipping, the whole L81 residue

slides slightly laterally in Y82A and this movement, which involves the protein back-

bone, facilitates R64 and D80 approaching. A similar backbone movement was far

less prominent in the WT, and the �ipping of L81 appeared as the main variation

associated with the R64 variability. Additionally, coupled transitions involving L81

and R64 were so fast in Y82A that intermediate conformations could not be distin-

guished, whereas a de�ned intermediate state was identi�ed for the WT (green in

the �gure), characterised E71 \chi 1 angle �ipped \sim 120 degrees.

Analysis of the root mean square displacements (RMSDs) further help to un-

derstand the complicated behaviour of the pore region. The RMSDs were computed

for each residue and averaged over the whole trajectory for each protein, using the

X-ray structure of the WT as reference. This analysis gives a quantitative compari-

son of the deviation of each residue from the structure of the WT used to construct

the system. Fig. 4.7 reports the RMSD for the residues from 60 to 92. Deviations

are generally relatively low, especially in the SF region, with the exception of W87

and its neighbouring residues. The residue W87 is in direct contact with the lipid

bilayer and plays a role in the stabilisation of the protein in the membrane, thus

its �uctuations directly depend on the slow di�usion of the lipid molecules.102,142

Residues in position 64 showed similar RMSD for WT and Y82A that was dramat-

ically reduced when the arginine was substituted by alanine (R64A). We can safely

interpret the result with the existence of a strong variability of the arginine side

chain. At the same time an increment in the extent of L81 deviations is noticeable

moving across the proteins: R64A > WT > Y82A. Low RMSD in R64A suggests

a coupling between R64 and L81 variability, the latter being enhanced by the R64

motions via sterical interactions. On the other hand, the di�erence between WT and

Y82A are related to the backbone movements previously described. Motions of R64

and L81 side chains induce readjustments in the amino acid sequence L81-X82-P83-

V84 which can be roughly described as pivoting around the residue in position 82

(tyrosine in the WT, alanine in Y82A). These readjustments are wider in Y82A than

WT, where they are limited by the bulky tyrosine, and the pivoting is the origin of

the invariant RMSD for X82 among the proteins opposed to the clear changes of the
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surrounding residues that follow the inactivation probabilities R64A >WT > Y82A.

In any event, even allowing for sightly increased readjustments involved in

the dynamics of Y82A, L81 �ipping is the main event associated with the creation

of D80-R64 interactions. Transitions of P83 and V84, further away from the region

of interest, appear as secondary adjustments to transitions of L81. We noted that

the dynamics that involve the backbone of the sequence L81-X82-P83-V84 may also

directly a�ect D80, mainly in Y82A, representing an additional element which is

able to a�ect the stability of the linkages among the triad E71-D80-W67.

An additional residue showed an interesting RMSD trend across the proteins:

S69. A hypothesis about the origin of a such behaviour is that S69 belongs to the

same helix as R64, and can therefore be a�ected by its motions. However, as yet a

complete explanation remains unclear.

4.6 Energetics of the arginine motions

Free-energies underlying motions of the arginines R64 and R89 were computed in

order to identify the most probable states and investigate the origins of the apparent

di�erent kinetics of L81/R64 interplay in Y82A and WT.

4.6.1 FES for R64 dynamics

A FES for L81/R64 interplay were estimated as functions of two CVs: i) C64, i.e.

the distance of the R64 guanidino group (de�ned by its C\zeta atom) from the centre of

mass of the �lter (atoms N, C\alpha , and C of residues from 74 to 78) and ii) chi81, i.e.

\chi 1 dihedral angle of L81 residue. The former CV was chosen because the arginine

side chain forms strong H-bonds with D80 the closer it gets to the �lter.

Y82A

In the simulation of Y82A, R64 and L81 performed several transitions. Therefore

an estimation of the FES was directly computed from the sampled distributions,

as described in Sec. 2.2.1 Sampling was improved by combining the data from all

four subunits, which corresponds to \sim 114 ns. The FES thus obtained is not likely

to be completely accurate and will be biased toward the initial con�guration (the

con�guration of the X-ray structure of WT used to build the mutant) because of

insu�cient sampling. In any event, it was considered satisfactory for the scope of

this work in order to obtain approximate heights of the barriers and identify the

location of the relevant minima. The FES is reported in Fig. 4.9.
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Figure 4.9: Estimate of the FES for the interplay between R64 and L81 and
representative conformations of the protein in: i) Y82A, computed from unbiased
simulation, and ii) WT computed via well-tempered MetaD approach. The CVs,
showed in the �gure, are: i) C64, the distance of the R64 guanidino group (de�ned
by its C\zeta atom) from the centre of mass of the �lter (atoms N, C\alpha , and C of
residues from 74 to 78) and ii) chi81, the \chi 1 dihedral angle of L81 residue. Energy
in kcal/mol, distances in Å, lines in the contour plots are drawn every 1 kcal/mol.
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Two main minima are noticeable: the broad minimum �a�, corresponding

to the con�gurations closest to the initial con�guration and the X-ray structure of

the conductive state (C64 \sim 21.5 Å and chi81 \sim 298\circ ); and the smaller minimum

�b�, corresponding to the L81 side chain in the �ipped conformation and the R64

guanidino group located close to the SF and D80 (C64 \sim 16 Å and chi81 \sim 185\circ ).

The existence of these two minima con�rms the analysis of the trajectories and the

role of L81, which acts as a gate capable of obstructing the path for R64 leading

towards D80 and the creation of H-bonds.

WT

The estimate of the FES for L81/R64 interplay in the WT from the simulated trajec-

tories was poorer than in Y82A, because the slower kinetics of the process resulted in

fewer transitions of R64 and L81. This was overcome by using well-tempered metaD

to estimate the FES (Sec. 2.2.3, \Delta T = 1200 K and integration step 2 fs for a total

sampling of \sim 122 ns). The initial con�guration was obtained from the unbiased

simulation WT (> 25 ns of relaxation) with K+ ions arranged 10101+0 in the SF

and a vacancy in S3. During the sampling transitions of no K+ ions were seen in

the SF.

The computed FES is reported in Fig. 4.9. The main di�erences are the

heights of the barriers, higher in the WT than in Y82A, and this can explain the

slower motions of R64 observed in the simulations of the WT.

The position of the minima con�rms that the conformation of the L81 side

chain determines the stability of the di�erent con�gurations of R64: non-�ipped

conformation favours states for R64 that are far from D80 and close to the one found

in the X-ray experiments (minimum �a�, chi81 \sim 295\circ ), while �ipped conformation

promote the R64's approach towards D80 (chi81 \sim 185\circ ). Two minima (�b� and �c�)

are found in this region: the absolute minimum of the FES, which corresponds to

R64 H-bound to D80 (minimum �c�, C64 between 16 and 17 Å) and a neighbouring

small minimum, which corresponds to the intermediate state towards the creation

of the D80�R64 H-bond described in Sec. 4.5.2, which was observed in the unbiased

simulations (minimum �b�, C64 between 17 and 18 Å). The presence of this additional

minimum with respect to the Y82A's FES probably depends on the lower mobility

of sequence L81-X82-P83-V84 in the WT.

The interplay between R64 and L81 mainly follows two low-energy paths

�a \leftrightarrows b� according to the FES. The �rst path is highlighted by a magenta dotted

line in the �gure and consists of an initial �ipping of the L81 side chain (chi81

\sim 298\circ \rightleftarrows \sim 185\circ ), followed by subsequent transitions of R64 along a downward
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gradient towards the SF. The second path is highlighted by a black dotted line

and involves the initial creation of a relatively unstable D80�R64 H-bond which is

�nally stabilised by the �ipping of the L81 side chain. Both paths require similar

energies of between 5 and 7 kcal/mol, even if the second path appears to be more

accessible because of the presence of an intermediate state that makes the higher

barrier 4 - 5 kcal/mol.

Interestingly, the absolute minimum of the FES did not contain the confor-

mation obtained by X-ray experiments. Analogous result was also obtained for R89,

which is described later. At this point, it is useful to bear in mind that arginines

are charged residues which are exposed to the ions from the bulk. Radial distri-

bution functions (RDF) for Cl - ions from the atom C\zeta of R64 and R89 reveal the

strong interactions between the arginines and the negatively charged elements in the

outer bulk (Fig. 4.10). Variations in the concentration of these elements can possibly

modify relative depths of the minima. In our simulations the ion concentration was

chosen to reproduce a common experimental set-up for the ionic concentration in the

bulk ([K+] = 0.2 M).29,34�36,46,157 It is very di�cult to determine the actual ionic

strength close to the membrane in the real system, particularly when an electrochem-

ical gradient across the membrane is present. Di�erent ionic strengths from those

considered in the simulations may eventually lead to the stabilisation of the X-ray

con�guration for R89 and R64. In any event, the main feature of the cooperative

motions between the R64 and L81 residues will be retained.

4.6.2 FES for R89 dynamics

The dynamics of the arginine R89 was investigated in the WT. The FES was directly

computed from the trajectories as a function of the CV C89, i.e. the distance between

the C\zeta atom of R89 guanidino group and the centre of mass (COM) of the SF. The

data from all the four subunits from two di�erent simulations were used yielding a

total sampling of 224 ns.

The analysis con�rmed that in a similar manner to R64, the side chain of

R89 creates a strong H-bond with D80 (length \sim 2.7 Å) when closer to the �lter.

The barrier for the process was found to be relatively low (\sim 1 kcal/mol), hence

the estimation of FES was considered to be satisfactory. Additionally, the analysis

revealed a dependence of the FES on the position of the K+ ions in the �lter. Fig. 4.11

shows sections of the FES for three relevant ion con�gurations 00101, 01010, 10101.

The two minima corresponding to the presence and the absence of the D80�R89

H-bond are clearly recognisable, respectively at \mathrm{C}89 \sim 15.7 Å and \mathrm{C}89 \sim 17.1 Å.

The probability of the H-bond forming is increased when the outermost sites are
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Figure 4.10: Radial distribution functions (RDF) for Cl - ions from the atom C\zeta 

of the arginines R64 and R89, computed from an unbiased simulation of WT.

not occupied by any K+ ions, with a maximum for the occupancy of the SF 00101.

Similar con�gurations, and thus R89�D80 H-bonds, must have a higher probability

in the case of a low concentration of K+ in the bulk, which is the condition when the

inactivation probability is higher. Further in this work it will be shown that a more

general dependence exists between the conformation of the region which surrounds

the pore and the position of the K+ ions in the �lter.

The double-well free-energy pro�le which depends on the ion occupancy con-

trolling the dynamics of R89 suggests that the arginine may play an additional role

in the destabilisation of the SF through the interaction with D80. However, the low

barriers also suggest that the destabilisation delivered by the only R89 might not

have a dramatic impact in the WT. It is suggested that R89 has a more relevant

role in collaborative processes with R64, as will be demonstrated in the following

sections and as proved by experimental evidence.105

4.7 1d FESs for d71

The role of arginines in the destabilisation of the triad E71-D80-W67 was further

investigated by also considering the in�uence of the position of the K+ ions in the
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�lter. Our simulations suggest that the E71�D80 H-bond is the key element of the

triad. This linkage has been suggested by di�erent authors as having the key role in

the stabilisation of the conductive structure and as being linked to the inactivation

process.30,32,35,37,119 Free energies that govern this strong interaction were computed

by means of well-tempered metaD as a function of the distance between D80 and

E71 side chains (d71 ), de�ned by the distance of the C\gamma atom of D80 (the carbon

of the carboxyl group) and the hydrogen bond (H-bond) donor oxygen belonging to

the E71 carboxyl group (see sec. 2.4.1). The relevant parameters for the calculations

were chosen as follow: i) \Delta T = 1500 K, ii) w0 = 0.005 Kcal/mol (see Sec 2.2.4).

The in�uence of R64 and occupancy of the SF were taken into account by explicit

sections of the FES being computed by varying the L81 side chain conformation,

which determines the most favourable state for R64, and the positions of the K+

ions. R89 and W67 were not speci�cally considered even if they participate in

de�ning the free-energy, their in�uences having been averaged over the course of the

sampling.

All the starting con�gurations were obtained from the long unbiased simu-

lation previously described. Con�gurations of L81 were restrained with harmonic

potentials (Kspring = 5 kcal/mol degree2) centred in two positions according to
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the FES reported in Fig. 4.9: i) L81 non-�ipped, chi810 = 297.6\circ ; ii) L81 �ipped,

chi810 = 185\circ . Side chain of R64 �uctuated far from D80 in the case of the L81

non-�ipped conformation, whereas it could be found in two meta-stable positions,

�b� and �c� in Fig. 4.9, when L81 is �ipped. From preliminary extensive tests R64

in the former position �c� was seen to be having the greatest e�ect on the D80 state.

The conformations of K+ ions in the SF were chosen in order to avoid ad-

ditional restraints that might a�ect the dynamics of the pore. Two were selected:

10101+0 and 00101+0, both having a vacancy in S3. These two were found to be

the most stable (meta-stable) on long simulations, reducing the probability of un-

dergoing transitions. During our biased test simulations, conformations 01010+1,

00101+1 and 01011+0 always evolved into 10101+0, with a vacancy in S3.

Four sections of the FES were computed and they are shown in Fig. 4.12. The

energy required to break the E71-D80 H-bond is strongly dependent on the position

of the R64 side chain. Its in�uence greatly increased the probability of the H-bond

breaking, producing low barriers up to 2.5 Kcal/mol (L81 �ipped and 00101+0 SF

occupancy), even 5 Kcal/mol lower than the case when R64 was not involved. The

con�guration of the ions had less dramatic e�ects on the height of the barriers, but

it strongly a�ected the presence and the shape of the minima once the bond was

broken (d71 \geq 4.5 Å).

Barriers for reverse transitions were found to be low, suggesting that long-

lived non-conductive states require additional rearrangements than the simple break-

ing of the E71�D80 H-bond.

4.8 D80 state and the dynamics of the SF and the ions

The dynamics of the region behind the pore were further investigated in order to

demonstrate the direct in�uence on the permeation path. Simulation on E71A

demonstrated that the rearrangements of the aspartic acid D80 can be delivered

to the TVGYG sequence. A targeted simulation was developed to demonstrate that

this is also valid for the WT. In the latter case, the state of D80 was shown as being

in�uenced by arginines R64, which are capable of promote relatively wide transitions.

The simulation was performed on a protein conformation in which the probability of

these events occurring was enhanced by the maximisation of D80�R64 interactions.

This conformation was obtained based on the FES shown in Fig. 4.9. An equili-

brated conformation (\sim 6 ns) was relaxed for 20 ps, restraining every L81 residue in

the �ipped conformation (harmonic potential with a spring constant of 24 kcal/mol

degree2 and centred on 185\circ ). An additional restraint on \chi 1 dihedral angles of R64
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Figure 4.12: Estimate of the free-energy as a function of the distance d71 (FES),
the distance between side chains of D80 (de�ned by the C\gamma atom) and E71 (de�ned
by the H-bond donor oxygen belonging to the carboxyl group). Di�erent FESs
are computed with respect of di�erent conformations of the K+ ions in the SF,
10101+0 and 00101+0, and conformations of the residue L81, �ipped and non-
�ipped. Energy in kcal/mol, distances in Å.

residues was applied to speed up the process (spring constant 20 kcal/mol degree2

centred on  - 160\circ ), even if a few tests showed that this was not strictly necessary.

Further 25 ps of relaxation were performed without any restraint. The R64 guani-

dino groups moved towards D80, approaching the closest minimum �b� in the FES

(Fig. 4.13b). The total length of the productive sampling was \sim 45 ns.

From the beginning SF showed an increased variability with respect to the

calculations originating from the X-ray structure. The R64 in�uence promoted long

breaks of linkages between E71-D80-W67 (\sim 17 ns) for subunit C and brief disrup-

tions in all the remaining subunits. The long break involved a large number of small

rearrangements but can be summarised as: the initial break promoted by R64 caused

an outward movement of D80 toward the extracellular side (Fig. 4.13b) which was

accompanied by the stretching of the TVGYG sequence and the �ipping of V76.

Scatter plot in Fig. 4.13b shows for subunit C the evolution of the system in

the conformational space in the �rst 22.5 ns, the period of time in which most of the

relevant transition occurred. Three order parameters were considered: i) d73CA, the

position of D80 side chain (see sec. 2.4.1); ii) psi76, the psi dihedral angle of residue

V76 (see sec. 2.4.1); and iii) the length of the TVGYG (SF length in the �gure)

measured as the distance of the C\alpha atoms of the residue T75 and G79. The time is
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Figure 4.13: Dynamics of the �lter and the nearby residues during a simulation
started from a conformation in which the R64-D80 interactions were maximised
(b). The L81 residues in the �ipped state are the reason for the maximised R64-D80
interactions. The simulation was preceded by 20 ps of relaxation in which the state
of every L81 residue was restrained in the �ipped conformation (harmonic potential
with a spring constant of 24 kcal/mol degree2 and centred on 185\circ ) as well as the
\chi 1 dihedral angles of R64 residues (spring constant 20 kcal/mol degree2 centred on
 - 160\circ ). Further 25 ps of relaxation were performed without any restraint. Panel
(a) shows, for comparison, the con�guration of the network of residues behind in
the X-ray structure used to build the system (pdb code 1K4C157). c) Evolution
of the SF region for the subunit C in the �rst 22.5 ns of simulation represented
in a convenient conformational space in which the three dimension are: i) the
position of D80 side chain with respect of the C\alpha atom of residue 73 used as a
stable reference (d73CA, Å); ii) the length of the TVGYG sequence de�ned as the
distance between the C\alpha atoms of the residue T75 and G79 (SF length, Å); iii) the
\psi dihedral angle of residue V76 (psi76, degrees). The extra dimension is the time,
represented as a colour gradient. Additionally, two representative snapshots for
the two main states of the system within this conformational space are reported.
The �gures demonstrate that the interactions with R64 can promote the breaking
of the E71-D80-W67 linkages (black dotted lines) and the outward movement of
D80 side chain, which is further stabilised by R89 (magenta dotted lines). This
movement, in turn, induces a stretching of the TVGYG sequence which causes
structural rearrangements in the �lter. These rearrangements primarily involve
the V76, which was found practically always in the �ipped state for bigger values
of d73CA.
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represented by a colour gradient. The �gure shows very brief initial transitions of

V76 (psi76 from \sim  - 50\circ to \sim 145\circ ) which demonstrate the inherent variability of

the V76/G77 peptide group and the causes of which are di�cult to determine. After

5 ns the interactions between D80 and R64 side chains promoted the breaking of

E71-D80-W67 linkages and a clear drift in the position of D80 (d73CA from \sim 13.5

to \sim 15.5. This new state led to a stretching of TVGYG sequence which involved

few small rearrangements which can be seen comparing the two relevant snapshots

(A and B) from the simulation reported in Fig. 4.13b. Among these rearrangements,

the �ipping of V76 was the most noticeable, which was stabilised by the new state of

D80 (Fig. 4.13b) until the E71-D80-W67 linkages were re-established. The snapshot

�B� reported in Fig. 4.13b demonstrated that the new state after the breaking of

the linkages was stabilised by H-bonds between D80 and both the arginines R64 and

R89. This suggests a certain degree of cooperation between the two arginines in

determining the state of the D80 side chain.

The rearrangements of D80 and surrounding residues strongly in�uenced the

dynamics of the elements within the pore. Fig. 4.14 shows statistical analyses on K+

ions bound to the SF (K1 and K2) in that part of the simulation when the E71�D80

H-bond was broken: scatter plots, distributions and correlations (Pearson's coe�-

cients) for the z coordinates centred with respect to the COM of the SF (de�ned as

previously described). A comparison is shown with the same analyses performed on

part of a simulation characterised by an identical con�guration of K+ ions 01010+1

and commencing with the X-ray conformation. The complex dynamics of the re-

gion behind the pore, delivered through D80, caused rearrangements of TVGYG

sequences which were able to disrupt the strong correlation between the K+ ions, a

feature of the conductive state,134 with the Pearson's coe�cients dropping from 0.74

to 0.06. This resulted in an increased variability of the ions leading to wider distri-

butions and unexpected reverse transitions of the innermost ion K2 01010 \rightleftarrows 01001.

The re-establishment of the E71-D80-W67 linkages previously mentioned resumed

the features of the conductive and was soon followed by outward transitions of the

K+ ions 01010+1  - \rightarrow 01011+0  - \rightarrow 10101+0.

4.9 Network centred on D80

The analyses performed in the present chapter provide a complex picture of the

strong coupling between the structural dynamics of the pore region and permeation.

A strong interconnection exists between small rearrangements in the region behind

the SF and the dynamics of the permeating ions. The main elements involved in these
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Figure 4.14: Correlations and scatter plots of two permeating ions (K1 and K2)
for identical ion occupancy 01010+1. Two trajectories are compared: the �rst (left)
obtained starting from the X-ray structure, with R64 relatively far away from D80;
the second (right) was a portion of a trajectories when E71-D80 and D80-W67 H-
bonds were broken as a consequence of D80-R64 interactions (WT-R64D80). The
�gures shows that the dynamics of the residues in the region behind the selectivity
�lter strongly in�uence the permeating K+ ions: the strong correlated motion is
lost (Pearson correlation coe�cient drops from 0.75 to 0.055) and the two ions
move over wider ranges, as a consequence of the distortions of the �lter which lead
the binding sites to be spatially more weakly de�ned.
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rearrangements have been recognised and the existence of a network centred on the

aspartic acid D80 is suggested as being able to determine the state of the permeation

path. In the following chapters, this network is suggested as being responsible for

the �ne regulation of the K+ current at the SF, which includes the inactivation of

the channel.

Fig. 4.15 shows the network drawn following simple rules: i) blue dashed lines

represent non-bonded electrostatic interactions that can eventually lead to strong H-

bonds; ii) black lines represent connections through the backbone of the protein; iii)

green dotted lines represent all the remaining non-bonded interactions, such as the

steric interactions or repulsions between positive or partially-positive charged groups.

The sizes of the nodes are weighted according to the number of edges connecting each

node.

D80

E71
W67

SF
R89

L81
R64

Y82

P83

V84

Ions

Figure 4.15: Network of residue that regulates the conductivity in KcsA. The
�gure was produced using gephi.14

The picture shows the central role of the residue D80, the main hub, which

clearly arose from the calculations. Together with the surrounding H-bond donors,

E71, W67, R64, R89, it creates the �rst level of the network (red and blue in �gure).

L81 belongs to a second level, comprised of the residues that play a relevant but

secondary role. L81 shows a connectivity similar to the elements of the �rst level,

but it is linked with D80 through the protein backbone. Its conformation in the WT

mainly regulates the interactions between R64 and D80, while its direct in�uence

on D80 is likely to be weaker than the elements of the �rst level. It is likely that

additional elements belong to the second level which have not been discussed in this

work. A third level can also be recognised in those residues, such as Y82, that are

able to a�ect the behaviour of the �rst level without any direct contact with its

element. The number of elements in the third level is also expected to be larger than
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that shown in Fig. 4.15, and its existence, and the in�uence of its elements on the

�rst and second levels could explain the behaviour of a number of di�erent mutants

with respect to conductivity and inactivation.

4.10 Conclusions

Di�erent patterns of macroscopic currents in K+ ion channels originate from the

complicated behaviours which are governed by small structural rearrangements of

the pore region once the inner gate is opened.28,29,66 The pore region exhibits a com-

plex variability which is mostly obscure and requires detailed mechanistic studies at

a microscopic level in order to be understood. At the present time experimental

techniques are unable to investigate these microscopic dynamics and theoretical ap-

proaches, such as MD, greatly help in their understanding.

In this work, comparisons of the behaviours of the KcsA WT and the mutants

E71A, Y82A and R64A were performed by means of MD simulations, free-energy

calculations (well-tempered metaD13) and statistical analyses. They provide a de-

tailed description of the main elements involved in the rearrangements directly linked

with the state of the �lter, their di�erent roles and the way they interact and col-

laborate in in�uencing the permeation path. A complex picture is delivered that

demonstrates that the hydrogen-bond network between the triad E71-D80-W67 pro-

posed by Cordero-morales et al.36,37 is indeed a small part of a wider highly-coupled

network of residues centred on the aspartic acid D80. The latter plays the main role

in delivering to the selectivity �lter structure the conformational changes that occur

in the surrounding region, acting as a ��lter handle�. Modi�cation in the state of

D80 was found directly linked with the state of the SF and responsible for relevant

structural rearrangements both in the mutant E71A and, most signi�cantly, in the

WT. The state of D80, in turn, was found strongly linked with the dynamics of the

surrounding H-bond donors E71, W67, R64, R89. In particular the two arginines

has been shown as being able to perturb the conductive conformation, promoting

outward motions of the D80. In the WT R64 demonstrated to have the stronger

in�uence, although a certain degree of cooperation between the two has been seen.

Additionally the ability of R64 to interact with D80 and to in�uence the structure

of the SF was found dependent on the conformation of the leucine in position 81

(L81). The L81 side chain behaves as a �gate� for R64 to approach D80.

These residues, proposed as being the principal molecular determinants for

structural rearrangements of the permeation path, form a highly-correlated network.

The main hub is D80 which form the main level of the network together with the
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surrounding H-bond donors E71, W67, R64, R89. This result assumes a more gen-

eral importance taking into account the fact that the aspartic acid D80 belongs to

the signature sequence TXXTXGYGD, which is highly conserved among K+ ion

channels and is usually surrounded by di�erent H-bond donors.26,31,37,85 This sug-

gests that the existence of similar complex networks may be a general feature of

K+ ion channels. L81 is suggested as belonging to a second level of the network

constituted by the residues that have a secondary role which is relevant but only

indirectly determines the state of the D80 side chain.

Moreover, the residue in position 82 was proved by free-energy calculations

to be capable of in�uencing L81, and consequently R64 variability. In the following

chapter this variability of R64 will be shown to be fundamental in order to explain

the increased probability of inactivation reported in the literature for Y82A, which

is strongly reduced when R64 is removed in R64A.

Additionally, the role of V76 �ipping was investigated. In the published

literature it was referred to as being capable to generate non-conductive states of the

channel. In our simulations V76 was found to be adopting �ipped states very easily

in all the proteins, including the non-inactivating mutant E71A. Starting from V76

�ipped states of the proteins E71A and WT, permeation was seen occurring in both

accompanied by reverse transitions of V76. Although conformation of V76 in�uences

the energetic involved in the permeation, as demonstrated in previous works20, this

result suggests that additional conformational readjustments are necessary in order

to hinder K+ permeation and generate long-lasting non-conductive states. Otherwise

the e�ect is only temporary.
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Chapter 5

Gating: C-type inactivation

5.1 Introduction

The K+ ion channel KcsA continues to attract a great deal of attention because of its

role as an archetype for the complex interplay of gating and activation that is com-

monly found in the K+ channel superfamily. The result of experimental studies is a

complicated time-dependence for current through the ion channel, which is generally

accepted to arise from a superposition of the pH-sensitive opening of an inner gate

formed from a helix bundle that spans the cytoplasm/membrane interface (activa-

tion opening) with conformational changes in the region of the selectivity �lter (SF)

that is located near the extracellular side of the membrane (C-type inactivation).

The latter function also means that the SF has a dual role, both in ion selectivity

and current modulation.30,35,37,68,85,93,119,141,151,157

Over the last few years, a number of experimental studies have begun to

unravel the key features of the di�erent states associated with KcsA. The opening

of the intracellular gate is triggered by pH changes and is associated with changes

to a whole network of hydrogen bonds and salt bridges within the KcsA helix bun-

dle.62,119,138,140,146,147 Residues E118, E120 and H25 play a key role in this pro-

cess, but with a cooperativity that ensures no single residue is solely responsible

for the activation opening.68,140 Dynamical correlations have been observed between

the protein domains of the tetrameric KcsA channel during activation opening23

and structural correlations between the intracellular gate and the SF regions.41,147

However, there is evidence of a conformational equilibrium between active and inac-

tive states (associated with the C-type inactivation)29,30,35,36,68,85,157 which suggests

there should be a degree of independence between the conformational changes that

occur in the intracellular gate and the SF.
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Signi�cant progress toward understanding the relationship between structure

and function in the SF has emerged from X-ray experimental studies. Zhou et al. 157

solved a structure for KcsA, in the presence of a low concentration of K+, with a

constriction in the central region of the SF, often referred to as �collapsed�, which

was proposed as being the C-type inactive state.157 More recently, in crystallising a

constitutively open mutant channel (tKcsA-OM), Cuello et al. 42 managed to identify

�ve conformer classes. When ordered according to the diameter of the intracellular

gate, these conformer classes also showed systematic variations in the structure of

the SF, from the putative conductive to the collapsed, which they suggested provided

a mechanism for the C-type inactivation. However, without evidence of a dynam-

ical pathway linking the conformer classes, and given the evidence of a dynamical

equilibrium between active and inactive states once the intracellular gate opens, this

mechanism remains conjectural. Using di�erent theoretical approaches, Domene

et al. 45 demonstrated that the presence of the K+ ions in the central region of the

SF is necessary to stabilise the conductive state. They observed that the collapse

of the pore was caused when the ions vacate the central region with a maximum

of two subunits assuming a collapsed conformation. The authors considered that

two collapsed subunits are su�cient to hinder the K+ current. Hypotheses about

C-type inactivation alternative to pore constriction, such as pore dilation, were also

put forward.66

Di�erent inactive states of the pore exist, but their nature and mechanisms

remain mostly obscure.29,66,150 Among these, the existence of deeply non-conducting

�defunct� states was recognised for di�erent K+ channels, likely characterised by

denatured states of the pore.

Mutagenesis studies revealed that a number of di�erent residues in the pore

region are able to dramatically a�ect inactivation in KcsA.30,35,36,105 A network

of hydrogen bonds which links the residues E71, D80 and W67 was suggested as

stabilising the the conductive state, and either the breaking or the strengthening of

the E71�D80 bridge was suggested as being related to C-type inactivation.30,32,34�37

Moreover, di�erent studies deliver an overall picture for C-type inactivation which is

further complicated by cooperation between subunits.66,90,114,116,125 In the previous

chapter, the hydrogen bond network between E71, D80 and W67 was demonstrated

as belonging to a highly correlated network of residues responsible for the regulation

of the state of the SF in KcsA. This network is centred on the residue D80, which is

located on the outer entrance of the pore and belongs to the highly conserved motif

TXXTXGYGD known as �signature sequence�.31,37,85 The �rst level of the network

was recognised formed by D80 and the neighbouring H-bond donors which have a
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relevant role in de�ning the state of the �lter.

Further investigations of the dynamics of the network of residues behind the

pore are presented in this chapter, which provide a dynamical interpretation for C-

type inactivation. Atomistic simulations (molecular dynamics) were used, combined

with free energy methods (metadynamics). An initial approach used a combination

of protonating/deprotonating switches of the E71 with unbiased molecular dynamics

(MD) simulations. In many K+ ion channels, extracellular pH acts as a regulator

for inactivation.33,76,85,91 It is believed that this e�ect is very limited in KcsA.29 Al-

though this approach might indeed be representative of rare cases under physiological

conditions, it provided important information about the mechanistic connection be-

tween di�erent states towards C-type inactivation. A second approach involved a

more detailed investigation into the dynamics and free energies of the pore that did

not involved any proton exchange. Physiologically, this might be the most relevant

case.

The conductive state of KcsA was proved to be fundamentally unstable and

very sensitive to conformational changes of the network. Inactive states were reached

and the most relevant free energies involved in the process were computed. Mech-

anisms for the C-type inactivation are suggested which are consistent with experi-

mental �ndings and can explain the in�uence of di�erent mutations on inactivation

probabilities. The results demonstrate once again the key role of the aspartic acid

D80 in the regulation of state of the pore. The nearby hydrogen bond donors residues,

E71, R64, W64, R89, were proved to be determinant in de�ning the state of D80 and

consequently induce the structural rearrangements of the pore associated with the

inactivation. The positions of the K+ ions bound to the SF greatly a�ected the en-

ergetics of the transitions associated with the network and this led to an explanation

for the in�uence of the extracellular concentration of K+ on the inactivation process.

Our results were in agreement with the collapsed conformations of SF identi�ed in

di�erent studies of crystal structure.42,157

The results obtained for the WT were compared with the free-energies com-

puted on two mutants, Y82A and R64A, which, from alanine scanning, demonstrated

respectively enhanced and reduced inactivation probability with respect of the WT.

5.2 Methods

As described in the Chap. 4, the four subunits of the KcsA are referred to by using

capital letters A, B, C, D. The SF is described as a �ve-site pore using standard

notation S0 to S4, starting from the outer site. The ion con�gurations in the SF are

66



described by �ve digits using a binary formalism (from S0 to S4, 1 will represent the

potassium ion, 0 a water molecule) separated from the number corresponding to the

K+ ions in the cavity by a �+�, e.g. 01010+1 means the presence of K+ in S1, S3

and in the cavity.

Collective variables are labelled as described in Sec. 2.4.1. The distances

between D80 and di�erent side chains are labelled by �d� appending the position of

the second residue , e.g. �d71� is the distance between D80 and E71 side chains.

Distances between D80 side chain and the backbone (C\alpha ) atom of a second residue

are labelled appending �CA�, i.e. �d71CA� is the distance between D80 and the

C\alpha atom of the residue in position 71. Dihedral angles are labelled appending the

position of the residue to the name of the Greek letter that de�nes the dihedral

within the residue itself, ignoring incremental numbers if exists, e.g. \chi 1 dihedral

angle of residue D80 is labelled �chi80�.

C-type inactivation was initially investigated according to a pH-related path-

way associated with a deprotonation/reprotonation process of E71 residue. The

second part of the work did not involve any proton exchange and the states of the

network was investigated in detail by means of metaD calculations.

5.2.1 pH-related inactivation

Simulations on proteins with deprotonated E71 were prepared by 104 steps of a

minimization procedure applied to relaxed protonated structures. Four Cl - ions

were removed from the aqueous phase to restore charge neutrality without a�ecting

the K+ concentration. The oxygens involved in the E71�D80 H-bond were restrained

with an harmonic potential with a spring constant of 2.5 kcal mol - 1 Å - 2. Restraints

were applied to prevent a new con�guration from occurring during this preliminary

stage.

The hydrogen bond analysis was performed using the algorithm implemented

in VMD that �nds interactions between a donor (X�H) and an acceptor (A) ac-

cording to simple geometrical criteria: the angle X-H � A and the distance X - - - A.

This algorithm has been used in order to produce statistics on the di�erent residues

bound to a certain residue over complete trajectories. Since we are interested in all

the possible interactions that could stabilise a certain con�guration, the applied cri-

teria, distance 3.5 Å and angle 90\circ , also made it possible to locate weak, bifurcated

hydrogen bonds.12
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5.2.2 Free energy calculations

The free-energy calculations were prepared as described in sec. 4.7. Di�erent sections

of the FES underlying the dynamics of the network were computed by varying the

state of L81 and the SF occupancy. Con�gurations for L81 were restrained with

harmonic potentials (Kspring = 5 kcal/mol degree2) centred in two positions: i) L81

non-�ipped, chi810 = 297.6\circ ; and ii) L81 �ipped, chi810 = 185\circ . The SF occupancy

was not maintained with additional restraints applied to the K+ ions that could a�ect

the dynamics of the SF. For this reason two meta-stable occupancies were chosen

with life times comparable to the length of the sampling: 00101+0 and 10101+0,

with a vacancy in S3. Vacancies have been seen in our simulations and discussed in

previous works.54,72 Spherical harmonic restraints were used in most of calculations

with 00101+0 occupancy to prevent K+ coming from the bulk from occupying S0

during the long sampling, similar to previous theoretical works.4,5,69,92,109

The two or three-dimensional FESs were computed with respect to the CVs

chi80, d71, and d64 (see sec. 2.4.1) and a number of di�erent states were identi�ed.

A convenient nomenclature for these states is introduced here. The space of the

con�gurations is subdivided according to ranges of values of the three order param-

eters. Three regions are de�ned according to chi80: i) D80non�ip, chi80 between 0\circ 

and 140\circ ; ii) D80semi�ip, chi80 between  - 110\circ and 0\circ ; iii) D80�ip, chi80 between

140\circ and 250\circ . The de�nition of ��ipped� conformation for D80 used in this work is

di�erent from that of the E71A D80 �ipped structure described in previous works35,

which is associated with the �ipping of the backbone region. We de�ne ��ipped�

the conformations which involve the �ipping of the side chain of D80 around \chi 1

dihedral angle. For each of the distances d71 and d64, �close� and �far� regions were

de�ned: E71close was de�ned for d71 \leq 4.5 Å and E71far for d71 > 4.5 Å; R64close

for d64 \leq 7.5 Å and E71far for d64 > 7.5 Å. The di�erent ranges chosen for d71

and d64 depend on the di�erent de�nitions of the CVs and for the purpose of de-

scribing the E71-D80 H-bond state with greater precision. For the investigations of

the cooperativity between subunits the di�erent con�gurations of the protein will

be described by appending the labels of the subunits to the described state, e.g.

D80�ip-R64far-AB means that subunits A and B are in the state D80�ip-R64far.

Heterogeneous arrangements among the subunits were not used to initialise simula-

tions in this study. We would mention that the couples A, B and C, D are opposing

subunits in our labelling scheme.
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5.3 Results

5.4 Deprotonation-reprotonation approach

The results of chapter 4 demonstrate that E71 and D80 can change their relative po-

sitions, in the event of E71�D80 H-bond breaking. Quantum mechanical/molecular

mechanical (QM/MM) calculations suggested that the proton can exchange in the

E71/D80 pair.24 The H++ server (version 3.0, http://biophysics.cs.vt.edu/H+

+6) was used to perform pKa calculations on the X-ray structure and on a snap-

shot from a MD simulation in which E71 and D80 were apart. The pKa for E71

drops from > 12 to \sim 6.5 as a consequence of the breaking of the E71�D80 H-bond.

The method applied is based on classical continuum electrostatics approximation

and involve a number of assumptions and approximations, which involve large er-

rors. However, these calculations provide a qualitative picture of changes in pKa

values for di�erent states. Moreover, close examination of the water trajectories

showed that water molecules from the bulk can di�use into the protein and interact

strongly with E71, mainly when E71�D80 H-bond is broken. Arginine has also been

shown to promote proton exchange63, and the shuttling of an arginine residue from

a glutamate residue towards a Glu/Glu pair was suggested as the reason for driving

the proton release in the light-driven proton pump bacteriorhodopsin89,97 (Fig. 5.1).

Similar dynamics were seen in our simulation for arginines R64 and R89 (Chap. 4).

This raises the possibility that temporary deprotonation of E71 could be led by the

combination of three factors: the dynamics of the arginines, the breaking of the H-

bond and the di�usion of water from the bulk. This deprotonation would eventually

facilitate conformational changes in the selectivity �lter.

Deprotonation of E71 cannot be directly achieved by standard atomistic sim-

ulation approaches because the common force �eld implementations in classical force

�eld MD does not allow proton transfer events, and because the quantum mechanics

calculations cannot easily deal with long time-scales and wide rearrangements of the

proteins. A new approach has been developed based on the di�erence in time-scale

between the rare event of the proton exchange and the faster relaxation time of the

protein. The methodology can be summarised as follows: i) a representative con-

formation for a state is obtained over a long classical MD simulation using RMSD

analysis as a tool to validate the meta-stability; ii) the rare event, either the protona-

tion or deprotonation of the acidic residue, is arti�cially induced in order to sample

the new regions of the phase space which otherwise could not be achieved even if an

additional biasing potential is applied; and iii) a new long simulation is performed to
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E71D80

R89

R64

Shared proton

KcsA

Proton release

R82 Shuttling

E204
E194

D85

Bacteriorhodopsin

Figure 5.1: Comparison of dynamics of R89 in KcsA, and R82 in Bacteri-
orhodopsin (a light-driven proton pump, pdb code 1C3W96) where shuttling of
R82 from a D85 towards an E204/E194 pair was suggested as the reason for driv-
ing the proton release.89,97

obtain new representative conformations over which step number (ii) is applied. By

this method conformations are visited that are potentially available to the protein

in the physiological environment but not accessible in the MD simulations because

of the limitations of the force �eld.

Representative conformations for the conductive state of the KcsA WT were

obtained from two di�erent simulations (\sim 20 and \sim 38 ns) performed in the pres-

ence of the E71�D80 H-bonds. These simulations were performed after an accurate

relaxation of the membrane, as described in Chap. 2. These conformations will be

denoted Cp (Fig. 5.2). Occupancies of SF were 01010+1 and 10101+0 with a vacancy

in S3 and the K+ ions chelated with a square antiprism geometry in the same way

as in the X-ray structure (Fig. 5.3a).

Two simulations were performed from the two di�erent Cp con�gurations, in

which E71 was considered in a deprotonated state from all four subunits, and which

were initialised as described in Sec. 5.2.1. The simulations are labelled: Sim Ia

started from the 01010+1 occupancy; and Sim Ib started from 10101+0 occupancy.

The systems were then relaxed to alleviate the coulombic repulsion between E71 and

D80 resulting from the deprotonation.

Both the simulations Sim Ia and Sim Ib showed very similar conformational

changes. The trajectories and RMSD analysis show that protein underwent two
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Figure 5.2: Snapshots representative for the transition from the �b� set of simu-
lations. Starting from Cp, E71/D80 deprotonated, the conformation goes to Cd1.
The �lter undergoes a transition because of the strengthening of D80-R64 inter-
actions leading to Cd2. The reprotonation of E71 induced several transitions that
inactivated the channel (Ip).
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Figure 5.3: Geometry of the K+ coordination in the di�erent conformations of
the selectivity �lter: a) selectivity �lter in the conductive conformation (square
anti-prism); b) selectivity �lter in the conductive conformation, where the G77-
V76 peptide group assumed a �ipped conformation (slightly distorted square anti-
prism); c) selectivity �lter in the inactive conformation (octahedral geometry).

main similar transitions. An initial relaxation led to the �ip of the D80 side chain

towards the extracellular region, similar to orientations seen in previous MD simu-

lations19,60,106, and a rotation of the E71 side chain of \sim 120\circ . Analysis on H-bonds

revealed that the D80 �ipped orientation was stabilised by weak, intermittent H-

bonds with Y82, R89 and R64 (Fig. 5.4). The state was meta-stable on the scale of

the tens of ns and will be denoted Cd1 (Figs. 5.2 and 5.5).

Further conformational changes commenced after \sim 20 ns in both Sim Ia and

Sim Ib (Fig. 5.5). This changes brought to a new meta-stable conformation: Cd2. In

Sim Ib, stabilisation of Cd2was slower and we suggest that is because of the presence

of a K+ ion in S0 (the in�uence of the K+ ions will be widely discussed later in this

chapter). The origin of this second transition was recognised in the strengthening of

the interactions between D80 and the neighbouring arginines, mainly R64 (Fig. 5.2).

The transitions from Cd1 to Cd2 involved changes in the conformation of the SF

structure, leading to curved conformations and to the widening of the outer entryway

(S0), which was occupied by several water molecules (Fig. 5.6). In any event, the

SF did not assume conformations that could be considered clearly inactive and the

K+ ions remained bound to the SF.

The conjecture behind the sets of simulations was that the E71 can undergo

acid-base reactions with water. Such reactions should be reversible and so it is

important to consider the results of reprotonation. From Sim Ia and Sim Ib, rep-

resentative structures for Cd1 (at 15 ns) and Cd2 (�nal frames) were selected, and

simulations in which E71 residues were neutralised by the addition of protons were

conducted from each conformation. Two simulations were spawned from each of the

two Cd1 structures, while a single simulation was performed from each of the Cd2
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Figure 5.4: Hydrogen bond analysis on D80 in di�erent conformations assumed
by the protein during the pH-related inactivation mechanism: Cp, Cd1 and Cd2.
The plots report the fraction of the simulation time over which a hydrogen bond
is found between the side chain of the residue D80 and the residue indicated in
the x axis. Criteria for identifying hydrogen bonds are explained in the �Methods�
section. The main di�erences among the di�erent conformations are: i) in Cp D80
is H-bonded to E71, W67, R89 and L81 carbonyl group. ii) in Cd1 D80 assumed a
�ipped conformation, it is H-bonded to Y82, R64, R89; the E71 side chain reorients
by \sim 120\circ (N-C\alpha -C\beta -C\gamma dihedral) with respect to Cp and a displacement of G77
can be seen; iii) In Cd2 the TVGYG sequence assumed a curved conformation only
in subunits B and C; D80 is H-bonded to Y82, R64, R89; E71 side chains assume
two possible di�erent conformations: (i) pointing towards D80 as in Cd1, or, more
rarely, (ii) pointing toward the centre of the selectivity �lter.
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(a) Sim Ia

(b) Sim Ib

Figure 5.5: RMSD analysis for the SF (backbone atoms of residues 74 to 78) of
KcsA simulated in the case of E71 deprotonated. The X-ray structure from which
the system was built (pdb code 1K4CZhou et al. 157) was used as reference. Both
the simulations show comparable transitions in the structure of the SF compatible
with the existence of two meta-stable states.
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(a) Subunits A and B. (b) Subunits C and D.

Figure 5.6: Comparison of the SF conformation of Cd1 (yellow) and Cd2 (green).
Each ellipse is draw according to the standard deviation of the trajectories of
the atomic C\alpha coordinates after optimal rigid body superposition performed using
�measure �t� function implemented in VMD.67

from Sim Ia and Sim Ib, labelled respectively Sim2 IIa and Sim2 IIb.

Reprotonation of E71 led to major transformations in Cd2 (Fig. 5.2). The

TVGYG sequences adopted a collapsed conformation in all the subunits during Sim2

IIb and in 3 out of 4 subunits during Sim1 IIa. In both the cases the �nal conforma-

tion had a bottleneck in the S2, S3 sites, consistent with the constriction inactivation

mechanism.42,157 The resulting conformations (denoted Ip) were surprisingly similar

to the X-ray structure reported for the X-ray structure of a putative close-inactive

state, which was obtained in the presence of a low [K+] (Fig. 5.7).157 Moreover three

of the four conformations found in our simulations (Cp, Cd1, and Ip) overlaid very

closely with three of the conformation clusters identi�ed in a recent crystal structure

study, and Ip was very close to the proposed open-inactivated state in which the

intracellular gate diameter was 32 Å (Fig. 5.8).42 The K+ remaining in the bottom

part of the �lter was chelated in an octahedral geometry by the T75 carbonyl oxygens

in equatorial positions and by two water molecules in axial positions (Fig. 5.3c).

In contrast, protonation of E71 in Cd1 led to di�erent results. Of the four

simulations performed, in two cases a structure which resembled the Cp was obtained

in which most of the D80 side chains �ipped back, re-establishing the E71�D80

bridges on several occasions. In one case the simulation led to a state with one

distorted subunit but the ions were still located in the SF. In the last case an inactive

state for the SF was obtained, once again with 3 subunits out of four in the collapsed
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A B C D

(a) Superimposition of a representative conformation with putative
inactive structure (purple, pdb code 1K4D).

A B D C

1K4D
1K4C

(b) Trajectory of the inactive state from Sim2 IIb compared against
the putative conductive and inactive X-ray structures (pdb codes 1K4C
and 1K4C)

Figure 5.7: Comparison of the inactive con�guration Ip obtained from the simu-
lation Sim2 IIb with the X-ray structure of putative conductive and inactive state
proposed by Zhou et al. 157 (pdb code 1K4D157). Ellipses are drawn according to
standard deviations of the trajectories of the atomic C\alpha coordinates after optimal
rigid body superposition performed using �measure �t� function implemented in
VMD.67

76



Figure 5.8: Conformation assumed by the TVGYG sequence during the inactiva-
tion process studied by selectivity �lter superpositions: Cp superimposed with the
�partially open�-conductive state with 14.5 Å opening at T112 (C\alpha  - C\alpha distance,
pdb code 3FB5)42; Cd1 superimposed with the conformation with 17 Å opening at
T112 (pdb code 3F7Y), a proposed transition state towards C-type inactivation;
Cd2 compared with the conformation Cp and Ip; Ip superimposed with with open-
inactivated state (32 Å opening at T112, pdb 3F5W). Conformations are named
as described in the section �Methods�. The resolutions at which the structures are
solved, spanning from 3.00 to 3.40 Å, do not allow an accurate localisation of the
carbonyl groups.

conformation.

The di�erent behaviours demonstrated by Cd1 and Cd2 against reprotonation

suggest a possible role of R64 in facilitating the process toward the inactive state

because of the strong interactions with D80. The dynamics that led to the collapsed

conformations were extremely complicated and appeared to be random. Clearly, a

particular destabilisation was delivered by the interactions between E71 and D80 in

the �ipped conformation. The �nal conformations (Ip) supported the hypotheses of

various studies that inactivation can arise from pore constriction.

5.5 C-type inactivation not related to pH

All the analysis performed up to this point showed that the state of D80 is a key

factor in the regulation of the conductivity of the channel. Temporary and long-

lived non-conductive states can be induced by conformational changes in side chains

of D80 residues involving a high degree of cooperation with neighbouring residues.

In the strongly-coupled network in which D80 acts as the main hub (sec. 4.9), a

particular importance is assumed by H-bonds donors: E71, R64, W67, R89. They

collaborate to de�ne the state of D80, which �nally results in either a stabilisation or

a perturbation of the conductive state. The study of inactivation continued, focusing
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on the dynamics and the energetics of the network in case a pH-related mechanism

was not involved.

C-type inactivation occurs within time-scales that cannot be reached by stan-

dard MD because high barriers dominate the process.29 An approach based on

MetaD and unbiased calculations was used. In the previous chapter, the complexities

arising from high dimensionality associated with the network reported in Fig. 4.15

were demonstrated. Metadynamics calculations that involve too many degrees of

freedom are computationally very expensive and a�ected by greater errors.88 Thus

it was possible to achieve the object of the study exploring the conformations of

the network by means of several low-dimensional calculations designed to deliver the

overall picture. The relevant states obtained by this exploration were relaxed by

means of unbiased simulations, which led to reach inactive states of the protein.

The relevant parameters for the calculations were chosen: i) \Delta T = 2000 K,

ii) w0 = 0.005 Kcal/mol (see Sec 2.2.4).

5.5.1 Investigation of relevant transitions of the network of residues

Experimental evidence demonstrated that the presence of E71 plays a key role in the

inactivation and various authors have suggested a determinant role for the E71�D80

H-bond.30,32,34�37 In Chap. 4, it was shown that the simple breaking of the E71�

D80 H-bond is insu�cient to undergo a complete inactivation (sec. 4.7). Within the

complex dynamics of the network behind the SF, unbiased simulations in the deep-

inactivating mutant Y82A (sec. 4.5.2) and investigation of pH-related inactivation

suggested the possibility of a signi�cant role in the destabilisation of the pore for

the interactions between the R64 and D80 side chains, and for the rotations of the

latter around its \chi 1 dihedral angle (Figs. 4.8 and 5.2). The combination of E71/D80

interactions with the variability of D80 was then explored, by means of the CVs d71

(the distance between E71 and D80 side chains) and chi80 (\chi 1 dihedral angle of D80,

Fig. 5.9 and sec. 2.4.1). Relevant states were explored by means of di�erent multi-

dimensional sections of the overall FES, which were able to unravel the in�uence of

R64 and the position of the K+ ions bound to the SF.

In sec. 4.5.2, the existence of an interplay between L81 and R64 conformations

was revealed in which the �ipping of L81 permitted the creation of very strong

interactions between the R64 and D80 side chains. Accordingly, the cases of L81

in the non-�ipped and in the �ipped conformations were studied. In the latter, the

�ipped case, the sections were computed considering an additional CV, i.e. the

distance between the R64 and D80 side chains (d64, see sec. 2.4.1), which was able

to capture the wide �uctuations of the R64 side chain towards D80. Similar to

78



chi80

d71

d64
L81

Figure 5.9: Collective variables (CVs) used to investigate the behaviour of the
network of residue behind the SF.

sec. 4.6.1, the in�uence of the K+ ions bound to the SF was investigated for the two

meta-stable occupancies 00101+0 and 10101+0, with a vacancy in S3.

D80 transitions for L81 non-�ipped

Side chains of R64 for L81 in the non-�ipped conformation mostly �uctuate in a

con�ned region relatively far from the D80 side chain. Thus, two-dimensional metaD

calculations were performed with respect to chi80 and d71, and the in�uence of all of

the remaining residues of the network, including R64, was considered to have been

averaged out during the sampling.

SF occupancy 10101 The �rst section was considered for the SF occupancy

10101+0 (Fig. 5.11, K+ in S0). The calculation revealed that the �ipping of the

D80 side chain can also be achieved without a concurrent deprotonation. According

to the FES, three main states for the D80 side chain can be recognised: i) pointing

towards the intracellular region and E71 (D80non�ip, chi80 between 0\circ and 140\circ ),

ii) pointing towards the extracellular bulk (D80�ip, chi80 between 140\circ and 250\circ ),

iii) an intermediate position between the two (D80semi�ip, chi80 between  - 110\circ 

and 0\circ ). D80non�ip region contains two minima: �a� (D80non�ip-E71close), the

absolute minimum of the FES and corresponding to the conformation found in the

X-ray experiments; and �b�, a weaker broad minimum for the broken E71�D80 H-

bond (d71 between \sim 5 and \sim 8.5 Å). The barrier involved in the breaking (7

and 8 kcal/mol) is consistent with the one dimensional FES reported in Fig. 4.12

in Chapter 4, supporting a good convergence of the calculations. The minimum
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Figure 5.10: Scheme of the di�erent multi-dimensional sections of the overall
FES computed. Representative conformations are shown for the di�erent states.
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in D80�ip region (�d�) is a few kcal/mol deeper than the one in D80semi�ip (�c�).

For 10101+0 occupancy and with a limited in�uence of R64, the rotation around

chi80 involves quite a large amount of energy ( �a \rightarrow b \rightarrow d� or �a \rightarrow b \rightarrow c \rightarrow d�,

\sim 12 - 13 kcal/mol), and the �ipped and semi�ipped conformations are not expected

to have a long life time.

During the sampling, V76/G77 peptide groups were seen brie�y �ipping a

few times from the subunit to which the biased D80 belonged, and also from the

opposite subunit. The �ipped states did not stabilise because no water molecule was

in the site S3 .
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Figure 5.11: multi-dimensional sections of the FES as a function of the CVs
chi80 and d71 computed for L81 in the non-�ipped conformation (chi81 -62.4, the
conformation suggested by X-ray experiments). Two sections are characterised by
the occupancy of the SF: i) 10101+1 (K+ in S0), and ii) 00101+0 (K+-free S0).
Energy in kcal/mol, distances in Å, lines in the contour plots are drawn every
1 kcal/mol.

A relaxation (\sim 12 ns, no additional restraints) was performed from the
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D80�ip state �d�, the second-deepest minimum of the surface. Although the con-

formation was meta-stable on the ns time-scale, the system evolved towards �a�, via

�c� and �b�, consistent with the computed FES in which the E71�D80 H-bond is

favoured.

SF occupancy 00101 The section computed for the SF occupancy 00101+0 is

reported in Fig. 5.11 (K+-free S0). The calculation revealed the strong in�uence of

K+ in the site S0 on the dynamics of the network. Although the shape of the FES

is similar to the 10101+0 section, the D80�ip state appears to be more stable. The

enhanced stability mainly depends on the increment of the energy barriers in the

pathways joining D80non�ip-E71close to D80�ip (13  - 14 kcal/mol for the �ipping

of D80, 11  - 12 kcal/mol for reverse transitions, �a \leftrightarrows b� or �a \leftrightarrows c�), derived from

the near-suppression of the intermediate states: D80semi�ip and D80non�ip with

the broken E71�D80 H-bond. The absence of a K+ in the site S0 promotes states

with closer D80 and E71 side chains, both in D80non�ip and D80�ip regions, because

it is accompanied by a small widening of the external mouth of the SF. In D80�ip,

the interactions were facilitated by the rotation to \sim  - 70\circ of \chi 1 dihedral angle of

E71.

Interestingly, the transition of D80 caused distortions of the SF structure.

Along with V76, G77 (G77-Y78 peptide group) also underwent similar �ipping

(Fig. 5.11, K+-free S0, c and b). V76 and G77 were seen alternatively �ipping,

leading to the hypothesis that these transitions belong to adjustments of the SF

induced by the conformation of D80, particularly by the D80 �ipped state.

Given the high barriers, probability must be relatively low of the system

performing the transition to D80�ip along the minimum energy pathway of this

section. However, as will be shown later, the system can go from �a� to �b� involving

R64�D80 interactions. This means performing orthogonal movements with respect

to the reported section. In a similar way, the life time of D80�ip would be reduced

by an incoming K+ from the bulk to S0, which facilitates reverse transitions to

D80non�ip states.

Two di�erent relaxations were performed from the D80�ip states �b� and �c�,

each \sim 12.5 ns long. In both cases the D80�ip state was found to be meta-stable

for the length of the simulations and the side chain of the �ipped D80 �uctuated

between �b� and �c�.
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D80 transitions for L81 �ipped: in�uence of R64

The analysis reported in Chap. 4 proved that L81 in the �ipped conformation allows

more stable interactions between the R64 and D80 side chains, which are able to

deliver strong perturbations on the state of D80 and, consequently, on E71�D80 H-

bond. Moreover, these perturbations propagate to the SF and to the K+ ions bound

to it. These behaviours were further investigated with speci�c focus on R64 motions

by means of the CV d64 (see sec. 2.4.1). Therefore, the metaD calculations of the

L81-�ipped sections were performed with respect to chi80, d71 and d64.

SF occupancy 10101 It was not possible to compute the section for the SF

occupancy 10101+0 successfully. Three di�erent calculations were commenced and

in each case the ion in S0 moved to the bulk a short time after the E71�D80 H-

bond had broken. A de�nitive conclusion cannot be drawn because the origin of

the transition was not deeply investigated. In any event, we hypothesise that some

states of the network, visited during the metaD sampling were able to destabilise

con�gurations with a K+ in the site S0, consistent with the in�uence described in

Chap. 4. These states are likely to have been promoted by the dynamics of R64.

SF occupancy 00101 The in�uence of R64 enhances the variability of the D80

side chain. The three-dimensional FES (chi80, d71 and d64) for the SF occupancy

00101+0 and L81 �ipped is reported in Fig. 5.12, and for the sake of clarity it is

accompanied by the two-dimensional projections over: i) chi80-d71, ii) chi80-d64 and

iii) d71-d64 (see. Sec. 2.4.2). The in�uence of R64 is immediately noticeable from a

direct comparison of the projection �chi80-d71� with the FES section computed for

L81 non-�ipped and the same SF occupancy 00101+0 (Fig 5.11), in which D80�R64

interactions are minimised. Intervention by R64 made the breaking of the E71�D80

H-bond and the �ipping of the D80 side chain (�a \rightarrow f�) kinetically more accessible

(lower barriers) and thermodynamically favoured. The absolute minimum of the

section is D80�ip-R64close (�f�, d71 \sim 7.2 Å, d64 \sim 4.5 Å), which corresponds to

D80 and R64 side chains tightly H-bound.

A lowest-energy pathway can be drawn joining D80non�ip-E71close (�a�)

which di�ers from the initial X-ray structure only for the �ipped conformation of

the L81 side chain, with the deepest minimum D80�ip-R64close (�f�). In the �rst

step (�a \rightarrow b�), the R64 side chain moves toward D80 and destabilises E71�D80 H-

bond. The guanidino group of R64 has the greatest destabilising e�ect when located

close to D80 but not close enough to form a H-bond (�b�, chi80 \sim 65 degrees, d71

\sim 3.5 Å, d64 \sim 6.5 Å). The second step (�b \rightarrow c�) involves the breaking of E71�D80

83



a) b) c)

d) e) f)

−50 0 50 100 150 200 250

4

6

8

10

chi80

d
6
4

a

b,c

d e,f

0

2

4

6

8

10

12

14

4 6 8 10

4

6

8

10

d71

d
6
4

a

b
c

d,e f

−50 0 50 100 150 200 250

4

6

8

10

chi80

d
7
1

a,b

c,d
e
f

2d projections:

chi80-d71 chi80-d64 d71-d64

0 100 200

12

10

8

6

4

12
10

8
6

4

a

b c

d

chi81

d64

e
f

d71

Computed FES, L81 flipped 00101+0:

D80nonflip

D80nonflip D80flip

Figure 5.12: Multi-dimensional section of the FES as a function of the CVs
chi80, d71 and d64 computed for L81 in the �ipped conformation (chi81 \sim 185\circ )
and SF occupancy 00101+0. The complete computed FES is reported as well as
di�erent projection over the planes: i) chi80-d71, ii) chi80-d64 and iii) d71-d64. A
minimum energy pathway is drawn accompanied by representative conformations
of the protein. Energy in kcal/mol, distances in Å, lines in the contour plots are
drawn every 1 kcal/mol.
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H-bond. A very peculiar transition state is obtained, in which D80 is approximately

equidistant (\sim 4.5 Å) from the H-bond donors belonging to E71, R64, R89, and is

H-bound to W67 (�c�, chi80 \sim 65 degrees, d71 \sim 5.5 Å, d64 \sim 6 Å). H-bonds between

R64 and D80 are then created while D80�W67 H-bond is broken (�c \rightarrow d�). The

one-dimensional FES for d71 in the case of L81 �ipped and SF occupancy 00101+0

reported in Fig. 4.12 in Chap. 4 is e�ectively a projection of the path from �b� to �d�.

Consistent with that result, the existence of E71-D80 is favoured in the D80non�ip

region, although the in�uence of R64 facilitates its breaking. The conformation �d�

appears as a key transition state: the D80 side chain rotates \sim 130\circ around chi80

until D80�ip-R64close (�e�, chi80 \sim 195 degrees, d71 \sim 6.5, d64 \sim 4.5 Å) is reached

in the most energetically expensive transition (�d \rightarrow e�). After the �ipping, the sys-

tem �uctuated between two minima in the D80�ip-R64close region, �e \leftrightarrows f�, with

a predominance for the latter, which is the most stable con�guration among those

sampled. The states �e� and �f� are characterised by D80 H-bound with R64, R89,

W67 and di�er because of a rotation of E71 around its \chi 1 dihedral angle. The total

energy for the transition �a \rightarrow f� is 6 - 7 kcal/mol, lower than the energies computed

for similar transitions in the case of L81 non-�ipped, i.e minimising the in�uence of

R64 in the process. The highest barrier is the �ipping of the D80 side chain that has

a value of between 5 and 6 kcal/mol.

D80�ip states were accompanied by strong distortions in the SF structure,

stronger in the presence of R64�D80 H-bonds and compatible with the collapsed

conformations suggested for the inactive structure by X-ray experiments.42,157 A

few representative distorted states, visited during the sampling are reported in

Figs. 5.13a, 5.13b and 5.13c. These distortions destabilised the K+ ions bound to the

SF. The K+ which was initially located in S2 �uctuated between sites S2 and S3, and

displacements of the innermost K+ to the cavity occurred a few times, accompanied

by the entry of water molecules from the bulk between the ions. Thus, the computed

FES can be better considered as the section for S0 and S1 not occupied by K+ ions

rather than the section for 00101+0 with a vacancy in S3.

Intriguingly, more prominent distortions were caused by D80semi�ip states

(chi80 \sim 60\circ , Fig. 5.13d), when the side chain of D80 was H-bound to all the neigh-

bouring residues E71, R64, R89, W67. The distortions allowed a large number of

water molecules to enter into the SF from the region behind the SF, �nally disrupt-

ing the single-�le arrangement (Fig. 5.13e and 5.13f). Due to its high energy, this

particular D80semi�ip state was visited quite late during the sampling, Fig. 5.12

and several analyses suggested that a good convergence of the remaining regions of

the FES was reached before the water molecules disrupted the single-�le arrange-
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Figure 5.13: Snapshots obtained from the metaD calculation of the multi-
dimensional sections of the FES as a function of the CVs chi80, d71 and d64
(L81-�ipped and SF occupancy 00101+0).

ment. In any event, this state capable to produce a �disrupted� conformation of

the �lter belongs to the system phase space, and can be caused by the state of the

D80 side chain the surrounding H-bond donors. The existence of these �disrupted�

states might help to explain experimental observation of the �defunct� states of K+

channels.66

E71CA-D80CA distance in the D80 side chain �ipped conformation.

The stability of D80�ip-R64close con�guration �f�, the deepest minimum of the FES,

was investigated with an unbiased relaxation performed without any additional re-

straint.

A long simulation was performed (\sim 114 ns) in order to collect good statistics.

The �ipped state of D80 was found to be meta-stable for all of the simulated time.

D80�ip-R64close was found to be the most visited state, but was not unique. The

L81/R64 interplay discussed in Chap. 4 was con�rmed. The equilibrium of L81

between �ipped and non-�ipped con�gurations a�ected the stability of the D80�

R64 H-bonds, sometimes causing them to break. In any event, they demonstrated

a better stability with respect to L81 reverse �ipping in D80�ip-R64close than in

D80non�ip-R64close. In addition to the breaking of D80�R64 H-bonds, L81/R64

interplay enhanced the probability of the states which are similar to the minimum

�e� in Fig. 5.12, and generated new states characterised by the creation of a H-bond

between D80 in the �ipped conformation, and E71 rotated with \chi 1 \sim  - 70\circ .
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Similar to the MetaD calculation, some of the distorted conformations as-

sumed by the subunit with the D80 in the �ipped state were close to the putative

inactive state (Fig. 5.14)157, although none of them could be de�ned as �collapsed�.

Additionally, the conformation of the network of residues allowed water molecules to

di�use behind the SF (Fig. 5.14), similar to that which was observed by the X-ray

experiments.

Figure 5.14: Superposition of a representative conformation observed during the
simulation with two X-ray structures: the putative conductive structures (light
blue, pdb code 1K4C157) and a structure obtained in the presence of a low [K+],
which has been proposed as being inactive (magenta, pdb code 1K4D157).

Recent studies proposed the lowering of the backbone distance \mathrm{C}\alpha  - \mathrm{C}\alpha be-

tween positions 71 and 80 (which will be called E71CA-D80CA, Fig. 5.15) directly

linked to the inactivation process and to the inactivation probability among dif-

ferent mutants.36,37 In any event, a mechanism that could lead to this reduction

remains unclear for the WT. Analysis of the D80�ip state showed the lowering of

E71CA-D80CA can be caused by transitions of D80 side chain.

E71CA-D80CA was \sim 10 Å for the putative conductive state, D80non�ip, in

the presence of the strong E71�D80 H-bond, both from simulations and X-ray ex-

periments. Our simulations showed that the backbone distance increases as a conse-

quence of the simple breaking of the E71�D80 H-bond. By contrast, the long simula-

tion commenced from D80�ip-R64close revealed values of E71CA-D80CA lower than

10 Å (Fig. 5.16). Fig. 5.16 shows that a linear dependence existed between E71CA-

D80CA and the position of the D80 side chain (d71CA, Fig. 5.15 and Sec. 2.4.1 for the

de�nition), with a Pearson's correlation coe�cient= 0.93: the deeper the D80 side
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Figure 5.15: The de�nition of the order parameters used to perform statistical
analyses on the simulation commenced from D80�ip-R64close: i) E71CA-D80CA,
backbone distance \mathrm{C}\alpha  - \mathrm{C}\alpha between positions 71 and 80, ii) d71CA, the position
of D80 side chain with respect of the C\alpha atom of residue 71 used as a reference;
the distances between the side chain of D80 (de�ned by the C\gamma atom) and the side
chains of the neighbouring H-bond donor residues iii) d71, the distance from E71
(de�ned by the H-bond donor oxygen belonging to E71 carboxyl group), iv) d64,
distance from R64 de�ned by the C\zeta atoms, v) d89, distance from R89 de�ned by
the C\zeta atoms, and vi) d67, distance from W67 de�ned by the N\epsilon 1 atom.
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chain was buried behind the SF, the lower E71CA-D80CA became. Two main states

could be identi�ed from distributions and scatter plots of d71CA and E71CA-D80CA:

i) D80�ip-buried, E71CA-D80CA < 10 Å, for values of d71CA < 10.8 Å (green re-

gions in Fig. 5.16); and ii)D80�ip-nonburied, E71CA-D80CA > 10 Å, in which the

D80 side chain was more exposed to the extracellular bulk (d71CA > 10.8 Å).

The position of the D80 side chain and, consequently, the E71CA-D80CA

distance, was dependent on the dynamics of E71, R64, R89 and W67, the H-bond

donor residues of the �rst level of the network. Correlations between the position

of the D80 side chain and its distance from the neighbouring H-bond donors were

analysed by means of the order parameters d71CA, d71, d67, d89 and d64 (see

Fig. 5.15, and Sec. 2.4.1 for de�nitions). Fig. 5.17d reports scatter plots, correlations

matrix, and distributions. The high Pearson's correlation coe�cients (between 0.63

and 0.91) suggest a very high degree of cooperativity in the network of residues.

Magenta dashed horizontal lines separate the states D80�ip-buried from D80�ip-

nonburied, whilst vertical dashed lines divide the states where H-bonds exist between

side chains of D80 and the neighbouring donors (green regions), which are the most

populated with d64, d89 and d67. Above the horizontal lines (D80�ip-nonburied),

side chains of H-bond donors E71, R89, W67 and R64 moved consistently with the

negatively charged D80 side chain, even for relatively long distances (donor-acceptor

distances up to \sim 12 Å in the case of arginines). A slight deviation for d64 was

likely to have been caused by L81/R64 interplay. This proves the long actions of

the electrostatic forces that dominate the dynamics of the network. The presence

of intermittent H-bonds with R64, R89 and W64 promoted the burying of D80 side

chain, since they mainly exist below the horizontal lines (D80�ip-buried). In this

region, the linear dependence of d71CA was weakly maintained only with d71, and

it was related to rearrangements of E71 observed in the metaD calculations. These

rearrangements mainly involved rotations among two main positions of \chi 1 dihedral

angle, \sim 180\circ and \sim  - 70\circ , while \sim 70\circ , the conformation of conductive structure,

was rarely visited. In the collapsed X-ray structures, \chi 1 \sim  - 70\circ ,42,157 and in this

conformation temporary H-bonds were formed between E71 and the �ipped D80

side-chain. The presence of this H-bond corresponded to the maximum depth of

D80 side chain in the region behind the SF (lowest values d71CA) and consequently

to the shortest backbone distances \mathrm{C}\alpha  - \mathrm{C}\alpha between positions 71 and 80 (E71CA-

D80CA). The creation of the H-bond appeared to have a strong destabilising e�ect

on the SF structure, consistent with the hypothesis that a correlation exists between

backbone distances E71 C\alpha and D80 C\alpha and inactivation.36,37
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Figure 5.16: Upper left panel reports the scatter plot of the two order parameters
E71CA-D80CA and d71CA from the simulation commenced from D80�ip-R64close.
A smoothing line (red, computed using �gam� function52) and a regression line
(green) are added to aid the visualisation of the linear relationship between the
two order parameters. The lower-left panel reports the correlation (Pearson) and
the kernel density estimations of the order parameters are reported in the upper-
left and lower-right panels (computed by density function as implemented in R122).
Data are reported in Å. The magenta dotted line de�ne the most populated region
for d71CA which mostly correspond to values of E71CA-D80CA lower than in
the putative conductive conformation (blue dotted line157). Previous works linked
the lowering of E71CA-D80CA to the inactivation process and to the inactivation
probability among di�erent mutants of KcsA, but a possible mechanism for this
lowering in the WT still remains obscure.36,37 These result showed that a lowering
E71CA-D80CA is achieved in the case of D80�ip-R64close state.
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Figure 5.17: Scatter plot matrix from the simulation commenced from D80�ip-
R64close of the order parameters d71CA (which represents the position of the
D80 side chain) and d64, d89, d64, d67 (the distances of D80 side chain from the
neighbouring H-bond donors). Data are reported in Å. The �gure reports also
correlations (Pearson) in the lower triangle and kernel density estimations in the
diagonal (computed by density function as implemented in R122). Smoothing lines
(red, computed using �gam� function52) and regression lines (green) are added to
aid the visualisation. The horizontal magenta dotted lines de�ne the most popu-
lated regions for d71CA, while the vertical magenta dotted lines de�ne the region
in which an H-bond exists between D80 and the donor. The �gure and the high
correlations demonstrates that the lowering of d71CA, and thus of E71CA-D80CA,
is a highly cooperative process, in which all the H-bond donors are involved.
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5.6 D80 side chain �ipped in two subunits

Conformational changes in D80 side chain of one subunit associated with rearrange-

ments in the neighbouring donors E71, R64, R89, W67 were observed, accompanied

by a strong destabilisation of the SF structure. Deeply non-conductive states (�dis-

rupted�) were reached during a metaD calculation as a consequence of the D80 side

chain in the semi�ipped conformation H-bound to all neighbouring donors E71, R64,

R89, W67, in the case of SF occupancy 00101+0 and L81 �ipped. However, di�er-

ent states that required less energy to be reached, such as D80�ip, were able to

deliver relevant distortions reminiscent of pore constriction mechanisms of inacti-

vation without a completely contemporaneous closure of the �lter. By contrast,

a complete collapse was obtained whilst investigating the pH-related inactivation

when analogous transitions occurred in more subunits. Moreover, a certain degree

of cooperativity between subunits in the inactivation process was proposed by dif-

ferent studies.42,66,90,114,116,125,157 This leads to the possible conclusion that di�erent

pathways for inactivation could arise from conformational changes in the networks

behind TVGYG sequences of more than one subunit.

The investigation of the cooperativity between subunits is not not trivial.

A single calculation able to deliver a comprehensive picture resulted excessively

computational demanding due to the great number of degrees of freedom involved. A

simpli�ed approach was developed: multi-D80�ip states for the protein were achieved

promoting the transitions of D80 side chains individually on each subunit by means

of metaD procedure using chi80 and d71 as CVs (see Sec. 2.4.1). Inactivation was

looked for and eventually found by means of unbiased relaxations from these multi-

D80�ip con�gurations.

Both conformations, D80�ip-R64close and D80�ip-R64far, were investigated.

The reason behind the investigation of the latter was mainly for the purpose of un-

derstanding possible pathways which might be responsible for inactivation in R64A,

i.e. in which R64 does not form part of the process. Following the results on the in�u-

ence of the K+ ions bound to the SF, the investigation focused on the SF occupancy

00101+0, i.e. without a K+ in S0 and with a vacancy in S3.

D80�ip-R64far

Inactivation obtained during MetaD calculation Initially, MetaD calcula-

tions were performed to obtain D80�ip-R64far-AB on a representative conformation

of D80�ip-R64far-A obtained from the relaxation described in Sec. 5.5.1 (2 ns, SF

occupancy 00101+0). The biased residues belonged to the subunit opposite to the
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one in the D80�ip state.

The calculation ended in a collapsed structure which was considered to be

inactive. The collapse of the SF happened after the �ipping of D80 from the second

subunit and was con�rmed by two metaD calculations, which were respectively stan-

dard and a well-tempered. Fig. 5.18 reports the �nal state obtained from a \sim 10 ns

of relaxation of the last frame from the metaD calculation. During the relaxation,

the number of curved TVGYG sequences �uctuated between 2 and 3. The curved

conformation obtained from simulation (coloured) superimposes very well with the

putative inactive structure obtained by X-ray experiments in the presence of a low

[K+] (pdb code 1K4D157).

BA C D

MetaD

D80flip-R64far Inactivation

Inactive X-rays 
Structure

BA

C D

BA

C D

Inactivation
Relaxation

Figure 5.18: Inactive states reached from the states D80�ip in simulations (both
from metaD and unbiased calculations) commenced from D80�ip-R64far-AB. The
metaD calculation was followed by an unrestrained relaxation, from which the snap-
shot is reported. The conformations are superimposed with the putative structure
of the inactive state of the SF (coloured in magenta, pdb code 1K4D157)
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Relaxation The result was con�rmed by searching the collapsed inactive state by

means of unbiased simulations.

Di�erent multi-D80�ip states in 00101+0 SF occupancy were obtained via

well-tempered metaD calculations on chi80 and d71 for 10101+0 SF occupancy and

L81 non-�ipped, in order to avoid the collapse of the �lter. These con�guration

were: i) D80�ip-R64far-AB; ii) D80�ip-R64far-AD; and iii) D80�ip-R64far-ABD.

The �ipped state of D80 side chains previously demonstrated to be relatively un-

stable for this SF occupancy (Fig. 5.11). Accordingly, it was maintained with weak

harmonic restraints (K = 2.5 kcal/mol degree2) while transitions in di�erent sub-

units were sampled. The FESs that were obtained are consistent with those for the

�rst subunit, but with minor variations (Fig. 5.19). These di�erences are likely to

be dependent on correlations between the di�erent subunits mainly arising from the

deformations on the SF structure imposed by D80�ip states. However, it is di�cult

to draw a conclusive picture from these energy surfaces and the calculations were

mainly performed to ease the occurring of rare events and overcome high barriers,

reaching states which, though available to the system, were inaccessible because of

computational limits.86 Occupancy 00101+0 was obtained moving the K+ in S0 to

the bulk with an harmonic restraint (K = 5 kcal/mol Å2).
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(c) D80�ip-R64far-
ABD

Figure 5.19: FESs as a function of chi80 and d71, for 10101+0 and L81 non-
�ipped, calculated for di�erent multi-D80�ip conformations. Transition of D80
were promoted individually for each subunit, maintaining the �ipped state of D80
side chains of the remaining subunits with weak restrains (K = 2.5 Kcal/mol
degree2). Energy in kcal/mol, distances in Å, lines in the contour plots are drawn
every 1 kcal/mol.

Six simulations were performed: two from each conformation. Only one of

the relaxations, that was commenced from D80�ip-R64far-AB, relaxed into putative

inactive conformation within the �rst ns. Two subunits superimposed well with the
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collapsed X-ray structure (Fig. 5.18). In addition to the reduced variability of D80

and the overall network, the inactivation process appeared random, variable and

quite unfavoured without the intervention of R64 (one over six reached the inactive

state). Inactivation probability in the metad calculations on D80�ip-R64far and

SF occupancy 00101+0, previously described, might have been increased by the life

times of the D80�ip states being extended by the bias potential. The fact that

inactivation was obtained from D80�ip-R64far-AB is hypothesised originating from

the random nature of the process rather than from a real preferential pathway.

Intriguingly, a conformation with all the four subunits in the D80�ip state

was not reached via metaD because the �lter collapsed during the calculation, with

two opposite subunits in the curved conformation.

D80�ip-R64close

Obtaining D80�ip-R64close for more than one subunit was not an easy task. As

previously described, Sec. 5.5.1, the �ipping of the D80 side chain caused strong

distortions in the conformation of the TVGYG sequence when R64 was in its prox-

imity. Several tests performed when considering more than one subunit showed that

SF underwent transitions irreversible within the length of the simulation and, there-

fore, would have required detailed consideration within the biased calculation. A

simple CV, such as RMSD from the X-ray structures used for similar purposes in

previous studies, was found to fail in distinguish most of the SF transitional states.

Similar issues of computing free energies as a function of RMSD are known and

discussed in literature, and more sophisticated CVs were recently developed to rep-

resent comparable complex systems.27,144 Unfortunately, at the time of writing their

implementation requires are computationally too expansive an consequently they

have only been employed on systems smaller then the one considered in the present

work. In the light of these considerations a simpler approach was applied.

The desired multi-D80�ip-R64close states were obtained starting from the

corresponding D80�ip-R64far conformations. The side chain of R64 was moved closer

to D80 by means of short MD simulations (250 ps), applying additional harmonic

restraints on \chi 1 dihedral angles of residues R64 and L81 (chi640 =  - 160, chi810 =

185, K = 20) and on D80-R64 distance (d640 = 4.7, K = 10), followed by a

relaxation. Given the complex variability of the system, numerous attempts to

apply the approach failed, mainly because the reverse �ipping of L81 did not allowed

the stabilisation of the desired multi-D80�ip-R64far state. The application of the

approach to the state D80�ip-R64far-ABD, after \sim 1.5 ns of relaxation, successfully

resulted in the D80�ip-R64close-BD, with the D80 side chain from subunit A that
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�ipped back and recreated the H-bond with E71 (after \sim 1.3 ns), and SF occupancy

00010+1. A similar occupancy was seen during previous calculations that involved

D80�ip and was induced by the in�uence of R64 (Sec. 5.5.1 and 5.5.1). In any event,

it never led to a state that could be considered to be completely inactive, even during

long sampling (> 100 ns).

Further relaxation of D80�ip-R64close-BD inactivated the channel via pore

constriction (within \sim 5 ns), with the TVGYG sequences from three subunits having

a curved conformation that closely resembled the X-ray structure of the collapsed

state (Fig. 5.20). The superposition was particularly good for subunit A; subunit C

and D di�ered mainly for V76 in a �ipped conformation; conformation of subunit B

was stabilised by an H-bond between V76 and G77 peptide groups from subunits B

and D.

BA

C D
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C D

Inactivation
Inactive X-rays 

Structure

D80flip-R64close-BD Inactive state

D80flip-R64close Inactivation

Figure 5.20: Inactive states reached from D80�ip-R64close-BD, superimposed
with the putative structure of the inactive state of the SF (coloured in magenta,
pdb code 1K4D157).

5.7 FESs for Y82A and R64A

A mechanism for inactivation in KcsA has been proposed in this work. That mecha-

nism involves the rich dynamics of the network of residues behind the SF, especially

D80 and its neighbouring H-bond donors. The arginine R64 proved to have a strong

in�uence in facilitating the transitions associated with inactivation. In Chap. 4,
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residue Y82 was linked with the variability of R64, which was found to be enhanced

by the mutation with an alinine (Y82A). The close relationship between R64 mobility

and the ease with which the network, and in particular D80, is able to undergo tran-

sitions can explain the inactivation probability trend among the di�erent proteins

Y82A > WT > R64A.35 This hypothesis was con�rmed by comparing estimates of

the FES with respect to chi80 and d71 computed for Y82A and R64A with those for

WT.

Due to the comparative approach, no detailed calculations for all the K+ con-

�gurations in the SF were performed. The initial relaxed con�guration was obtained

from simulations described in Chap. 4, with SF occupancy 01010+1 for R64A and

01011+0 for Y82A. No additional restraints were applied.

R64A

For R64A the K+ ions converged once again to the 10101+0 con�guration with an

empty S3 site, via 01011+0. The shapes and barriers of the resulting FES (Fig. 5.21)

very closely resembled those obtained for the WT in the case of L81 non-�ipped and

10101+0 occupancy (Fig. 5.11). The main di�erences were in the D80�ip region,

in which the minima were deeper for R64A. In this mutant, the D80 side chain

in the �ipped conformation was stabilised by H-bonds with Y82 and R89 of the

neighbouring subunit. In the WT, the presence of R64 opposite Y82 with respect

to the D80 carboxyl group enhanced the variability of the latter, causing a slight

destabilisation and a widening of the D80�ip minima. The similarity between the

two FES con�rms the relevant role played by L81 in the inactivation process, in

regulating R64 mobility, and indirectly a�ecting the stability of the SF. On the other

hand, it strongly supports the hypothesis that the reduced inactivation probability

originated from the absence of R64 that lead to a reduced variability of the network

behind the pore.

Y82A

During calculations performed on Y82A, the SF region showed a strong variability

until a collapsed state was reached with 00011+0 occupancy and two TVGYG as-

suming a curved conformation. In Fig. 5.22a the con�guration obtained after a brief

relaxation from the last frame of the metaD calculation is superimposed with the

putative inactive X-ray structure.

Once again the dynamics of system was quite complex. Strong correlations

between the di�erent subunits arose. The breaking of E71�D80 H-bond in the sub-
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Figure 5.21: FES as a function of the CVs chi80, d71 for the mutant R64A.

unit A, promoted by the bias potential, was soon followed by a similar event in the

nearby subunit (D). Similar correlations between subunits were seen also for the WT,

but they were weaker the in Y82A. Despite the fact that the D80 residue of sub-

unit D was not biased, a strong mobility around chi80 was observed, including the

�ipping. Intriguingly, E71 was also found quite soon to be rotating to (\chi 1=  - 70\circ )

and H-binding D80 in the �ipped conformation, thereby greatly destabilising the SF.

This was also seen in the �nal conformation (Fig. 5.22a).

The diabatic energy surface obtained from the calculation (Fig. 5.22b) can-

not be considered as a good estimation of the FES because the �lter performed

irreversible transitions within the sampling. In any event, it gives an idea of the pre-

ferred con�gurations for chi80 and of the energies required to overcome the barriers.

The biased D80 spent most of the time in the D80�ip state. The energies involved

in the transitions from the initial con�guration (D80non�ip and E71�D80 H-bond

formed) to reach D80�ip were relatively low (6 - 7 kcal/mol), similar to WT in the

case of L81 �ipped and 00101+0 occupancy. A di�erence from the latter FES was

that D80semi�ip was visited more often. In any event, the calculation con�rmed

that the inactivation probability related to the dynamics of the network of residues

behind the SF, and in particular D80, and the strong in�uences of R64 and E71 in

the inactivation.
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Figure 5.22: a) Inactivation of Y82A obtained via MetaD calculation; b) Diabatic
energy surface for Y82A.
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5.8 Conclusions

Conformational changes in the region of the selectivity �lter are responsible for the

gating process known as C-type inactivation in K+ ion channel, which is crucial in

the regulation of conductivity.30,35,37,85,93,119,141,151,157 Current measurements sug-

gest the existence of di�erent inactive states, and two mechanisms for inactivation

were proposed which involve either dilation or constriction of the pore.41,66,147,155

Putative inactive structures were proposed for the K+ ion channel KcsA, solved

in the presence of a low [K+] or associated to the concurrent opening of the inner

gate, which is characterised by a collapsed state of the SF.42,157 Mutagenesis studies

proved the important roles of di�erent residues surrounding the pore region in de�n-

ing the probability of inactivation.34�37 Previous works suggested that a network

of hydrogen bonds between the E71, D80 and W67 side chains is involved in the

stabilisation of the conductive conformation and E71�D80 bridge has a central role

in the inactivation process.34�37,42 Although either the disruption or the strength-

ening of the linkage were suggested as the reasons for the inactivation, pathways

and the mechanisms for the in�uences of the remaining relevant residues remain elu-

sive.34�37,42,66 Extensive theoretical work, described in Chap. 4, demonstrated that

the network of hydrogen bonds is in reality a small part of a highly coupled network

of residues which are able to a�ect the state of SF and of the permeating ions. Cen-

tral to this network is the residue D80, located at the outer entrance of the �lter, as

well as the hydrogen bond donors E71, R64, R89, W67, de�ned as the �rst level.

In the present chapter a mechanism for inactivation has been proposed which

is based on the rich dynamics of the network of residues centred upon D80 (Fig. 5.23).

Interactions with the neighbouring arginines, in particular with R64, promote the

mobility of D80 side chain. A �ipped state of D80 side chain is particularly favoured.

However, because of the interactions with the neighbouring H-bond donors (E71,

R64, R89, W67), this state delivers a destabilisation to the SF, which causes strong

distortions to the structure of the TVGYG sequence and to the K+ ions bound to it.

The destabilisation is associated with a lowering of the backbone distance between

positions 71 and 80 (\mathrm{C}\alpha  - \mathrm{C}\alpha ) which is maximal when �ipped D80 is H-bound with

E71 as well as all the remaining donors. When the �ipping of D80 occurs in more

than one subunit, the destabilisation becomes strong enough to cause the vacation

the central region of the �lter from the K+ ions and the collapse of the �lter structure,

leading to the inactivation.

The results con�rmed that the collapsed states proposed by di�erent X-ray

studies42,157 can indeed represent inactive states and can be reached without the
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concurrent opening of the intracellular gate or the presence of a low [K+]. The

determinant for the inactivation process is the network of residues behind the SF,

and particularly the variability of the aspartic acid D80. The latter belongs to the

sequence TXXTXGYGD, known as �signature sequence�, which is highly conserved

among K+ ion channels. The fact that it is surrounded by di�erent Hydrogen-bond

donors in the di�erent channels, suggesting that similar mechanisms for current

regulation centred on the aspartic acid may have a wider importance among the K+

ion channel superfamily.

Two di�erent states for the D80 side chain were found to be capable of in-

ducing relevant distortions on the structure of the SF: D80�ip, \chi 1 dihedral angle

between 140 and 250, and D80semi�ip, \chi 1 between  - 110 and 0. Relevant changes

in the state of the D80 side chains were determined by the creation of H-bonds with

the neighbouring arginines, R64 and R89, which �nally deliver strong destabilisation

on the conductive conformation of the channel. Although not necessary to undergo

inactivation, R64 was found to be particularly signi�cant both kinetically and ther-

modynamically in promoting the process involved in the lowering of the barriers and

in the stabilisation of the �ipped states of D80. Moreover, a high degree of cooper-

ation among all the H-bond donors E71, R64, R89, W67 was proved in the process.

Electrostatic interactions appear to dominate the transitions and to act over a wide

range. These results can explain experimental evidences on the role of the arginines

in the inactivation of KcsA and their synergistic action.35,105

The mechanism is summarised in Fig. 5.23. Initial conformational changes

involve the arginines which promote the breaking of the E71�D80 linkage and the

�ipping of the D80 side chain. These transitions are followed by an equilibrium

associated with the rotation of E71 around \chi 1 dihedral angle. Within this equilib-

rium, the attractive forces between D80 �ipped and E71, which are sometimes able

to lead to transient H-bonds, collaborate with the H-bonds formed with R64, R89

and W67 in lowering the backbone distance between positions 71 and 80 (\mathrm{C}\alpha  - \mathrm{C}\alpha ).

This causes strong distortions to the structure of the TVGYG sequences, which be-

come dramatic when a similar process happens in more than one subunit, eventually

leading to inward pushes on the K+ ions bound to the �lter and the collapse of its

structure. Notably, backbone distance \mathrm{C}\alpha  - \mathrm{C}\alpha between positions 71 and 80 was

directly linked to the inactivation process and the inactivation probability among

di�erent mutants in previous works36,37 and cooperativity between subunits was

proposed by experimental studies.66,90,114,116,125 Collapsed states demonstrated dif-

ferent levels of inactivation containing either two or three out of four subunits in a

curved conformation, which closely resembled X-ray structures of putative inactive
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collapsed states obtained in the presence of a low [K+] and of a concurrent opening

of the inner gate.42,157

Pathways toward inactivation were found to be blocked by the presence of a

K+ in the site S0. This can explain the dependence of the inactivation probability

of [K+] in the outer bulk, which is reduced in the case of high concentrations.66,157

A similar inactivation pathway can occur via a pH-related mechanism, in

which �ipped conformations of the D80 side chain are stabilised by the deprotona-

tion of the E71/D80 pair and the inactivation is promoted by the reprotonation.

Although, contrary to other K+ ion channels, it is believed that extracellular pH

regulation on inactivation is very limited in KcsA,29 we consider that this pathway

is possible under physiological conditions given the acidic nature of E71, even if it

is possible that it only rarely becomes available. One of the simulations that fol-

lowed this pathway led to an inactive structure with all the four subunits in the

curved conformation. The deeper state of inactivation than in other cases can be

explained by the fact that transitions were induced in the networks behind the TV-

GYG sequences of all four subunits, thus supporting the hypothesis that cooperation

between subunits can be relevant in determining the completeness of the inactiva-

tion.66,90,114,116,125

Calculations revealed the existence of a �disrupted� state of the SF. Strong

H-bonds between the D80 side chain in a particular state, D80semi�ip, and the

neighbouring donors, E71, R64, R89, and W67, dilate the �lter until water molecules

di�use inside from the region behind the TVGYG sequence, thereby disrupting the

single-�le arrangement. The calculations suggest that the transitions of the network

involve higher energies along this pathway. Intriguingly, these states might explain

the �defunct� states experimentally observed in di�erent K+ channels66 or might

represent one among the as-yet-unknown inactive states revealed by experimental

evidences.29

The presented mechanisms can explain a number of di�erent experimental

results in which mutations of E71, R64, R89, and W67 were found to dramatically

a�ect the inactivation probability of KcsA.22,29,32,34,35,37,85,125 The key role of R64

was con�rmed by free-energy calculations on the Y82A and on R64A. The latter low

inactivation probability of R64A is derived from the suppression of the important

kinetic in�uence of R64 on the transitions of the network. The enhanced inactivation

probability of Y82A can be explained by the close interplay between R64 and L81.

First proposed in Chap. 4 and deeply investigated in the present chapter, this inter-

play is crucial for de�ning the mobility of the R64 side chain and is closely related

to the residue in position 82. In Y82A, the variability of R64 was enhanced and this
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Figure 5.23: Scheme for inactivation in KcsA. Red and blue ellipses represent
the in�uence of, respectively, negative and positive charges. E71 assumes three
di�erent conformations (refers to the main text) which are schematised as: i) \chi 1
\sim 70\circ with a dashed-like triangle; ii) \chi 1 \sim 180\circ with a solid line; and iii) \chi 1
\sim  - 70\circ with a �lled triangle.
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allowed the inactive state to be reached more easily in the WT. Concerted motions

between neighbouring subunits were observed which, it is suggested, also occur in a

weaker state in the WT.

Future work is needed to address the detailed energetics associated with the

SF transitions during the inactivation, and to further clarify the relationship between

cooperativity among subunits and completeness of inactivation process.

����������������
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Chapter 6

Relationship between the protein

dynamics and permeation and

selectivity

Conduction in potassium ion channels has been widely studied. A wide variety of

models have been suggested as being able to explain the permeation of ions from

ionic current measurements, but none of them has been able to completely cap-

ture its features.64 The relatively recent availability of structures of di�erent chan-

nels46,73,74,81,84,94,95,146,147 has allowed a detailed investigation to be made at micro-

scopic level. The presence of a multi-site �lter supports mechanisms for permeation

where K+ ions move in a single-�le fashion, with at least two of them bound to the

SF which stabilises the conductive conformation.18,39,46,72,107,107,154 This was found

to be consistent with the classic �knock-on� conduction mechanism, �rstly proposed

by Hodgkin and Keynes 65 , in which the driving force behind conduction is an in-

coming ion that �knocks on� ions already bound within the SF.18,72 In any event, the

mechanistic details have remained elusive because they require a precise knowledge

of the microscopic ions' positions and of the protein dynamics.

Theoretical methods have been employed to address detailed mechanisms

and energetics, particularly MD simulations and free-energy calculations (see Maf-

feo et al. 101 and references therein). One of the most exaustive investigations was

provided by Berneche and Roux 18 . Umbrella sampling was performed on K+ ions

permeating in KcsA. The authors concluded that ion conduction occurs according

to the knock-on mechanism, and that conduction is limited by di�usion. In their hy-

pothesis the ion-ion repulsion operates only at very short distances. Moreover, two

di�erent pathways for permeation were proposed: i) an �optimal pathway�, char-
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acterised by lower barriers and in which an intermediate state was observed with

two K+ ions in two neighbouring binding sites (S4 and S3); and ii) an alternative

pathway reminiscent of the �vacancy di�usion� and of the �di�usive shaking stack�

models.104,133 Both mechanisms led to conformations in which the K+ ions in the

SF were separated by a single water molecule. These �ndings are consistent with

the idea that more than one mechanism is involved in the permeation.18,54,104 More

recently, mechanisms based on the propagation of vacancies, derived from Hodgkin

and Keynes 65 , was proposed by Furini and Domene 54 based on umbrella sampling

calculations performed on K+ ions permeating in KcsA and KirBac channels, where

a vacancy is an empty site which separates two K+ ions in the SF. The creation of

vacancies during permeation was also seen in long unbiased simulations performed

by Jensen et al. 72 , but the authors suggested a di�erent interpretation, that vacan-

cies di�use in the direction of the permeation.71,72

Another fundamental feature of ion channels is selectivity among di�erent

ionic species. The ability of potassium ion channels to select K+ over smaller ions,

especially Na+, is crucial for a physiological function. The mechanisms of selectivity

have been the focus of decades of ion-channel research and it continues to attract

a great deal of attention (see Andersen 7 and reference therein). Various hypothesis

has been proposed for selectivity which originates from fundamentally di�erent per-

spectives in the description of �exibility of the pore: a structure which is su�ciently

rigid to eventually induce mechanisms governed by thermodynamic exclusion, or

�exible enough to justify alternative explanations.

Earlier studies undertaken before the availability of crystal structures, pro-

posed two di�erent mechanisms for selectivity: i) a kinetic mechanism, determined

by the rates at which ions enter the pore21, and (ii) a thermodynamic mechanism,

in which the channel demonstrates di�erent a�nities for the di�erent ions.108 The

presence of the multi-site SF revealed by X-ray crystal structures46,157 was consid-

ered to support the latter theory. Consequently, the so-called �snug �t� hypothesis

became the standard textbook explanation: the oxygen atoms that constitute the

sites of the SF do not coordinate the small Na+ as well as the K+ and therefore the

ion dehydration energy is not compensated.64

In any event the debate is still continuing because many authors consider

this explanation to be an oversimpli�cation of the dynamical properties of the pro-

tein.7,110,130 Signi�cant contributions to the discussion were recently made by MD

and free-energy calculations. Some of those studies suggested a small energetic cost

associated with the entering of a Na+ ion in the SF, which led the authors to suggest

that the site S2, located at the centre of the pore, is responsible for a thermodynami-
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cally driven selectivity.18,48,130 Other studies suggested that the �lter can coordinate

the Na+ ions135 and the existence of sites for Na+ in the SF have been proposed,

called B sites, which are di�erent from the sites for K+. The location of the B sites

was suggested as lying between the sites for K+, with the Na+ and the oxygen atom

belonging to the SF in a planar arrangement.78,110,135,141 Based on this hypothesis,

the authors considered the binding of Na+ inside the �lter would not be thermody-

namically unfavourable, so a kinetic-based selectivity was proposed occurring before

the entrance of SF.110

Interestingly, although the B sites were detected via X-ray experiments for the

smaller Li+, they have never been con�rmed in the conductive conformation for Na+

ions which, by contrast, were found capable of reducing the open probability of the

channel.110,141,157 In addition to this �slow gating e�ect�, which is mostly noticeable

at high voltages, intracellular Na+ was observed to be a�ecting the overall K+ current

with a fast block.110,111,141 The two e�ects are believed to occur according to di�erent

mechanisms, and the entry of the Na+ in the SF was suggested as being responsible

for the slow e�ects on K+ current.110

The di�culties of a de�nitive clari�cation of the mechanistic details related

to the physiological behaviours of potassium ion channels originate from the inher-

ent complexities associated with the system under investigation. In potassium ion

channels, a wide variety of processes linked to permeation and gating are tightly

correlated and lead to a complex behaviour pattern where inactivation and the con-

formational �exibility of the pore obscure the permeation and selectivity analysis, an

issue which is expressly recognised by some of the authors of previously cited works

(see Li, Andersen, and Roux 92). This is a fundamental problem arising from the

natural behaviour of the channels and from the complex dynamics that regulates the

inactivation and gating modes in which a complicated equilibrium exists amongst

the conductive and non-conductive states, and the states transitional between them.

Conductive states are often intrinsically unstable, such as in KcsA.28,29,35 Conse-

quently their investigation is challenging. For instance, free energies of the per-

meating ions will mix unweighted components derived from conductive and non-

conductive states and easily result in imbalance towards the non-conductive states.

Free-energy calculations on ion channels usually rely on very short sampling to deliver

an implicit method to address this problem is commonly implemented by perform-

ing very short umbrella simulations.18,20,121,126,131 However, it has been shown in

the literature78,121, in Chap. 3 and it will be further shown in this chapter, that

this approach does not guarantee, neither theoretically nor in practice, an accurate

reconstruction of the free energies. This depends on the fact that the conforma-
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tional variability of the pore is mainly determined by the evolution of the network

of residues surrounding the SF which involves processes occurring over a wide range

of time-scales and on their correlations with the motions of the ions.28�30,34�37,42

In some works a more focused approach is used in which conductivity of the

SF was locally preserved in time and space by a direct restraint on the conformation

of an area of the SF (V76),77,78,141 believed to be linked with inactivation.20 However,

this solution directly limits the �exibility of the SF, which is widely indicated being

a determinant factor in permeation and selectivity (see Andersen 7 and references

therein), and therefore important properties might remain hidden. Moreover, its

local nature tends to ignore detailed complexities related to the inactivation process

and its origins, thereby overlooking additional relevant elements.

All the available data delivers a very complex picture of the close intercon-

nections between selectivity, conductivity and gating in K+ ion channels which can

be hardly represented by simpli�ed models and which require additional extensive

investigations in order to be further clari�ed. In the present work, extensive analysis

led to the recognition of the network of determinants for inactivation located behind

the pore. The state of residue D80 was recognised as the key element in the process.

This, in turn, primarily depends on the neighbouring H-bond donor residues. In

particular, the transitions toward non-conductive and inactive conformations were

found to be correlated with rearrangement in the conformations of the E71 and R64

side chains. These results allowed us to transparently uncouple the dynamics of

the ions and the conductive/non-conductive equilibrium in order to deliver a clear

con�nement of the sampling within the conductive conformation. At the same time,

the �exibility of the conductive SF, including of the region of V76, was preserved

in our calculations. Free energies calculations of the permeation were performed by

means of well-tempered metadynamics approach.13,50

Given the single-�le fashion of the conduction, the entry of the incoming ion

is the key step because it determines the mechanism of the process, including the

creation of vacancies. Our investigations mainly focused on this fundamental step

and showed that ion-ion repulsions act over longer distances and acquire greater

importance than those previously suggested by similar works. These repulsions gen-

erate an electrochemical gradient across the SF which is suggested as being the main

driving force in the permeation process. Additionally, the structure of the SF is

suggested to be an additional element able to provide a preferential direction for

ion di�usion. It will also be shown that inward transitions enhance the inactivation

probability in KcsA WT, and this might explain the dependence of the inactivation

on the voltage.34
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Finally, selectivity over Na+ ions was investigated in the case of outward

permeation on the conductive conformation of KcsA. A mechanism for selectivity

governed by thermodynamic exclusion is proposed which is able to harmonically

combine the �exibility of the protein with the classic hypothesis of the molecular-

sieve. In addition, the analysis con�rmed the long range actions of electrostatic

forces which will lead to an explanation for the fast and slow e�ects of intracellular

Na+ on the K+ current.

6.1 Methods

The mechanism of permeation was investigated. A particular focus was directed

towards the in�uence exerted by the incoming ion on the K+ already bound to the

SF and on the energetics involved in its entry. Permeation and selectivity were

investigated in the outward direction of the K+ current in KcsA which has been

experimentally shown to be the preferred. Well-tempered MetaD calculations were

employed as main approach of investigation. The ions in the present chapter will

be labelled with the symbol of the element and an increasing number, commencing

with the outermost in the SF, i.e. two K+ ions in the SF and one in the cavity, will

be labelled K1, K2 (in the SF) and K3 (in the cavity).

All the calculations performed in this chapter commenced with two K+ ions

placed in the SF (K1 and K2), consistent with the common hypothesis that two is

the minimum number of K+ ions needed to stabilise the conductive conformation

over long time-scales.18,45,46,72,107,107,154 Following the objective of the investigation

and considering also the single-�le fashion of the di�usion, a single CV was used to

describe the motions of K1 and K2: the position of the their centre of mass along the

channel axis (zK12, Fig. 6.1). This choice is more appropriate considering the high

correlations between K1 and K2 in the conductive state described in sec. 4.8. Two

di�erent de�nitions of the axis of the channel were used for this study. For most of

the preliminary studies, some of which are presented in this chapter, the axis was

considered to be approximately parallel to �z�, consistent with a common de�nition

which have been used for similar published works.18,20,54,121 The axis origin was

the centre of mass (COM) of backbone atoms of residues from 75 to 78 of the four

subunits, similar to Berneche and Roux 18 . The �nal free-energy surfaces (FES) were

computed using a dynamical de�nition of the axis: the vector passing through the

COMs of atoms C, C\alpha and N of i) residues from 77 to 79 (\mathrm{S}\mathrm{F}up\mathrm{C}\mathrm{O}\mathrm{M}, corresponding

with sites S0 and S1), and ii) residues 72 and 73 (\mathrm{S}\mathrm{F}low\mathrm{C}\mathrm{O}\mathrm{M}). The origin of the axis was

set to
\bigl( 
\mathrm{S}\mathrm{F}up\mathrm{C}\mathrm{O}\mathrm{M} + \mathrm{S}\mathrm{F}low\mathrm{C}\mathrm{O}\mathrm{M}

\bigr) 
/2. Because of the relatively wide �uctuations occurring
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during long simulations, this dynamical de�nition provided more precise FESs, with

narrower minima.

Incoming ions of two species were investigated: K+ (K3) and Na+ (Na3). The

incoming ion moves in three dimensions in the cavity. Considering the relatively good

symmetry of the cavity on XY plane, it was represented by cylindrical coordinates

with respect to the SF axis (Fig. 6.1): the height (zK3or zNa3), and the radial distance

(xyK3or xyNa3).

S4

S3

S2

S1

S0

zK12

zK3

xyK3

Figure 6.1: Collective variables for analysis on permeation.

The CVs zK12, zK3 and zNa3 were computed as the projection onto a vector

\bfitv (the channel axis) of a distance \bfitd (the distance between the considered elements

and the origin of the axis):

\mathrm{p}\mathrm{r}\mathrm{o}\mathrm{j}\bfitv \bfitd =
\bfitv \cdot \bfitd 
| \bfitv | 2

\bfitv . (6.1)

The distances xyK3 and xyNa3 were computed as the projection of the distance \bfitd 
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onto the plane \scrW orthogonal to the vector \bfitv 

\mathrm{p}\mathrm{r}\mathrm{o}\mathrm{j}\scrW \bfitd = \bfitd  - \bfitv \cdot \bfitd 
| \bfitv | 2

\bfitv . (6.2)

The calculations were designed to obtain the best representation of the three

ions using the minimum number of CVs, that is desirable in order to minimise errors

in the metaD procedure.88 The parameters \Delta T = 2000 K and w0 = 0.005 Kcal/mol

were used (see Sec 2.2.4).

Selectivity was investigated by substituting the K+ located in the cavity

with a Na+ in the relaxed con�guration that was used to initialise the calculation

on permeation. The productive metaD calculation was anticipated by 103 steps of

minimisation procedure and 260 ps of additional unbiased relaxation.

In this chapter, the occupancy of the SF and cavity are described by means of

six upper-case letters: the �rst �ve refer to the element in the SF; the last (separated

by a �+�) refers to the element in the cavity. Water molecules are indicated by �W�,

K+ ions by �K�, vacancies (empty sites) by �0�. For example, WKWKW+K means

three K+ ions arranged in S1/S3/cavity and water molecules in S0/S2/S4, whilst

WKWK0+K refers to a similar arrangement of ions, water molecules in S0/S2 and

a vacancy in S4. Two elements that approximately share the same site are indicated

within parentheses and divided by �|�, e.g. �(W|K)�.

6.1.1 Umbrella Sampling

The choice of parameters for the US method followed the paper by Piccinini et al. 121 ,

which was intended as a one-dimensional adaptation of those performed by Berneche

and Roux 18 . The chosen CV was the z coordinate of ion K1, centred according the

COM of the SF. The biased potential had an harmonic shape with a force constant

20 kcal/mol Å2. Consistent to the work used as a reference, the biased potential

was moved along z, with \Delta z = 0.5 Å; 14 umbrella simulations were performed of a

length of 515 ps each, labelled W1 to W14: 275 ps were discarded as equilibration

time. The coordinate z corresponding to a biased collective variable was stored at

every time step. The PMF was obtained using WHAM method83, with a histogram

of 310 bins spanning from 0 to 8 Å, corresponding to moving K1 from the site S2 to

S0.
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6.2 Issues in the calculations of the free-energies

6.2.1 Free-energies computed on KcsA

Simple umbrella sampling which reproduced published calculations Piccinini et al. 121

using a well-established method such as umbrella sampling (US) failed to capture

important features of the channel, such as the presence of the di�erent binding sites.

Moreover, similar results were published in various studies.20,78,121 The origin of this

failure did not simply depend on the selection of wrong parameters for US procedure,

but on more intrinsic issues related to the application of free-energy methods on ion

channels and biological systems in general.

Fig. 6.2 shows a summary of the computed FES. The distributions \scrP \scrW i(z)

clearly show there is adequate sampling over the CV, demonstrating that the issue

originated from the evolution of the transversal degrees of freedom. Analysis of the

trajectories revealed that during the sampling the SF assumed a clear non-conductive

conformation which never observed in unbiased simulations. This conformation was

initially promoted by the disruption of the E71�D80 H-bond and the formation of

R64�D80 H-bond (Fig. 6.2b) and was �nally stabilised by rotation of E71 around \chi 1

dihedral angle (Fig. 6.2c). Increasing the length of the sampling would not be useful

because the stability of the non-conductive conformations reached in similar calcula-

tions was proved in several tests. The creation of these non-conductive states mainly

depends on the strong coupling between the dynamics of the ions and of the pore

region enhanced by the external potential used to vary the centre of subsequent US

simulations. The issue arises from the intrinsic properties of the system, dependent

on the instability of the conductive conformation proved by several lines of evidence

on KcsA.28,34

It should be noted that, the problem is relatively independent from the

method that is used. Similar results were obtained from a well-tempered metaD

calculation designed to investigate the multi-ionic dynamics of the permeation. The

calculation was performed over the CVs zK12, zK3and xyK3, with the channel axis de-

�ned as z, from a starting con�guration with two K+ ions bound to the SF (K1 and

K2) and a K+ ion in the cavity (K3). The details are described in sec. 6.1 (�Meth-

ods�). A non-conductive conformation of the SF was �nally reached, although the

smooth evolution of the metaD bias potential. As shown in Fig. 6.3a, the calcula-

tion failed to converge towards the underlying FES. As seen for the US calculation,

the system evolved along the degrees of freedom orthogonal to the CVs during the

sampling until a non-conductive conformation was arrived at. This evolution in-

volved the creation of an R64�D80 H-bond and the subsequent rotation of the E71
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Figure 6.2: FES for K1 computed with US, which includes the distributions of
the CV for each window.

side chain (Fig. 6.3b). The SF was unable to return towards the conductive state

within the simulated time (58 ns). Instead, the non-conductive conformation was

very stable, and this led to a greatest weight in the resultant energy surface. We

suggest that, in contrast to the US calculation, the evolution to an inactive state was

enhanced in this case by the inward K+ transitions sampled by metaD which were

able to promote an inactivation. This mechanism will be discussed further in this

chapter and it will be suggested that it is linked to the voltage-dependent gating.34

In conclusion, a straightforward application of the methods commonly used to

compute free-energies in biological systems failed to deliver an appropriate descrip-

tion of permeation in KcsA because of the complexity of the channel's behaviour,

in which permeation is tightly linked to inactivation. A system-dependent approach

must be developed.

6.2.2 Analysis of the issues

A generalisation of the issues encountered in the investigation of permeation helps

to determine the appropriate strategy to approach the task. Biological systems are

governed by complex free-energy landscapes with barriers of varying sizes, from the

very low to the practically insuperable within the sampling. FES are computed to

address speci�c processes that involve transitions which are generally small with
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Figure 6.3: Multi-dimensional well-tempered metaD calculation performed over
the CVs zK12, zK3and xyK3. No additional restrains applied.

respect to the complete dynamics of the system. Even relatively complex processes

usually require the sampling of speci�c subspaces of the phase space. Moreover, a

complete sampling would result in undesired FESs.

An example is suggested in Fig. 6.4, which considers the simple case of an

umbrella sampling applied to explore a two-dimensional FES where only one degree

of freedom is biased. Umbrella sampling is used because it allows a simple view but,

as said, similar problems must be considered common to most of the methods used

to compute free energies. As described in Chap. 3, umbrella sampling and the other

biased methods involve a dimensional reduction which theoretically requires a com-

plete ergodicity and mixing of the degrees of freedom orthogonal to the biased CVs.

Even when exists in theory, ergodicity is not true in practice for biological systems,

due the limited length of the sampling imposed by the computational resources. This

lack of ergodicity does not necessary result in a loss of accuracy in the event that

it does not produce non-stationary processes. Therefore it is often exploited in free-

energy calculations, for instance when one among the many activities of a protein is

investigated without sampling denaturation or unfolding. In the case of permeation

in KcsA, an extended sampling of the protein phase space, even without includ-
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ing the extreme cases such as unfolding, would result in an overall non-conductive

FES, given the low probability of the conductive state. It means that this lack of

ergodicity is usually exploited in free-energy calculations to con�ne the sampling to

within an arbitrary region of interest which is eventually able to deliver as many

features of the investigated process as possible. This implicit approach does not al-

ways work, especially when the barriers involved in the process are comparable with

undesired events, such as in the case of permeation and inactivation in KcsA. When

this happens important issues can easily arise which, in turn, can lead to undesired

results. Three common cases are described in the Fig. 6.5, again referring to the

simple example of a one-dimensional US over a two-dimensional system:

A: Issues in the initialisation of the subsequent umbrella sampling simulations;

B: Risk of being trapped outside the region of interest during the sampling;

C: Incoherent FES coming from improper sampling.

Case �A� is delivered by the diabatic displacements induced by external potentials

associated with the di�erent methods. In the example, the potential which was used

to move the system between two subsequent windows. This step requires particu-

lar care for a good application of a biased method on biological systems because

a displacement along the direction of the CVs is usually accompanied by unknown

displacements along the remaining degrees of freedom, due to the high correlations

which characterise these systems. When a previous extensive knowledge of the FES

is missing, a common way of initialising new windows in US is to apply an external

potential strong enough to guarantee the system will move the free-energy along an

upwards gradient in the direction of the CV, and then relax. Very likely, this is the

method that has been applied in most of the investigations on permeation and se-

lectivity performed on ion channels.20,36,78,121,141 However, this additional potential

can perturb the system and push it towards unknown positions of the phase space

when the barriers along the CVs and the orthogonal degrees of freedom have compa-

rable heights. The displacements described can have dramatic e�ects, even if these

are very small in the phase space due to the huge dimensionality of the investigated

systems and the high correlations. Another common procedure used in the investi-

gation of ion channels39,54 is to perform the displacements by manual modi�cation of

the coordinates of the elements of the system. While, depending on the experience of

the researcher, it can helps to avoid huge inconsistencies, it does not guarantee that

the starting points of subsequent windows will belong to consistent pathways. This

means that it is practically impossible to completely prevent the occurrence of issues

similar to case �A�. Thus, a similar approach does not have a general application.
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Cases �B� and �C� derive from the natural complexity of the underlying FES,

and their identi�cation can be very di�cult. The FESs appear consistent and the

calculations are very likely reproducible (especially for case �C�).

Several approaches can be applied to avoid the described issues. The sim-

plest way to address issues similar to case �A� is to initialise the free-energy cal-

culations according to extensive unbiased simulations. However, risks of experienc-

ing issues similar to case �C� remain unchanged. Moreover, typically an extensive

preliminary knowledge of the process and, especially, of the pathways which con-

nect the di�erent states is absent.86,149 This is usually the case for research on ion

channels, in which the recognition of detailed pathways is one of the ultimate ob-

jectives.18,36,45,54,69,78,92,131,141 An alternative approach is the identi�cation of the

adiabatic pathways, followed by the reconstruction of the FES.45,86,137,143,153 Well-

temperad metaD (sec. 2.2.3) permit the reconstruction of quasi-adiabatic pathways

and a straightforward derivation of the FES, which is theoretically true, without

additional steps.13 In metaD the construction of the biased potential is not truly

adiabiatic, since the deposition of the Gaussians is not continuous and small pertur-

bations occur when a new Gaussian is added. Preliminary tests demonstrated that

the initial height of the Gaussians w0 is the most important parameter for avoiding

the occurrence of similar events, because higher w0 caused problems similar to case

�A�. For this reason very small w0 (0.005 kcal/mol) was selected. In any event, as

previously shown, a straightforward application of metaD also failed because the

method is very sensitive to being trapped in deep minima located outside the region

of interest, similar to case �B�.

In general, issues similar to cases �B� and �C� are observed in FES calculations

aiming to complex systems by using any biased method and they related to the

fact that the investigations often require to be focused on a small subspace of the

whole phase space. The con�nement represents a layer on the top of the free-energy

calculations and it is strictly system-dependent.

In ion channels, similar procedures have been widely applied to study per-

meation and selectivity mechanisms by means of restraints on the dynamics of the

ions4,5,69,92,109,131, and sometimes to speci�cally investigate the behaviours of partic-

ular states of the proteins.18,20 However similar transparent approaches have rarely

been applied over the conductive states to improve the coherence of the samplings

which, in consequence, were very often kept short. It was mainly due to a lack of

understanding of the channel behaviour and the inactivation mechanisms. An at-

tempt to con�ne the sampling to a conductive state was made in recent works via

restraints on the V76 dynamics, which have been suggested being related to inacti-
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vation.77,78,141 In any event, these local restraints do not address the fundamental

problem of conductive/non-conductive equilibrium in the SF, with the consequence

that the related complex dynamics of the pore are mostly maintained. Moreover,

they directly limit the �exibility of the SF in such a way that important properties

of the SF might be hidden during the sampling.

In the present work, the analysis on permeation and selectivity was preceded

by an extensive investigation of the molecular determinants of inactivation. The

con�nement of the sampling to a conductive conformation of the channel was trans-

parently implemented by restraining the dynamics of the network behind the SF.

Since the restrained residues do not belong to the SF, most of the pore �exibility

and dynamics could be preserved, including the variability of V76 residues and their

�ipping.

6.3 Ion permeation in the conductive conformation

Given the huge dimensionality of the system, con�nement to the region of inter-

est implies an extensive knowledge about the determinant of the inactivation. The

network of residues behind the SF plays the key role in the regulation of the con-

ductivity. The state of residue D80 was identi�ed as a leading factor. According to

the results presented in the previous chapters and also to numerous additional tests,

which are not reported because of limited space, two main elements were recognised

as being determinant: i) R64 ii) and E71. As described in Chap. 4 and 5, they

collaborate to control the state of the D80 side chain in the processes that lead to

non-conductive states. Our calculations found that the distorted conformations of

TVGYG sequences which distinguish the non-conductive states were promoted by

the creation of strong D80�R64 interactions and by a rotation of E71 around its \chi 1

dihedral angle to \sim  - 70\circ . The residue R89 was not found to dramatically a�ect

the SF conformation, not even during long sampling. This is consistent with the

analysis performed in Chap. 4, where, without the concurrent intervention of R64,

R89 in�uence was suggested as being exerted only in time-scales longer than the

simulated times.

The dynamics of the ions in the SF is a�ected by the state of the network

behind the SF, as demonstrated in previous chapters. Even when limiting its variabil-

ity to suppress inactivation, many di�erent states remain available. Consequently,

many conductive conformations for the channel must exist and these are likely to

be characterised by di�erent conductivity. Our analysis suggests that the relevant

conformational changes within the network occur on slower time-scales with respect
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to the transition of K+. In order to deliver a more coherent picture of permeation,

our investigations focused on the state of the pore closer to the conductive state

proposed by Zhou et al. 157 by means of X-ray experiments.

This conductive state was easily maintained by restraining two dihedral angles

in each subunit (eight for the whole protein): \chi 1 dihedral angles of i) E71 (\chi 10 =

64.45\circ ) and ii) L81 (\chi 10 = 297.6\circ degrees). Restraint of L81 prevented the creation

of the strong H-bonds between R64 and D80, as shown in section 4.5.2. Restraints

were applied via harmonic potentials

1

2
K(\chi 1 - \chi 10)

2 K = 10 kcal/mol degrees2 (6.3)

and \chi 10 dihedral angles were chosen as averages from the unbiased simulations,

computed on the conformation closer to the X-ray structure.

The state of the inner gate was closed in the investigated structure.157 Accu-

rate analysis on the open states performed on the X-ray structures of a constitutively

open mutant channel (tKcsA-OM)42 revealed that the cavity is wider when the inner

gate is open, with side chains of residues I100 located further from the entrance of

the SF than in the closed state. From our simulations on the active-closed state,

I100 side chains in speci�c conformations were found to be a�ecting the dynamics

of the incoming ion, thereby severely reducing the space available for its motions.

In order to better mimic the wider cavity found in the open state of the channel,

residues I100 were restrained in the conformation of the X-ray structure used to

prepare the system by means of harmonic potential applied to dihedral angles \chi 1

and \chi 1 (\chi 10 =  - 63\circ , \chi 20 =  - 165\circ , K = 5 kcal/mol).

6.4 Mechanism of permeation

6.4.1 No incoming ion

Initially, the free-energy underlying the two ions bound to the SF (K1/K2) was

investigated in the absence of an incoming ion. The FES can be considered as the

�background� behaviour of the system, computed to qualify the in�uence delivered

by the incoming ion, and thus of the knock-on. The FES was computed with respect

to zK12, K1 and K2 were respectively located in S2 and S4 in the relaxed starting

con�guration with no ion in the cavity. The sampling was improved by applying a

spherical harmonic restraint from the COM of the SF (de�ned as atoms C, C\alpha , N of

residues from 74 to 79) to prevent the remaining the K+ ions from the outer bulk from

entering the SF during the relatively long sampling. The restraint was implemented
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via tclforces module of namd (including periodic boundaries conditions) according

to

\scrV S(ri,\mathrm{S}\mathrm{F}\mathrm{C}\mathrm{O}\mathrm{M}
) =

\left\{   0, ri,\mathrm{S}\mathrm{F}\mathrm{C}\mathrm{O}\mathrm{M}
> r\mathrm{c}\mathrm{u}\mathrm{t}\mathrm{o}ff

1

2
K(ri,\mathrm{S}\mathrm{F}\mathrm{C}\mathrm{O}\mathrm{M}

 - r\mathrm{c}\mathrm{u}\mathrm{t}\mathrm{o}ff)
2 ri,\mathrm{S}\mathrm{F}\mathrm{C}\mathrm{O}\mathrm{M}

\leq r\mathrm{c}\mathrm{u}\mathrm{t}\mathrm{o}ff
(6.4)

with r\mathrm{c}\mathrm{u}\mathrm{t}\mathrm{o}ff = 6 Å and K = 20 kcal/mol Å2. As mentioned, this is a common

technique in the computation of free energies in ion channels.4,5,69,92,109,131 The total

length of the sampling was \sim 42 ns.

The FES that was obtained, shown in Fig. 6.6a, shows a single minimum for

K1/K2 in the sites S2/S4. In this con�guration V76 was mostly found in the �ipped

state. The result strongly supports the knock-on mechanism because it demonstrates

that the permeation does not occur without the intervention of an incoming ion. In

any event, it also suggests that electrostatic interactions act over long ranges, which

di�ers from that which was suggested by Berneche and Roux 18 . Structural factors

do not justify such a strong preference for the inner sites that it is suggested originate

from the repulsive ion-ion interactions between the K+ ions in SF and in the bulk.

The presence of K+ ions in proximity to the external mouth of the pore was proved

considering their radial distribution function (RDF) from the site S0 computed on an

unbiased simulation (Fig. 6.7). A broad region of relatively high K+ concentrations

was located immediately outside S0, with the highest peak in the RDF corresponding

with the site Sext described by previous works.18,121,157

The free energy acting on K1/K2 can therefore be simpli�ed by the sum

of two leading terms: i) the electrochemical gradient across the SF, and ii) the

interactions ions-SF. The gradient in the free-energy across the SF is generated by

the di�erent ionic strength between the bulk in the proximity of the outer mouth,

[K+] \geq 0.2M, and the cavity, [K+] = 0M. This di�erence generates a gradient in the

chemical potentials that results in a clear inward push to K1 and K2. In any event,

interactions ions-SF prevent the push from being turned into an inward di�usion,

because the calculation demonstrated that the coordination of K+ ions by the SF is

thermodynamically favoured with respect to the K+ in the aqueous cavity.

6.4.2 Permeation promoted by incoming K+ ion

The e�ect on the ions in the SF K1/K2 of an ion incoming from the intracellular

region was investigated by considering the case of a K+ ion in the cavity (K3). The

FES was computed with respect to zK12, zK3 and xyK3(Sec. 6.1). The sampling was

enhanced by applying a half harmonic potential to zK12 centred on zK12 = 5.4 Å, in

order to prevent the di�usion of K1 to the bulk. For the sake of clarity the three-
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dimensional FES was projected onto one and two-dimensional surfaces, integrating

out the remaining CVs, as described in the Chap. 2. No additional restraints were

applied to the ions in the bulk. The total length of the sampling was \sim 190 ns.

The projection of the FES onto zK12-zK3(Fig. 6.6b) demonstrated that per-

meation is possible in the presence of K3, which completely modi�ed the free-energy

pro�le underlying the motions of K1/K2. At least two permeation pathways could

be recognised, which resulted in K1 leaving the SF. These results con�rm �knock-on�

as the main conduction mechanism: the permeation in the potassium ion channel is

promoted by an incoming ion.

Energetics and detailed mechanisms

As previously mentioned, two permeation pathways were identi�ed for the perme-

ation in KcsA. They are described here in the outward direction, the preferred current

direction in KcsA.31,34

According to the labels used in Fig. 6.6b, both start with the transition

B \rightarrow C, corresponding to K1/K2 from S2/S4 to S1/S3. Unlike the calculation

performed in the absence of K3, the conformation S2/S4 (B, zK12 <\sim  - 1 Å) became

the least probable state for K1/K2.
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Pathway 1 can be considered to be consistent with the most common idea

of the �knock on� mechanism, in which the entry of K3 in S4 is the determining

event that �knocks on� K1/K2.18,39,72 We will de�ne this pathway as classic knock-

on. By focusing on a truly conductive state of the channel, the entrance of K3 in

the SF was discovered to be practically barrier-less for the classic knock-on (less

than 0.5 kcal/mol along zK3, C \rightarrow C\prime ). This is lower than those obtained by similar

published calculations, where the lowest barrier reported has been between 2 and

3 kcal/mol.18 Furthermore, a thermodynamic bene�t for the incoming K+ ion in

being coordinated by the inner mouth of the pore was demonstrated for the �rst

time.

Of considerable signi�cance, the state C\prime (K1/K2/K3 in S1/S3/S4) was found

in two di�erent forms: i) with a water molecule separating K2 and K3,

WKWK(W|K)+K; and ii) without any water molecule between the two ions, WK-

WKK+K, which eventually evolved into the creation of a vacancy. Pathway 1 is then

an average between these two di�erent detailed mechanisms and explains the occur-

rence of vacancies reported in published works71,72 and is also seen on our unbiased

simulations. The possibility of vacancies occurring adds an additional level of com-

plexity to the conduction process. The origin of a the very low barrier for �C� \rightarrow �C\prime �

is suggested as being the weighted average between the two detailed mechanisms.

The barrier for the transition toward WKWKK+K is expected to be close to 0, be-

cause the determinant transition in the process is the di�usion of the water molecule

in S4 into the cavity, i.e. translational motions orthogonal to the investigated CVs.

On the other hand, the barrier for the transition toward WKWK(W|K)+K is ex-

pected to be sightly larger than the �nal averaged value. For this reason, although

it appears as a transitional state in the FES, conformation �C� was found to have

a life-time of the scale of few ns from unbiased simulations, because both of the

processes associated with �C� \rightarrow �C\prime � involve di�usional transitions that occur on

the ns time-scales (water di�using from S4 to the cavity or K3 pushing on the water

in S4). The two detailed mechanisms of pathway 1 cannot be distinguished from the

calculations presented here because additional CVs would be necessary to take into

account the motions of the water molecules. However, the calculation demonstrates

that the entry of the incoming ion is practically barrier-less when averaged over all

the incoming ions that promote a classic knock-on.

The remaining transition of pathway 1, C\prime \rightarrow D, involved the pair K1/K2

which move until the ions reach the con�guration S0/S2/S4, the absolute minimum

for the surface. The computed barriers are slightly (1  - 2 kcal/mol) higher than

those reported in published works.18,141 This is because we considered and averaged
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out the dynamics of the central region of the SF and V76, including its �ipping.

These transitions did not immediately result in a dramatic block of the permeation,

supporting our hypothesis that additional rearrangements in the network behind the

SF must accompany V76 �ipping in order to hinder the permeation. The vacancy

between K2 and K3 are created in classic knock-on within the transition C\prime \rightarrow D.

Pathway 2 di�ers from pathway 1 because the pair K1/K2 moved from S1/S3

to S0/S2 before K3 entered the SF (C\rightarrow C\prime \prime ). It bears some resemblance to a pathway

suggested by Berneche and Roux 18 , which was proposed characteristic of a �vacancy

di�usion� mechanism104,133, In this mechanism permeation arises from the random

walk of the ions in the pore, which generates a vacancy that favours the entry of

the incoming ion. Although during the process a vacancy is temporarily created in

S3 which precedes the entry of K3 (KWK0W+K), our results demonstrated that a

random walk of the K+ ions in the pore is precluded without the presence of the

incoming ion (sec. 6.4.1), and the transition C \rightarrow C\prime \prime is mainly promoted by the

presence of K3 close to the �lter entrance (zK3between \sim  - 8 and  - 6.8 Å). Thus we

propose that pathway 2 would be better de�ned by a purely electrostatic knock-on

mechanism in which the determinant step is the translation of K1/K2 from S1/S3

to S0/S2 which is promoted by the long range ion-ion repulsions with the incoming

ion still in the cavity. Some a�nities can be found between this mechanism and

the �loosely coupled knock-on� mechanism proposed by Corry and Thomas 39 for

voltage-gated sodium ion channels.

Additionally, the purely electrostatic knock-on involves similar energies to

the classic knock-on, with the highest barriers being between 4 and 5 kcal/mol for

the latter, and between 5 and 6 kcal/mol for the former. The barrier for the entry

of the incoming ion in the �lter reported in the Fig. 6.6b (C\prime \prime \rightarrow D, between 1 and

2 kcal/mol), must be considered a slight overestimate for the process because it

arises from the projection onto the zK12- xyK3 plane and it is also averaged with

respect of the con�guration KWKWW+K. Even if it was not sampled in the metaD

calculation, creation of the vacancies during the purely electrostatic knock-on was

observed to be occurring in an unbiased simulation, with K3 swapping its position

with the water molecule in S4 (KWK0W+K \rightarrow KWK0K+W). We therefore suggest

it is an available mechanism but with only a low probability of its occurrence.

Importantly, the permeation mechanism KWKWW+K \rightarrow WWKWW+K

was sampled. In any event, the energies required suggest a much lower probabil-

ity than for the previously mentioned pathways.

A representative snapshot of the states corresponds to the minima for zK12 \sim 
0 Å is shown in Fig. 6.6d, where K2 is in S3 and K1 is located between the sites
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S1 and S2, approximately arranged in a planar manner with respect to the oxygen

atoms of G77. These states were not very stable, but they are relevant since they

often preceded the �ipping of V76.

The entry of the incoming ion in the SF was found to be barrier-less when

averaged over all the sampled pathways. The FES for K3 was obtained as the

projection of the computed FES onto an ideal plane which crosses the channel axis,

averaged over all the possible planes, summarising xyK3 with respect to 0 (zK3-

xyK3sym, Fig. 6.8a). The �gure reveals that the protein structure drives the incoming

ion toward the SF entrance, in particular with the carbonyl groups of residues T74

and A73 and the side chains of T75 which point towards the cavity. Hydroxyl groups

of T75 side chains are responsible for the dehydration of the K+. Figs. 6.8a and 6.8c

(the projection of the computed FES onto zK3) show that this process is accompanied

by a strong thermodynamic bene�t (\sim 5 kcal/mol), thus demonstrating two leading

factors of the permeation: i) a free-energy gradient for the incoming ion toward the

SF mouth; and ii) the strong di�erence in the free energy between the cavity and

S4.

Interestingly, the calculation revealed that the ions K1/K2 move in the SF

only when aligned with the incoming ion K3 along the channel axis, as shown by the

FES projected onto the plane zK12-xyK3sym (Fig. 6.8b). When a conductive state is

considered, a further relevant result is the existence of a gradient in the free-energy

(from �B� to �D�) capable of locally driving the permeation.

6.4.3 Driving forces

The detailed driving forces of the permeation are analysed by considering the in�u-

ence of the incoming ion (K3) on the two ions bound in the SF (K1/K2). Fig. 6.9

shows the FES as function of zK12 for three relevant cases: i) when there is not any

ion in the cavity (no incoming ion, purple line); ii) when an incoming K+ ion freely

moves within the cavity (K+ in the cavity, blue line); and iii) when permeation is

accompanied by the entry of the incoming K+ ion in the SF (Knock-on process, red

line). The case of a Na+ in the cavity is also reported (green line), but will be

more widely discussed later in this chapter. The FESs for cases (ii) and (iii) were

computed from the FES described in the previous section, integrating zK3 over the

regions of interest and xyK3 being averaged out. These regions were de�ned as: (ii)

K+ in the cavity for zK3 <  - 6.8 Å, and (iii) Knock-on process for zK3 >  - 8 Å.

Dashed lines in the �gure were obtained by simple linear regression and are shown

to simply visualise the free energy gradients.

As previously discussed, the incoming K+ ion a�ects the dynamics of K1/K2
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as soon as it gets into the cavity. Conformation S2/S4 was the most stable in the

case of no incoming ion (Fig. 6.9, purple), and a strong inward gradient dominated

the free-energy. The di�usion process of K+ ions in the pore does not occur without

the intervention of incoming ions. The mere presence of K3 in the cavity is able

to promote a process consistent with an activated di�usion, with transitions taking

place between three main positions: S2/S4, S1/S3, S0/S3 (Fig. 6.9, blue). Among the

three, S2/S4 had the highest probability, even for values of zK3 lower than  - 10 Å,

that is K3 relatively distant from the SF entrance (as shown by Fig. 6.6b), and,

interestingly, S0/S2 was more stable than S2/S4. This analysis con�rmed the long

ranges of electrostatic interactions in the conductive state of KcsA. We explain this

by considering that under the simulated conditions the ion in the cavity was able

to compensate for the in�uences of the K+ ions in the bulk on K1/K2 suppressing

the electrochemical gradient across the SF. This hypothesis will be further con�rmed

when selectivity over Na+ will be discussed. This gradient must be considered to be a

determinant factor in permeation, which can be inverted in di�erent cases depending

on the ionic strength of the bulk and on the number of ions in the cavity.
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Figure 6.9: Driving force of the permeation, FES for the two ions bound to the
SF.

Interestingly, the activated di�usion, a random walk of K1/K2 among the

three di�erent states, is prevented in practice by K3 entering in the SF. This is

both kinetically and thermodynamically favoured and gives a directionality to the

overall process, resulting in a clear free-energy gradient (Fig. 6.9, red). According

to our results, the �knock-on� acquires a wider meaning and greater importance in
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guaranteeing the e�ciency of the ion �ux because the incoming ion plays a dual role:

i) promoting the transitions of K+ ions in the SF; and ii) generating an overall free-

energy gradient toward the permeation. According to standard thermodynamics,

the overall energetic contribution of knock-on can be de�ned

E \geq 
\int 

dzK12 (G(zK12)K+  - G(zK12)0) , (6.5)

where G(zK12)0 is the free energy when there is no incoming ion and G(zK12)K+

when the incoming ion is a K+. This contribution is very relevant and can be

regarded as being the di�erence between the purple and red line in Fig. 6.9. Fig. 6.10

summarises the results of the calculations and �ts them into the general case of

outward conduction in KcsA, the preferred direction.31,34

It is important to note that the picture is not complete because the migration

of the vacancy in pathway 1 has not been studied in detail. In any event, all our

biased and unbiased simulations suggest that a propagation occurs in the direction

of the permeation, as suggested in previous works.71,72

6.4.4 Con�rmation on unbiased simulations

The validity of the results was compared with unbiased, unrestrained simulations.

Permeation was promoted by the presence of two K+ ions in the cavity which cre-

ated strong electrostatics repulsion. This repulsions had the e�ect of inverting the

electrochemical gradient across the �lter. This was done so as to have a better res-

olution of the trajectories because shorter simulations allowed us to store positions

and velocities every time step (1 fs). The simulations con�rmed the two pathways of

permeation. The time series from two representative cases are reported in Fig. 6.11.

The �gures further con�rm the hypothesis that the transitions are activated pro-

cesses. In particular, the additional K+ (K4) created a 4-ions concerted process in

the �classic knock-on�.

6.5 Selectivity: a thermodynamic mechanism

Selectivity was investigated on the conductive state of the KcsA for the case of a

Na+ di�using from the intracellular region. The well-tempered metaD calculation

was prepared as described in sec. 6.1 and started from a con�guration with a Na+

in the cavity (Na3) and two K+ ions (K1 and K2) in the SF.
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Figure 6.10: Summary of the results on permeation �ts into the general case of
outward conduction in KcsA, the preferred direction.31,34 The overall driving force
of K+ current is the electrochemical gradient across the membrane generated by the
di�erent K+ concentrations between the two sides, higher inside than outside.64

The gradient across the SF determines the preferred state for the K+ ions bound
to the channel; the gradient between the intracellular side and the cavity leads the
ionic di�usion towards the cavity. Once the incoming K+ has di�used into the
cavity, negative charges drive it close to the mouth of the SF. In cases where the
electrochemical gradient across the SF is suppressed (or inverted) the permeation
occurs. It occurs according to two main pathways and in both cases the entry
of the incoming ion is practically barrier-less and promoted by the strong a�nity
between K+-SF.
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(a) (b)

Figure 6.11: Time series for the two mechanisms of permeation. Trajectories of
each relevant ions (the K+ ions in the cavity and the K+ ions bound to the SF)
were stored every time step (1 fs) speeding up the process by initially placing two
K+ ions in the cavity. On the left the �purely electrostatic knock-on� is shown:
i) the two K+ ions in �lter move outwards coherently, ii) the incoming ion enter
in the �lter after some time. On the right the �classic knock-on� is shown: the
incoming K+ performs the initial transition into the �lter, soon followed by the
outward transition of the two K+ ions still in the �lter. In the latter case it is
possible to see that the correlated multi-ions transition involved also the second
K+ in the cavity.
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6.5.1 Energetics

The FES was computed with respect to the CVs zK12, zNa3 and xyNa3, de�ned as

described in the section 6.1. The length of the sampling was \sim 200 ns and an

identical set-up was used as for the calculations described in the previous sections.

The calculation revealed a selectivity mechanism driven by thermodynamic

exclusion which occurs before the entrance of the SF (Fig. 6.12). For any state of

the pair of K+ in the SF (K1/K2), the preferred location for Na+ was fully hydrated

in the cavity (zNa3 <\sim 6.8). This is clearer from the comparison with the case in

which a K+ (K3) is the incoming ion. Fig. 6.13 reports the FESs projected onto

zK3 or zNa3, the positions of the incoming ions along the channel axis. A gradient

drives the K+ toward the SF and strong stabilisation accompanies the dehydration

and the coordination by the SF in S4, while for Na+ S4 (zNa3 between  - 6 and  - 6.8)

is not even a binding site. A weak minimum exists for Na3 bound to the external

entrance of the SF, coordinated by the hydroxyl groups of the T75 side chains of

two neighbouring subunits and either two or three water molecules (Fig. 6.14a),

or, more rarely, by the hydroxyl groups from all four subunits without any water

molecule in S4 (Fig. 6.14b). The di�erent states corresponding to this minimum

will be referred to as Bin, consistent with previous literature in which the putative

sites for Na+ were labelled by the letter �B�.78 The states Bin occurs only when

K1/K2 are located in the sites S1/S3, because when the two ions are located in the

sites S0/S2 they cause a small spread between the hydroxyl groups of the T75 side

chains su�cient to destabilise the coordination of Na+. On the other hand, the fully

hydrated Na3 in the cavity was \sim 2.5 kcal/mol more stable than Bin, with a high

probability of residing in close proximity to the SF entrance (zNa3 between  - 6.8 and

 - 8), which suggests the existence of an inner binding sites. For convenience this

sites will be labelled Cin, and Fig. 6.12b shows them as being located in the region

of the carbonyl groups of residues T74.

As previously described, Fig. 6.9 shows a comparison of the free-energies

G(zK12) along the channel axis for the pair K1/K2 in the di�erent cases, including

the case of the incoming Na+ ion (green line). The latter FES is very similar to

FES computed for K+ residing in the cavity (blue line). This further con�rms the

long range actions of the ion-ion electrostatic repulsions because the presence of any

ion in the cavity, whether Na+ or K+, facilitates the transitions of K1/K2, and

in the simulated conditions it was able to suppress of the gradient across the SF

(from purple to green and blue lines). We de�ne this as a �partial knock-on� e�ect.

Partial because, as previously discussed, knock-on is �nalised by the incoming (K+)

ion entering the �lter that produces a free-energy gradient toward permeation (red
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Figure 6.12: Di�erent projections of the multi-dimensional FES computed with
a Na+ ion in the cavity, computed with respect of zK12, zNa3 and xyNa3. The
latter is symmetrised xyK3 with respect of 0 to represent on ideal planes crossing
the channel axis. Binding sites Cin and Bin are shown.
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Figure 6.14: Coordination of Na+ atom in the entrance of the SF (Bin).
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line). This �nalisation does not occur in the case of the incoming Na+ which, it is

therefore suggested, is unable to promote conduction.

This inability to promote conduction is proposed as a possible explanation

for the fast block induced by intracellular Na+. In the case of relevant intracellular

concentrations, Na+ ions rapidly di�use to the cavity, probably faster than K+ 61,113

eventually binding to Cin. The fast block of the K+ current is suggested as being

caused by the combination of the inability of Na+ ions to give rise to an e�cient

conduction combined with the lowering of the electrochemical gradient between the

intracellular side and the cavity, which must be considered capable of reducing the

di�usion of K+ near to the pore entrance.

Fig. 6.12a shows also that less energy is required for the outer K+ ion (K1)

to leave the SF than for the Na+ ion to enter the SF in the conductive conforma-

tion. This is proposed as a possible cause for the slow gating e�ect of intracellular

Na+. This e�ect is more prominent at high voltages, when the gradients reported in

Fig. 6.12a are expected to change, eventually promoting K1 to exit without the con-

current entry of an additional ion. Even if neither the energy required to completely

empty the SF nor the transition toward inactive conformations were computed, the

presence of a single K+ ion in the SF was suggested as being insu�cient to stabilise

the conductive conformation over long time-scales.45

6.5.2 Mechanism of selectivity

All the results lead to a thermodynamically driven mechanism for selectivity which

occurs prior to the SF and which can be interpreted as an extension of the classic

�snug �t� hypothesis. Even taking into account the �exibility of the channel over

extended sampling, the Na+ are excluded from the SF. This is consistent with the

RMSD analysis from long unbiased simulations (Fig. 4.7) which demonstrated �uc-

tuations of T75, the SF entrance being the smallest within the whole protein in the

conductive state, with A73 and T72. Although the structure of the pore's entrance

is not completely rigid, as proved by the lack of Bin when K1/K2 were in S0/S2, its

�uctuations are limited in the conductive conformation and a proper coordination

of Na+ is not favoured. The states Bin for Na+ in Fig. 6.14b and C
\prime \prime 
for K+ in

Fig. 6.6 appear to be very similar and accordingly to our results both are able to

promote transitions of K1/K2. However, they strongly di�er in the energetic: Na+

is more favourable found in the aqueous cavity and it was rarely seen coordinated

by the atoms of the SF entrance; K+ is more stable in coordinated in the SF than in

the cavity. Contrary to what has been suggested in previous studies110, our results

showed that the position of the pair K1/K2 does not modify the probability of Na+
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entering. It is important to note that we performed an extensive sampling over the

states in which the D80 side chains cannot be driven by E71 and R64 so as to disrupt

the conductivity of the channel. The Na+ ion might �nd an easier way into the SF

in some inactive conformation.85,136

6.6 Inward transitions and voltage-dependent inactiva-

tion

In KcsA the conduction has an outward preferred direction.31,34 A dependence be-

tween this direction and the residues surrounding the pore has been found by exper-

iment. Moreover, the dependence of the inactivation on voltage and on the inversion

of the current was proved to exist. In any event, current measurements performed

after pH jumps revealed di�erent completeness and kinetics of inactivation according

to the direction of the K+ �ux.34 We propose that inactivation occurs with di�erent

mechanisms according to the �ux direction. In this section we discuss the voltage-

dependent inactivation promoted by inward transitions which is di�erent from the

mechanism proposed in chapter 5, although it bear a resemblance to it. The same

network of residues is in fact involved in the process, and an interplay between V76

backbone and the E71 side chain is proposed playing the key role.

During the multi-ion metaD sampling described in secs. 6.2, an inactive con-

formation was reached. Although the extent of the distortions in the �nal state

might be enhanced by the bias potential, inward transitions of the K+ ions in the SF

were recognised as enhancing the inactivation probability with a mechanism di�erent

from those described in the Chap. 5. These events were investigated using metaD

as a tool to promote rare events: the inward transitions.86

A well-temperad metaD was performed with an identical set-up and starting

point as the calculation which �nished in the inactive state, restraining only the

conformation of L81. This was intended to limit the in�uence of R64 in the process

and thereby make it more easy to investigate the in�uence of E71 conformation.

MetaD bias potential induced transitions in both directions. Although inward tran-

sitions of K1 and K2 occurred, as shown by the trajectories in Fig. 6.15, they were

accompanied by lateral �pushes� on the central region of the SF, in particular on

V76. This push originates the �ipping of V76 in more than one subunit which, di-

rectly interacting with E71 side chains, caused the rotation around their \chi 1 dihedral

angles to to \sim  - 70\circ degrees. These transitions of E71 were �nally responsible for

the non-conductive states and any further movement of K+ ions promoted by the

metaD bias potential resulted in deeper inactive states.
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Figure 6.15: Detailed trajectories of the metaD calculation that underwent inac-
tivation (L81 restrained to avoid the in�uence of the R64-D80 interactions on the
dynamics of the SF). Three CVs were used: i) zK12, ii) zK3 and iii) xyK3(Fig. 6.1).
The �gures shows that inward transitions of the permeating K+ ions (K1 and K2),
sampled thanks to the MetaD bias potential, enhanced the probability of distor-
tions in the SF structure. These distortions, initially stabilised by rearrangements
of the neighbouring residues, in particular E71, �nally led to the complete loss
of the conductive conformation. Due to the major structural rearrangements of
the SF, the obtained energy surfaces (upper panels, energy in Kcal/mol) do not
represent the free energy.
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A second calculation was performed from a di�erent initial conformation of

the K+ ions (K1/K2/K3 in S0/S2/S4) and was halted before a complete disruption

of the SF occurred. The calculation con�rmed that permeation is not completely

reversible in KcsA. Inward permeation easily generates non-conductive states similar

to the one reported in Fig. 6.16 in which V76 �ipped state is stabilised by the rotated

E71, and can lead to a complete disruption of the SF conductive conformation.

Similar results further stress the importance of focusing on conductive states of the

protein when permeation and selectivity are investigated.

Figure 6.16: Structure of the �lter with a low conductivity in which the V76
�ipped state is stabilised by the rotation of E71 (\chi 1 \sim  - 70\circ ), obtained during a
MetaD calculation started from ion occupancy 10101+0 (L81 restrained to avoid
the in�uence of the R64-D80 interactions on the dynamics of the SF). The occur-
rence of similar states was found enhanced by inward transitions of the K+ ions
in the �lter. The energy surfaces demonstrate that similar con�gurations strongly
a�ect the permeation, generating high barriers. The units of measurements of the
energy surfaces are Kcal/mol.

6.7 Discussion

The investigation of permeation and selectivity on a truly conductive state of the SF

allowed us to de�ne the main driving forces of the processes. Di�erently from simi-
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lar previous works,18 electrostatic forces have been revealed as having a crucial role.

Moreover the permeation has been shown to occur only via the knock-on mechanism,

even if one of the two revealed pathways might appear at a �rst sight, and has been

interpreted in the past, as associated to a �vacancy-di�usion� mechanism.18 The de-

hydration of the incoming K+ ion has been found barrier-less and accompanied by a

strong thermodynamic bene�t due to the ion-SF interactions. This is proposed as the

main driving force which promotes the permeation, because it generates a favourable

free-energy gradient. On the other hand, Na+ was found preferably located in the

cavity, fully hydrated, so that the selectivity can be explained.

In the previous chapters we recognised a network of residues responsible for

the regulation of the state of the SF in KcsA. In this chapter we further demon-

strate its importance in the conductivity. The occurrence of non-conductive states,

including inactive, were transparently suppressed by controlling the conformation of

the network. Interestingly, only two degrees of freedom per subunit appeared as the

most determinant: \chi 1 dihedral angles of residues E71 and L81. This result con�rms

the hypothesis proposed in the previous chapters that the pore is mainly regulated

by the state of D80, the main hub of the network, which is determined by a set of

H-bond donor residues, among which E71 and R64 play a relevant role. Restraint

on L81 conformation acts on the dynamics of the latter because they are closely

interconnected, as shown in sec. 4.5.2. The results are consistent with the results of

considerable experimental evidences in which mutations on E71 and R64 have been

proved to be strongly a�ecting inactivation probability.29,32,34�37,125 Furthermore,

we suggest that voltage-dependent inactivation occurs with a di�erent mechanism.

It is suggested this mechanism is based on the coupling between inward transitions

of K+ ions an con�gurational changes in the network of residues behind the �lter,

that are spread via rearrangements in V76 and E71.

Extensive preliminary analysis revealed the in�uence on the dynamics of the

incoming ion of the �uctuations of residues L100 in the closed state of the channel,

which on average slow down the permeation and enhance the free-energy minima in

the cavity, directly interacting with the K+ and a�ecting its hydration shell. This

suggests that the closed state of the protein might not be the optimal conformation

on which to investigate permeation, unless precautions are taken to mimic the cavity

in the case of the opened inner gate. In this work we did this by restraining the

dynamics of L100.

Free-energy calculations on permeation and selectivity are particularly sen-

sitive to the conductive/non-conductive equilibrium of the channel because perme-

ation, selectivity and inactivation are closely related.20,35,36,92 The uncoupling of the
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dynamics of the ions and the conductive/non-conductive equilibrium allowed us to

con�ne the investigation of permeation and selectivity to within the region of the

phase space closer to the putative conductive structure proposed by Zhou et al. 157 .

This led to a coherent multi-ion FES for the the permeation within the conductive

state.

It is suggested that permeation occurs according to two main pathways, sim-

ilar at what has been done in previous works18 but with several relevant di�erences.

Ion-ion repulsions have been proved to act over longer distances than previously

suggested in similar works,18 con�rming the classic hypothesis that electrostatic in-

teractions play a fundamental role in the process. Motions of K+ ions bound in the

SF occurred only in the presence of an incoming ion, and in the absence of a K+

in the cavity they were pushed toward the innermost sites (S2/S4) by the repulsive

interactions with the K+ in the outer bulk. Consequently, it is proposed that both

pathways occur according to the �knock-on� mechanism: �classic knock-on�, in which

the transitions of the K+ bound to the pore are promoted by the entry of the incom-

ing ion; and �purely electrostatic knock-on�, in which the initial outer displacements

of the K+ in the SF promoted by the long range ion-ion repulsions with the incoming

ion close to the pore mouth are followed by its entry into the SF. Both mechanisms

were seen accompanied by the possible occurrence of vacancies.

Within this framework, the overall conduction is mainly limited by the dif-

fusion of the K+ ions to the cavity and secondly by a low barrier (between 4 and

5 kcal/mol) associated with the �exibility of the central region of the �lter. This is

di�erent from previous works based on MD and free-energy calculations, where the

transitions within the pore were suggested to be limited by a simple di�usion.18,48

Permeation is thermodynamically favourable as soon as the electrochemical gradient

across the SF has been compensated by the incoming K+ ion(s). Protein structure

drives it towards the pore mouth exposing negative charges to the cavity, partic-

ularly the carbonyl groups of residues T74 and A73 and side chains of T75. The

dehydration of the incoming K+ that occurs at the pore entrance is almost barrier-

less and is accompanied by a strong thermodynamic bene�t given by coordination

in S4. This preference for the incoming K+ to be bound to the SF rather than to

stay in the cavity is suggested as being the local driving force of permeation, which

results in an overall gradient of free-energy favourable to the permeation.

Additionally, the selectivity over intracellular Na+ was investigated. A mech-

anism driven by thermodynamic exclusion is proposed as occurring prior to entry

into the SF. The most stable states for the Na+ were found fully hydrated in the

cavity (Cin), while a high barrier prevents entry into the SF. This barrier is sug-
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gested as being caused by the low �exibility of the SF entrance and its inability to

adequately coordinate the Na+. These results are consistent with the classic �snug

�t� hypothesis.

Explanations for the fast and slow blocking e�ects on K+ current are also

suggested. The former is proposed as originating from the negative in�uence of the

Na+ weakly bound in the cavity on the di�usion of the K+ towards the mouth of

the SF; the latter is suggested as originating from the lower energy required for the

outermost K+ ion to leave the pore than the higher energy required for the Na+ to

enter. In the case of high voltages this will eventually lead to a single K+ in the SF

which is unable to stabilise the conductive conformation over long time-scales.45

Additional work is needed to more deeply understand the in�uence of the

network of residues behind the SF on conductivity and to investigate additional

conductive states. These investigations might lead to the discovery of the origin of

the di�erent modes of the current. Moreover, additional work is also necessary to

further clarify the relationship between inward transition and inactivation.
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Chapter 7

Conclusions

Single-channel measurements of current in K+ ion channels demonstrate an extreme

variability in the patterns of the current which arises from complicated interdepen-

dencies between ions-protein interactions and �ne structural rearrangements.29,66,92

These patterns re�ect inherent complexities associated with the microscopic dynam-

ics of the channels which are crucial for physiological functions. These cannot be

easily addressed by available experimental techniques132 and can hardly be accu-

rately represented by the simpli�ed theoretical models that have been used over

past decades. By contrast, molecular dynamics represents an important tool in the

understanding of these systems because it is able to deliver a realistic description

of the microscopic details as well as provide important macroscopic properties of

experimental interest.2,101,126 In this work, molecular dynamics combined with ap-

proaches for determining free energies (particularly well-tempered metadynamics)

has been used to investigate the properties of K+ ion channels and the key factors

in their regulation. The bacterial channel KcsA, which shares important similarities

to eukaryotic K+ channels,46 has been used as a model in the understanding of the

relationship between structure and function. A thorough dynamical description has

provided the existence of the strong coupling between permeation and the pore re-

gion and has demonstrated that the selectivity �lter, the functional region which is

fundamental in conduction, is not an independent structure and must be considered

within the more general dynamics of the protein in order to draw a realistic picture

of macroscopic currents.

In the �rst part of the work, Chapter 3, the strong in�uence of the motions of

the protein on the permeating ions has been shown by the existence of 1/f component

in their dynamics. Moreover, the presence of this 1/f scaling a�ects calculations

of free energies and it has been shown that longer sampling is necessary to reach
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convergence. However, this comes with a loss of accuracy, meaning that free-energy

calculations on K+ channels must be considered capable of deliver reliable qualitative

pictures, whilst quantitative analyses would be associated with an uncertainty which

it is di�cult to determine. It has also been shown that a complete description of ions

in the selectivity �lter should be based on under-damped particle motion, thereby

taking into account the a role for inertia.

The principal molecular determinants for structural rearrangements which

involve the permeation path have been revealed (Chapter 4). They form a highly-

correlated network of residues behind the �lter which has its main hub in the aspartic

acid D80 which is located at the external entrance. Conformational changes in this

network are spread to the �lter and the permeating ions via D80, which acts as

a �handle� in determining the state of the pore. The core of the network (�rst

level) consists of the aspartic acid and the surrounding H-bond donors, E71, W67,

R64 and R89, which collaborate in determining its state. Among these, E71 and

R64 have been found to have the strongest in�uence. An important role is played by

conformational changes of the residues L81, located next to the main hub D80, which

are closely interconnected with the dynamics of R64. These results can explain a

number of experimental evidences and assume a more general importance considering

that the aspartic acid D80 belongs to the signature sequence TXXTXGYGD, which

is highly conserved among K+ ion channels, commonly surrounded by di�erent H-

bond donors.26,31,37,85 In the same chapter, V76 �ipped states, referred to in the

published literature as being responsible for non-conductive states,20,30 have been

proved to be transient and not able to hinder K+ permeation unless associated with

additional conformational rearrangements.

Among the structural rearrangements of the �lter region in K+ channels, C-

type inactivation is one of the most important because of its crucial role in current

modulation.30,37,66,85,119,141,157 Di�erent hypotheses have been advanced to explain

this process and structures obtained via X-ray experiments have been suggested as

being the C-type inactive state, characterised by a constriction in the central region

of the �lter and hence often referred as �collapsed�.42,157 Nevertheless, mechanisms

of inactivation and its nature remain mostly obscure.29,66

In Chapter 5 inactivation has been described, its causes investigated and

a mechanism of the C-type inactivation has been proposed. The inactive states

obtained from our calculations closely resemble the collapsed structures obtained via

X-ray experiments. The mechanism is based on highly cooperative conformational

changes in the network of residues behind the �lter and also involves cooperation also

among the di�erent domains. Variability of the main hub D80 has been demonstrated
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as having a central role in the process, and in particular the ��ipping� of its side

chains. This �ipping was seen also in unbiased simulation of the deep-inactivating

Y82A mutant, and has been found to be dependent on the positions of the ions

in the �lter and of the nearby H-bond donors. Among these, arginine R64 has

been con�rmed as having a strong in�uence. This in�uence can explain di�erent

experimental evidence and was con�rmed by free-energy calculations on the mutants

R64A and Y82A, reported in the literature as having respectively a reduced and

an increased inactivation probability with respect to inactivation compared to the

WT.35

Rotation of E71 side chain has been also found to be associated with the

inactivation process. These results were con�rmed by a well-tempered metadynamics

calculations performed on the deep-inactivating Y82A which ended with the �lter in

an inactive state. Within this calculation, the sampling over the rotation of the D80

side chain and the breaking of E71�D80 H-bond was increased by a time-dependent

bias potential.13

The performed calculations provide a dynamical picture which is able to re-

veal the key features of the control of current at the �lter in K+ channel KcsA. These

results can help to design novel experiments to better target C-type inactivation. In

particular mutagenesis experiments on D80 and L81 would be useful to con�rm the

inactivation mechanism, while simultaneous mutations of di�erent residues could

con�rm the existence and the extent of the network of residues responsible for the

conformational changes in the permeation path as being described in the present

work.

However, the picture is not complete because a high number of residues inter-

acting in the network and an huge number of possible rearrangements in the network

leave a room for other mechanisms to be found, although they are expected to share

strong similarities with the one described above. Examples of such mechanisms have

been seen in the present work: i) a mechanism of inactivation promoted by inward

permeation of K+ which is suggested as being related to the voltage-dependent gat-

ing; and ii) a pH-related mechanism linked to the acid/base reactions of E71.

The thorough investigation of dynamical behaviours of the pore region al-

lowed us to study permeation and selectivity unambiguously, separating all the

relevant fast motions from the slower ones associated with inactivation and con-

formational �exibility of the pore, which are widely known to obscure similar analy-

sis.20,35,78,92,141 In Chapter 6 the results from these studies are presented. A detailed

picture of multi-ions conduction was built on a truly conductive state of the channel,

the equilibrium conductive/non-conductive states being transparently suppressed.
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Multi-dimensional free-energy calculations unveiled the driving forces and energetics

associated with the permeation and selectivity in the case of the outward direction

of the current.

Conduction is proposed mainly limited by the di�usion of the K+ ions into

the cavity. Once the incoming K+ di�uses into the cavity, protein structure drives

it towards the pore mouth exposing negative charges of residues T74, A73 and T75

to the cavity. Its dehydration has been found to be practically barrier-less and

accompanied by a strong thermodynamic bene�t. Motions of the K+ ions within

the pore are governed by the superposition of the electrochemical gradient across

the �lter and the ion-protein interactions. This superposition results in the absence

of permeation without the intervention of an incoming ion, supporting a �knock-on�

conduction mechanism. When the incoming K+ ion balances the electrochemical

gradient across the �lter, it induces concerted multi-ionic transitions which, due to

the dehydration bene�t, are characterised by an overall free-energy gradient which

promotes the permeation. A small barrier (4 and 5 kcal/mol) has been found to be

associated with the �exibility of the central region of the pore, which include the

so-called V76 �ipping.

It has been demonstrated that permeation occurs along to two main path-

ways. The �rst one resembles mechanisms suggested in previous works18,72 and is

therefore referred as �classic knock-on�: the transition of the K+ bound to the pore

is promoted by the entry of the incoming ion. The second pathway is promoted by

the ion-ion repulsions between the incoming K+ and those bound to the �lter. The

electrostatic repulsion has been proved in this work to act over longer distances than

previously suggested by similar works.18 This pathway is de�ned as �purely electro-

static knock-on�. Both mechanisms were seen to be accompanied by the creation of

vacancies, although the probabilities of these events have not been investigated in

detail.

Additionally selectivity over intracellular Na+ has been investigated and a

mechanism based on thermodynamic exclusion has been proposed. The Na+ ion

has been found to be preferentially located in the cavity, fully hydrated, in speci�c

binding sites that have been called Cin. The inner mouth of the �lter showed a small

a�nity for the Na+ ions, although a weak coordination has been seen under certain

conditions. This weak binding site has been labelled Bin. The exiting of outermost

K+ ion from the �lter into the bulk requires less energy than the entry of Na+ ion

into the �lter, which has not been seen during the long enhanced sampling. Na+

ions can generate a �partial knock-on�, balancing the �lter electrochemical gradient.

However, a proper conduction is not promoted because they do not enter into the
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�lter.

Starting from this results explanation of the fast block and slow block on K+

current caused by intracellular Na+ have been moreover suggested. A Na+ ion in Cin
would a�ect di�usion of K+ ions towards the �lter reducing the gradient between

the cavity and intracellular side and obstructing its entrance, without being able to

induce a conduction. In the case of high voltages, the outer K+ ion is more likely

to leave the �lter than the Na+ to enter, leading to the slow block of the current,

because a single K+ would not be capable of stabilising the conductive state of the

pore over long time-scales.45
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