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  Abstract 

 
 

 

Voltage gated Na+ channels are essential for the generation of action 

potentials, and thus are vital for mediating heart rates, neuronal signal 

transductions and muscle contractions. Selective ion permeation is a 

critical biological function of these channels. Recently released 3-D crystal 

structures of bacterial voltage-gated sodium ion channels provide great 

opportunities to unravel key structural functions and mechanisms of their 

vertebrate counterparts at atomistic level. This thesis presents three 

scientific publications, focusing on exploring the ion selectivity between 

sodium and calcium ions, sodium ion conductance mechanisms and 

structural dynamics as well as investigations of potential drug access 

pathways for charged channel blockers, in the vicinity of the selectivity 

filter domain via molecular dynamics simulations.  

This thesis elucidates the energetic differences between sodium and 

calcium ion permeations through the selectivity filter. A key structural 

configuration of the selectivity filter during outward transition 

simulations is discovered and suggested to be crucial in initiating channel 

slow inactivation. A potential external engineered access pathway for 

positive charged local anesthetics via a mutant in the selectivity filter is 

also proposed. In summary, this thesis indicates the feasibilities of 

utilizing bacterial voltage gated sodium channels as templates to probe 

key channel functions of mammalian sodium channels and sheds light on 

key roles of the selectivity filter domain with regard to ion conduction, 

selectivity and drug access. 

 



       

 
 



  Zusammenfassung      

 
 

Spannungsgesteuerte Na+ Kanäle sind essentiell für die Generierung 

von Aktionspotentialen und in weiterer Folge wichtig für die Regulierung 

von Herzfrequenzen, die neuronale Signalübertragung und 

Muskelkontraktionen. Ein selektiver Ionenfluss ist hierbei essentiell für 

die biologische Funktion dieser Kanäle. Kürzlich veröffentlichte 3-D-

Strukturen von bakteriellen spannungsgesteuerten Natriumionenkanälen 

bieten große Chancen, wichtige strukturelle Funktionen und 

Mechanismen auf atomarer Ebene zu verstehen. In dieser Dissertation 

werden  drei wissenschaftliche Publikationen präsentiert. Analysiert 

werden die Ionenselektivität zwischen Natrium und Calcium-Ionen, der 

Natriumfluss und Strukturdynamik des Filters,  sowie potenzielle 

Arzneimittelzugangswege für geladene Kanalblocker.  Die Methode der 

Wahl ist hierbei die Moleküldynamiksimulation. Diese Arbeit zeigt unter 

anderem energetischen Unterschiede zwischen Natrium- und 

Calciumionenfluss durch den Selektivitätsfilter. Außerdem konnte gezeigt 

werden, dass Konfigurationsänderungen im Selektivitätsfilter abhängig 

von der Richtung des Ionenflusses sind. Diese Strukturänderungen 

könnten eine entscheidende Rolle bei der Initiierung der langsamen 

Inaktivierung spielen. In der dritten Publikation wird ein möglicher 

externer, mutationsgenerierter Zugangsweg für positiv geladene 

Lokalanästhetika im Bereich des Selektivitätsfilters analysiert. 

Zusammenfassend zeigt diese Arbeit das bakterielle Natriumkanäle als 

Vorlage für ein besseres Verständnis  der Funktionen von 

Säugetiernatriumkanälen geeignet ist. Es konnten wichtige Einblicke in 

die Selektivität, Dynamik, den Ionenfluss und mögliche Zugangswege für 

Arzneistoffe gewonnen werden. 
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1 Introduction (Biological Background) 

1.1 Voltage gated sodium channels (NaVs)  

1.1.1 Membrane protein and ion channels  

Living cells are encompassed, maintained and protected by biological 

membranes. These fluid phospholipid bilayers, on the one hand, provide a 

barrier, and on the other hand, enable selective communication between 

the cytoplasm and the extracellular fluid via vast amount of polypeptides 

attached on the surface of, embedded in or penetrated to it. These 

polypeptides are termed membrane proteins.  

Ion channels belong to a major superfamily of membrane proteins 

expressed ubiquitously in the human body. They can be gated by a variety 

of triggers (e.g. voltage, ligand, light, pressure, etc) and selectively allow 

specific ion fluxes (mainly Na+, K+, Ca2+, Cl-, etc) according to concentration 

and electrochemical gradients across the cell membrane within several 

milli-seconds. Such rapid and transient processes mediate signal 

transduction and initiate cellular events in excitable cells. 

1.1.2  Overview of voltage gated sodium channels (NaVs) 

More than half a century ago, Hodgkin and Huxley’s pioneering 

studies  on action potential of the squid giant axon using the voltage clamp 

method unveiled that voltage-dependent activation of sodium inward 

current initiates electrical signals in nerves (Hodgkin and Huxley, 1952a; b; 

c; d). Mammalian voltage-gated sodium ion channels (NaVs) were 

identified as complexes with large α subunits of 260 kDa to suffice their 

functions. They consist of approximately 2000 amino acids organized in 

four homologues repeats (I-IV); each of them contains six transmembrane 

segments including two key functioning modules: a voltage sensor domain 

(VSD) and a pore domain (PD) (Beneski and Catterall, 1980; Noda et al., 
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1986, 1984; Goldin et al., 1986). The α subunits of NaVs are of great 

importance in generation and propagation of action potentials along the 

cell membrane and are, therefore, essential for the neuronal signaling 

cascade and the muscle contraction. Activated by the increase of 

membrane potential via changes of ion concentration gradient across the 

membrane, NaVs exclusively allow abundant inward flux of sodium ions 

within several milliseconds. This process causes the rising phase or 

depolarization of the action potential. (Peters and Ruben, 2014; Payandeh 

and Minor Jr., 2015). This instantaneous current is rapidly eliminated by a 

mechanism termed fast inactivation rendering the channel non-

conductive (discuss in detail in chapter 1.2). Besides fast inactivation, 

there exist slow inactivation mechanisms, which last several seconds and 

even minutes; this special gating phenomenon prolongs depolarizing 

pulses by reducing the number of channels available to open and then 

regulates excitability (Silva, 2014). In addition, one or two auxiliary β 

subunits modulate the kinetics and voltage dependence of activation and 

inactivation (Isom et al., 1992, 1995) (see Figure 1.1 for details).  

So far, nine human NaVs subtypes have been discovered named 

NaV1.1- NaV1.9. NaV1.1, 1.2, 1.3 and 1.6 are the primary sodium channels 

in the central nervous system. NaV1.7, 1.8 and 1.9 are primarily located in 

the peripheral nervous system. NaV1.4 is expressed in skeletal muscle, 

whereas NaV1.5 is found in the heart (Goldin, 1999). Several mutations in 

NaVs, which induce changes of the structures and functions of the channel, 

are clinically detrimental and some are even fatal. Mutation induced 

diseases include long QT and Brugada syndrome (NaV1.5), epilepsy 

(NaV1.1-1.3 and NaV1.6), periodic paralysis (NaV1.4) and neuropathic pain 

(NaV1.7-1.9), etc. Details can be found in the review by Andavan and 

Lemmens-Gruber (Andavan and Lemmens-Gruber, 2011). Site-directed 

mutagenesis studies suggest that these mutants are associated with almost 

all key physiological functions including voltage sensing, gating and 

inactivating, blockade of conducting currents or a complex interplay of 

these mechanisms. (Peters and Ruben, 2014) 



 

3 
 

Figure 1.1 The primary structures of the subunits of the voltage-gated sodium channels 
(adopted from Catterall, 2012). This figure depicts the primary structure of NaVs with α, β1 and 
β2 subunits. Localization of key features of NaVs such as voltage-sensing, pore and inactivation 
gate, drug interaction sites, phosphorylation locus and scorpion toxin interactions sites are also 
labelled. 

NaVs are native targets for a large variety of natural occurring toxins 

and xenobiotics. Some are benign and beneficial, such as local anesthetics, 

which do help relieve pain during surgery, whereas toxins like 

tetrodotoxin, which can cause irreversible block of NaVs’ outer pore, lead 

to a sudden loss of heart rate and breath. The interactions of these 

compounds with NaVs facilitate aforementioned key mechanisms of 

channel functions. Therefore, the development and modifications of small 

molecules are critical strategies for the treatment of ion channel related 

diseases termed channelopathies. (Goldschen-Ohm and Chanda, 2014) 

1.1.3 Bacterial voltage gated sodium channel (BacNaVs) 
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Figure 1.2 BacNaV topology and relationships to vertebrate counterparts. A.Topology 
diagram comparing eukaryotic NaV (top) and BacNaV pore-forming subunits.S1–S6 segments 
are labeled (adopted from Payandeh and Minor Jr., 2015); B.Unrooted phylogenetic tree 
demonstrating a comparison based on the selectivity filter sequences for BacNaVs compared 
with KV channels, CatSper, Protist one-domain channels, and the individual domains of NaVs 
and CaVs (adopted from Payandeh and Minor Jr., 2015 with modifications originated from 
Liebeskind et al., 2013) 
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In 2001, the first bacterial sodium channel homologue NaChBac has 

been discovered and characterized (Ren et al., 2001; Yue et al., 2002). This 

channel is composed of homotetramers of a single subunit mimicking 

each of the four domains of eukaryotic sodium channels (Figure 1.2A). 

Clade analysis suggested that the one-domain NachBac analogues are 

ancestors of the four-domain mammalian NaVs and CaVs and one-domain 

CatSper channels found in sperm from the calcium channel family 

(Figure 1.2B) (Durell and Guy, 2001; Ren, 2011; Liebeskind et al., 2013). 

NachBac has been demonstrated to be sodium selective, even though the 

sequence of the selectivity filter (SF) has more in common with CaVs. The 

selectivity-conferring residues in the SF of the mammalian NaVs are D, E, 

K, A, which are assumed to form a ring at equivalent positions, whereas 

this ring is replaced by the EEEE motif in BacNaVs akin to mammalian 

CaVs. Similar to vertebrate NaVs, NachBac is voltage gated and inactivated, 

although activation, inactivation, and recovery from inactivation of 

NaChBac are 10–100 times slower than that of eukaryotic NaVs (Ren et al., 

2001). Given the lack of fast inactivation mechanism, BacNaVs may utilize 

solely slow inactivation mechanisms similar to slow-inactivation in 

vertebrate NaVs (Errington et al., 2008; Chen et al., 2000; Fozzard et al., 

2005). This is reminiscent of C-type inactivation, a mechanism involving 

the collapse of the selectivity filter (SF), in KV channels (Cuello et al., 2010). 

Compared to fast inactivation, which is initiated by blocking of the 

intracellular inactivation gate, slow inactivation is modulated by 

conformational changes of the pore domain (Carboni et al., 2005; Irie et al., 

2010). 

NachBac is not sensitive to the sodium channel blocker TTX, but 

sensitive to sodium and calcium blockers, lidocaine (Lee et al., 2012) and 

dihydropyridine (Ren et al., 2001) derivatives. 

1.1.4 Crystallized structures of BacNaVs 
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The Nobel awarding research by the MacKinnon’s lab in 1998 unveiled 

the first atomic structure of a bacterial (Streptomyces lividans (KcsA)) K+ 

channel pore domain (Doyle et al., 1998). A decade later, several 

homotetrameric crystal structures of bacterial sodium channels of the 

NaChBac orthologue were successfully resolved (Payandeh et al., 2011, 

2012; Zhang et al., 2012; McCusker et al., 2012; Shaya et al., 2014; Tang et 

al., 2014). Similar to potassium channels, BacNaV structures consist of four 

identical membrane-spanning repeats, each containing six 

transmembrane (TM) helices. Helices S1 to S4 form the voltage-sensing 

module, which is mainly responsible for sensing the voltage change across 

Figure 1.3 Structural assembly of bacterial voltage gated sodium channel (adopted from 
Payandeh and Minor Jr., 2015). Composite full-length BacNaV structure generated by aligning 
the NaVAe1p structure containing the neck and coiled-coil region (PDB ID: 4LTO) onto the 
NaVAb structure. (PDB ID: 3RVY) 
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the membrane and providing energetic initiation for the opening of the 

pore gate. Helices S5, P1 segments, the selectivity filter (SF) region, P2 

segments and S6 helices form the pore module; it regulates selective 

sodium influx via systematic gating and inactivation mechanisms and 

provides interaction sites for channel blockers. Besides that, the 

cytoplasmic C-terminal domain (CTD) that follows the pore-lining S6 

transmembrane helices has two parts: a membrane proximal charged 

region termed the “neck” and a unique “coiled-coil” region for BacNaVs 

(Figure 1.3) (Tsai et al., 2013; Bagnéris et al., 2013; Shaya et al., 2014).  

Despite the large evolutionary distance from vertebrate channels, 

BacNaVs, bearing simpler scaffolds, share many important features 

associated with their eukaryotic counterparts and thus have become 

important models for investigating the structural basis underlying 

mammalian NaVs and CaVs. The following chapters review the progresses 

of studies on channel gating and inactivation, drug modulation as well as 

sodium conductance and selectivity mechanism with relevant structural 

and dynamic evidence respectively.  

1.2 Gating and inactivation mechanisms of NaVs  

Similar to the gating mechanism of voltage-gated potassium channels, 

upon depolarization, the conserved positively charged S4 TM helix of the 

VSD, moves toward the extracellular surface. This motion is proposed to 

further open the pore domain via the S4-S5 linker. Full length BacNaV 

structures (Payandeh et al., 2011, 2012; Zhang et al., 2012) have shown 

direct evidences that the VSDs remain in activated positions during long 

time exposure to a depolarizing potential (0 mV).  

The activated state is rapidly terminated by fast-inactivation in 

vertebrate NaVs. The channel pore gate becomes impermeable mediated 

by four residues (IFMT motif) in the linker between repeats III and IV of 

the channel (West et al., 1992). When the membrane is depolarized, this 

motif is assumed to bind to the residues on repeats III and IV, acting as a 
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hinged lid to occlude the intracellular side of the channel precluding 

sodium ion transitions through the channel.  

1.2.1 Characteristics of slow inactivation 

Slow inactivation of NaVs regulates neuron and myocyte excitability 

by reducing availability of inward currents. In neurons, it is associated 

with the memory of previous excitation; in skeletal muscles, it ensures the 

normal contraction of myocytes when the K+ concentration is elevated. In 

stark contrast to fast inactivation, extensively prolonged kinetics (several 

seconds to minutes) indicates the complexity and degeneracy of this 

mechanism. Therefore, it is unsurprising that multiple channel domains 

including both transmembrane domains and cytoplasmic loops have been 

implicated to be involved in this mechanism. (Silva, 2014) 

 In the pore domain, mutagenesis studies on NaV1.4 have 

demonstrated that the residues with regard to slow inactivation, reside in 

the vicinity of the selectivity filter (SF), extracellular facing side (P-loops 

between S5 and S6 segments) and intracellular interface (S4-S5 linker) 

between cytoplasm and membrane (Silva, 2014). Moreover, negative 

charged residues in the SF, which are believed to provide selectivity and 

attraction to Na+ ions, have been shown inaccessible during slow-

inactivation (Xiong et al., 2003). Interestingly, removal of fast inactivation 

enhanced the slow-inactivation in both skeletal muscles (Featherstone et 

al., 1996) and cardiac isoforms of NaVs (Richmond et al., 1998). The voltage 

sensor domain (Silva and Goldstein, 2013) and auxiliary β subunits also 

facilitate slow-inactivation (Vilin et al., 1999). In addition, a large number 

of therapeutic agents have been shown to target slow-inactivated states 

including anesthetics like lidocaine (Balser et al., 1996). 

The first BacNaVs atomic structure has been crystallized with a mutant 

(I217C), which is located at the pore gate, stabilizing the crystal. While the 

VSD is activated, the pore gate is captured closed, thus this structure is 

considered to be in a “pre-open” state. Later, the crystal structure of wild 
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type NaVAb has been resolved in a putative inactivated state; in marked 

contrast to the previously “pre-open” structure, the pore gate is arranged 

in a two-fold symmetry and non-conductive (Figure 1.4). Two S6 segments 

from diagonally opposed subunits have moved closer to the central pore 

axis, while the adjacent S6 segments have slide farther away, collapsing 

the S6 activation gate. This conformation is facilitated by two opposite 

inter-subunit hydrogen bonds involving the side chain of Asn211 in S6 

and a backbone carbonyl in the S4-S5 linker according to electron density 

data (Figure 1.4A). Asn211 is the only universally conserved S6 residue in 

all NaV channels. Mutations of the equivalent Asn residue in domains I 

and III of vertebrate NaV channels, but not in domains II and IV, displayed 

dramatic effects on slow-inactivation (Wang and Wang, 1997). The 

validation of this finding with structural information pinpoints the pivotal 

role of this key residue in slow-inactivation, which may render channel 

assembly in a two-fold manner (Payandeh et al., 2012). 

1.3 Small molecule modulations of NaVs  

Figure 1.4 The comparison between the gate conformations of NaVAb structures,  
(adopted from Payandeh et al., 2012). A. “slow-inactivated” gate structure (PDB: 4EKW), the 
inter-subunit hydrogen bond is formed between N211 side chain and S4-S5 linker backbone 
carbonyl atoms with a distance of 2.8 Å; B. “pre-open” gate structure (PDB: 3RVY) the inter-
subunit hydrogen bond is unlikely to form between N211 and S4-S5 linker according to the 
distance measurement. 
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In line with the complex assortment of functional states of voltage-

gated ion channels, molecules that affect NaV functions have complex 

modes of action including pore block, open state stabilization of the pore 

and voltage sensor movement alteration to name a few (Payandeh and 

Minor Jr., 2015) (Figure 1.5). 

1.3.1 Toxins 

Given the pivotal role in cellular, especially neuronal excitability, NaVs 

become extremely vulnerable to toxic metabolites produced by venomous 

animals and poisonous plants.  

Toxins utilize two distinct mechanisms. Pore-blocking toxins inhibit 

the flow of Na+ ions by binding to the outer vestibule, such as non-peptidic 

Figure 1.5 Mapping the binding sites of small molecules for eukaryotic NaVs to BacNaVs 
(NaVAbs), (adopted from Payandeh and Minor Jr., 2015). Subunits are colored to represent 
the four non-homologous domains of eukaryotic NaV channels. One pore domain and one 
voltage sensor are removed for clarity. 
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tetrotoxin (TTX) and saxitoxin and larger peptide toxins μ-conotoxin (μ-

CTX). These outer vestibule blockers interact with NaVs with high affinities 

and specificities, which render them useful biophysical tools for 

electrophysiology studies in terms of probing the structure of the 

extracellular surface of NaVs (Goldschen-Ohm and Chanda, 2014). 

In addition, gating-modifying toxins alter the gating mechanism by 

interacting with a region pertain to channel gating. For example, these 

toxins are able to pinch the voltage sensor in a particular state (Gilchrist et 

al., 2014), such as α- and β- scorpion toxins, enabling detailed insights into 

the movement of this domain (Catterall et al., 2007).  

TTX is specifically binding to the DEKA motif of vertebrate NaVs’ SF, 

and therefore non-sensitive to BacNaVs, whereas μ-conotoxin has been 

shown to actively interact with the conserved residues of the outer 

vestibule in both eukaryotic and prokaryotic NaVs (Chen and Chung, 2012; 

Korkosh et al., 2014).  

1.3.2  Local anesthetics and their access pathways 

Traditional NaV channel pore blockers (also named “local anesthetics”), 

which reduce sodium influx during membrane depolarization, are used 

clinically as antiepileptic, antiarrhythmic, and analgesic drugs. These 

molecules are organic cations with pKa values in the physiological range; 

thus, have both charged and neutral forms and block NaVs’ central cavity 

in at least two ways (Corry et al., 2014).  

It is widely accepted that the uncharged form causes channel blockade 

through a hydrophobic pathway defined by the membrane core and/or a 

proteinaceous access route when the channels are in the resting state 

(Hille, 1977a; b). This blockade is called “resting-state” block or “tonic” 

block. The affinity of this block is relatively low in the micromolar to 

millimolar range. 
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After penetration through the membrane, these compounds are 

protonated. They will reach their binding site located in the intracellular 

vestibule via the open gate region when the channel is activated. The 

affinity of this blockade is normally positively correlated with channel 

activation, therefore named “use-dependent” block (Hille, 2001). 

Despite different affinities and passages, “tonic” and “use-dependent” 

blockers share similar binding sites, which are located in the central 

cavity; more specifically, in the inner vestibule of the channel aligned by 

pore lining residues at the lower part of the S6 segment. However, 

different residues in this region have been shown to contribute to “tonic” 

or “use-dependent” block respectively, reflecting changes in the central 

cavity associated with different gating states (resting, activated, 

inactivated) (Ragsdale et al., 1996; Li et al., 1999).  

In addition, quaternary amine local anesthetics, which bear 

permanent charges, such as QX-314 and QX-222, are membrane-

impermeable and have to enter the channel via the inner pore (Strichartz, 

1973; Frazier et al., 1970). However, in several mutant NaVs, external 

access pathways (EAPs) for permanently charged local anesthetic drugs 

have been found (Ragsdale et al., 1994; Sunami et al., 1997). 

1.3.3 Pharmacological and structural insights into local 

anesthetics interactions with BacNaVs 

BacNaVs are sensitive to local anesthetics. Electrophysiological 

experiments demonstrated that extracellular applications of lidocaine and 

benzocaine (neutral) block NachBac and enhance channel inactivation 

(Lee et al., 2012). This indicates the existence of binding sites in BacNaVs 

similar to eukaryotic NaVs as well as a resembling hydrophobic access 

pathway for tonic inhibition (Figure 1.6A). This pathway is assumed to go 

through a so-called “sidewalk” or “fenestration” (Tikhonov and Zhorov, 

2005; Tikhonov et al., 2006). This pathway has been found as a lateral 

opening window, gated by a conserved phenylalainin (F203 in NaVAb) in 
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the hydrophobic sides of the pore domain in several crystal structures of 

BacNaVs (Payandeh et al., 2011; Zhang et al., 2012; McCusker et al., 2012) 

(Figure 1.6B). In addition, the charged molecule, QX-314, failed to block 

the channel, indicating that the fenestration pathway is not accessible for 

quaternary amine local anesthetics in wild type BacNaVs (Lee et al., 2012). 

Nevertheless, residues involved in drug block are poorly conserved in 

BacNaVs compared to eukaryotic NaVs. Moreover, lidocaine has been 

shown to polymodally block different types of channels, such as KATP, K2P, 

KV, CaVs, hERG as well as nicotinic acetylcholine and GABA receptors 

(Corry et al., 2014). Systematic mutagenesis studies are needed to further 

address structural determinants of BacNaVs. 

The success of co-crystallized BacNaVs with brominated antagonists  

PI1, which also block human NaV1.1, sheds lights on the interactions 

between drug molecules and the central cavity in atomic detail (Bagnéris 

et al., 2014). This finding suggests BacNaVs can serve as a valuable tool for 

interpreting the mode of action of drugs in human NaVs, and even 

screening and rationally designing drugs.  

1.4 Mechanisms of conduction and selectivity 

Figure 1.6 The access pathways in BacNaVs for local anesthetics. A. demonstrates the 
open (hydrophilic) and tonic access pathways indicated by experiments with NaChBac, 
(adopted from Lee et al., 2012); B. suggests the existence of the fenestration pathway for 
tonic inhibition of local anesthetics in bacterial NaVs pore domain structure (adopted from 
Payandeh and Minor Jr., 2015). 
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Generations of scientists have been fascinated by the question how 

different ion channels permeating specific types of ions through the pore 

at diffusion rates, while disfavoring other ions. Ca2+ and Na+ ions have 

nearly identical pauling radii (0.99 Å vs 0.95 Å), whereas CaVs can choose 

Ca2+ over Na+ at a ratio of 1000:1 (Sather and McCleskey, 2003). K+ and Na+ 

share the same amount of positive charge (+1) (Sather and McCleskey, 

2003);  the permeability ratio, PK/PNa, in NaVs in myelinated nerve is 1:12. 

(Hille, 1972) 

1.4.1 Structural information of the SF in BacNaVs 

More and more structural studies have confirmed that mammalian 

potassium and bacterial sodium channels share similar architectures in 

their pore domains (Long, 2005; Payandeh et al., 2011; Zhang et al., 2012; 

McCusker et al., 2012; Shaya et al., 2014). In bacterial sodium channels, 

four identical S5 and S6 helical repeats, bundle crossed on the same level 

of intracellular gate, outline the pore domain as “inverted-tepee”. From 

the extracellular side, the pore exhibits an outer funnel-like vestibule. In 

the middle of the funnel, the ascending residues TLESW (in most 

homologues) form a tight turn preceded by the P1 helix and followed by 

the P2 helix (Figure 1.7A). These two conserved helices uphold this re-

Figure 1.7 The selectivity filter of bacterial sodium channel NaVAb (modified from 
Payandeh et al., 2011), two opposite subunits were shown for clarity. (A) Side view of pore 
domain with sticks representation, pore volume shown in grey; (B) Electrostatic potential colored 
from -10 to 10 kT (red to blue); (C) The comparison of the SFs between channels KcsA and 
NaVAb. 
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entrant turn with hydrogen bond networks exposing backbone carbonyls 

of threonine (T175 in NaVAb, Figure 1.7C) and Leucine (L176 in NaVAb, 

Figure 1.7C) and side-chain carboxyls of glutamic acid (E177 in NaVAb, 

Figure 1.7C) to the aqueous environment. This configuration lines a 

narrow lumen, the selectivity filter, connecting the extracellular funnel; a 

water-filled inner central cavity and the activation gate (Figure 1.7B).  

1.4.2 Conduction and selectivity mechanisms in KVs 

The conduction mechanisms of K+ ions and selectivity between K+ and 

Na+ have been step-wisely addressed (Doyle et al., 1998; Aqvist and 

Luzhkov, 2000; Bernèche and Roux, 2001; Khalili-Araghi et al., 2006; 

Jensen et al., 2010). 

Five ion-binding sites of the SF in potassium channels are aligned by 

backbone carbonyl oxygens of sequence TVGF(Y)G (Morais-Cabral et al., 

2001) (Figure 1.8A). K+ ions are encompassed by two neighboring 

carbonyl oxygens of four repeats located at eight vertices of each binding 

site. This configuration is energetically favorable to coordinate the 

interacting potassium ion by substituting water molecules from its first 

hydration shell (Gouaux and MacKinnon, 2005). During conduction, 

dehydrated potassium ions are sandwiched and knocked on by water 

molecules residing at adjacent binding sites in a single-ion profile (Morais-

Cabral et al., 2001; Aqvist and Luzhkov, 2000) (Figure 1.8C). This picture 

has recently been challenged by Köpfer et al, where MD simulations and 

re-refinement of the crystal structures indicating the ion conductance 

might be facilitated by a direct Coulomb repulsion (Köpfer et al., 2014). 

Further electrophysiological experiments are needed to validate this 

finding (Hummer, 2014). 

 Consistent with inherent differences of physicochemical properties 

between K+ and Na+ ions, the architecture of the SF provides preferable K+ 

selectivity over Na+ and other cations (Thomas et al., 2011). Moderate 

dipole moment of carbonyl oxygens (~0.56), which act as coordination 
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ligands, as well as the right coordination number (8) of ligands and ideal 

ion-ligand distances (~2.7 Å) are optimally tuned for K+ selectivity. Besides 

that, the thermal fluctuations of the coordination ligands may also play a 

role (Noskov et al., 2004). For details of K+ ions conduction and selectivity 

over Na+, please refer to the review by Furini and Domene (Furini and 

Domene, 2013). 

1.4.3 Na+ conduction in bacterial NaVs 

Although the overall pore architecture of sodium and potassium 

channels are similar, the SF of BacNaVs is wider and shorter than that of 

potassium channels (Figure 1.7C) with completely different sequence 

encoding (TLESW).   

Analysis of the sodium channel pore radius indicates that a partially 

hydrated Na+ ion can be accommodated at the high-field-strength (SHFS) 

site (termed EEEE locus). One glutamic acid (E177 in NaVAb) side chain 

coordinates with the sodium ion directly and neighboring glutamic acid 

side chains act as hydrogen bond acceptors for two in-plane water 

molecules. This coordination pattern renders sodium binding at this site 

asymmetric with respect to the pore axis. Move inwardly, the electron 

densities indicate four well-bound water molecules, which bridge the 

centrally coordinated ion with carbonyl oxygens of Threonine (SIN) and 

Figure 1.8 The comparison between sodium and potassium channel selectivity filter, two 
opposite subunits were shown for clarity. A & B.The SF site annotations and the sequences 
of KcsA and NaVAb, (modified from Furini and Domene, 2013); C. Potassium ion coordination 
in potassium channel SF, (modified from Treptow and Tarek, 2006); D.Sodium ion 
coordination in sodium channel SF, (modified from Ke et al, 2013). 
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Leucine (SCEN) in a fully hydrated manner (Figure 1.8 B & D) (Payandeh et 

al., 2011).  

Molecular dynamics simulations (Carnevale et al., 2011) and free 

energy calculations (potential of mean force, PMF) (Corry and Thomas, 

2011; Furini and Domene, 2012; Qiu et al., 2012; Stock et al., 2013) 

consensually support the interpretations from these structural studies and  

further provide detailed energetic insights into the sodium conduction 

mechanism.  Na+ ions experience no large energy barriers in the SF with 

optimal bi-pyramid coordination (6) of oxygen ligands. They are 

contributed either by water molecules from the first hydration shell of the 

Na+ ion or carboxyl oxygen atoms from EEEE locus. A loosely coupled 

knock-on mechanism, which involves a second Na+ ion approaching the 

SF, will further lower the free energy profile of the conduction to aid the 

diffusion of the first ion into the cavity by Coulombic  repulsion (Corry 

and Thomas, 2011; Furini and Domene, 2012). 

1.4.4 Selectivity between Na+ and K+ in BacNaVs 

Electrophysiological data for NaVAb has shown the preference for Na+ 

over K+ is 8:1 (Payandeh et al., 2011). The key region for Na+ and K+ 

discrimination is between sites SHFS and SCEN suggested by free energy 

calculations. Compared to Na+, K+ ions fail to maintain an optimal 

geometry at this narrower region when coordinating with surrounding 

water molecules. Therefore, the free energy barrier at this region 

increases about 2~3 kcal/mol for K+ conduction (Corry and Thomas, 2011; 

Furini and Domene, 2012). 

1.4.5 Hypothetical mechanism of selectivity between Ca2+ and 

Na+ in eukaryotic and prokaryotic NaVs and CaVs 

As discussed in chapter 1.1.3, the SF of many bacterial sodium 

channels contains four highly conserved glutamates (EEEE locus), which is 

more reminiscent of calcium channels than mammalian sodium channels, 
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encoded by the so-called DEKA ring (Heinemann et al., 1992; Yang et al., 

1993; Sather and McCleskey, 2003; Ren, 2011). 

As described before, eukaryotic CaVs can choose Ca2+ over Na+ at a 

ratio of 1000:1 (Sather and McCleskey, 2003), whereas the permeability 

ratio difference measured in a BacNaVs analogue is less prominent about 

PNa : PCa ~ 7~15 (Shaya et al., 2011). Key mutations, which introduce more 

negative charges in the SF of eukaryotic NaVs, render the sodium selective 

pore Ca2+ favorable (Heinemann et al., 1992; Yue et al., 2002; Shaya et al., 

2011). Additionally, the anomalous mole fraction effect in Ca2+ selective 

channels is rather prevalent; there is substantial Na+ current in CaVs when 

the Ca2+ concentration is as low as 10 µM and the Ca2+ current will 

accentuate significantly to block Na+ permeation when the Ca2+ 

concentration is increased (Yue et al., 2002). These observations suggest a 

delicate mechanism in terms of Na+ and Ca2+ discrimination. 

Prior to the availability of atomic structural information, theoretical 

models revealed different electrostatic interactions with the negative 

charges in the SF between Ca2+ and Na+ (Corry et al., 2001); Ca2+ prevails in 

the competition to occupy site SHFS, which abolishes the possibilities for 

the entry of other ions at the equivalent position (Hess and Tsien, 1984). 
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2 Aims 

This thesis focuses on understanding the mechanism of ion 

conduction, selectivity and probes an engineered access pathway for 

charged molecules in bacterial and mammalian NaV channels, 

respectively. Three publications are presented in chapter 4, which are 

relevant to these topics in understanding the detailed properties of the 

selectivity filter.  

2.1 Distinct interactions of Na+ and Ca2+ ions with the 

selectivity filter of the bacterial sodium channel 

NaVAb (Chapter 4.1, (Ke et al., 2013)) 

How NaV channels distinguish between sodium and calcium is 

assumed to involve subtle mechanisms as discussed in chapter 1.4.5. In 

this paper (Chapter 4.1), we compared spontaneous diffusions between 

sodium and calcium ions into the SF of the NaVAb sodium channel 

(Payandeh et al., 2011) from equilibrium simulations. One-dimensional 

free energy profiles (PMF) have been calculated by umbrella sampling 

(described below in chapter 3.6.2) for both sodium and calcium ions. The 

energetic discrepancies between these two ion species are illustrated and 

discussed. This paper provides insights about different mechanisms 

between Na+ and Ca2+ ions traversing the NaVAb SF. 

2.2 Different Inward and Outward Conduction 

Mechanisms in NaVMs Suggested by Molecular 

Dynamics Simulations (Chapter 4.2, (Ke et al., 2014)) 

At the same time of our first study, scientific questions regarding the 

selectivity and conduction in the SF of BacNaVs were extensively 

addressed including the mechanism of Na+ coordination and the 

energetics in the SF (Carnevale et al., 2011; Corry and Thomas, 2011; Qiu et 

al., 2012; Furini and Domene, 2012), selectivities of Na+ vs. K+ (Corry and 



 

20 
 

Thomas, 2011; Furini and Domene, 2012; Qiu et al., 2012; Stock et al., 2013; 

Ulmschneider et al., 2013) and Na+ vs. Ca2+ (Ke et al., 2013; Corry, 2013), 

ion conduction in open states of NachBac analogues by simulations with 

applied membrane potentials (Stock et al., 2013; Ulmschneider et al., 2013). 

However, the structural dynamics of the SF and the roles in ion 

conductance, channel gating and inactivation are still elusive. A 

simulation study illustrated the EEEE locus is quite dynamic (Chakrabarti 

et al., 2013). The side chains of the glutamic acid oscillated frequently 

between the outward facing and inward facing (dunking) conformations 

during equilibrium simulations. (Chakrabarti et al., 2013). 

The pore-only BacNaVs have been shown to reasonably reproduce the 

key electrophysiological properties, such as ion conductance and 

selectivity (Shaya et al., 2011; McCusker et al., 2012). MD simulations 

investigating these properties will benefit from these simplified, voltage-

sensor free, structural architecture. Using a bacterial pore-only sodium 

channel structure resolved in the open conformation (McCusker et al., 

2012), we conducted a MD study (Chapter 4.2) to further characterize the 

structural configurations of the EEEE locus with constant electrochemical 

drive by applying the CompEl method (described below in chapter 3.7). 

The dunked (flipped) configuration of the EEEE locus has been shown to 

exist only during ion outward conduction. Evidences from equilibrium 

simulations suggest that this structural configuration might lead to the 

kink of the lower part of the S6 segment, which renders channel non-

conductive (Boiteux et al., 2014a). It indicates the flipping of the EEEE 

locus might serve as a first step in generating channel slow inactivation 

during depolarization. 

2.3 Exploring the Structure of the Voltage-gated Na+ 

Channel by an Engineered Drug Access Pathway to 

the Receptor Site for Local Anesthetics (Chapter 4.3, 

(Lukacs et al., 2014)) 
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As introduced in Chapter 1.3, this paper (Chapter 4.3) aims to probe 

the potential external access pathway (EAPs) for charged local anesthetics 

(QX-222). A comparison of homology models based on different K+ 

channel templates provides structural information of key determinant 

(I1575 in rNaV1.4 channel) relevant to create this pathway (Lipkind and 

Fozzard, 2000; Tikhonov and Zhorov, 2005). Newer homology models 

based on bacterial sodium channel NaVAb (Tikhonov and Zhorov, 2012) 

indicate that the W1531G mutant in the SF of rat NaV1.4 channels, might 

additionally be involved in forming this pathway. To investigate this 

hypothesis, electrophysiology studies on selected mutants combined with 

molecular dynamics simulations, homology modeling and docking studies 

were performed.   
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3 Method (Theoretical Backgrounds) 

3.1 Molecular Dynamics (MD) simulations 

The states or dynamics of every system in the physical world are 

inevitably determined by their thermal motions at temperatures above 

absolute zero (T > 0 K). The branch of physics to study these thermal 

motions is thermodynamics. A single biomolecular system has numerous 

atoms to keep track of (~106 atoms) and meanwhile, is very small to see (~ 

106 nm3 in volume). In addition, a large number of key conformational 

changes or biological processes last several micro- or milli-seconds only, 

which are difficult to capture with experimental protocols. Molecular 

dynamics (MD) simulations utilize statistical mechanics to study the 

thermodynamics (predict the probability distributions of the thermal 

motions) of certain bio-molecular systems at the atomic level and 

subsequently to predict the kinetics of certain process within the bio-

molecular system.  

The thermodynamics of the system has been discovered to be 

determined by their quantum properties. The state-of-the-art solution 

with high accuracy and precision is based on the time-dependent 

Schroedinger equation. In this quantum mechanics (QM) scheme, the 

whole set of interactions of nuclei and electrons should be considered. 

Unfortunately, even the calculation for a set of several atoms at this ab-

initio level is difficult to achieve using current computational power. 
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Figure 3.1. Overview of the different energy terms of a force field (modified from C. Kappel., 
2011 PhD thesis, originated from Gunnar Schroeder).  

Alternatively, an extensively-used empirical way with lower precision 

is to employ molecular mechanics (MM) force field (i.e. AMBER (Cornell et 

al., 1995) in this thesis). In this method, the chemical properties of the 

electrons and nuclei are approximated at the atomic level. Interactions 

are parameterized as fixed values based on experimental or quantum 

mechanical calculations (Figure 3.1) which normally consist of bonded 

(bond, angle, dihedral (including improper dihedral)) and non-bonded 

terms (van-der-Waals interactions and Coulombic interactions). The 

overall potential energy of the system (𝑉) is the summation of these 

additive terms as a function of atom positions. The neglect of tracking 
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electron motions gives rise to clear limitations that the classical MM 

simulations can only be adopted to study biological processes without 

chemical reactions (bond breaking and reforming); the lack of the 

description of polarizabilities of certain atom sets might influence the 

determination of free energy profiles in some biological processes. Despite 

that, in this thesis, MD simulations refer to MM simulations only. The 

program used in this thesis is GROMACS (Van Der Spoel et al., 2005; Hess 

et al., 2008). 

When initiating the simulation (𝑡 = 𝑡0), if velocities are not available, 

the program will randomly generate initial atomic velocities at a given 

absolute temperature 𝑇. The forces exerted on the particles are computed 

by the derivatives of the potential energies, which are calculated from the 

force field, with respect to the initial positions (𝑟) at time 𝑡 (𝐹(𝑡) = 𝑑𝑉/𝑑𝑟)). 

Subsequently, the new velocities and coordinates are updated by 

numerically solving Newton’s law of motion via certain algorithms after a 

discrete time step ∆𝑡. The default MD integrator in GROMACS is the leap-

frog algorithm. Initially, it uses positions 𝑟 at time 𝑡 and velocities 𝑣 at 

time 𝑡 − 1/2 ∆𝑡 , then updates velocities (equation 1) and positions 

(equation 2) using the forces F(𝑡) , which are determined by the positions 

at time 𝑡. 

 𝑣 �𝑡 +
1
2
∆𝑡� = 𝑣 �𝑡 −

1
2
∆𝑡� +

∆𝑡
𝑚
𝐹(𝑡) (1) 

 𝑟(𝑡 + ∆𝑡) = 𝑟(𝑡) + ∆𝑡𝑣 �𝑡 +
1
2
∆𝑡� (2) 
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During simulations, periodic boundary conditions (PBC) are adopted 

to ensure the calculations of interactions, updates of velocities and 

coordinates are continuous and subsequently avoid erroneously 

boundary artifacts. The simulation box is surrounded by a number of 

virtual copies of itself based on the box geometry (e.g. 8 copies will 

encompass a cubic simulation box as shown in Figure 3.2). This 

implementation enables the integrity and completeness as the simulation 

evolves. For example, as shown in Figure 3.2, if a particle leaves the box 

from the right hand side at time 𝑡0, it will re-enter the simulation box from 

the left hand side at time 𝑡0 + ∆𝑡 with all the interactions preserved and 

updated with all other particles located at the right hand side of the box. 

In the simulated system, the largest available time step is limited by 

the high frequency and low amplitude bond stretching vibrations. After 

an unconstrained update from force field calculations of bond stretching 

vibrations with harmonic potentials, resetting bond length with 

holonomic constraints (i.e. LINCS in our studies (chapter 4)) (Hess et al., 

Figure 3.2 The schematic figure of periodic boundary conditions (adopted from 
http://isaacs.sourceforge.net/phys/pbc.html)  

 

http://isaacs.sourceforge.net/phys/pbc.html
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1997) are often considered a more faithful representation of the physical 

behavior of bond vibrations, which are almost exclusively in their 

vibrational ground state during MD simulations. Hereafter, the maximum 

time steps can be achieved as 2 fs. A further possible improvement is to 

remove the fastest degrees of freedom resulted from bond-angle 

vibrations with hydrogen atoms. Using virtual interaction sites and/or 

increasing the mass of the hydrogen atoms at the cost of the mass of the 

connected heavy atoms, will allow a minimum time step of about 4 fs with 

reasonable accuracy (Feenstra et al., 1999). This improvement is also 

adopted in our studies (chapter 4). 

In classical mechanics, non-bonded interactions can be characterized 

as electrostatic and van der Waals (vdW) interactions. In simulations, they 

can be solved by summations of the two body Coulomb and Lennard-

Jones (LJ) potentials respectively (Figure 3.1, 𝑉𝑞 and 𝑉𝑣𝑑𝑊 ). The 

interactions between atom 𝑖  and its first ( 𝑖 + 1 ) and second ( 𝑖 + 2 ) 

neighbors are excluded, because non-bonded repulsions (i.e. L-J potentials) 

are very strong when atoms are interacting with the first two neighbors. 

In addition, these interactions are already adequately modeled as bond 

and angle terms. For the third neighbors (1-4 interactions), both 

electrostatic and van der Waals interactions are calculated but scaled 

down by certain fudge factors varying from different force fields 

reproducing the correct torsion angles collectively with the dihedral 

potentials (proper and improper).  

 It is worth noting that these two calculations occupy more than 90% 

of the total calculation time and largely determine the free energy profile 

of certain biological processes of the simulations. Therefore, the accurate 

and efficient reproductions of these interactions are of crucial importance.  

In Coulomb potential calculations, the charges distributed over each 

multi-atomic molecule are fixed as point partial charges, which are 

calculated as aforementioned, from experimental or quantum mechanical 

calculations. The total charge of each molecule is then summed up into 
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integers (elementary charges (𝑒)). Since some electrostatic interactions 

cannot be neglected even at long distances, how to treat these interactions 

is crucial. A simple cut-off method, which neglects the long-range 

interactions at certain distances, leads to certain energy drifts of the 

system. The reaction-field method (Watts, 1974) is a good complementary 

to simplify long-range electrostatic interactions by assuming a constant 

dielectric environment beyond a cut-off 𝑟𝑐with a dielectric constant 𝜀𝑟𝑓. 

Alternatively, the particle mesh ewald (PME) method (Darden et al., 1993) 

is used to calculate long range electrostatic interactions beyond a cut-off, 

where the charges will be transformed into reciprocal space and mapped 

into a mesh. The cut-offs between direct space (short range calculations) 

and reciprocal space (long range calculations) can even be dynamically 

optimized to provide more efficient and accurate calculations of the 

Coulomb potentials by prompting the new module of Gromacs: g_tunepme 

(Kutzner et al., 2007) . By utilizing single instruction, multiple data (SIMD) 

compiling strategies of modern CPU or GPU nodes, the sampling of non-

bonded interactions nowadays will be further enhanced. 

The Lennard-Jones (LJ) potentials can decay very fast at remote 

distances. A plain cut-off at reasonable distances will introduce less 

energy drift during calculations. However, the LJ-PME  method will offer 

even better sampling for lipid rich regions to reproduce better 

characteristics of the membrane (Wennberg et al., 2013). 

In our studies (chapter 4), the vdW interactions were calculated with a 

cutoff of 10 Å and the long-range electrostatic interactions were calculated 

at 10 Å using the PME method. 

3.2 Statistical ensembles in thermodynamics 

For a given system, the specific microscopic state at certain time step 

is unpredictable. However, we can define a total statistical set in 

thermodynamics including every possible microscopic state of the system 

when certain macroscopic variables (such as temperature, volume, total 
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energy, etc) of the system are in statistical equilibrium (no net exchanges 

of these variables with the environment or sustained within the system 

with negligible fluctuations). After obtaining a statistically significant 

amount of observations, a probability distribution of each microscopic 

state of a given system can be delineated by certain partition functions 

(discussed in the following chapters 3.3 & 3.4). Such a total set is termed 

statistical ensemble in thermodynamics. 

According to different constraints, there are different types of 

ensembles as noted by Josiah Willard Gibbs, e.g. canonical ensemble, 

microcanonical ensemble and grand canonical ensemble (Frenkel and 

Smit, 2001). Here, only the canonical ensemble is briefly described.  

A canonical ensemble (NVT ensemble) describes the system, which 

allows heat exchange with an infinitely large heat bath. Therefore, the 

absolute temperature (T) can be kept relatively fixed (isothermic). Besides, 

the volume (V) and total particle numbers (N ) in the system should be 

constant.  

3.3 Entropy 

Entropy (𝑆) is a macroscopic observable of the system, which indicates 

how the system can be arranged when it ergodically visited every possible 

microscopic state. In other words, how disordered the system (ensemble) 

is or how many microscopic states the system (ensemble) can potentially 

have when it is in equilibrium. Entropy is a state function and an 

extensive variable, therefore its changes are not relevant to the path of 

the process and time evolution, but it has additive property. The changes 

in entropy can be defined by Clausius equality 𝑑𝑆 = 𝑑𝑄𝑟𝑒𝑣/𝑇  for a 

thermodynamically reversible process, where 𝑄𝑟𝑒𝑣 is the reversible heat 

transfer of the system at a given temperature (T). 

In statistical mechanics, Boltzmann defines entropy as S =  𝑘 ∙ log𝑊, 

which is more close to the definition of the entropy that it is the measure 

of arrangement of each possible information (microscopic state) of the 
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system. 𝑊 can then be replaced by the summation of the probability of 

each microstate in which the system can occupy, and entropy can be 

defined as: 

 S = −𝑘𝐵�𝑃𝑖 ln𝑃𝑖
𝑖

 (3) 

Where 𝑃𝑖 is the probability that the system occupies microstate 𝑖. 𝑃𝑖 

equals to 𝑛𝑖/𝑁, where 𝑛𝑖 is the occurrence of microscopic state 𝑖 and 𝑁 is 

the total number of observations. 𝑘𝐵 denotes the Boltzmann’s constant. 

3.4 Partition function 

In order to know all the information (as much as possible with finite 

observations) of a certain system, we have to estimate the entropy 

(equation (3)) of this system subject to two constraints. First, the sum of 

the probabilities of every microstate (𝑖) equals to 1 (equation (4)); Second, 

the sum of the weighted energies (𝑃𝑖𝐸𝑖) of every microstate equals to the 

average total energy (〈𝐸〉: ensemble average of the total energy) of the 

system (equation (5)): 

 �𝑃𝑖 = 1
𝑖

 (4) 

 �𝑃𝑖𝐸𝑖
𝑖

=  〈𝐸〉  (5) 

By introducing two Lagrange multipliers (𝛼,𝛽) into equations (4) and 

(5), the partition function can be solved. This paves the statistical path in 

correlating macroscopic observables with microscopic states. By 

definition, the partition function demonstrates how each microstate is 

partitioned among all possible microstates over the phase space when the 
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system is in thermal equilibrium. For a canonical ensemble, the partition 

function at given temperature is, 

 Z𝛽 = �𝑒−𝛽𝐸𝑖
𝑖

 (6) 

Where one of the Lagrange multiplier 𝛽 is the inverse temperature, 

 𝛽 =
1
𝑘𝐵𝑇

 (7) 

The partition function can then be written as: 

 Z𝑇 = �𝑒−𝐸𝑖/𝑘𝐵𝑇
𝑖

 (8) 

𝑒−𝐸𝑖/𝑘𝐵𝑇 is named as Boltzmann factor. It denotes the distribution (𝐹𝑖) 

between any two microstates in the same ensemble depends on the 

energy differences of these two states at given temperature (𝑇): 

 
𝐹𝑖
𝐹𝑗
∝  𝑒(𝐸𝑖−𝐸𝑗)/𝑘𝐵𝑇 (9) 

In addition, the related properties in the system are, 

 𝑃𝑖 =
1
𝑍
𝑒−𝐸𝑖/𝑘𝐵𝑇 (10) 

 〈𝐸〉 = �𝑃𝑖𝐸𝑖
𝑖

=
1
𝑍
�𝐸𝑖𝑒−𝐸𝑖/𝑘𝐵𝑇
𝑖

= −
𝜕ln𝑍
𝜕𝛽

 (11) 
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𝑆 = −𝑘𝐵�𝑃𝑖ln𝑃𝑖 =

𝑖

𝑘𝐵(ln𝑍 + 𝛽〈𝐸〉) =
𝜕
𝜕𝑇

(𝑘𝐵𝑇ln𝑍) (12) 

The characteristic state function of the canonical ensemble is the 

Helmholtz free energy (𝐴), 

 𝐴 = −𝑘𝐵𝑇ln𝑍 (13) 

Where 𝐴 is the measure of maximum amount of useful (free) work, 

which can be extracted from the system when the temperature and the 

volume of the system are held at constant values. 

3.5 NpT ensembles and Gibbs free energy 

 In wet labs, almost all experiments are carried out under constant 

temperatures and constant pressures. During MD simulations, in most 

cases, the system will be maintained complying with the same isothermal-

isobaric constraints (NpT ensembles). Temperature can be maintained 

with coupling algorithms such as Berendsen (Berendsen et al., 1984), the 

velocity rescaling (Bussi et al., 2007) and Nosé-Hoover (Nose, S and Nose, 

1984; Hoover, William G. and Hoover, 1985) algorithms. Pressure will be 

maintained by Berendsen and Parrinello-Rahman (Parrinello and 

Rahman, 1981) algorithms. In our simulations, the temperatures were 

maintained by the Nosé-Hoover thermostat and the pressures were kept 

constant by using the Parrinello-Rahman barostat (Chapter 4). 

The partition function of NpT ensembles can be easily converted from 

the canonical ensemble weighted by the Boltzmann factor reflecting the 

work changes of the system resulting from volume changes at a given 

pressure. The characteristic state function of this ensemble is the Gibbs 

free energy (𝐺), 
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 𝐺 = −𝑘𝐵𝑇ln𝑍 (𝑁,𝑝,𝑇) (14) 

The Gibbs free energy denotes the ability of the system to do the non-

expansion work. In other words, how the system can evolve between two 

states of interest (initial and final) depends on the difference of Gibbs free 

energies between these two states when the system is in a thermal 

(metastable) equilibrium (or steady state).  

3.6 Free energy calculations 

In MD simulations, the calculation of free energy profile quantifies the 

capability of spontaneous occurrences of certain biological processes. It 

pinpoints the energetic mechanisms and provides direct evidence in 

interpreting the kinetics of these biological processes.  

3.6.1 Challenges in computing free energy profiles 

Theoretically, an equilibrium simulation will depict an accurate 

converged free energy profile of a certain process according to equation 

(14) when a simulation ergodically visits every possible microscopic state 

in a given ensemble. However, such sampling is trivial to reach in limited 

time scale. Rare events determining energy barriers may be inadequately 

sampled. In addition, during equilibration processes, the system will 

encounter large fluctuations resulting from the relaxation of non-optimal 

interactions among particles. These artifacts might generate irreversible 

unrealistic processes such as incorrect reaction pathways and structural 

changes.  

Biophysicists are captivated by method development in need of 

enhancing the sampling to calculate free energy profiles for simulating 

systems of interest. The problem can be divided into two categories: I. The 

Potential of Mean Force (PMF) 𝑊(𝜉) along the reaction coordinate 𝜉 , 

introduced by Kirkwood (Kirkwood, 1935); II. The free energy difference 
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between an initial state (λ = 0) and a final state (λ = 1) via several 

intermediate states with a set of coupling parameters {λ}. The gists of 

these two methods are consistent with the same “slow-growth (evolving)” 

concept. The first case can be solved via the umbrella sampling method 

(Torrie and Valleau, 1977), and the latter case can be tackled by direct 

thermodynamic integration with respect to  λ, free energy perturbation 

(FEP) (Zwanzig, 1954), and Jarzynski’s non-equilibrium method (Jarzynski, 

1997). 

Here, only the umbrella sampling method and its mathematical 

resolution, weighted histogram analysis method (WHAM) (Kumar et al., 

1992) will be extensively described. Because this method has been 

Figure 3.3 Schematic representation of umbrella sampling, (modified from Justin 
Lemkul’s tutorial, http://www.bevanlab.biochem.vt.edu/Pages/Personal/justin/gmx-
tutorials/umbrella/05_pull.html). Here the reaction coordinate  𝝃 , the window potential 
𝒘𝒊(𝝃), window number 𝑵𝒘 and the biased distribution 〈𝝆(𝝃)〉𝒊𝒃𝒊𝒂𝒔𝒆𝒅are labelled. 

http://www.bevanlab.biochem.vt.edu/Pages/Personal/justin/gmx-tutorials/umbrella/05_pull.html
http://www.bevanlab.biochem.vt.edu/Pages/Personal/justin/gmx-tutorials/umbrella/05_pull.html
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adopted in one of the papers in this thesis (Chapter 4.1) when calculating 

the one-dimensional PMF to study the selectivity between Na+ and Ca2+ in 

the SF of the bacterial sodium channel NaVAb.  

3.6.2 PMF and umbrella sampling 

PMF W(𝜉) can be described as a comparison of the average 

distribution function 〈𝜌(𝜉)〉 to an arbitrarily chosen reference point 〈𝜌(𝜉∗)〉,  

 
W(𝜉) = W(𝜉∗) − 𝑘𝐵𝑇 ln �

〈𝜌(𝜉)〉
〈𝜌(𝜉∗)〉

� (15) 

As discussed before, it is impractical to calculate PMF or estimate 

〈𝜌(𝜉)〉 along the whole path of a biological process from an equilibrium 

simulation. An alchemical technique, umbrella sampling (Figure 3.3), 

dissects the system into several individual simulations with 𝑁𝑤 biased 

window potentials covering the whole reaction pathway. Using a spring 

constant 𝑘, each biasing umbrella window potential 𝑤𝑖(𝜉) (equation (16)) 

is applied to enhance the sampling in the vicinity of a chosen value 𝜉 for 

𝑖th window, 

 
𝑤𝑖(𝜉) = −

𝑘
2

(𝜉 − 𝜉𝑖)2 (16) 

The unbiased PMF for the 𝑖th window is then, 

 
𝑊𝑖(𝜉) = 𝑊(𝜉∗) − 𝑘𝐵𝑇 ln �

〈𝜌(𝜉)〉𝑖𝑏𝑖𝑎𝑠𝑒𝑑

〈𝜌(𝜉∗)〉
� − 𝑤𝑖(𝜉) + 𝐹𝑖 (17) 

Where 𝐹𝑖 is the free energy constant raised by the window potential 

𝑤𝑖(𝜉), 
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 𝑒−𝐹𝑖/𝑘𝐵𝑇 = 〈𝑒−𝑤𝑖(𝜉)/𝑘𝐵𝑇〉 (18) 

3.6.3 Weighted histogram analysis method (WHAM) (Kumar et 

al., 1992) 

The key to obtain PMF of the whole pathway is to recombine different 

umbrella simulations into the final estimate of 𝑊(𝜉). A mathmetical 

method, weighted histogram analysis method (WHAM) (Kumar et al., 1992) 

is applied. WHAM is carefully compared with previous methods to 

calculate PMF by umbrella sampling (Roux, 1995) and extensively 

discussed about its powerful application in MD simulations (Souaille and 

Roux, 2001). The total unbiased distribution function is the sum over 𝜉-

dependent weighted unbiased distribution functions of each umbrella 

simulation,  

 
〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 = �𝑝𝑖

𝑁𝑤

𝑖=1

(𝜉)〈𝜌(𝜉)〉𝑖𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 (19) 

Where the unbiased distribution function 〈𝜌(𝜉)〉𝑖𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 can then be 

represented by the biased distribution function weighted by the 

Boltzmann factor raised by umbrella (window) potential, 

 〈𝜌(𝜉)〉𝑖𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 = 𝑒[𝑤𝑖(𝜉)−𝐹𝑖]/𝑘𝐵𝑇〈𝜌(𝜉)〉𝑖𝑏𝑖𝑎𝑠𝑒𝑑 (20) 

〈𝜌(𝜉)〉𝑖𝑏𝑖𝑎𝑠𝑒𝑑  is straightforward to compute from each umbrella 

simulation. However, how the distribution function 〈𝜌(𝜉)〉𝑖𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 for 𝑖th 

simulation partition into total distribution function 〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑, in other 

words, how to mathematically represent these weights 𝑝𝑖(𝜉)  on the 

condition of the Boltzmann factor raised by umbrella potential, needs to 

be solved. Hereafter, the WHAM equations served as a straightforward 
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and computational available solution. The WHAM equations are derived 

from the minimization of statistical error in 〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 estimation 

subject to ∑ 𝑝𝑖
𝑁𝑤
𝑖=1 (𝜉) = 1 with Lagrange multipliers method. As a result,  

 
〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 = �

𝑛𝑖𝑒−[𝑤𝑖(𝜉)−𝐹𝑖]/𝑘𝐵𝑇

∑ 𝑛𝑖𝑒−[𝑤𝑖(𝜉)−𝐹𝑖]/𝑘𝐵𝑇𝑁𝑤
𝑖=1

𝑁𝑤

𝑖=1

〈𝜌(𝜉)〉𝑖𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 (21) 

 
                           = �

𝑛𝑖
∑ 𝑛𝑖𝑒−[𝑤𝑖(𝜉)−𝐹𝑖]/𝑘𝐵𝑇𝑁𝑤
𝑖=1

𝑁𝑤

𝑖=1

〈𝜌(𝜉)〉𝑖𝑏𝑖𝑎𝑠𝑒𝑑 (22) 

 𝑒−𝐹𝑖/𝑘𝐵𝑇 = �𝑑𝜉〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 𝑒−𝑤𝑖(𝜉)/𝑘𝐵𝑇 (23) 

𝑛𝑖 denotes the data points in 𝑖th umbrella sampling. Equations (22) 

and (23) are WHAM equations. Equation (23) is determined from equation 

(18). Hereafter, the unknown variables 𝐹𝑖 and 〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 can be solved 

self-consistently (Figure 3.4) with these two WHAM equations. For 𝑁𝑤 

umbrella simulations, there are a set of constants {𝐹𝑖𝑖}. The iteration 

begins with of a set of arbitrarily choosen {𝐹𝑖0}, then the estimation of 

〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑is obtained from equation (22). The estimation of 〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 

is used on the right hand side of equation (23) to compute a new set of {𝐹𝑖1}. 

The iteration circle continues until convergence of the process ({𝐹𝑖𝑖} can 

give rise to optimal estimate to 〈𝜌(𝜉)〉𝑢𝑛𝑏𝑖𝑎𝑠𝑒𝑑 and vice versa).  
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In Gromacs, a free WHAM tool named after g_wham has been 

introduced (Hub et al., 2010), it estimates not only the PMF values and also 

provides several bootstrapping resampling strategies to estimate the 

errors of the calculated PMF values.  

3.7 Simulations with transmembrane potential 

The physiological functions of ion channels are dominated by 

transmembrane potentials. As introduced before (chapter 1.1.2 & 1.2), 

variations of the membrane potentials during an action potential, due to 

unequal distributions of ion concentrations, initiate complicated 

structural changes correlating several ion channel states (closed, open, 

inactivated (fast and slow), deactivated) as well as transiently conducting 

ions (Hille, 2001). Therefore, it is of great importance to model 

transmembrane potentials, which resemble physiological scenarios or 

experimental conditions.  

In practice, during simulations, how applied transmembrane potential 

(𝑉𝑚) influences the local electrostatic potential across the membrane; what 

is the biophysical significance of a transmembrane potential has been 

studied and reviewed in detail by Benoit Roux (Roux, 1997, 2008). The 

potential energy of a thermal equilibrium system without an applied 

membrane potential is 𝑈𝑡𝑜𝑡𝑎𝑙 . The intrinsic electrostatic interaction 

contributions of the total potential energy 𝑈𝑒𝑙𝑒𝑐  are calculated by 

summation of Coulomb interactions as described by the force filed 

Figure 3.4 The schematic description of how PMF (〈𝝆(𝝃)〉𝒖𝒏𝒃𝒊𝒂𝒔𝒆𝒅) is derived by WHAM 
equations self-consistently. 
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(Figure 3.1, 𝑉𝑞) or can be approximately represented by the potential 

solely generated from a reaction field 𝑈𝑟𝑓  when considering that the 

charge distribution of the system is roughly homogeneous. After applying 

the membrane potential ( 𝑉 ), the total potential energy becomes 

𝑈𝑡𝑜𝑡𝑎𝑙 =  𝑈 + 𝑈𝑚𝑒𝑚  , 𝑈𝑚𝑒𝑚  denoting the contributions resulted from the 

applied transmembrane potential. 𝑈𝑚𝑒𝑚 will further be divided into two 

parts:  

 𝑈𝑚𝑒𝑚 =  
1
2
𝐶𝑉2 +  𝑄𝑑𝑉 (24) 

𝐶  is the capacitance of the system, Q𝑑  is the displacement charge 

(effective charge raised by applied potential 𝑉). Q𝑑 is dependent on the 

charge movement coupled with a dimensionless function ∅𝑚𝑝(𝑧) 

representing the fraction of the membrane potential at position 𝑧.  

 𝑄𝑑 =  �𝑞𝑖
𝑖

∅𝑚𝑝(𝑧𝑖) (25) 

∅𝑚𝑝(𝑧) is solved by a modified Poisson-Boltzmann (PB) theory (Roux, 

2008) (Figure 3.5B). Although in reality, it is much more complicated, 

∅𝑚𝑝(𝑧)  indicates, in a simplified representation, the fraction of the 

membrane thickness (Roux, 1997): 

 ∅𝑚𝑝(𝑧) =
𝑧𝑖 + 𝐿𝑍/2

𝐿𝑍
 (26) 

Therefore, ∅𝑚𝑝(𝑧)  is referred to “electric distance”. Figure 3.5C 

illustrates how different applied electric fields influence the electrostatic 

potentials across the membrane.  
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Following these ideas, two main methodologies have been introduced. 

First, a constant external electric field 𝐸�⃗ , is applied perpendicular to the 

membrane plane (Suenaga et al., 1998; Zhong et al., 1998; Tieleman et al., 

2001; Crozier et al., 2001). In principle, this gives rise to an electromotive 

force potential (electric potential)  𝑉 = 𝐿𝑧 × 𝐸�⃗  (𝐿𝑧 denotes the simulations 

box length in the direction of 𝐸�⃗ ), mimicking the testing potentials of patch 

clamping methods across the infinite planar bilayer with small fluctuation. 

However, the inevitable artifacts due to the periodic boundary conditions 

of the simulation box failed to render accurate transmembrane potentials 

as intended (Sachs et al., 2004; Delemotte et al., 2008). Later, a more 

physical setup according to charge imbalances across the membrane by 

applying a second bilayer has been proposed (Sachs et al., 2004). This 

method is able to simulate a realistic membrane potential. The 1-D time-

averaged electrostatic potential ∅(𝑧), which reflects the combination effect 

of both intrinsic electrostatic interactions and applied membrane 

potential, can be numerically solved by double integration of the Possion 

equation with respect to equilibrium charge distributions at position 𝑧 

perpendicular to the membrane. This requires ∅(0) = ∅(𝐿) = 0 as boundary 

conditions (Sachs et al., 2004). (Figure 3.5A). 

Figure 3.5 The characteristics of the electrostatic potential during simulations with applied 
membrane potential. A, illustrates the transmembrane potential changes from a simulation with 
0mv applied potential (dashed) to a simulation with 170mv (solid) (modified from Sachs et 
al.,2004), the single bilayer region which can be compared directly with Figure B and C is shaded 
with grey color; B, illustrates, ideally, the fraction of the membrane potential experienced by 
charge atoms along the simulation box has linear relationship with membrane (the length of the 
box along the z axis) (adopted from Roux, 2008); C, demonstrates the resultant local 
electrostatic potential profile variations upon different magnitudes of transmembrane potentials 
(adopted from Jensen et al., 2013). 
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 ∅(z) = −
1
𝜀0
�𝑞𝑖 �� (𝑧 − 𝑢)𝜌𝑖(𝑢)𝑑𝑢 −

𝑧
𝐿
� (𝐿 − 𝑢)𝜌𝑖(𝑢)𝑑𝑢
𝐿

0

𝑧

0
�

𝑖

 (27) 

Where 𝜀0is the permittivity constant, 𝑞𝑖 is the charge on atom 𝑖, 𝜌𝑖is the 

density of atom 𝑖, 𝐿 is the box length along the 𝑧 direction and 𝑢 is a 

dummy variable which does not influence the result. 

In 2011, a new simulation scheme based on the above described 

double bilayer setup in gromacs: Computational Electrophysiology 

(CompEL) was published (Kutzner et al., 2011) . This method is able to 

study ion conductance in ion channels or transporters. In this study, the 

charge imbalance across the double-membrane configuration, as used 

before (Sachs et al., 2004), generates an internal electric field. Moreover, 

Kutzner et al., developed a particle interchange method, which exchanges 

Figure 3.6 The representation of the computational electrophysiology scheme (double 
bilayer setup) (modified from Kutzner, et al., 2011). A. The schematic representation of this 
setup, the ion/water exchange region are labeled as “swap”; B. An exemplar electrostatic profile 
of the simulations with different charge imbalances, the transmembrane potentials are denoted 
as ∆𝑼. 
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ion/water pairs between buffer regions in both compartments to maintain 

a given concentration gradient and/or charge imbalance across two 

membranes (Figure 3.6A). Therefore, this scheme enables to achieve a 

constant electrochemical drive during simulations and generates 

configurations according to Boltzmann probability in line with a grand 

canonical ensemble (open equilibrium) as highlighted by Roux (Roux, 

2008, 2011).  

Ion conductance 𝐺 for ion species 𝑖 with charge 𝑞𝑖 (as elementary charge 

𝑒) in each interval ∆𝑡 is calculated by: 

 
𝐺 =

∑ 𝑛𝑖𝑞𝑖𝑖

∆𝑡∆𝑈  (28) 

This method is utilized and discussed in the second paper of this thesis 

(Chapter 4.2). 
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Figure S4 
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Figure S5 

 
 
Movie S1 & S2: 
 
http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003746#s5 
 
  

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003746%23s5
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5 Discussion  

In this thesis, comprehensive investigations of the functions of the 

selectivity filter (SF) in BacNaVs with regard to ion selectivity, conduction 

and potential access pathways for quaternary amine local anesthetics 

have been performed.  

5.1 EEEE locus determines Na+ and Ca2+ selectivity 

(Discussion for chapter 4.1) 

The carboxyl oxygens of the glutamic acids (E177 in NaVAb and E53 in 

NaVMs), which have been proposed to form a high-field strength site (site 

SHFS) for ion conduction and selectivity (Eisenman and Horn, 1983), play a 

central role in these key channel functions consensually supported by our 

studies (Ke et al., 2013, 2014) and other studies (Carnevale et al., 2011; 

Corry and Thomas, 2011; Furini and Domene, 2012; Qiu et al., 2012; Corry, 

2013; Stock et al., 2013; Chakrabarti et al., 2013; Ulmschneider et al., 2013; 

Tang et al., 2014). This EEEE ring defines an electro-negative region at the 

extracellular entrance of the SF of BacNaVs, which rapidly attracts cations 

in the vicinity of the channel outer vestibule. As proposed by structural 

studies (Payandeh et al., 2011), Na+ ions tend to be directly coordinated 

with side chain oxygens of glutamic acids in an off-axis manner 

(Carnevale et al., 2011; Ke et al., 2013; Ulmschneider et al., 2013). One 

water molecule from Na+ ion’s first hydration shell is replaced by a 

carboxyl oxygen from a glutamic acid side-chain. This site is energetically 

favorable to bind not only Na+, but also K+ and Ca2+ ions. However, these 

ions experience distinct energy barriers when moving inwardly at a site, 

which is located at the equivalent positions of glutamic acid side chain 

carbon atoms (site SS178/L176, Figure 2C, in chapter 4.1 (Ke et al., 2013); site 

SBAR Figure 3, in chapter 4.2 (Ke et al., 2014)). As introduced in chapter 

1.4.4, two computational studies have suggested that K+ ions fail to 

maintain the optimal geometry at this narrow region (Corry and Thomas, 

2011; Furini and Domene, 2012). Our study (Figure 2C & E, chapter 4.1 (Ke 
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et al., 2013)), for the first time, revealed that this site will also provide 

discrimination between Na+ and Ca2+ions based on PMF calculations. The 

geometrically non-optimal coordination leads to a larger barrier for Ca2+ 

(4.3 kcal/mol) with respect to Na+ (1.4 kcal/mol). In addition, Ca2+ can 

induce a conformational change of the EEEE locus due to strong 

electrostatic interactions. The side chains of the glutamic acids adopt a 

novel inward-facing conformation (χ2 angle ~ 60, flipped) compared to the 

outward facing configuration (χ2 angle ~ 290, flipped) in the crystal 

structure.  

Later, a paper published by Corry (Corry, 2013), has demonstrated 

similar mechanisms for Ca2+ and Na+ selectivity. The ion–protein 

interactions are not able to compensate for the reduced ion–water 

interactions that are enforced by the limited space at this hydrophobic site. 

Ca2+ compensates the larger free energy penalty, compared to Na+, to lose 

half of the water (on average) when permeating this barrier. Interestingly, 

in the same study, a two-ion PMF calculation demonstrated that a sodium 

ion is able to bypass a calcium ion, which bound tightly to a glutamic acid 

side chain in the SF of NaVAb; meanwhile, Ca2+ can easily displace a 

sodium ion, which pre-occupied site SHFS, and push it through the pore. 

These findings suggested, in general, the radius of an electronegative Ca2+ 

selective filter will be narrower than Na+ selective ions. (Corry, 2013) 

Analogous mutations in the SF of the bacterial NaVAb channel 

(sequence: TLESWSM) have been introduced, in order to create a Ca2+ 

selective CaVAb (sequence: TLDDWSD) channel for structural and 

electrophysiological studies (Tang et al., 2014). These additional negative 

charges in the SF, which totally abolish the original configuration of site 

SHFS, accentuate the differences of the binding affinities for Ca2+ over Na+ 

to 100:1. Three narrow binding sites have been suggested to be able to 

accommodate Ca2+ ions with their first hydration shell, meanwhile 

excluding Na+ ions (Tang et al., 2014). Although in vertebrate calcium 

channels, the four glutamate residues are proposed to be pseudo-
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symmetrically positioned (Ellinor et al., 1995), they might share similar 

molecular mechanisms for Ca2+ permeation and selectivity (Tang et al., 

2014). 

5.2 Significance of structural configurations the EEEE 

locus (Discussion for chapter 4.2) 

Later in 2013, Chakrabarti et al, reported that a similar alternative 

configuration of the EEEE locus can occur in equilibrium simulations with 

Na+ (Chakrabarti et al., 2013), as observed in our simulations with Ca2+ (Ke 

et al., 2013). However, it was not clear why these structural changes of the 

SF were not reported in previous simulations as well as the detailed 

mechanism underlying this structural rearrangement (Furini and Domene, 

2013). Our further simulation study (Chapter 4.2, Ke et al., 2014) with 

depolarizing membrane potential provides evidence that increased 

propensity of outward sodium transitions might be the reason to trigger 

these conformational changes. The non-flipped conformation, which 

forms the native barrier site SBAR, prevents Na+ efflux with a larger energy 

barrier compared to Na+ influx (Furini and Domene, 2012; Stock et al., 

2013; Ke et al., 2014). The inward-facing (flipped) configuration of 

glutamic acid offers direct coordination for outward traversing Na+ ions, 

and energetically facilitates Na+ outward conduction (Figure 7, 8 & 9, 

Chapter 4.2,  Ke et al., 2014). Equilibrium simulations suggest this 

configuration may serve as a first step to drive channel slow inactivation 

by triggering a kink in the S6 segment (Boiteux et al., 2014a). In our 

publication, restrains imposed on the lower S6 helix, necessary due to the 

use of a truncated open NaVMs structure, precluded observations of the 

formation of this slow inactivated state. Interestingly, in our preliminary 

simulations with no restraints on the pore gate, the occurrences of a two-

fold assembly of the lower S6 segments akin to the inactivated NaVAb x-

ray structure (Payandeh et al., 2012) was observed. Further simulation 

studies with an unrestrained full-length structure and experimental 
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validations including introducing artificial substitutions of glutamic acids 

will validate this hypothesis. 

5.3 Probing the role of the selectivity filter (SF) in the 

external drug access pathway (EAP) in mammalian 

NaVs (Discussion for chapter 4.3)  

Previous electrophysiology and homology modeling studies based on 

K+ channel structures suggested an external access pathway (EAP) for 

local anesthetics. Residue I1575 was identified as a structural determinant 

for creating a so-called engineered EAP for charged local anesthetics, QX-

222 in rat NaV 1.4 channels (Sunami et al., 2001; Lipkind and Fozzard, 2000; 

Tikhonov and Zhorov, 2005). In our third study (Chapter 4.3, Lukacs et al., 

2014), experimental data by the Todt lab showed that W1531G can 

generate a non-selective SF in the rat NaV1.4 channel. Homology modeling 

studies using the newly published NaVAb structure as template suggested 

that this mutant might collectively contribute to the formation of this EAP 

with previous published structural determinants at position 1575. 

Equilibrium simulations, performed with mutants W182G (W1531 in 

NaV1.4) and L179S in one subunit of the bacterial channel NaVRh, showed 

that water molecules can solvate the cavity where originally occupied by 

tryptophan side chains. The HOLE (Smart et al., 1993) analysis suggests 

there might be an additional contiguous pore connecting the outer and 

inner vestibules other than the SF, when the bulky tryptophan side chain 

is removed (Figure 5.1) . Subsequent molecular modeling and docking 

studies showed the QX-222 might utilize this EAP to access the pore cavity 

(Figure 10 in chapter 4.3 ). Our study sheds light on the applicability of 

BacNaVs structures as templates for modeling the external access pathway 

of charged local anesthetics in mammalian sodium channels. Neutral local 

anesthetic (benzocaine) and antiepileptic (phenytoin) drugs have been 

shown, in MD simulations, to access the bacterial channel via the 

hydrophobic pathway facilitated by the fenestrations of BacNaVs (Martin 
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and Corry, 2014; Boiteux et al., 2014b). QX-314, a permanent charged local 

anesthetic drug, was proposed to use the similar pathways to block the 

closed channel with mutated µ-conotoxin occluding the outer vestibule in 

vertebrate NaVs channels (Sunami et al., 2001; Zhorov and Tikhonov, 2013). 

However, electrophysiological studies failed to show evidence that QX-314 

can utilize this hydrophobic route in BacNaVs (Lee et al., 2012). Detailed 

mechanisms of possible access pathways for charged molecules require 

further investigations.  

5.4 Prospects 

There are future prospects that can be addressed in terms of better 

sampling during simulations. Better Ca2+ ion parameters will offer better 

quantitative interpretations of the simulation results (Mamatkulov et al., 

2013; Corry, 2013). Current Ca2+ parameters are quite deviated in terms of 

Lennard Jones parameters among mainstream force fields. Almost all of 

them fail to describe specific effects of ion interactions with complex 

Figure 5.1. The continuous pore indicated by HOLE analysis (Smart et al., 1993) from the 
simulated model with W-G and L-S mutants based on the NaVRh structure. Relevant 
structural determinants and their numberings of both bacterial (NaVRh) and mammalian 
(rNaV1.4) NaVs are highlighted. 
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proteins such as ion channels and transporters (Mamatkulov et al., 2013). 

One future direction, which might require a large amount of referential 

quantum calculations, can determine a set of specific pairwise LJ 

parameters between calcium and other interacting atoms respectively. In 

addition, due to their high charge density, divalent ions are more likely to 

polarize surrounding molecules than is the case for monovalent ions. 

Therefore, the use of polarizable force fields to parameterize correct 

polarization of the atoms interacting with Ca2+ will also improve this issue 

(Corry, 2013). 

An applied membrane potential ensures a realistic setup of the driving 

force for ion flux and even the charged molecules. However, the 

transmembrane potential may experience large fluctuations with finite 

simulation size during ion permeation. Similar fluctuations may also 

occur when simulations involve large conformational changes of the 

protein. In addition, according to equation (27), these different 

conformational configurations may also change local electrostatic profiles 

(e.g. shifting or creating new electrostatic potential barriers). Additionally, 

current non-polarizable force fields overestimate the electrostatic 

potential barriers in the lipid head group region (Klauda et al., 2010; 

Jensen et al., 2013). Therefore, a polarizable force field is essential in 

reproducing not only the correct area per lipid values of membrane but 

also the realistic electrostatic potentials of the system (Jensen et al., 2013). 

The reproducibility of water polarization is also of great interest to 

characterize both the dipole moments and the free energy profiles of 

water molecules interacting with ions in the SF (Lamoureux and Roux, 

2003). These improvements enable simulations with lowered 

physiological membrane potentials and better ensemble average with 

fewer fluctuations. In addition, estimations of two-dimensional 

electrostatic potential profiles (Aksimentiev and Schulten, 2005; Delemotte 

et al., 2008) and charge free energy profiles (Dong et al., 2013; Roux, 2008) 

will provide good opportunities to characterize residue-based fractional 
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charge free energy differences during conduction of these charge 

molecules compared to equilibrium simulations. 

Summarizing, this thesis provides novel insights into substantial roles 

of the dynamics of EEEE locus, which determines two crucial ion 

interacting sites, SHFS and SBAR, in ion selectivity (Na+ and Ca2+) and 

conduction directionalities of BacNaVs. Additionally, a SF involved 

engineered external pathway for charged local anesthetics has been 

probed. As Na+ channels are important drug targets to treat a plethora of 

pathophysiological conditions, our studies shed lights on the feasibility of 

using bacterial NaVs structures as models to characterize mammalian 

channel functions. Further studies with more structural information and 

better sampling techniques will provide detailed insights into Na+ and Ca2+ 

discrimination and conductance as well as drug interactions with 

mammalian sodium and calcium channels. 
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(Catterall, 2012) (Treptow and Tarek, 2006) 
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