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A B S T R A C T   

The three tetrameric voltage-gated K+, Na+, and Ca2+ ion channels share a high number of common structural 
features. Moreover, they share a common charge distribution over the corresponding molecular components. 
These common features point to an energetically favored pathway of channel opening. This pathway starts from 
an ion channel conformation consisting of the activation gate closed and the inactivation gate (i.e., the selectivity 
filter) open. As a consequence of a depolarizing pulse, the stepwise outward movement of the four S4 helices 
triggers a series of interlinked electrostatic attractive interactions leading to complete opening of the ion 
channels. The assumption of a stepwise outward movement of the S4 helices is supported not only by the pos-
sibility of accounting for the salient kinetic features of these ion channels with a minimum of two, or at most 
three, free parameters, but also by a similar experimental stepwise movement of the gating charge.   

1. Introduction 

Biological membranes are not permeable to inorganic ions; none-
theless, the movement of ions in and out of a cell is critical for their 
normal activity. Ions do not pass through the plasma membrane by 
simple diffusion; rather, their transport is mediated by protein-lined 
pores called ion channels. Ion transport through ion channels is an 
example of passive transport because these channels move a specific 
permeant cation from the membrane side, where its electrochemical 
potential is higher, to that where it is lower. Voltage-gated K+, Na+, and 
Ca2+ channels consist of four identical or homologous units and are 
referred to as tetrameric ion channels. Each unit is composed of six 
transmembrane α-helices (S1–S6). The four repeated units (I–IV) are 
circularly arranged around a central pore (CP). In K+ channels the four 
units are not covalently linked together and are called subunits, while in 
Na+ and Ca2+ channels they are connected by conformationally flexible 
loops and are called domains. In what follows, to simplify the notation, 
the term domain will also be used to denote the K+ subunit (Fig. 1). 

By voltage-gated Na+ channel we mean its α subunit of 260 kDa, 
without its smaller β-subunit of 30–40 kDa [1]. Even though the β sub-
unit is required for normal kinetics of gating, the sole α subunit is suf-
ficient for functional expression of the Na+ channel [2]. Ca2+ channels 
show two well distinct types, namely high voltage activated (HVA) Ca2+

channels and low voltage activated (LVA) ones [3]. The latter are also 
called T-type or Cav3 Ca2+ channels. LVA Ca2+ channels require smaller 
activating potential steps and inactivate faster, more completely and at 
more negative potentials than HVA Ca2+ channels [4]. The Ca2+ channel 
subunit with a structure quite similar to that of Shaker K+ and Na+

channels is the α1 subunit [5,6]. In HVA Ca2+ channels the single 
expressed α1 subunit is sufficient to produce Ca2+ currents, but with a 
low expression level and abnormal kinetics and voltage dependence. 
Conversely, LVA Ca2+ channels function normally without combining 
with other subunits [4]. 

All tetrameric ion channels share the main structural features, 
probably because they are likely to have evolved from common ancestor 
proteins, dating back to simple peptide ion channels. Moreover, phylo-
genetic analysis of ion channels seems to suggest that the Nav channel 
evolved from an ancient Cav channel resembling the T-type channels 
[7,8]. Besides sharing structural features, tetrameric ion channels are 
characterized by a common distribution of charged residues over their 
corresponding molecular components. It will be shown that such a dis-
tribution facilitates the opening of tetrameric ion channels by way of a 
chain of attractive electrostatic interactions. This facilitated opening 
pathway starts from a channel conformation where the CP is closed on 
the intracellular side of the membrane and open on the extracellular 
side. This conformation immediately preceding channel opening is 
diametrically opposed to that proposed in a number of recent works, 
although it has found wide consensus in the early literature in connec-
tion with the opening of the squid axon Na+ channel during the action 
potential. 

2. The common structural features of tetrameric ion channels 

The four S1–S4 helices of each domain form the so-called voltage 
sensing domain (VSD), with the S4 helix bearing 4 to 7 positive charges 
and the totality of the other three helices bearing a net negative charge. 
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The three S1–S3 helices of each VSD are arranged in such a way as to 
form a hydrophobic waist, ~10 Å in length, called a gating pore, inter-
posed between two hydrophilic vestibules. By convention, the trans-
membrane potential ϕ measures the electric potential inside the cell 
relative to that outside. As ϕ is made sufficiently positive, the resulting 
electrostatic repulsion moves the four positively charged S4 helices 
outwards (i.e., toward the extracellular side of the membrane) in a 
stepwise fashion along their own gating pore. The total number of 
charges of the four S4 helices that pass across the corresponding gating 
pores following their outward movement constitutes the gating charge. 

Fig. 2 shows two opposite domains, where each of the two VSDs is 
schematically represented by an hourglass showing only the S4 helix in 
outward position inside its own VSD, whose constriction simulates the 
gating pore. 

In moving outward, each S4 helix rotates so as to form transient ion 
pairs with the negative charges located in the corresponding S1–S3 
helices [1]. The four VSDs are located at the corners of a square, with the 
central pore (CP) at its center, floating as if they were separate from the 
CP. The upward movement of each S4 helix, induced by a positive po-
tential step (the depolarizing pulse), is transmitted through a S4–S5 linker 
to the corresponding S5 helix, which makes many amino acid contacts 
with the corresponding S6 helix on the intracellular surface of the 
membrane. The four S6 helices, flanked by the relative S5 helices, are 
widely separated near the extracellular membrane surface, whereas they 
converge at the intracellular membrane surface, where they form a sort 
of bundle crossing, called an activation gate, which can be either open or 
closed. 

On the extracellular side of the membrane, the four S5 helices are 
linked to the corresponding S6 helices by four extended loops (the P 
loops), which are partially folded back into the CP, lining its outer 
portion and forming a funnel-like vestibule, called a selectivity filter (SF). 
This name stems from the fact that the folded back loops contain a highly 
conserved amino acid sequence, called the signature sequence. The pep-
tide chains of the signature sequence can replace the hydration shell of 
the permeant ion, allowing or inhibiting its flow. In view of its function, 
the SF is also called an inactivation gate and can be either open or 
inactive. The CP shows a swelling (cavity) at about half its full length 
and is filled with water. It is enclosed between the activation gate at the 
intracellular membrane surface and the SF at the extracellular one. The 
rapid closure of the activation gate is determined by its plugging up by a 
portion of some intracellular loop, referred to as the endogenous blocker, 
whose receptor is located inside the CP, below the SF. 

The above features are common to all voltage-gated K+, Na+, and 
Ca2+ channels, which exploit them by moving the permeant ion from the 
membrane side, where its concentration is higher, to that where it is 
lower. For this reason, the K+ ion, whose concentration is about two 
orders of magnitude higher on the intracellular side of the membrane, 
moves from this side to the extracellular side along the K+ channel, 

generating a current that is conventionally positive. Conversely, Na+

and Ca2+, whose concentrations are decidedly higher on the extracel-
lular side of the membrane, move from this side to the intracellular side 
along the corresponding ion channels, generating currents that are 
conventionally negative. More precisely, K+ ions enter the water-filled 
CP of the K+ channel through the activation gate, release their hydra-
tion shell to the SF and emerge in the extracellular aqueous solution 
while reconstituting their hydration shell. Na+ and Ca2+ ions move 
along the corresponding channels following the opposite pathway. 

3. Common charge distributions in the components of 
tetrameric ion channels 

In addition to the above common structural features of all three 
tetrameric ion channels, other common features are significant in order 
to understand the important role played by electrostatic interactions in 
the structure–function relationship of these channels. Thus:  

1. The sum of the charges of the S1, S2 and S3 helices participating in 
any VSD is negative. 

A single S1 helix carries one positive charge in the Kv1 K+ channel, 
and no charges in the Kv2 and Shaker K+ channels [9]. Incidentally, 
when a charge is exactly located at the border of a helix, a margin of 
arbitrariness exists in ascribing it to the helix or not. The S2 helix 
carries one net negative charge in Kv1, and two net negative charges 
in Kv2 and Shaker K+ channel. Two of these negative charges, called 
glutamates E0 and E1, are on opposite sides with respect to the gating 
pore of each VSD, where the electric field of the whole VSD is 
focused. They are said to constitute a charge transfer center because 
they were found to facilitate the movement of gating charges across 

Fig. 1. Polypeptide chain of a Na+ or Ca2+ channel. The four domains, from I to IV, consist of six transmembrane α-helices; cylinders denote α-helices, whereas the 
curved lines connecting the cylinders denote intra- or extracellular loops. 

Fig. 2. Schematic picture of two opposite domains, simplified by removing the 
S1–S3 helices of each VSD and replacing them by an hourglass symbolizing two 
hydrophilic vestibules separated by the gating pore. The cylinders denote 
α-helices, whereas the curved lines connecting the cylinders denote intra- or 
extracellular loops. 
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the gating pore [10]. This feature is believed to be common to all 
voltage-gated ion channels [11]. The S3 helix carries two negative 
charges in Kv2.1 and Shaker K+ channel, and three in Kv1.2. The 
human Na+ channel Nav1.7DIV carries one net negative charge in S1, 
S2 and S3 [12]. In T-type Ca2+ channels, S1 and S2 have a zero net 
charge, whereas S3 has two net negative charges [4].  

2. All S5–S6 loops, with their intermediate portion folded back into the 
upper portion of the CP to form the SF, are negatively charged. 

The charge contributed by the totality of the four domains to the 
sole SF equals –4e for Na+ channels (except for the rat skeleton 
muscle Na+ channel, where it equals –5e), –8e for Ca2+ channels, and 
0 for Shaker and KvAP K+ channels [13]. With the exclusion of K+

channels, the total charge of the SF is twice that of the two permeant 
ions usually considered to simultaneously reside in the SF, alternated 
with water molecules [14]. The SF charges being twice in magnitude 
but opposite in sign to those expected to be carried by two permeant 
ions simultaneously present in the SF has the effect of attracting 
neighboring cations toward the SF. In the case of the K+ channel, the 
charge carried by the totality of the S5–S6 loops is sufficient to exert 
an attractive interaction upon K+ ions, being –4e for Kv2.1, –16e for 
Kv1.2, and –8e for the Shaker K+ channel [9]. The net negative 
charge carried by the S5–S6 loops of all four domains of the human 
brain HBA Na+ channel amounts to ~–15e [15]. The totality of the 
four S5–S6 loops carry a net charge of ~–8e in Cav1, ~ –6e in Cav2 
and ~–8e in Cav3 [16].  

3. All endogenous blockers bear a net positive charge. 
It is generally accepted that the blocker of the Shaker K+ channel 

consists of the ‘ball-and-chain’ motif present in any of the four N- 
termini of the K+ channel subunits. The first amino acids of the N- 
terminus constitute the ball domain. This consists of 11 hydrophobic 
amino acids, 8 hydrophilic ones and 4 positively charged ones. The 
following 60 amino acids constitute the chain domain [17]. There is 
also general consensus that the CP of the Na+ channel is blocked by 
the so-called ‘hinged lid’ motif, present in the III–IV loop and con-
taining a hydrophobic triad of isoleucine, phenylalanine and 
methionine, briefly denoted by IFM [18]. The folded region enclosed 
between the two opposite hinges of the lid is positively charged, 
since it contains six lysine residues in the face of one aspartate and 
two glutamate residues [19]. Analogously, the intracellular I–II loop 
of HVA Ca2+ channels, which has been proposed as an important 
determinant of the voltage dependent inactivation phase [20], has a 
net positive charge [21]. A number of pieces of experimental evi-
dence suggest that the positively charged intracellular III–IV loop is 
the most probable candidate for blocker of the Cav 3.1 Ca2+ channel 
[22]; at any rate, even all other intracellular loops of Cav3 Ca2+

channels bear a net positive charge [4]. 

A further feature that the three tetrameric ion channels share, albeit 
confined to channels containing one or more glutamate (E) residues in 
the SF, is the effect of E protonation/deprotonation in the proximity of 
physiological pH values. In this connection, it must be noted that the pK 
of ionizable groups buried inside the low dielectric environment of 
bulky proteins is quite different from that in water. In particular, the E 
residue assumes values around 7 [23]. Particularly rich in E residues are 
Cav1.2 Ca2+ channels and prokaryotic NaChBac, NavAB and NavRh Na+

channels, which contain four E residues [13]. The Shaker K+ channel 
contains no E residues in the SF, but a number of prokaryotic K+

channels, including KcsA and the inward rectifier KIR family, contain 
four E residues in the SF. While wild-type KcsA yields a stable tetramer, 
its E71V mutant is mainly monomeric [24]. Moreover, the inward cur-
rent of the wild-type KcsA, albeit not completely negligible, tends to a 
plateau, whereas E71V causes it to increase more than the outward 
current. A collapse of KcsA similar to the so-called C-type inactivation 
was shown not to occur with the E71A mutant [25]. 

The effect of external protons on single Na+ channel currents 
recorded on guinea pig ventricular myocytes was first reported by Zhang 

and Siegelbaum in 1991 [26]. Many simulations dealing with this pH 
effect have recently been carried out on prokaryotic Na+ channels (see 
[27] and references therein), because their structures are more clearly 
known (see, e.g., [28]) and simulations are less time consuming. It is 
often assumed that at physiological pH both the fully deprotonated and 
the singly and doubly protonated states of the SF are feasible. A simu-
lation reported in [29] predicts a decrease in the average number of Na+

ions in the SF from 2.3 to 2 as the E residues in the signature ring pass 
from fully deprotonated to singly protonated. This conclusion is quite 
intuitive, since a decrease in the negative charge in the SF causes a 
decrease the electrostatic attraction towards the positively charged Na+

ions. 
Eukaryotic L-type Ca2+ channels are pH dependent. Thus, an in-

crease in proton concentration strongly inhibits ion permeation through 
open Ca2+ channels, while reducing channel opening. Using a combi-
nation of site-directed mutagenesis and single channel recording of wild- 
type and mutated L-type Ca2+ channels, direct evidence was provided 
that protons block the Ca2+ channel by interacting with a site located 
along the permeation pathway [30]. More precisely, the protonation site 
was identified in a specific subset of E residues within the P-loop. 

4. The sequence of conformational states during ion channel 
opening 

The activation gate can be either open (O) or closed (C), whereas the 
SF can be either open (O) or inactivated (I). The different conformations 
of the ion channels will be denoted by first specifying the state of the 
activation gate and then the state of the SF (i.e., the inactivation gate), 
and by separating the symbols of the two states with a slash. A partic-
ularly significant conformational state is that which immediately pre-
cedes the open state (O/O), where both activation and inactivation 
states are open. Practically all recent papers identify this state with (O/ 
I). This is the case with the so-called ‘open state sequence’ proposed by 
Bähring and Covarrubias for Na+ channels and, putatively, for Ca2+ ones 
[31]. An analogous direct passage from (O/I) to (O/O) was also pro-
posed by Hering for the HVA Cav1.2 Ca2+ channel [32] and by Jensen 
et al. for the K+ channel [33]. 

A diametrically opposed (C/O) conformation immediately preceding 
ion channel opening was proposed in the early literature for the squid 
axon Na+ channel during the action potential [34]. This conformation 
satisfies the intuitive expectation of a depolarizing pulse moving out-
ward the S4 helix, which is initially inward in accordance with a closed 
activation gate. This conformation was also included by us in the se-
quences for Shaker K+ [35] and Cav3.1 Ca2+ channels [22]. 

It is the direct passage from the (C/O) to the (O/O) conformation that 
takes full advantage of favorable attractive electrostatic interactions. 
Thus, the stepwise upward movement of the four S4 helices following a 
depolarizing pulse leaves behind an increasing negative charge in the 
lower vestibule of their VSDs; this exerts a progressively stronger 
attractive interaction on the positively charged blocker, until the latter 
completely plugs the CP and extinguishes the ionic current. A further 
electrostatic contribution to the CP obstruction by the positively charged 
blocker comes from the negative charges on the extracellular side with 
respect to the receptor, such as the net negative charge in the extracel-
lular S5–S6 loops surrounding the funnel-like vestibule of the SF. 

The assumption of a stepwise outward movement of the S4 helices as 
a consequence of a depolarizing pulse is required to account for the 
salient features of tetrameric ion channels by the use of only two, or at 
most three, free parameters [19,22,35,36]. Support for this assumption 
comes from the analysis of the noise of the gating currents of a high 
number of Na+ [37] and Shaker K+ [38] channels, which is consistent 
with the occurrence of gating charge movements by at least 2.4 e steps. 
This fractional charge is slightly less than one fourth of the total gating 
charge moved by a Na+ [39] or Shaker K+ channel [40], suggesting that 
it is associated with the movement of a single domain of these ion 
channels. It is quite natural to infer that this stepwise gating charge 
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movement is associated with the stepwise movement of the S4 helices of 
Na+ and Shaker K+ channels. 

In conclusion, the common structural features and charge distribu-
tion of tetrameric voltage-gated ion channels point to an energetically 
favored pathway of channel opening. This pathway starts from a 
conformation with the activation gate closed and the inactivation gate 
open. Following a depolarizing pulse, the stepwise outward movement 
of the four S4 helices triggers a series of interlinked electrostatic 
attractive interactions that lead to complete opening of the ion channels. 
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Appendix 

Stochastic kinetic models of tetrameric ion channels 

The above conclusions are based on a deterministic approach to the 
kinetic treatment of tetrameric ion channels [19,22,35,36]. Such an 
approach results in exact outputs for a fixed set of initial conditions, no 
matter how many times the model reruns the calculations. The low 
number of free parameters (two, or at most three) allows a precise 
physical meaning to be attached to all of them. Practically all other ki-
netic models of tetrameric ion channels are Markov stochastic models, 
which assume that future states depend only on the present state, and 
not on the events that preceded it. The probability of being in a state Si 
represents the fraction of channels in state Si, and the transition prob-
abilities from state Si to state Sj become the rate constants of the forward 
and backward reactions between Si and Sj. The fact that the same set of 
parameter values and initial conditions leads to an ensemble of different 
outputs imparts to stochastic models an inherent flexibility, allowing 
them to interpret a great number of experimental features, albeit by the 
use of a relatively high number of free parameters. This may cause a lack 
of structural identifiability, arising from the fact that two or more 
distinct underlying processes can yield clustered processes with iden-
tical probabilistic properties [41]. Moreover, a high number of free 
parameters do not allow a precise physical significance to be attached to 
them. 

Since the existence of ion channels was confirmed, several activation 
schemes of progressively increasing complexity have been proposed, 
especially with K+ channels, and almost all of them have maintained one 
feature of the Hodgkin–Huxley model, namely their ending in a single 
final open state. Many of these models account for the structure of 
tetrameric ion channels by including four parallel pathways of activa-
tion [42]. Once all four subunits reach a permissive state, the pathways 
merge and the channel experiences additional series of concerted tran-
sitions, some of which may involve stepwise movement of charge [43], 
before opening. All these models have little in common with each other, 
with different models explaining the same experimental data through 
very different mechanisms. Some stochastic models adopt an allosteric 
mechanism where horizontal steps between different closed states are 
combined with vertical steps leading to different open states [44,45]. A 
stochastic model that applies to all tetrameric channels was developed in 
[46]. In this model, each subunit (or domain) undergoes several 
conformational changes during channel gating, independent of the state 
of the other subunits, before reaching a permissive state. Transition from 
the permissive state of all four subunits to the open state involves their 

concerted movement. A simplified approach was developed to incor-
porate the cooperative transition directly from the subunit models. 
Experimental data were nicely fitted by this model through a 16 × 16 
transition rate matrix requiring 16 free parameters. 
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