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Abstract: Toluene is a commonly used organic solvent in commercial products and is sometimes 

abused as an inhalative hallucinogen, causing arrythmogenic toxicity. At a molecular level we 

investigated whether a hypothetical interaction model could be devised for the reported myo- 

and cardiotoxic effects of toluene. Three lines of computed evidence support our hypothesis 

on the interaction mechanism: (i) Toluene binds at the local anesthetic binding site (LABS), on 

the wild type (WT) but not on its F1579A mutation, confi rming our experimental fi ndings that 

it inhibits only the WT of skeletal muscle or cardiac isoforms (Na
v
 1.4 or 1.5). (ii) Typically 

for small alkylaryl moiety, multiple binding modes were detected during docking. Toluene is 

trapped in the tryptophane-rich area at the extracellular vestibule by hydrophobic interaction, 

mainly π–π stacking, or bound to the LABS with equal binding strength and number of solved 

poses, mostly by edge-to-face contacts. (iii) The computed loss of toluene binding at the LABS 

on the mutant model parallels clearly the observed loss of toluene effects on Na
v
 1.4. Moreover, 

we inspected the complete primary sequences with the omitted loops in the 3D models to identify 

the possible interacting amino acids among the 16% nonidentical ones, and thus confi rmed the 

observed toxicity effects.

Keywords: Toluene, Na+ channel, Na
v
1.4 isoform, Na

v
1.5 isoform, in-silico simulation, 

cardiotoxicity

Introduction
Voltage-gated sodium channels underlie rapid conduction in many tissues. They are 

responsible for membrane depolarization and action potential conduction in heart, 

neuron, or skeletal muscle and constitute the biomolecular targets of many Na+ 

channel antagonists, either as desired therapeutic effects for antiarrhythmic drugs1–3 

or as undesired side effects, eg, aminoquinolines.4–6

To the best of our knowledge, the molecular binding mode of toluene to the local 

anesthetic binding site (LABS) has not yet been investigated theoretically. The present 

in silico study has helped us to gain hypothetical insight during the last three years and 

parallels the seminal work on pore regions of other ion channels.7,8

The Na+ channel itself is a multi-protein complex. It is divided into two types of 

protein subunits, alpha and beta, both of which cooperate in the regulatory functions 

of the channel, as well as conformational stability and changes. Our interest is in the 

transmembranal alpha subunit or inner pore, where the ion passage takes place.9

The target sequence of the alpha subunit encompasses four nonidentical repeats 

(I–IV). It is a polypeptide chain of highly lipophilic amino acids, with a total 

molecular weight of 190 to 250 kDa. The general fold possesses 6 transmembrane 

helical segments (S1 to S6) forming a cylinder. The loop segments between the last 

two helices (S5, S6) form not only the outer vestibule (extracellular side entrance) 

but also the so-called pore-loop (P-loop). The four S5–S6 segments including the 

P-loops of the four repeats (I-IV), embrace the central pore (Figure 1). In Na+ 
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channels 4 conserved amino acids (I-Asp, II-Glu, III-Lys, 

IV-Ala) form an innermost, narrow ring, also referred to as 

the DEKA motif. This selectivity fi lter confers selective 

permeability to Na+ ions.10

The locus composition varies sequentially and spatially 

according to the channel type, refl ecting its function as a 

type-specifi c molecular fi lter to sense incoming cations 

which in turn differ in their ionic charges, radii, and solvation 

energies. Research on ion propagation through large-pore 

channel protein (porins such as OmpF, PhoE, WT) revealed 

that electric conductance of the channel is determined by 

the protein’s form and charge distribution, whereas the 

features of the channel’s vestibule refl ect the selectivity.11 

The structures of potassium alpha 1 and cytoplasmatic beta 

subunits were solved by crystallographic models (Table 1) 

and their functions discussed.

In principle, voltage-dependent ion channels open when 

the cell membrane is depolarized and then rapidly close by 

a process called inactivation. The inner pore with its central 

cavity forms the receptor site for small-molecule inhibitors. 

The cytoplasmic inactivation gate binds to the intracellular 

entrance and then enters the pore as an extended peptide.12 

The cations are enclosed by layers of water moieties, specifi c 

to their ionic diameter and charge strength. The entrance 

is large enough to accommodate the cation with its water 

shell, but further down the backbone oxygen atoms along 

the channel coordinate the metal ion by replacing its shells 

of water molecules. Only certain cations with a specifi c 

diameter can pass through the narrow selectivity fi lter with 

a corresponding width.

An analogy can be assumed for sodium channels but 

the four repeats are not symmetrically arranged. The inner 

pore domain with the central cavity for ion passage of the 

voltage-dependent sodium channel in rat skeletal muscle 

(Na
v
 1.4) has already been modeled by Tikhonov and 

Zhorov.10
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Figure 1 Schematic drawing of the complete sequence and display of the 3D models of the inner pore Nav 1.5 with the selectivity fi lter (DEKA motif) of the sodium channel 
in the open state. The sequence starts with a low complexity (repetitive residues) segment. Three-dimensional representation (ribbon and atomic display) of essential amino 
acids in the pore region. The α-helices of S5–S6 are red, the loops are white.

Table 1 Listing of PDB-entry codes of 3D-models of ion channels at 
the FTP site of RCSB - Protein Data Bank (PDB at ftp.wwpdb.org)

1KYK Mechanosensitive channel from Escherichia coli in a closed state
1KYM Mechanosensitive channel from Escherichia coli in an open state
1S33  KcsA potassium channel in a non-conducting state breaking the 

fourfold symmetry
1S33  KcsA potassium channel in a non-conducting state breaking the 

fourfold symmetry
1SEX Voltage gated sodium channel of Anopheles gambiae
1ZAS Voltage gated sodium channel (Domain II) of Anopheles gambiae
2AFL Voltage gated potassium channel (KV1.1) of human
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Earlier patch clamp studies in oocytes conducted at our 

laboratory showed use  and frequency-dependent inhibition 

of sodium currents by toluene. The blocking effect was 

complete, voltage-independent, and slowly reversible, 

suggesting that toluene binds to the human cardiac sodium 

channel in the open channel state.13,14 Thereafter, we 

published a study with wild type and F1579A mutant of 

Na
v
 1.4, showing that this mutation at the LABS eliminates 

toluene effects14 (Figure 2).

Intriguing for an ion channel-blocking agent, however, 

the ligand under investigation, toluene, possesses neither a 

total charge nor polar groups and therefore cannot dissociate. 

In a physiological environment, as a small, nonpolar moiety 

(logP = +2.3), it gains access to the target structure through 

a lipophilic pathway by direct cell permeation (passive 

diffusion process); because its surface is uncharged, it 

cannot be attracted to the open channel by sensing the 

electric gradient across the membrane. Hence, the cation-

selective DEKA motif of the pore (anionic aspartate and 

glutamate, cationic lysine, and neutral alanine) does not 

form a functional bottleneck for toluene (Figure 3, color 

code: magenta).

The experimental results of our electrophysiological 

assays with human cardiac sodium channels expressed 

in Xenopus oocytes and with naturally expressed cardiac 

channels in rat ventricular myocytes, suggest that toluene 

has an open-channel-blocking mechanism. An IC
50

 was 

measured as 274 μM.13

Two lines of experimental evidence support the 

hypothesis for the toluene-binding site at a molecular level 

for the observed arrhythmogenic effect of toluene: (i) the 

observed inhibition of the cardiac isoform of human sodium 

channels (Na
v
 1.5) and (ii) the suppression of toluene effect 

on a F1579A mutant of skeletal muscle isoform (Na
v
 1.4). 

Our published fi ndings, already mentioned, encouraged us 

to perform a computed docking study to identify the possible 

interaction site(s) on the target structures.

Methods
In silico approach
The helical segments and loops of the target sequence in 

Figure 1 were predicted as a consensus line using several 

off-line and web-based secondary structure tools,15–20 

and Expasy (http://www.expasy.ch/). The helices of the 

template (1LNQ, Table 2) were displayed using secondary 

structure profi les and the predicted helical segments of the 

target were threaded through the secondary structure profi le 

of the template structure (Figure 1).21,22 The rationale behind 
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Figure 2  A and B Mean (±SEM) current-voltage relationships of six oocytes from different frogs and transfected with Nav 1.4 (left) and mutant F1579A (right) before toluene 
(°) and 3 mM toluene ( ). C and D, a family of whole cell Na+ currents from a typical oocyte superfused with control solution (left) or 3 mM toluene (center) and washout 
(right). Data shown are for test potentials between −80 and +20 mV. Stimulation frequency was 0.1 Hz.
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this decision is two-fold: (i) the helical prediction is most 

reliable because the principles on which its construction is 

based mostly depend on inner-chain neighborhood atomic 

interactions; and (ii) the very low sequence homology where 

functional coincidence is rarely met, ie, random coincidence 

of matching target–template pairs cannot be ruled out in 

the threaded residue pairs. In addition, the identifi cation of 

the known DEKA motif with its location and various loop 

segments between the helices assisted the manual alignment 

procedure (Table 3). Unfortunately, since the template with 

its open state and pore features is still unique among the 

crystal channel proteins (Table 1), neither consensus nor 

comparative protein modeling is amenable. On the one 

hand, this lack of alternatives eases the model building 

but at the cost of full dependency on a single backbone. 

Our structure modeling approach is exhaustively described 

elsewhere.22

Blind docking addresses the problem of fi nding ligand 

conformations and positions at the binding site without 

knowing the fi nal solution provided by X-ray or nuclear 

magnetic resonance analyses. Clustering free energies of 

binding requires sampling ligand poses according to their 

receptor affi nities (lowest energy scores). The bibliographic 

and experimental knowledge gained in earlier docking studies 

with Insight II, Ludi, FlexX, Autodock, and MOE, was 

invaluable in helping us meticulously select the adequate 

software.23–26

The blind docking was conducted using Autodock 3 

because its calibration set embraces relevant binding patterns 

seen on alkylaryl moieties such as toluene.27,28 Particularly, 

hydrophobic contacts, π–π bonding, and edge-to-face 

contacts are expected to play a pivotal role in alkylbenzene 

binding rather than the commonly seen hydrogen bonding 

or ion bridges.29,30 The ligand’s atomic partial charges were 

calculated by the Gasteiger approach under VEGA while 

the receptor was prepared,31 and charges on polar hydrogen 

atoms were calculated with Autodock tools.32

Electrophysiological recording in oocytes
Oocytes were placed in a 1.6-mL recording chamber and 

continuously superfused with a barium-containing solution 

at a fl ow rate of approximately 1 mL min–1. Two electrode 

voltage-clamp recordings were performed at room temperature 

(20–22 °C) using an OC-725C amplifi er (Warner, New Haven, 

CT). Electrodes were pulled on a horizontal puller (P-97, 

Sutter Instruments, Novato, CA). Agarose-cushion electrodes 

fi lled with 3 M KCl were used to achieve a fi nal resistance 

of 0.6 to 1.2 MΩ.33 Sodium current signals were digitized at 

Figure 3 Docking of toluene in the inner pore of Nav 1.5 channel. Either the tryptophan-rich outer lip (to the left) or the LABS (to the right) is visited by the ligand (green 
ball and sticks) in equal proportions as to binding strength and solved poses. Colors: pore is blue; the tryptophan-rich outer lip is yellow (B:Trp61, C:Trp62, D:Trp62), with the 
docked lidocaine in red of Tikhonov’s model at the LABS (D:Phe84 yellow and D:Tyr91 white) in close proximity to one of the two docked toluene moieties in green. The 
entry path from the extracellular space, white line (upper left-hand side) towards inside (lower right-hand side) goes through the sodium-selective DEKA ring of the pore 
in open state (magenta, center). The lower left-hand and upper right-hand corners display two space fi ll views (in reduced scale and same color code) of the outer and inner 
vestibules, respectively.
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a sampling rate of 10 kHz by an analog-to-digital converter 

(Digidata 1200, Axon Instruments, Foster City, CA) and stored 

on a computer for analysis with pClamp software (Version 

7.01, Axon Instruments, Foster City, CA). Sodium currents 

(I
Na

+) were elicited by step depolarizations from a holding 

potential of –110 mV at 0.1 Hz unless otherwise indicated. 

The amplitude of expressed I
Na

+ was typically 1–10 μA. Only 

oocytes with peak I
Na

+ lower than 7 μA, were used, to minimize 

voltage-clamp errors.34 Current-voltage relationships were 

determined from peak currents elicited by 30-ms, 10-mV steps 

from a holding potential of −120 mV up to +50 mV.

Results
Our results show that toluene blocks human cardiac sodium 

and skeletal muscle channels as a function of concentration 

and in a use- and frequency-dependent manner, and that 

site of action may be related to the LABS, particularly in 

Phe 1579 (Figure 2).35

The focus of our computed work is the central cavity 

of the inner pore belonging to the alpha subunit where 

specifi c cation passage takes place.10,36 Prior to modeling, 

we inspected the 3D-model pool at ftp.wwpdb.org but could 

not fi nd a suitable structure of a human cardiac Na+ channel 

(Table 1).

Lacking crystallographic data of a proper sodium channel 

(Table 1), and despite low homology between sodium and 

potassium channels (sequence identity 14%), the crystal 

structure of a potassium channel was chosen as a template 

by Tikhonov and colleagues37 to generate their 3D-model of 

Na
v
 1.4. In need of a channel structure in the open state, we 

Table 2 Multiple alignments of amino acid sequences with CLUSTAL × (version 1.83). Legend: In the second last row the three characters 
“*”, “:”, and “.” symbolize identical, highly or weakly conserved amino acids, respectively. Blanks mean “no homology at all.” Dashes – indicate 
deletion of residues

                   (1)                                      (2)  (3)
                        Helix A1               Helix A2
1LNQ Template         LLHHHHHHHHHHHHHLLLLLL--LLHHHHHHHHHHHHHHHHHHHHHHHHHHHHLLL
                        :: *:*:::  :   *          * * : :*.** *   .*:***:  .
                      TVSLYWTFVTIATVGYGDYSP--STPLGMYFTVTLIVLGifLPAtlVLAVIIYGTA
Nav 1.5               FDSFAWAFLALFRLMTQDCWERLYQKIYMIFFMLVIFLGSFYLVNLILAVVAMAYE 56
Nav 1.4               YDTFSWAFLALFRLMTQDYWENLFQKTYMIFFVVIIFLGSFYLINLILAVVAMAYA 56
                      :*:*:************* **.*:** *****:::********:***********
Model sec str         LHHHHHHHHHHHHHHHLLLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHHHHL

                            (4)                            (5)
                        Helix B1               Helix B2         HELIX C
1LNQ Template         LLHHHHHHHHHHHHHHHLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHLLLLL
                        .*:..*: :  :  *::  :   .: : * *:*: ** * .*     ***
                      GFHFIEgfVTIATVGYGDYSPSTPLGMYFTVTLIVLGIglLEFLPATRILLLVLAV
Nav 1.5               MMDFFHAFLIIFRILCGEWIETMWDSLCLLVFLLVMVIGNLVVLNLFLALLLSSFS 113
Nav 1.4               MNDFFHSFLIVFRILCGEWIETMWDAMCLTVFLMVMVIGNLVVLNLFLALLLSSFS 113
                      * ****:***:**************::** ***:**********************
Model sec str         LHHHHHHHHHHHHHHHLLLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHHHHL

                            (6)        (7)                  (8)
                          Helix C1             Helix C2    Helix C3
1LNQ Template         LLLLHHHHHHHHHHHLLLLLLLLLLHHHHLL-HHHHHHHHHHHHHHHHHHLLLLLL
                            ** ::: :**.  :     * **:  * :*::*    * *.:.*** .
                      IIYGTAgyWTFVTIATVGyySPSTPLGMYFT-VTLIVLGitRILLLVLAVIIYGTA
Nav 1.5               FDNVGAGYLALLQVATFKGWMDIMYLYMYIYFVIFIIFGSFFTLNLFIGVIIDNFN  179
Nav 1.4               YDNVGLGYLSLLQVATFKGWMDIMYLYMYLYFVIFIIFGSFFTLNLFIGVIIDNFN  178
                       :*******:*******************:**************************
Model sec str         LLLLHHHHHHHHHHHLLLLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHHHHL

                           (9)   (10) (lig. binding at LABS: Phe1579 Tyr1586)
                        Helix D1               Helix D2     |f|    |y|
1LNQ Template         LLHHHHHHHHHHHHHLLLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHHHLLL
                         * :*:   * *:* .  *   .:    :*   :*:  : .. : :  :** :
                      GFHFIesLYWTFviATVGYGDYSPSTPLGMYFTVTLIVLGIGTFAVAVERLLEFL-
Nav 1.5               FQTFANSMLCLFQITTSAGWDGLLSAVGILFFTTYIIISfLIVVNMyIAIILENFS 224
Nav 1.4               FETFGNSIICLFEITTSAGWDGLLNSIGICFFCSYIIISfLIVVNMyIAIILENFN 224
                      *:**.**::***:***********.::** ** :*********************.
Model sec str         LLHHHHHHHHHHHHHLLLLLLLLLLLLHHHHHHHHHHHHHHHHHHHHHHHHHHHHL

Row 1: Labels of omitted segments (1) to (10) loops of template.
Row 2: Labels of secondary structures of template.
Row 3: Secondary structure of template: Helical; Loops (not helical).
Row 4: Homology scores of rows 5 and 6.
Row 5: Sequence of template; PDB entry: 1LNQ (see below*).
Row 6: Sequence of target Nav 1.5 by our group (see below**).
Row 7: Sequence of target Nav 1.4 by Tikhonov, Bruhova, and Zhorov.
Row 8: Homology scores of rows 6 and 7.
Row 9: Predicted secondary structure of target: Helical; Loops (not helical).
Notes:  Two adjacent lower-case letters mark the insertion of omitted segments, cf. Table 3.); Lower-case letters mark the predicted interaction sites upon docking.
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generated a 3D model of Na
v
 1.5 in an analogous approach 

(Tables 2 and 3).21,22 The other crystal structures listed in 

Table 1 are less suitable templates in so far as they constitute 

K+ channels in a closed state forming a highly symmetrical 

tetrameric protein in the cell membranes.

In order to explain our experimental fi ndings,13,14 on 

a molecular level, we conducted in silico ligand docking 

studies into the central pores of Na
v
 1.4 and 1.5 under AD3. 

The sequences of both 3D models possess high homology 

(sequence identity: 84%).38 After successful validation of two 

crystallographic binding poses (PDB entries: 2MCP, 1J95),39 

and the docked BTX and lidocaine into the 3D models of 

Na
v
 1.4, respectively10,36,37,40 we applied the same docking 

and scoring protocols of AD3 to search the energetically 

optimal position of toluene in our 3D model of Na
v
 1.5. AD3 

is capable of effi ciently sampling very large search spaces. 

The partial charges as well as the positively charged nitrogen 

atom type of BTX and lidocaine were treated adequately (see 

AD3 manual).41 Particularly good results were obtained for 

PDB entry 1J95 (Table 2), with a co-crystallized substituted 

quaternary ammonium derivative.39 The way it contacts two 

aromatic residues, Tyr and Trp, refl ects cation–π electron 

bonding, a priceless asset for blind docking of cationic 

ligands like our test ligand lidocaine.42 The primary sequence 

analysis of the 224 amino acids of Na
v
 1.4 and 1.5 shows 

that the former has a plus of 10 negative charges while the 

latter has a plus of just 8. The site of Na
v
 1.5 is slightly more 

lipophilic than that of Na
v
 1.4 (Table 3). The grand average 

of hydropathicity score yields +1.2 for Na
v
 1.4 and +1.4 

for Na
v
 1.5, respectively.15 To generate the 3D-model most 

parts of the loop segments between the pore helices had to 

be removed from the template sequence (1LNQ) to refl ect 

best the number of positions on the helical wheels and the 

Table 3 Primary sequence inspections of the eight loop segments 
excluded from the 3D model due to much shorter lengths on the 
backbone of the template (1LNQ)
Isoforms\Loops 1 2 3 4 5 6 7 8

# aa Nav 1.4 7 33 259 420 17 219 28 234

# aa Nav 1.5 7 145 318 458 17 219 27 240

Charge Nav 1.4 1+ 6− 5− 28− 3− 13+ 3− 12−
Charge Nav 1.5 1+ 1− 4− 20− 3− 12+ 1− 17−
GRAVY-1.4 +0.8 −2.0 +0.3 −0.1 −1.7 +0.4 −0.9 −0.6

GRAVY-1.5 −0.6 −1.2 +0.1 −0.3 −1.6 +0.4 −0.8 −0.7

Figure 4 Consensus molecular model of both isoforms, Nav 1.4 (red) and Nav 1.5 (green). The docked ligand lidocaine (orange) and toluene in white and blue dots (bonds 
suppressed for better viewing). The white toluene ligand is in that position only with the green model, and the blue ligand is only with the red model. The red model is super-
imposed by the green model to visualize structural differences. Due to the change in VdW volume toluene is pushed aside by steric hindrance of isoleucine (red) on Nav 1.4 
compared to the shorter side chain of valine (green) on Nav 1.5 (cf. Table 4). The ligand interaction is a face-edge-face interaction. The two modes of molecular interaction 
between toluene and Phe-1879 (yellow) of the Na+ channel is as follows: 1.- Edge-face interaction (blue-yellow); 2.-Sandwinch π-π interaction (white-yellow). The Phenylalanine 
(yellow) belongs in this position to both channels isoforms (green and red).
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homology (Table 2).21,22 A survey of the chemical information 

thus lost is given in Table 3. Reported changes in total number 

of amino acids, charges and hydrophobicity may account 

for the observed sensitivity difference between Na
v
 1.4 and 

1.5 (Table 3). This conclusion is in line with our sequence 

and model inspection (Table 2; Figure 4) of both isoforms. 

No major structural differences that could affect docking 

affi nities were detected at the contact zones after successful 

docking of the toluene ligand at the outer tryptophan-rich 

lip or inner LABS (Table 4). The latter vestibule forms a 

lipophilic pocket within a radius of 0.4 nm around the ligand 

with C:Phe59, C:Phe91, D:Phe84, and D:Tyr91. The only 

difference between WT Na
v
 1.4 and 1.5 constitutes a conserva-

tive valine–isoleucine exchange whose sequence position is 

underlined in Table 2 (fi rst sequence row: A:Tyr86, A:Leu87, 

A:VAL88ILE, A:Asn89; see also Table 4; Figure 4).

A bias was identifi ed in that binding apparently fell short 

on surface-exposed aromatic pockets (exposed A:Trp48 next 

to buried A:Trp62) or surfacing B:Trp66 and D:Trp62). The 

scoring function can better evaluate residue locations deeper 

in the cleft with contributions from all sides (C:Trp62 and D:

Phe76). To avoid this artifact (note: true pore is embedded 

in a multi-unit complex) and to study side chain fl exibility 

(note: the receptor model is simplifi ed as a rigid body), we 

systematically modifi ed dihedral angles of relevant residues 

to either orient inwards (A:Trp48 and D:Trp62) or accom-

modate the ligand for user-defi ned start positions of dock-

ing (A:Trp48 with A:Trp62; C:Trp62 with D:Phe76). With 

the resulting minor affi nity changes – like a paddle on its 

axis – the ligand orients accordingly and binds slightly with 

Trp62 at a stacking distance by side chain rotation into calyx-

like poses. The ligand, however, appeared laterally buried, a 

phenomenon generally ascribed to induced fi t mechanism at 

a true binding site (Figure 3). ADT displays the solved poses 

in two main RMS clusters. One is located at the LABS near 

the cytosolic entrance to the central pore and the other one 

at the TRP-rich lip of the extracellular mouth (Figure 3). The 

DEKA locus in the middle section of the channel in Figure 3 

is not concerned, because it is away of possible interaction. 

The ligand’s aromatic ring forms hydrophobic contacts by 

edge-to-face orientation and stacking π-π motifs with either 

the tryptophan-rich lip on the outer vestibule or Tyr91 of the 

LABS (Figure 4). Both docked poses yield practically the 

same binding energies and number of docking solutions 

(Table 4). The estimated IC
50

 value of the LABS pose comes 

closer to the reported experimental value of 274 [μM] than 

any other docked poses with values of 760 and more.13

Discussion
Our in silico study shows that toluene does not bind at the DEKA 

motif but probably at the outer tryptophane-rich vestibule of 

the inner pore of the sodium channel protein-complex or at 

the LABS, though we could not investigate other possible 

interaction sites due to missing structural data of the entire 

complex with its cooperating subunits.

In view of the fact that the LABS is quite important 

in sodium channels, the site has many interaction mecha-

nisms besides those discussed here (such as hydrophobic, 

Table 4 Listing of experimental and theoretical results

Change in amino acids Striated muscle Nav 1.4 WT Nav 1.4 mutant LABS: F1579A Cardiac Nav 1.5 WT

Phenylalanine Alanine Phenylalanine

Observed channel blocking 
effects; measured as 
milimolar IC50(*)

Effects present; 3 [mM] ie, ten times 
less sensitive than Nav 1.5 WT

Effects abolished Effects present; predicted 
0.3 [mM] (in-silico model); 
274 uM (experimental)

Prediction of docked poses 
and computed millimolar 
inhibition constant Ki: 0.3 mM

Docked poses at LABS and at 
Trp-rich outer lip in equal 
proportions. Ki � 0.3 [mM] 
and reaches the upper limit of the 
K estimation scale. Average binding 
energy 4.2 KJ/Mol

Complete loss of specifi c binding at 
LABS; but diffuse poses on Trp-rich 
outer lip with Ki = � 0.4 [mM]; 
Average binding energy 3.4 KJ/Mol

Docked poses at LABS and at 
Trp-rich outer lip in equal 
proportions. Ki = 0.28 [mM]; 
Average binding energy 
4.1 KJ/Mol

Difference between NaV 1.4 
and NaV 1.5 in LABS region 
(r = 0.8 nm)

A:Cys61;  A:Ile88; cf.  Table 2 with 
underlined isoleucine in bold face

A:Cys61; 
A:Ile88;

A:Tyr61 – no effect; 
A:Val88 – small effect on docking 
due to steric hindrance (cf. Figure 4)

Difference between NaV 1.4 
and NaV 1.5 in Trp rich region 
(r = 0.8 nm)

A:Tyr61;  A:Tyr43: all other residue 
changes in sequence are too far 
away from lig

A:Tyr61; 
A:Tyr43;

A:Cys61; – no effect; 
A:Phe43; – no effect; side chain not 
oriented to ligand

Notes: The potencies of enzyme inhibitors are often reported in terms of IC50 values rather than Ki values. The former indicates the inhibitor concentration to reduce the 
activity by half. It is important to recognize that IC50 depends on the substrate concentration used in the experiment and subsequently is not (a) constant.
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van der Walls), the true site (F1579 in Na
v
 1.4 and F1879 in 

Na
v
 1.5) may be related to other complex interactions with the 

surrounding amino acids, eg, Y1586 and V1582.43,44

Despite this limitation there is suffi cient computational 

evidence to conclude that: the fi nal pose docked at the 

inner pore entrance yields a consistent picture showing 

that by occluding the channel, toluene eliminated electric 

conductance, because it lacks – as do many reported 

blockers – the continuous string of oxygen atoms necessary 

for blocking typical channel conductance.10 In addition, 

both cleft and the outer vestibule are more hydrophilic and 

fi lled with water, whereas the helical segments are lined 

by predominantly hydrophobic residues for their site in the 

membrane. AD3 is especially suited (cf. training set) to 

recognize and cope with such ionic, polar and hydrophobic 

interactions. Hence, it is more likely that toluene permeates 

the lipid layers of excitable cells and reaches the cytosolic 

channel entry to dock to the known LABS.

In view of the earlier experiments our present in silico 

docking study of toluene with the structure model of Na
v
 

1.4 channel in the open state helps to formulate a working 

hypothesis on a molecular level for possible interactions with 

the pore amino acids and to design new electrophysiological 

experiments in future. In conclusion, the present in silico 

result is in concert with our experimental observations and 

supports the literature that shows that toluene has cardiotoxic 

effects, in addition to its known heptotoxic effects.45,46
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