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Abstract 30 

Voltage-gated sodium ion channels allow for the ini琀椀a琀椀on and transmission of ac琀椀on poten琀椀als. 31 

There is a high interest in research and drug development to selec琀椀vely target these ion 32 

channels to treat epilepsy and other disorders such as pain. Scien琀椀昀椀c literature and 33 

presenta琀椀ons o昀琀en incorporate maps of these integral membrane proteins with markers 34 

indica琀椀ng gene muta琀椀ons to highlight genotype/phenotype correla琀椀ons. There is a need for 35 

automated tools to create high quality 昀椀gures with muta琀椀on (variant) loca琀椀ons displayed on 36 

these channel maps. This manuscript introduces a simple applica琀椀on to create visualiza琀椀on for 37 

muta琀椀ons on alpha voltage-gated sodium channels, created using the D3.js library. The 38 

applica琀椀on allows for mapping of variant sequences, as well as important proper琀椀es like the 39 

type of variant and the phenotypes linked to the variant. It also allows for customizability and 40 

the produc琀椀on of high-quality images for publica琀椀on. This applica琀椀on and code base can 41 

further be extrapolated to other ion channels as well.  42 
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Introduc琀椀on 61 

Role of Voltage-Gated Sodium Ion Channels in Physiology  62 

Voltage-gated sodium ion channels are integral membrane proteins that induce the rising phase 63 

of the ac琀椀on poten琀椀al in most electrically excitable cells, including neurons (Ca琀琀erall, 2000). 64 

The channel 昀椀rst opens, allowing sodium ions to 昀氀ow into the cell and depolarizing the cell 65 

membrane poten琀椀al. Opening is followed by a conforma琀椀onal change to inac琀椀vated states, 66 

preven琀椀ng further sodium in昀氀ux and allowing repolariza琀椀on (Armstrong, 2006; Oliva et al., 67 

2012). As a result, gain- or loss-of-func琀椀on muta琀椀ons in these ion channels result in abnormal 68 

excitable cell ac琀椀vity and leads to varied disorders in the nervous system, skeletal muscle, and 69 

cardiac 琀椀ssue (Fouda et al., 2022; Meisler et al., 2021; Stafstrom, 2007). 70 

Structure of Sodium Channels 71 

Graphical representa琀椀ons of sodium channels are o昀琀en incorporated into scien琀椀昀椀c literature, 72 

where they are depicted as having four domains (DI – DIV) with six transmembrane segments 73 

(S1-S6) in each (Ca琀琀erall & Swanson, 2015). Segments S1-S4 compose the voltage sensor region 74 

with S4 being the posi琀椀vely charged segment that dynamically shi昀琀s in response to 75 

depolariza琀椀on inducing the opening (or inac琀椀va琀椀on) of the channel and the ini琀椀a琀椀on of (or 76 

cessa琀椀on of) sodium in昀氀ux (Peters et al., 2016). Segments S5 and S6, with the intervening re-77 

entrant P loop, create the pore forming region (Peters et al., 2016; Sands et al., 2005). 78 

Related Work 79 

Despite the common occurrence of 昀椀gures for sodium channels in publica琀椀ons, there are few 80 

applica琀椀ons that generate diagrams of these proteins automa琀椀cally. Many of these diagrams 81 

are annotated by hand (Goldberg et al., 2007) or manually created through an image edi琀椀ng or 82 

presenta琀椀on program such as PowerPoint (Ca琀琀erall, 2012; Meisler & Kearney, 2005; Oliva et al., 83 

2012). The few applica琀椀ons that exist speci昀椀cally for producing 昀椀gures of voltage-gated 84 

channels require the user to place muta琀椀on sequences in posi琀椀on manually or require the data 85 

to be in a speci昀椀c format that is inaccessible and unintui琀椀ve to most users. TopDraw (Bond, 86 

2003), for example, allows for easy sketching of protein topologies, but it does not provide the 87 

ability to annotate and is solely used to derive a sketch from another source such as HERA. 88 

TOPO2 (Johns, 2010) is unable to predict the loca琀椀on of the transmembrane segments and only 89 

exports the 昀椀gure as a PNG, which is a raster image format that is some琀椀mes not accepted by 90 

publishers. Similarly, NaView (Afonso et al., 2022) generates a visualiza琀椀on automa琀椀cally and 91 

provides customizability by allowing the user to alter colors and text posi琀椀on, but annota琀椀ons 92 

need to be manually added. Furthermore, user-provided input must be a UniProt forma琀琀ed 93 

string and/or a JSON object, which may be inaccessible or tedious for most users. 94 

In comparison, this Variant Mapping applica琀椀on is a user-friendly D3.js and React.js applica琀椀on 95 

that can be used to automa琀椀cally generate a scaled SVG 昀椀gure of a sodium channel with 96 

annota琀椀ons for muta琀椀on sequences, custom labels, and legends. The applica琀椀on also allows 97 
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custom color selec琀椀on, 昀椀lters, toggles, and sliders that can be used to customize the image 98 

before expor琀椀ng to a PNG or SVG 昀椀le at resolu琀椀ons acceptable for journal submission. 99 

 100 

Methods and Results  101 

Link to Applica琀椀on: Variant Mapping Applica琀椀on(ionchannel-biology.github.io) 102 

Technologies Used 103 

The Variant Mapping applica琀椀on primarily uses a combina琀椀on of D3.js and React.js, which are 104 

both JavaScript libraries. D3.js, also known as D3 or Data-Driven Documents, uses web 105 

standards like HTML, CSS, and SVG to produce dynamic, interac琀椀ve, and customized data 106 

visualiza琀椀ons. The library is par琀椀cularly powerful in data manipula琀椀on and is extremely fast due 107 

to its minimal overhead in that it only modi昀椀es the a琀琀ributes that change. This makes it an ideal 108 

choice for mathema琀椀cal func琀椀ons, analy琀椀cal tasks, anima琀椀ons, data manipula琀椀on, and scaling 109 

of data within applica琀椀ons to create beau琀椀ful and powerful visualiza琀椀ons. React.js, also known 110 

as React, is the other library used and is o昀琀en u琀椀lized to create interac琀椀ve websites and build 111 

user interfaces through the produc琀椀on of components. Since the D3 community has not yet 112 

established a standard way to create components, React is ideal to control the rendering and re-113 

rendering of elements. 114 

While integra琀椀ng D3 and React can be tricky because they both want to manipulate the DOM 115 

(Ba琀琀le et al., 2021), doing so makes the code declara琀椀ve instead of impera琀椀ve (Wa琀琀enberger, 116 

2022). The integra琀椀on also allows for most components to be separated, making the elements 117 

reusable and the applica琀椀on is more scalable for future updates. 118 

Structure and Features 119 

Data on the structure of sodium channels is sourced from UniProt and converted to a *.csv 昀椀le. 120 

The 昀椀le contains informa琀椀on on the size of the membrane and paths, as well as the rela琀椀ve 121 

loca琀椀ons for markers when muta琀椀on sequences are later input. The rela琀椀onship between the 122 

elements in the D3 layout is the same as the rela琀椀onship between the domains, segments, and 123 

loops depicted in current literature. The domains are each a group element, the 124 

transmembrane segments are rectangles within each domain group, and the loops are path 125 

elements in their respec琀椀ve domains. The loops are also scaled propor琀椀onal to the extracellular 126 

and cytoplasmic regions of the protein. D3 provides an advantage here because the path tag 127 

allows for the ability to create scalable curves, whereas plain HTML does not have equivalent 128 

func琀椀onality (Sweeny, 2018). 129 

There are two main inputs for the user to supply their own data: a form for inpu琀�ng muta琀椀onal 130 

sequences one at a 琀椀me (Figure 1) and an input to upload an Excel or CSV 昀椀le. The op琀椀on to 131 

upload Excel 昀椀les is more accessible compared to earlier applica琀椀ons, where users only had the 132 
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op琀椀on to import UniProt code or JSON objects, since most users will have access to Microso昀琀 133 

Excel. This op琀椀on also provides a quicker alterna琀椀ve to users to upload data if they wish. 134 

A colour picker, is added for addi琀椀onal customizability and for users to have the 昀氀exibility to 135 

decide the story they want to tell with their data. For example, users can select darker colours 136 

for more severe diagnoses and lighter colours for less severe diagnoses. In another instance, 137 

users may select warm colours for loss of func琀椀on muta琀椀ons and cool colours for gain of 138 

func琀椀on muta琀椀ons. 139 

Addi琀椀onally, the legend has added 昀椀lters where the user can select the text for the speci昀椀c 140 

muta琀椀ons they want. This is for added customizability and to provide users with an easier 141 

solu琀椀on to spot pa琀琀erns between similar types of muta琀椀ons or diagnoses. Moveable text 142 

labels, toggles, and a slider for the legend posi琀椀on have also been added for customizability. 143 

The Variant Mapping applica琀椀on will be hosted on a public server and can be accessed locally 144 

on any computer Variant Mapping Applica琀椀on (ionchannel-biology.github.io). The applica琀椀on 145 

produces a 昀椀gure of the desired sodium channel and a table containing the user-input data 146 

along with the addi琀椀on of a domain label and region label (Figure 1). Users can also choose to 147 

download the 昀椀gure as a PNG or SVG (Figure 2) and export the table as an Excel spreadsheet 148 

(Figure 3).  149 

Discussion 150 

In this current work, we demonstrate the Variant Mapping applica琀椀on and are providing public 151 

access to the applica琀椀on.  We believe this work sets a founda琀椀on for genera琀椀on of other similar 152 

tools that not only ease produc琀椀on of high-quality 昀椀gures but can also be used as a learning 153 

tool for understanding ion channel muta琀椀ons. Future updates could focus on extrapola琀椀ng to 154 

other voltage-gated ion channel families such as calcium and potassium channels. The current 155 

code could also be altered to become more 昀氀exible by adding the beta subunits of the sodium 156 

channels. In summary, we are excited to provide this tool as an open access applica琀椀on to the 157 

scien琀椀昀椀c community and we hope this encourages other similar work that will aid in the 158 

advancements in precision medicine and provide a valuable learning tool for students of ion 159 

channel func琀椀on and dysfunc琀椀on. 160 
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 161 

 162 

Figure 1: Form and Resul琀椀ng Table 163 
Users enter muta琀椀on data in the form on the le昀琀. The table on the right shows an example of what is displayed a昀琀er entering 164 
mul琀椀ple muta琀椀on sequences. 165 

 166 

Figure 2: Resul琀椀ng Figure with Mul琀椀ple Markers 167 
The 昀椀gure that is produced when the user exports the diagram as a PNG or SVG. Before expor琀椀ng, users can customize the 168 
昀椀gure by moving the labels, altering the colors, 昀椀ltering the visible muta琀椀ons, and toggling the legend on/o昀昀. 169 
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 170 

Figure 3: Resul琀椀ng Excel Spreadsheet 171 
The spreadsheet of the user-inpu琀琀ed muta琀椀ons a昀琀er expor琀椀ng the displayed table to an XLSX 昀椀le. 172 

 173 
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