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Membrane transporter proteins play important roles in 
transport of nutrients into the cell, in transport of waste 
out of the cell, in maintenance of homeostasis, and in 
signal transduction. Solute carrier (SLC) transporter is  
the superfamily, which has the largest number of genes 
(>400 in humans) in membrane transporter and consists 
of 52 families. SLC transporters carry a wide variety of 
substrates such as amino acids, peptides, saccharides, 
ions, neurotransmitters, lipids, hormones and related 
materials. Despite the apparent importance for the sub-
strate transport, the information of sequence variation 
and three-dimensional structures have not been inte-
grated to the level of providing new knowledge on the 
relationship to, for instance, diseases. We, therefore, built 
a new database named iMusta4SLC, which is available 
at http://cib.cf.ocha.ac.jp/slc/, that connected the data of 
structural properties and of pathogenic mutations on 
human SLC transporters. iMusta4SLC helps to investi-
gate the structural features of pathogenic mutations on 
SLC transporters. With this database, we found that the 

mutations at the conserved arginine were frequently 
involved in diseases, and were located at a border between 
the membrane and the cytoplasm. Especially in SLC 
families 2 and 22, the conserved residues formed a large 
cluster at the border. In SLC2A1, one third of the reported 
pathogenic missense mutations were found in this con-
served cluster.

Key words:	 arginine, disease, protein three-dimensional 
structure, sequence variation, solute carrier 
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Membrane proteins are roughly divided into three main 
types, channels, ABC transporters and SLC transporters [1]. 
Channel proteins passively transport ions and water mole-
cules by diffusion [2], and ABC transporters actively trans-
port the substrates using the energy derived from ATP 
hydrolysis [3]. Despite numerous studies on these two types 
of membrane proteins, the study on SLC transporters has 
been fallen behind, due to its difficulty in three-dimensional 
structure analyses [4]. SLC transporter carries a small mol-
ecule along with conformation changes in the transporter 
without ATP hydrolysis. So far, about 400 types of SLC 

Solute Carrier (SLC) transporter is the largest superfamily in membrane transporters. SLC transporters have a key role 
in nutrient intake to the cell. Previous experimental and clinical studies have reported the relationship between 
variants found in human SLC genes and clinical phenotypes. However the atomic mechanisms of the variation in the 
amino acid sequence leading to the alteration of the structure, dynamics, function and phenotype are still unknown. 
We therefore built iMusta4SLC that integrated the known related data to assist the simultaneous analyses of varia-
tion data and protein structural properties on SLC transporters.
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answer to this question seems to be different on different 
proteins and can only be addressed by integrating data 
derived from different types of measurements.

ClinVar contains about 2,000 missense mutations in SLC 
transporters. According to the clinical significance stored 
with the mutation in ClinVar, over 500 cases of them were 
reported as ‘pathogenic’ or ‘risk factor,’ which means that 
the variation is highly correlated with certain diseases or 
symptoms. Therefore, the questions to be addressed should 
be the distinction between the pathogenic and non-pathogenic 
variations and the atomic mechanisms that the pathogenic 
variation leads to a certain level of dysfunction of the trans-
porter.

To facilitate paths to the elucidation of atomic mecha-
nisms, we built a database tool named iMusta4SLC, which 
stands for Integrated MUtational and STructural Analysis 
FOR SLC proteins, for integrated analyses of structural 
properties and variations on SLC proteins. Here, we demon-
strate the database tool and some of the findings based on the 
database.

Materials and Methods
Sources of the original and derivative data

SLC family classification and gene names were taken 
from SLC Tables (http://slc.bioparadigms.org) built by 
BioParadigms (http://www.bioparadigms.org) [1] and by 
Human Gene Nomenclature Committee (HGNC) (https://
www.genenames.org). Nucleotide and amino acid sequences 
of SLC families were obtained from NCBI [28]. The muta-
tions and related disease data of SLC transporters were 
obtained from ClinVar [23,24] by searching the database 
with the keywords ‘Solute Carrier.’ Three-dimensional struc-
ture data were obtained from PDB [29] by searching the 
database with BLAST [30] for proteins with a similar 
sequence to SLC proteins.

Based on these original data, we predicted the membrane 
protein topology of SLC proteins using TopCons2 [31], 
which is a tool that combines the prediction results of Philius 
[32], PolyPhobius [33], SPOCTOPUS [34], OCTOPUS [35] 
and SCAMPI [36] by taking residue-wise consensus.

Pathogenic and non-pathogenic mutation data in SLC
ClinVar provides the clinical significance for each muta-

tion. The terms ‘pathogenic’ and ‘risk factor’ are used when 
the variants affect clinical phenotypes, many of which are 
reported with specific diseases or symptoms. Thus, in this 
study, we defined the missense mutation annotated with the 
keyword either ‘pathogenic’ or ‘risk factor’ in the clinical 
significance column of ClinVar as ‘pathogenic mutation.’ 
Similarly, ‘non-pathogenic mutation’ was defined as the 
missense mutation annotated with the keyword ‘benign.’

SLC topology data
Membrane protein topology is originally a term represent-

transporter genes have been identified, and classified into 52 
families (SLC1–SLC52) based on the sequence similarity, 
their function, substrate similarity and the number of trans-
membrane helices (mostly 10 to 14) [5–7].

The type of ligands for each SLC transporter family 
extends to a broad range of small molecules such as ions, 
amino acids, peptides, lipids, neurotransmitters, hormones, 
drugs and so on. The selectivity of small molecules in each 
transporter plays an important role in delivering nutrition 
into the cells, in releasing unnecessary substances outside 
the cells and in maintaining homeostasis of the cells and 
tissues. SLC transporters specifically expressed on the blood 
brain barrier are the crucial suppliers of essential nutrients to 
the nervous system in the brain [8–10].

A number of studies on the relationship between SLC 
genes/proteins and diseases have been conducted, because 
dysfunction of SLC transporter is often related to neuro
logical or metabolic conditions [11–15]. Missense mutations 
(variations that results in amino acid substitution) in glucose 
transporter genes (members of SLC2) are highly correlated 
with glucose transporter deficiency syndrome, dystonia and 
epilepsy in infants [16–18]. Insufficient supply of glucose  
to the brain in infancy due to the dysfunction of the SLC 
proteins is assumed to be the cause of these diseases. Some 
pathogenic mutations in carnitine transporter genes (mem-
bers of SLC22) are known to have high correlation with the 
carnitine deficiency and are seemingly correlated with sudden 
infant death syndrome [19,20]. Carnitine transporters play a 
role in carrying the activated fatty acids across the inner 
mitochondrial membrane, energy production and removal of 
toxic oxidized fatty acids. Patients with carnitine transporter 
dysfunction suffer from metabolic cardiomyopathy, central 
nervous system abnormalities and gastrointestinal symptoms, 
such as recurring abdominal pain and diarrhea [19,20]. 
Despite these descriptions on the relationship between the 
dysfunction and the diseases, there have been a limited num-
ber of descriptions of atomic mechanisms that elucidate the 
cause of the diseases. A crystal structure of lactose permease 
(a homolog of SLC37) from Escherichia coli and that of 
leucine transporter (a homolog of SLC6) from Aquifex 
aeolicus, were determined [21], and a couple of models that 
explain the substrate-transport mechanisms have been pro-
posed [22]. None of these models, however, had sufficient 
details to elucidate the relationship between the sequence 
variations and the effects of the variations on the function of 
SLC in humans.

The studies of the relationship between the variation on 
genes and the diseases in humans have been carried out for 
the last decades, and the results have been compiled in many 
databases including, but not limited to, ClinVar [23,24], 
dbSNP [25] and COSMIC [26,27]. These databases tell that 
not all variations on amino acid sequences have correlations 
with diseases and that variations found in SLC are no excep-
tion. This fact provided a new question on making a distinc-
tion between pathogenic and non-pathogenic variations. The 
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accession ID, locus, family classification, sequence similar-
ity, three-dimensional structures, mutations found in SLC 
genes and associated diseases were stored. The SLC genes 
have been classified into 52 families according to the previ-
ous study [1] and HGNC. Total number of SLC transcripts 
including isoforms was 573. The SLC transcript is generally 
named in the form of SLCnXm, where n is for family 
number, X is for an alphabet representing subfamily and m  
is for a digit assigned to an individual gene, which was the 
standard nomenclature fixed by HGNC. When the SLC has 
a splice variant, the SLC transcript is named in the form 
SLCnXmpl, where p is for an alphabet representing a splice 
variant, and l is for a digit or alphabet assigned to each vari-
ant. Out of 52 families of SLC in humans, only four of them 
(SLC2, 4, 25 and 42) have at least one member of which the 
three-dimensional structure was registered in PDB, and 26 
families have at least one member with sequence identity 
more than 20% to a protein in PDB.

The number of missense variations of SLC transporters 
found in ClinVar was 1,216. These variations in amino  
acid sequences were classified by clinical significance in 
iMusta4SLC. The counts and proportions in each clinical 
significance were as follows; Risk factor, 10 (0.8%); 
Pathogenic, 524 (44.4%); Likely pathogenic, 122 (10.3%); 
Benign, 64 (5.4%); Likely benign, 55 (4.7%); Uncertain 
significance, 309 (26.2%); not provided, 78 (6.6%); and 
Conflicting interpretations, 17 (1.4%). The data seem to 
have a bias toward pathogenic and missense mutations. In 
terms of diseases, pathogenic mutations in SLC genes cause 
at least 100 different types of diseases, including metabolic 
diseases, neurological diseases, malformations, deafness, 
developmental disorders, immunodeficiency, renal failure 
and cancer.

Database architecture
We built iMusta4SLC using a relational database manage-

ment system and connected the annotations in original data-
bases, such as sequence accession ID, gene locus, three-
dimensional structures, mutations and diseases associated 
with the variations in human SLC transporters (Fig. 1A). 
The interface of the database was developed on Flask (http://
flask.pocoo.org) and the various types of query can be cast 
through a web browser. The results of the search are dis-
played in a page-wise manner. In each page of this website, 
a search option can be set on the left column. The details of 
the options and items to be displayed are described in ‘How 
to Use’ page. In ‘Family list’ page, the family number, SLC 
transporter name, isoform, protein name, alias and the brief 
description of the family are listed. These data are based on 
SLC Tables [1] and HGNC as mentioned above. ‘Function 
list’ page provides the list of ligands, transport-coupling ion 
and a type of transport mechanism for each SLC transporter. 
In ‘Sequence similarity’ page, sequence similarities among 
all SLC transporter sequences calculated by FASTA36 pro-
gram (v36.3.6) [38,39] are visualized. A pair of SLC trans-

ing the N-terminal and C-terminal positions for the mem-
brane, and the number and position of transmembrane regions 
[37]. Several topology prediction methods have been devel-
oped so far. In this study, TopCons2, which calculates a 
consensus of several prediction algorithms, was used to 
predict the location of each residue in SLC transporter at 
outside, middle and inside of the membrane. Based on the 
results obtained from TopCons2, we newly defined five 
topology regions, R1–R5, as follows; R1, a residue in the 
protein segment located outside of the cell; R2, a residue in 
the segment within the range of ±two residues from the 
transmembrane helix terminus facing outside of the cell; R3, 
a residue in the segment of the transmembrane helix except 
the ones included in R2 or R4; R4, a residue in the segment 
within the range of ±two residues from the transmembrane 
helix terminus facing the cytoplasm; R5, a residue in the 
segment located in the cytoplasm.

Mutation and topology data integration
In order to investigate the relationship between the site 

with pathogenic mutation and the topology region, all the 
data above were integrated in the database. The frequency of 
the pathogenic mutations in the topology region Ri (i = 1, 2, 
…, 5) was calculated by,

fp,Ri = Cp,Ri / Cp,

where Cp,Ri is the count of the pathogenic mutations in topol-
ogy region Ri, and Cp is the total number of pathogenic 
mutations. Similarly, the frequency of the non-pathogenic 
mutations in the topology region Ri was calculated by,

fn,Ri = Cn,Ri / Cn.

The expected frequency of the mutations in topology region 
Ri was calculated by,

fexp,Ri = Cres,Ri / Cres,

where Cres,Ri is the total count of amino acid residues in topol-
ogy region Ri, and Cres is the total number of amino acid 
residues in SLC transporter sequences. The log odds ratio of 
the pathogenic mutations in topology region Ri was then 
obtained by log2 (fp,Ri/fexp,Ri), and that of the non-pathogenic 
mutations by log2 (fn,Ri/fexp,Ri).

Sequence similarity visualization
All-against-all similarities among the SLC protein 

sequences were calculated by FASTA36 (v36.3.6) [38,39]. 
Similarity threshod was set at E-value = 1.0 × 10–5. The set of 
the pairs of similar SLC proteins was visualized in a circular 
form using the Hierarchical Edge Bundling protocol in D3.js 
(https://d3js.org) [40].

Results and Discussion
Overview of the database

In iMusta4SLC, data on SLC transporter gene names, 
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The coloring in the heat map tells the frequency of the sub-
stitution. The specific substitution is tabulated below the 
heat map and can be downloaded in CSV or Excel format by 
pressing ‘Export’ button (Fig. 2).

Ratios of mutations at different topology regions
We first compared the abundance ratio of pathogenic and 

non-pathogenic mutation for each topology region, namely, 
R1-R5 (Fig. 3A). There are 545 pathogenic mutations and 
130 non-pathogenic mutations in iMusta4SLC. The imbal-
ance in the numbers of pathogenic and non-pathogenic 
mutations might have stemmed from the fact that pathogenic 
mutations have been paid much attention to. The numbers 
and proportions of all amino acid residues in each region 
were as follows; R1, 91,115 (28.4%); R2, 22,400 (7.0%); 
R3, 87,652 (27.3%); R4, 23,424 (7.3%); R5, 96,527 (30.1%). 
The counts and proportions in each region of pathogenic 
mutations were as follows; R1, 111 (20.4%); R2, 52 (9.5%); 
R3, 176 (32.3%); R4, 88 (16.1%); R5, 118 (21.7%). The 
counts and proportions of non-pathogenic mutations in each 
region were as follows; R1, 31 (23.8%); R2, 12 (9.2%); R3, 
32 (24.6%); R4, 2 (1.5%); R5, 53 (40.8%).

The distribution of the different types of mutations was 
compared using the log odds ratio of these values (Fig. 3B). 
The figures evidently show that R4 has peculiar characteris-
tics. Pathogenic mutations are highly localized to R4, and 

porters with E-value less than the given threshold is depicted 
by a blue line connecting two points representing the two 
SLC transporters. The threshold can be set by a slide bar 
between 1.0 × 10–20 and 1.0 × 10–1. A mouse-over to a name of 
SLC transporter turns color of the names and of the edges to 
the other SLC transporters in red, when the E-values to the 
others are less than the value set by the slide bar. In ‘Sequence 
list’ page, sequence accession ID, gene locus, protein 
sequence length, and the description of the sequence are 
listed. ‘Template list’ shows the results of BLAST search of 
each SLC protein against PDB. In ‘Template coverage’ page, 
the detail of ‘Template list’ is shown, namely the detail 
results of BLAST search of each SLC protein against PDB 
are schematically shown. The red box on the top of the figure 
represents the query sequence, and the boxes in blue stripes 
represent a sequence in PDB similar to the query sequence. 
The blue stripes have four different color modes, which rep-
resent the degree of matches between query sequence and 
the protein sequence in PDB. ‘Mutation list’ shows the list of 
all variants registered in iMusta4SLC. The displayed data 
can be narrowed down by conditions, such as family num-
ber, mutation type and clinical significance. In ‘Topology & 
Mutation’ page, integrated analysis between mutation site 
and the protein topology is conducted (Fig. 1B). The substi-
tution patterns of amino acid residues in a specific topology 
region of each family of SLC are displayed in a heat map. 

Figure 1 Database overview. A, Schematic view of the database structure. Data were collected from existing databases (SLC Tables [1], NCBI 
[28], ClinVar [23,24], PDB [29]). These data were linked using SLC gene ID as a key feature. B, The workflow for integrated analyses of mutations 
and topology region in iMusta4SLC.
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mutation likely affect the topology formation. The arginine 
in R4 also interacts with the phosphorus group of the lipid 
and a water molecule, both of which are polar molecules. 
Substitution of arginine with tryptophan deprives of a stable 
polar interaction between the side chain of arginine and the 
oxygen atoms of a phosphorus group or a water molecule, 
hence may ended in destabilizing SLC protein in the mem-
brane. These perturbations in the protein structure are seem-
ingly the initial step for disturbing the function of SLC 
transporter which finally leads to the diseases.

Conserved residues on SLC structures
The evolutionary relationship of each transporter was 

visualized based on the sequence similarity in ‘Sequence 
similarity’ page (Fig. 4A). We found that the well conserved 
residues were clustered on the surface of SLC protein.  
The surface conservation was visualized on the three-
dimensional structure of SLC2. The crystal structures of one 
of the members were reported in two different forms, namely 
inward-open (a conformation with a cavity on the cytosolic 
side) (PDB ID: 5EQI) [47] and outward-open (a conforma-
tion with a cavity on the extracellular side) (PDB ID: 4ZW9) 
[48]. The multiple sequence alignment of SLC2 was con-
ducted by MAFFT v7.305b [49, 50], and the result showed 
that the residues such as Gly, Arg, and Glu are highly con-
served in SLC2 (Fig. 5). The topology region of SLC2A1  

non-pathogenic mutations are rare in R4, which also means 
that the variations in R4 are mostly pathogenic. This skewed 
distribution in R4 was statistically significant, tested by chi-
square analysis (p < 2.04 × 10–19 and 1.08 × 10–2, respectively).

Heat map for amino acid substitution in each topology 
region

A pattern of amino acid substitution and its log odds value 
can be analyzed in ‘Topology & Mutation’ in iMusta4SLC 
as described in the section above. When the heat maps of 
pathogenic and non-pathogenic mutations in different topol-
ogy regions were compared, peculiar characteristics can be 
found as shown in Figure 3C. On the heat map in the patho-
genic mutations of R4, the substitution from arginine to 
tryptophan were highly observed (count: 11, ratio: 11.36%). 
Arginine to tryptophan substitution around the junction area 
between the membrane and cytosol may have significant 
impact on membrane protein folding and protein stability. 
For membrane protein folding, ‘positive inside rule’ has 
been proposed, which tells that the positively charged resi-
dues in the cytoplasmic region outnumber those in the 
extracellular region [41–44]. The imbalance in the number 
of positively charged residues is considered as a remnant of 
topology formation and a replacement of a charged residue 
with a neutral one may affect a protein topology formation 
[45,46]. Hence, the substitutions found in the pathogenic 

Figure 2 Typical interface of iMusta4SLC. Users can select SLC family, topology region and the type of mutation on the left column. The raw 
data and the heat map of substitution frequency that match the conditions on the left column are displayed. The tabulated data on the bottom can be 
downloaded in CSV or Excel format.
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Figure 3 Integrated analysis for mutation and topology regions. A, See Materials and Methods for the definition of the topology region. B, Log 
odds ratio for mutations in each region. C, Heat map of amino acid substitution in each region. The horizontal axis of each map represents substi-
tuted residues and the vertical axis represents original residues.

Figure 4 Conserved amino acid residues and their positions in the three-dimentional structure of SLC2 and SLC22. A, A circular map to depict 
sequence similarities in SLC transporters. SLC transporters were first grouped into three types, namely, SLC with Major Facilitator Superfamily 
(MFS) domain, SLC with Amino Acid-Polyamine-Organocation (APC) domain and other SLCs. Each SLC was then represented as a node on a 
circle, initially grouped by the type, then by the family. The SLCs with similar sequences were connected by a blue line. The similarity threshold 
was E-value less than 1.0 × 10–5 (data-size: 319,831 residues in 572 sequences) obtained by FASTA program. B, Highly conserved residues in SLC2 
and SLC22. Red spheres are the conserved residue in SLC2 and 22 mapped on the three-dimensional structures of SLC2A1 (PDB ID: 5EQI, inward-
open structure) and SLC2A3 (PDB ID: 4ZW9, outward-open structure).
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dimensional structures of SLC2, and most of the highly 
conserved residues were found at the interface between the 
transmembrane region and the cytoplasm (Fig. 4B). In 
addition, the conserved residues formed a single cluster, 

is schematically illustrated on the top of the alignment in 
Figure 5. These conserved residues are found in or juxtapos-
ing to R4. Highly conserved residue positions in SLC2 in 
addition to the ones in SLC22 were mapped onto the three-

Figure 5 Sequence alignment of SLC2. Multiple sequence alignment of SLC2 was conducted by MAFFT v7.305b [49,50]. Topology region of 
SLC2A1 is shown on the top of the alignment.
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Gly91Asp, Arg92Trp/Gln, Arg126Cys, Arg153Leu, 
Arg212Cys/His, Arg333Trp and Arg400Cys/His are found 
in the conserved red spheres around topology region R4 
shown in Figure 4B. In the members of SLC22, two amino 
acid residue positions, namely Arg169Trp/Gln and 
Arg399Trp/Gln, were reported to be correlated with car
nitine transport disorder and they correspond to Arg92 and 
Arg333 in SLC2A1, respectively, which are listed in Table 1.

The function of these conserved residues is still unknown. 
One may assume that the residues should be involved in 
substrate binding or transportation, but there has been no 
supportive evidence for this hypothesis. The substrate-
binding residues of human GLUT1 was predicted based  
on the alignment between human GLUT1 and its bacterial 

especially on the outward-open structure. The cluster is 
divided into four clusters on the inward-open structure, 
forming a space in the center. This space is a putative path-
way of a substrate.

The relationship between the positions of pathogenic 
mutation and conservation

In topology region R4, pathogenic mutations were found 
in high ratio and there exist a cluster of highly conserved 
residues at the border between transmembrane and cyto-
plasm. The specific examples of this correlation can also  
be found in iMusta4SLC. Table 1 describes all pathogenic 
mutations in a specific family of SLC, SLC2A1. It is intri
guing to find that one third of these mutations, namely 

Table 1 List of reported pathogenic missense mutations on SLC2A1 (Glucose transporter 1, GLUT1)

Amino acid substitution Clinical phenotype Genoms position

No. position reference substituted significance disease chr. location variation  
ID

allele  
ID

1 34 Asn Ile Pathogenic GLUT1 deficiency syndrome 2 1 42943239 16115 31154
2 91 Gly Asp Pathogenic GLUT1 deficiency syndrome 1 1 42931049 16110 31149
3 92 Arg Trp Pathogenic GLUT1 deficiency syndrome 2 1 42931047 16119 31158
4 93 Arg Trp Pathogenic GLUT1 deficiency syndrome 2 1 42930865 16117 31156
5 95 Ser Ile Pathogenic GLUT1 deficiency syndrome 2 1 42930858 16116 31155
6 126 Arg Cys Pathogenic Dystonia 9, GLUT1 deficiency syndrome 1, GLUT1 

deficiency syndrome 2, Epilepsy, idiopathic generalized
1 42930766 16118 31157

7 126 Arg His Pathogenic GLUT1 deficiency syndrome 1, Epilepsy, idiopathic 
generalized

1 42930765 16111 31150

8 126 Arg Leu Pathogenic GLUT1 deficiency syndrome 1 1 42930765 16109 31148
9 130 Gly Arg Pathogenic not provided 1 42930754 207190 201162

10 140 Val Met Pathogenic not provided 1 42930724 372507 359361
11 153 Arg Leu Pathogenic not provided 1 42930684 207227 201160
12 165 Val Ile Pathogenic not provided 1 42930649 379258 365285
13 212 Arg Cys Pathogenic Dystonia 9 1 42929918 37300 45874
14 212 Arg His Pathogenic not provided 1 42929917 265386 259669
15 223 Arg Trp Pathogenic not provided 1 42929885 207193 201157
16 223 Arg Pro risk factor Epilepsy, idiopathic generalized 1 42929884 39702 48301
17 232 Arg Cys Pathogenic, 

risk factor
Epilepsy, idiopathic generalized 1 42929766 37301 45875

18 275 Ala Thr Pathogenic GLUT1 deficiency syndrome 1, GLUT1 deficiency 
syndrome 2

1 42929637 16114 31153

19 283 Gln Arg Pathogenic not provided 1 42929612 207197 201152
20 286 Gly Asp Pathogenic Stomatin-deficient cryohydrocytosis with neurologic 

defects
1 42929603 218333 215041

21 295 Thr Met Pathogenic GLUT1 deficiency syndrome 1 1 42929298 207229 201150
22 313 Ser Pro Pathogenic not provided 1 42929245 280423 264006
23 314 Gly Ser Pathogenic GLUT1 deficiency syndrome 1, GLUT1 deficiency 

syndrome 2, Epilepsy, idiopathic generalized
1 42929242 16113 31152

24 324 Ser Leu Pathogenic not provided 1 42929211 207201 201147
25 330 Arg Ter Pathogenic not provided 1 42929018 207196 201142
26 333 Arg Trp Pathogenic GLUT1 deficiency syndrome 1, Epilepsy, idiopathic 

generalized
1 42929009 198842 196002

27 400 Arg His Pathogenic not provided 1 42927684 280046 264004
28 400 Arg Cys Pathogenic not provided 1 42927685 207212 201132
29 411 Asn Ser risk factor Epilepsy, idiopathic generalized 1 42927651 96709 102598
30 458 Arg Trp risk factor Epilepsy, idiopathic generalized 1 42927148 96708 102597
31 468 Arg Trp Pathogenic GLUT1 deficiency syndrome 1 1 42927118 16120 31159
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Conclusion
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