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1. ABSTRACT

The aldehyde dehydrogenase gene 
superfamily comprises of 19 genes and 3 
pseudogenes. These superfamily genes play a 
vital role in the formation of molecules that are 
involved in life processes, and detoxification of 
endogenous and exogenous aldehydes. ALDH 
superfamily genes associated mutations are 
implicated in various diseases, such as pyridoxine-
dependent seizures, gamma-hydroxybutyric 
aciduria, type II Hyperprolinemia, Sjogren-Larsson 
syndrome including cancer and Alzheimer’s 
disease. Accumulation of large DNA variations 
data especially Single Amino acid Polymorphisms 
(SAPs) in public databases related to ALDH 
superfamily genes insisted us to conduct a survey 
on the disease associated mutations and predict 
their functional impact on protein structure and 
function. Overall this study provides an update and 
highlights the importance of pathogenic mutations in 
associated diseases. Using KD4v and Project HOPE 

a computational based platform, we summarized 
all the deleterious properties of SAPs in ALDH 
superfamily genes by the providing valuable insight 
into structural alteration rendered due to mutation. 
We hope this review might provide a way to define the 
deleteriousness of a SAP and helps to understand 
the molecular basis of the associated disease and 
also permits precise diagnosis and treatment in the 
near future. 

2. INTRODUCTION

Aldehyde dehydrogenases (EC 1.2.1.3.) 
group of enzymes are mainly involved in the 
maintenance of cell division, cell differentiation, cell 
proliferation, cellular homeostasis (redox balance) 
and cell response to oxidative stress (1, 2). ALDHs 
oxidize aldehydes that are highly reactive aliphatic 
or aromatic molecules which participate in various 
physiological, pathological and pharmacological 
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processes (3). They utilize NAD or NADP as a 
co-enzyme to oxidize aldehydes to the carboxylic 
acid (2, 4). Different classes of aldehydes are meant 
to perform various functions that are both harmful 
as well as beneficial to human health. ALDHs 
detoxify cytotoxic and cytostatic aldehydes into less 
reactive forms (3). ALDHs exhibit diverse functions 
in catalytic ester hydrolysis and nitrate reductase 
activity (3, 5). In addition to catalytic properties, non-
catalytic interactions with endogenous compounds 
such as androgen binding protein in human genital 
fibroblasts, cholesterol-binding protein in bovine 
lens epithelium, cytosolic thyroid hormone-binding 
protein in Xenopus, flavopiridol-binding protein in 
non-small cell lung carcinomas and daunorubicin 
binding protein in rat liver by ALDH1A1 (2, 6). 
Mutations in ALDHs are susceptible to several 
diseases, which includes various forms of cancers, 
Alzheimer diseases, γ-hydroxyl butyric aciduria, 
Pyridoxine-dependent Seizures, Sjogren-Larson 
Syndrome, type II- hyperprolinemia, etc. (7). 
Interestingly more than 160 ALDHs cDNAs or 
genes have been isolated and sequenced from 
plants, fungi, yeast, bacteria and animals (8) 
which illustrate their wide distribution in nature. In 
Eukaryotes, a total of 86 cDNAs or genes have 
been cloned and segregated into families and sub-
families (http://www.aldh.org/superfamily.php) (9). 
Human ALDH superfamilies possess 19 functional 
genes clustered into 11 families, and 4 subfamilies 
with distinct chromosomal location. ALDH1 possess 
11 subfamilies; ALDH3 and ALDH5 possess 3 
subfamilies, ALDH4, ALDH6, ALDH7, ALDH8 
and ALDH9 possess 2 subfamilies; ALDH16 and 
ALDH18 possess 1 subfamily (9). 

3. NOMENCLATURE OF ALDH 
(ALDEHYDE DEHYDROGENASE) GENE 
FAMILY

3.1. ALDH1A1
ALDH1A1 is a highly conserved cytosolic 

homo-tetramer ubiquitously expressed in brain, 
kidney, lungs, retina, and eye lens and mapped to 
chromosome 9q21.31 (10). ALDH1A1 catalyzes the 
oxidation of retinaldehyde to retinoic acid (10, 11). 
ALDH1A1 has a potential role in supporting 
cellular homeostasis from oxidative stress and 
defends ocular surface tissues from reactive 
oxygen species (6). ALDH1A1 catalyzes 9-cis 
retinal and all-trans-retinal which serve as ligands 
for retinoid X receptor (RXR) and the retinoic 
receptor (RAR) to mediate gene expression in 
growth and development (12). ALDH1A1 targets 

the homeodomain transcription factor Pitx3, and 
expresses itself in dopaminergic neurons to maintain 
low intra-neuronal levels of DOPAL by catalyzing 
toxic (3, 4-dihydroxyphenylacetaldehyde) to non-
toxic metabolite (3, 4- dihydroxyphenylacetic acid) 
(DOPAC) (13). ALDH1A1 expresses decreased or 
lower level of dopaminergic neuron in Parkinson’s 
and schizophrenic patients (12, 14). On the other 
hand, ALDH1A1 has a prominent role in cancer 
therapeutics. ALDH1A1 binds to certain anti-cancer 
drugs (daunorubicin and flavopiridol) and down-
regulated in certain carcinomas (11).

3.2. ALDH1A2
ALDH1A2/RALDH2 is a cytosolic homo-

tetramer located on the chromosome 15q21.3 (15). 
It exhibits an expression pattern throughout the early 
embryonic development (16). ALDH1A2 is highly 
expressed in embryonic and adult tissues (lungs, 
liver, kidney, brain, and retina and intestine) (17, 18). 
ALDH1A2 act as the key regulator of RA (Retinoic 
acid) synthesis, and induces tissue development, 
promotes cell differentiation, cell growth, apoptosis, 
and anticancer activity (19, 20, 21). Like ALDH1A1, 
ALDH1A2 catalyzes all tans –retinal and 9-cis 
retinal. ALDH1A2 has a defensive role against 
ethanol toxicity, which is either through retinoic acid 
synthesis or the acetaldehyde detoxification (22). 
A research study has demonstrated that ALDH1A2 
has a possible role in prostate cancer, and retinoic 
acid is involved in the prevention and treatment of 
prostate cancer (22). In human prostate cancer cell 
lines, ALDH1A2 expression is highly induced by 
DNA methylation and over expression of ALDH1A2 
(wild type) inhibits cell growth (21). 

3.3. ALDH1A3
ALDH1A3 (RALDH3 / ALDH6) is a cytosolic 

homo-tetramer, located on the chromosome 
15q26.3 (15). In humans, ALDH1A3 is highly 
expressed in fetal nasal mucosa, breast, kidney, 
stomach and salivary glands (23). Like ALDH1A2, 
ALDH1A3 is differentially expressed in early 
embryonic development (head and forebrain) and 
oxidizes all-trans-retinal and 9-cis-retinal to retinoic 
acid. ALDH1A3 plays a critical role in cancer and 
mitigates oxidative stress by detoxifying LPO-derived 
aldehydes. It has been studied that ALDH1A3 
expression is up-regulated in colon cancer cell line 
and carries a wild- type p53 transgene controlled by 
lactose operon (24), and down-regulated in (MCF -7 
cells) human breast cancer cells (25). In glioblastoma 
cells, ALDH1A3 is highly induced by antitumor agent 
– IL -13 cytotoxin (26). 
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3.4. ALDH1B1
ALDH1B1 a NAD+ dependent mitochondrial 

homo-tetramer located on the chromosome 
9p13.2 (15). In humans, ALDH1B1 is highly 
expressed in placenta, brain, heart, lungs, liver, 
skeletal muscle and kidney (27). ALDH1B1 shares 
75 % sequence homology with ALDH2. ALDH1B1 
metabolizes aliphatic aldehydes and displays 
a high affinity for acetaldehyde oxidation (27). 
ALDH1B1 has an increased contribution to ethanol 
detoxification and up-regulated in response to UV 
light to protect the cornea from UV exposure (28). 

3.5. ALDH1L1
 ALDH1L1 is a multi-domain homo-tetramer 

located on the chromosome 3q21.3 (15), highly 
expressed in liver pancreas, kidney and liver, and 
moderately expressed in heart, skeletal muscle, 
prostate, ovary, and thymus (29). It is a large cytosolic 
protein of about 98.8 kDa subunits and consists of 
2 domains namely; carboxy-terminal domain and 
amino-terminal formyl transferase domain (30). 
ALDH1L1 catalyzes NAD (P) + dependent oxidation 
of 10-formyl tetrahydrofolate to tetrahydrofolate, 
and NAD (P) + independent hydrolysis of 
10-formyl tetrahydrofolate to tetrahydrofolate and 
formate (31, 32). ALDH1L1 is required for purine 
biosynthesis; inhibition of ALDH1L1 results in the 
depletion of intracellular 10- formyl tetrahydrofolate, 
followed by loss of de-novo purine biosynthesis, 
which results in diminished DNA / RNA availability. 
This normally induces apoptotic cell death; therefore 
down-regulation of ALDH1L1 in tumors enhances 
cell proliferation (29). ALDH1L1 is a potent inducer of 
methanol toxicity and highly toxic to ocular systems 
and retinal muller cells (33).

3.6. ALDH1L2
ALDH1L2 is a fusion gene composed of 23 

exons and located on the chromosome 12q23.3. It 
encodes a protein of 923-amino acids, (15) and 72.3 
% identical to that of ALDH1L1. ALDH1L2 consists of 
three domains; a) aldehyde dehydrogenase domain 
at the carboxy terminal, b) formyl transferase 
carboxyl-terminal domain in the middle, c) formyl- 
trans- N-formyl transferase at the amino terminal. 
The expression pattern of ALDH1L2 is upregulated 
in invitro studies, when breast cancer cells treated 
with Indometacin (34).

3.7. ALDH2
ALDH2 encodes a mitochondrial enzyme 

located on the chromosome 12q24.12 (15). It plays 
an important role in the acetaldehyde detoxification. 

ALDH2 is highly expressed in brain, lung, liver 
and kidney (35). ALDH2 has a pivotal role in the 
bioactivation of nitroglycerin and act as a nitrate 
reductase, a principle enzyme primarily necessary 
for the activation of nitroglycerin, (used to treat 
heart failure and angina) (36). It is associated with 
hypertension in Japanese populations (37) and 
myocardial infarction in Korean populations (38). 
Like ALDH1A1, ALDH2 is implicated in Dopamine 
metabolism. ALDH2*2 allele has a single-base pair 
substitution (G/C→A/T) in exon 12 causing E504K 
substitution. In the mutant state Glutamic acid are 
replaced by Lysine at position 504. Nearly 40% 
of the East Asian descents possess a functional 
polymorphism in ALDH2*2. The inactive form of 
ALDH2 favors accumulation of acetaldehyde and 
alcohol-induced flushing reaction (38- 42). Alcoholic 
individual who possesses ALDH2*2 alleles has an 
increased affinity for esophageal cancer, head and 
neck cancer, colorectal cancer, and late- onset 
Alzheimer disease (43). Among American Jewish, 
who is alcoholic an additional polymorphic locus 
in the promoter (G/A) regions of ALDH2 affected 
the ALDH2 activity, mainly by transcriptional 
mechanisms (44). Site-directed mutagenesis of 
Glu 268, Cys 302, Lys 192, and Glu 399 residue, 
changes the rate-limiting step from deacylation to 
hydride transfer step. The mutant Lys 192 alters 
the substrate specificity from aliphatic aldehydes 
to aromatic aldehydes (45). On the contrary similar 
to ALDH1A1, ALDH2 displays a similar binding 
capability with exogenous compounds (e.g. 
acetaminophen binding protein). Inhibition of ALDH2 
results in the accumulation of 3, 4-dihydroxy phenyl 
acetaldehyde (neurotoxic dopamine metabolites), 
thereby contributes Parkinson’s diseases (46).

3.8. ALDH3A1
ALDH3A1 is a cytosolic homodimer located 

on the chromosome 17p11.2 (15). Moreover, 
constitutively expressed in the cornea, lungs, 
esophagus and stomach (47). ALDH3A1 shares 
a significant corneal protein called “Crystalline,” 
a structural element in the eye which maintains 
the corneal transparency and protects the lens 
crystalline from the hydroxyl radicals; direct 
absorption of UV light and from metabolism of 
cytotoxic aldehydes generated due to UV-induced 
lipid peroxidation (47, 48). ALDH3A1 catalyzes the 
LPO- derived aldehydes (α, ß hydroxy alkenals). By 
maintaining the redox balance, ALDH3A1 plays a 
crucial role in cellular homeostasis and contributes 
antioxidant capacity of the cell by generating NADH 
or NADPH (49, 50). Notably the enzymatic activity 
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of ALDH3A1 generates NADPH, which is associated 
with the regeneration of reduced glutathione (GSH) 
from its oxidized form (GSSG) via glutathione 
peroxidase or reductase system (49, 50). Like 
ALDH1A1, ALDH3A1 defends the ocular surface 
tissues from reactive oxygen species as well as 
supports the cellular homeostasis from oxidative 
stress. It maintains the integrity of the lens and cornea 
and serves as chaperones to prevent aggregation of 
misfold proteins. Accumulation of aldehyde results in 
the deficiency of ALDH3A1, which in turn reduces 
cellular growth rate. In invitro studies, ALDH3A1 
was active against toxic agents (Hydrogen peroxide, 
mitomycin C and etoposide) and protective against 
DNA damage and apoptosis (51). ALDH3A1 acts as 
a candidate gene in the pathogenesis of esophageal 
squamous cell carcinoma (52) and potent diagnostic 
marker for non-small-cell lung cancer (53). 
Expression of ALDH3A1 is induced by several 
xenobiotic, which includes polycyclic hydrocarbons, 
3-methylcholanthrene mainly through multiple 
xenobiotic response elements (XREs) (54, 55).

3.9. ALDH3A2
ALDH3A2 or FALDH is a microsomal NAD+ 

dependent homodimer located on the chromosome 
17p11.2. (15). It has a high affinity for straight and 
branched chain aliphatic aldehydes (both saturated 
and unsaturated aldehydes) (56). ALDH3A2 is highly 
essential for the oxidation of long-chain aliphatic 
aldehydes to fatty acids. The long-chain aliphatic 
aldehyde has a significant functional role in several 
inborn errors of metabolism. In human, ALDH3A2 is 
highly expressed in liver, kidney, intestine, stomach, 
skeletal muscles, skin, lung, pancreas, placenta, 
heart and brain (57, 58). Deficiency of ALDH3A2 
is associated with an autosomal recessive 
disorder “Sjögren–Larsson syndrome” which is 
characterized by ichthyosis, mental retardation and 
spasticity (59). So far, seventy-two mutations have 
been discovered in SLS patients; which includes 
amino acid substitutions, insertions, deletions, and 
splicing errors (60). SLS pathogenesis is mainly due 
to the accumulation of lipids (in the membrane of the 
brain and skin), defective eicosanoid metabolism 
and aldehyde Schiff- base adducts (with amine- 
containing lipids and proteins) (60). In contrast 
to “Sjögren–Larsson syndrome”, ALDH3A2 has 
a potential role in diabetes and oxidative stress- 
induced complications (61).

3.10. ALDH3B1
ALDH3B1 is a homodimer located on the 

chromosome 11q13.2 (15) and was first cloned and 

sequenced by Hsu et al. (62). It is highly expressed 
in kidney and liver and moderately expressed in lung 
and brain (striatum, cortex, brain stem, cerebellum 
and hippocampus) (63). ALDH3B1 utilizes NAD + or 
NADP + as a cofactor and protects the brain from 
the detoxification of aldehydes produced during 
oxidative stress (63). ALDH3B1 possesses distinct 
substrate specificity towards medium and long chain 
unsaturated and saturated aliphatic aldehydes. 
A SNP in intron 2 (rs581105 (T/G)) was found to 
be in association with paranoid schizophrenia 
and also in the alteration of dopamine metabolism 
(64, 65). Few studies have described DOPAL 
(dopamine derived aldehydes) as a poor substrate 
of metabolizer (63), but ALDH3B1 protects the brain 
from the detoxification of another aldehyde (Octanol) 
which may be highly toxic. Based on this study, over-
expression of ALDH3B1 in vitro tends to protect the 
cells from highly toxic LPO- derived aldehyde (63).

3.11. ALDH3B2
ALDH3B2 is a mitochondrial homodimer, 

a pseudogene located on the chromosome 
11q13.2 (15). ALDH3B2 contains an in-frame stop 
codon at 17th codon from methionine. ALDH3B2 
shares 83% sequences identity with ALDH3B1. 
In the human, ALDH3B2 transcripts are found in 
human salivary gland tissue which indicates that 
ALDH3B2 possess promoter activity (66). In addition, 
microarray analysis data indicates that ALDH3B2 is 
highly expressed in brain, liver, kidney, prostrate and 
lung (67).

3.12. ALDH4A1
A L D H 4 A 1 / P y r o l i n e - 5 - c a r b o x y l a s e 

dehydrogenase is a mitochondrial matrix homodimer 
located on the chromosome 1p36.13 (15) and highly 
expressed in liver, skeletal muscles and kidney (68). 
ALDH4A1 is transcriptionally induced by p53, whereby 
upregulated in response to DNA damage and 
possessed an important role in DNA repair and 
cell survival (69). ALDH4A1 has a protective role 
during oxidative stress; it catalyzes the irreversible 
conversion of delta-1-pyroline-5-carboxylate (P5C), 
which is derived either from proline or ornithine to 
glutathione, which is an important step to connect 
urea and TCA cycle. ALDH4A1 protects the cell 
from oxidative stress and responsible for the 
oxidation of short and medium chain aliphatic LPO- 
derived aldehydes (70). Mutation in ALDH4A1 
leads to an autosomal recessive disorder “Type- II 
Hyperprolinemia” a neurological manifestation which 
is characterized by the accumulation of P5C and 
Proline (71). Patients with type II Hyperprolinemia 
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have a missense mutation (S352L) that results in 
abnormal ALDH4A1 activity (72). The phenotypes 
of type II Hyperprolinemia are associated with P5C 
mediated deactivation of vitamin B6 derivative 
(Pyridoxal phosphate) through Knoevenagel –type 
condensation reaction (73).

3.13. ALDH5A1
ALDH5A1 is often referred to as succinic 

semi-aldehyde dehydrogenase. It encodes a 
mitochondrial enzyme which is mainly involved 
in the catabolism of neurotransmitter (GABA) 
and located on the chromosome 6p22.3 (15). It is 
expressed highly in liver, kidney, skeletal muscle and 
brain (74). Succinic semi-aldehyde is oxidized by 
ALDH5A1 to succinate. A small fraction is reduced 
by cytosolic succinic semialdehyde reductase to 
gamma- hydroxybutyric acid (75), a compound with 
neurotransmitter and neuro-modulator like propensity 
found in the central nervous system (76). Several 
mutations have been identified in the coding, as well 
as in the non-coding regions. Mutation in ALDH5A1 
leads to a rare autosomal recessive metabolic 
disorder 4-amino butyric acid degradation, which 
is characterized by the accumulation of GABA and 
4-hydroxybutyric acid leading to moderate to severe 
phenotypic neurological disorder which includes 
mental retardation, ataxia and seizures (77).

3.14. ALDH6A1
ALDH6A1 is a mitochondrial tetramer 

also known as CoA - dependent methyl malonate-
semialdehyde dehydrogenase located on the 
chromosome 14q24.3 (15) and expressed in liver, 
kidney and heart and moderately in muscle and 
brain (78). Most isozyme forms of ALDH shares the 
same catalytic mechanism for both esterase and 
dehydrogenase activity, but ALDH6A1 utilizes CoA as 
a cofactor rather than NAD (P). ALDH6A1 catalyzes 
the irreversible oxidative decarboxylation of malonate 
and methyl malonate semialdehyde to acetyl and 
propionyl-CoA. ALDH6A1 is mainly involved in 
pyrimidine and valine catabolism. In lipogenesis, 
during differentiation of 3T3-L1 fibroblasts into mature 
adipocytes, ALDH6A1 is upregulated by valine 
carbon utilizations (79). Mutations in ALDH6A1 lead 
to a disorder characterized by an increased level of 
beta-alanine and 3-hydroxypropionic acid, 3-amino 
and 3-hydroxyisobutyric acids, accompanied by 
increased degree of psychomotor delay (80). 

3.15. ALDH7A1
ALDH7A1 is a homotetramer located 

on the chromosome 5q23.2 (15) and highly 

expressed in the eye, ovary, heart and kidney and 
moderately expressed in liver, spleen, muscle, lung 
and brain (15). ALDH7A1 has a potential role in 
pipecolic acid pathway of lysine catabolism, thereby 
catalyzes the oxidation of AASA (Alpha- aminoadipic 
semialdehyde) to alpha- aminoadipate (81). ALDH7A1 
possess three pseudogenes namely; ALDH7A1P1, 
ALDH7A1P2, and ALDH7A1P3 located on different 
chromosomes (15). Among the three pseudogenes, 
ALDH7A1P1 meets the HSNC criteria for perfect 
pseudogenes. ALDH7A1P2 and ALDH7A1P3 are in 
sequence homology with ALDH7A1 (15). ALDH7A1 
generates betaine (Osmolytes) and protects the 
cell against hyperosmotic stress, and metabolize 
toxic aldehydes which are mainly derived from 
lipid peroxidation (82). ALDH7A1 mutations are the 
molecular basis for pyridoxine-dependent epilepsy, 
an autosomal disorder which is characterized by 
seizures during infancy and early childhood (83). 
Increased concentration of AASA and piperidiene-
6-carboxylate are seen in patients with ALDH7A1 
deficiency which leads to inactivation and reduction 
of the coenzyme PLP mainly through Knoevenagel 
adduction reaction (83). PLP has a significant role 
in neuro-transmitter pathways, which includes 
GABA, serotonin, and non-adrenalin (84). Reduction 
of PLP results in subsequent disruption in the 
neurotransmitter metabolism (83).

3.16. ALDH8A1
ALDH8A1 or RALDH4 is a cytosolic 

enzyme located on the chromosome 6q23.3 (15) 
Moreover, highly expressed in the liver and kidney 
and moderately expressed in brain, spinal cord, 
mammary gland, thymus, adrenal, prostate, and 
gastrointestinal tract (85). ALDH8A1 oxidizes retinal 
and plays an important role in 9-cis-retinal (85). 
Like ALDH1 family, ALDH8A1 participate in the 
biosynthesis of RA (Retinoic acid) via oxidation of 
retinal and metabolizes the aliphatic aldehydes 
which include acetaldehyde, decanal, octanal, 
hexanal, propanal, glutaraldehydes, and SSA (85). 

3.17. ALDH9A1
ALDH9A1 is a cytosolic tetramer located 

on the chromosome 1q24.1 (15) and expressed 
in liver, skeletal muscle, kidney and brain (86). It 
was first purified and characterized by Kurys (15). 
ALDH9A1 catalyzes the dehydrogenation of gamma-
aminobutyraldehyde and amino aldehyde from 
poly chromosome amines and oxidizes gamma-
trimethyl amino butyraldehyde and betaine aldehyde 
(involved carnitine biosynthesis) (87). ALDH9A1 
plays a significant role in the metabolism of DOPAL, 
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a catecholamine-derived aldehyde. High affinity for 
DOPAL and gamma-amino butyraldehyde affects 
GABA as well as dopamine pathway and brain 
development. Interestingly, ALDH9A1 is a candidate 
gene in human non-alcoholic steatohepatitis (an 
inflammatory –mediated aggravation) (88).

3.18. ALDH16A1
ALDH16A1 is located on the chromosome 

19q13.33 (15) and highly expressed in bone marrow, 
heart, kidney and lung (15). ALDH16A1 was identified 
and sequenced from the cDNA library of human 
uterine, by National institutes of Health Mammalian 
Gene Collection program (89). The 2627 base pair 
transcript is composed of 17 exons and encodes 802 
amino acid proteins which contains NAD+ dependent 
ALDH domain. The orthologues of ALDH16A1 are 
98% identical to that of a chimpanzee, and 81-% 
identity to mouse, rat dog and zebra fish.

3.19. ALDH18A1 
ALDH18A1/Pyrol l ine–5carboxylase–

synthetase (P5C) is a bifunctional inner mitochondrial 
enzyme located on the chromosome 10q24.1 (15) 
Moreover, expressed highly in pancreas, ovary, 
testis and kidney and moderately expressed in 
colon, placenta, small intestine, heart and skeletal 
muscle (90). ALDH18A1 catalyzes the reduction 
of L-glutamate to Δ (1)-pyroline-5-carboxylase, 
a significant step in the biosynthesis of proline, 
ornithine and arginine (90). Mutation in ALDH18A1 
exhibits hyperammonemia, hypoornithenemia, 
hypocitrullinemia, hypoargininemia, hypoprolinemia 
associated with cataract formation, neurodegeneration 
and connective tissue anomalies (91, 92). Missense 
mutations result in the replacement of leucine (highly 
conserved) with serine at position 396 (L396S), and 
arginine to glutamine (conserved residue) at position 
84 (R84Q) within the gamma-glutamyl kinase 
domain (91). Alternative splicing of ALDH18A1 
results in the formations of two respective isoforms 
namely ALDH18A1 _i1 and aldh18a1 _i2, these 
distinct isoforms differ by 2 amino acid inserts, closer 
to gamma-glutamyl kinase active sites, mutations 
in either of the isoform may lead to ALDH18A1 
metabolic abnormalities (93).

4. FUNCTIONAL EFFECTS OF SAPS ON 
PROTEIN STRUCTURE 

Technological advances in sequencing 
technologies have revolutionized the field of biology 
and medicine. Last decade has witnessed the 
drastic shift in genomic research towards variants 

especially Single Nucleotide Polymorphisms 
(SNPs) and also interlinking them with disease 
susceptibility. SNPs information are made available 
in online databases such as HGVBase (Human 
Genome Variation database) (94), dbSNP (95), 
JSNP (Japanese Single Nucleotide polymorphism 
database) (96), Human Genome Mutation database 
(HGMD) (97), Uniprot (98). SNPs can be classified 
based on the location in the coding and non-coding 
region. SNPs are used as markers to identify 
disease-causing genes and understanding the 
molecular mechanisms of sequence evolutions and 
inter-individual variability in drug response. SNPs in 
the non-coding regions alter the expression patterns 
of the genes, mainly by affecting the regulatory 
elements, intronic regions and active splice sites, 
leading to alternative splicing. SNPs in the coding 
region alter the amino acid sequence of expressed 
proteins either through premature termination codon 
or missense substitutions. Nonsynonymous SNPs 
(nsSNPs) also known as SAPs and are categorized 
into deleterious and neutral, but most of the SAPs 
are not deleterious. Therefore, it is very important 
to discriminate harmful SAPs from the neutral ones. 
To predict the impact of SAPs (Single amino acid 
polymorphism), many computational methods have 
been developed in predicting the effect of mutation 
based on the utilization of sequence, structure and 
sequence and structure information. Structure-
based methods classify SAPs as deleterious or 
neutral based on the physicochemical properties 
of amino acids and protein structural properties 
such as solvent accessibility, secondary structure 
elements and disulphide bridges. They make their 
prediction on the protein function, protein stability 
and pathogenecity. 

Knowledge of three-dimensional structures 
is very important in mapping the deleterious SAPs to 
a known protein structure which provides valuable 
information on the effect of mutation based on charge, 
size, dynamics, solvent accessibility, secondary 
structure information and hydrogen bonding. 
This information can guide us in understanding 
the molecular basis of disease and also in drug 
designing. Large numbers of protein sequences are 
available in public databases when compared to 
the solved structures by X-Ray and NMR which is 
limited by cost and time effectiveness. This makes 
way for computational methods such as SWISS- 
MODEL (99), MODELLOR (100), I-TASSER (101), 
ROBETTA (102), YASARA (103) etc. to predict 3D 
structure by homology modeling, fold recognition, 
and ab-initio techniques. 3D visualization of 
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macromolecules, including protein and protein-ligand 
complexes can be performed using PyMOL (104), 
Rasmol (105), and SWISSPDB VIEWER (106). 
These are molecular graphic visualization program 
intended to visualize protein structure, nucleic acids 
and small molecules. Molecular dynamics helps 
to understand the molecular assemblies in terms 
of structure, function and its interactions between 
them. Visual molecular dynamics (VMD) is a 
visualizing molecular graphics programs designed 
to analyze and visualize the molecular assemblies 
of a particular proteins and nucleic acids (107). VMD 
provides a complete set of a graphical interface and 
provides a command script and has been designed 
to animate MD simulation trajectories. VMD makes 
use of NAMD (107) and MDCOMM (107) software 
for visualization and simulation program (107). 
CASP (108) makes use of realistic modeling servers 
namely LEE- SERVER, YASARA, and ROBETTA. 
YASARA runs the molecular simulation using atom 
force field (derived from Amber); to help MODELLER 
and to create perfect alignment LEE- SERVER uses 
conformational space annealing (108). Till date many 
computational methods have been put forward in 
understanding the effects of SNPs and SAPs based 
on 3D structure of the protein such as SNP@D (109), 
TopoSNP (110), ModSNP (111), LS- SNP (112), 
StSNP (113), ColiSNP (114), etc. Mod SNP database 
contains information’s necessary for the SAPs via 
through homology modeling. It provides valuable 
information’s regarding the structural analysis of 
SAPs (111). SAAP pipeline (115) helps to analysis 
the mutations based on the structural analysis. Initial 
considerations were focused on the mapping of 
mutations on to the protein structure (116). SNP@3D 
provides the information of SAPs within the protein 
domain. It collects all the SAPs information is from 
the dbSNP (109); all the information’s tends to 
match the SCOP and Pfam domain sequences, 
which are assigned to Ensemble. Both the 2D and 
3D maps within the domains are provided. TopoSNP 
facilitates the structural mapping analysis of both 
the disease and non-disease association of SAPs; 
it allows easy prediction with structural entropy 
and structural characterization of SAPs (110). 
Conservation and entropy are calculated using HMM 
(Hidden Markov Model), comparison and homology 
modeling are favored by PSSM (Position-specific 
scoring matrices). LS-SNP initiates the human SAPs 
based on the evolutionary conservation, binding 
interactions and structural features (112), it allows 
accession query and selects data’s from HUGO 
gene, dbSNP, UniProt, and PDB ID. StSNP database 
collects protein structure information from PDB, SNP 

form dbSNP and pathway information’s from Kyoto 
Encyclopedia of Genes and Genome (116). StSNP 
provides the users to compare the distribution of 
SAPs in human proteins, protein- ligand interactions 
and protein- protein interactions. The multiple 
structure viewer Friend (117) provides mapping of 
SNPs and SAPs from the desired protein structure, 
mapping on to the protein structure provides 
homology modeling. StSNP allows the user to 
visualize and collects possible information’s about 
the desired variations in the protein structure. 
ColiSNP a database server maps SAPs on to the 
protein 3D structures (114). Using Jmol or Rasmol 
it enables visualization of 3D protein structures 
and based on the stability and function of the 
protein it evaluates the effects of mutations. KD4V 
(Comprehensive knowledge Discovery System for 
Missense Variations) server tends to characterize 
and predict the phenotypic effects (deleterious or 
neutral) of missense variants (118). The server 
provides a set of rules learned by Induction Logic 
Programming (ILP) on a set of missense variants 
described by conservation, physiochemical, 
functional and 3D structure predicates. Hope Project 
(Have your protein explained) are used to study 
and analyze the insight structural features of native 
and mutant model, and provides 3-D structure 
visualization of the mutated proteins (119). 

4.1. KD4v 
KD4v provides the users to discover and 

exploit the knowledge between the human disease 
phenotypes and computed aided mutations. KD4v 
makes use of IPL methods (120) to map the 3D 
structure, as a set involved in human diseases. SAPs 
of all human proteins and the 3D structure mappings 
are annotated by MSV3d pipeline (Missense Variant 
mapped to 3D structure) (121). ILP rules of KD4v 
are based on sixteen predicates, which are based 
on structure/sequence /evolutionary analysis. 
Being robust and efficient, it helps to characterize 
between deleterious SAPs from neutral (122,123). 
For compiling, a dataset KD4V makes use of 
PolyPhen-2 training set which are extracted from 
SwissVar (124). SM2PH helps users to predict 
the provided information’s related to phenotypic 
descriptions, tissue expressions and protein-protein 
interactions (125), and provides various parameters 
which include physicochemical changes, status of 
mutant residues with their functional effects and 
the conserved pattern of the mutant residue. KD4v 
makes use of SCOP to characterize the 3D protein 
model (126); nearly 63,000 nsSNPs for known 10713 
proteins with 3D structures are currently available. 
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MACSIMS (127) are used to annotate the multiple 
alignments, importantly it makes use of UniProt and 
PDB sequences with provided information includes 
functional descriptions, taxonomic data, and 
potential disordered regions, domains with known 
3D structure and conservation patterns of residues 
and domains. MODELLOR (128) and CSU (129) 
and I- Mutant (130) are used to construct the 3D 
structure model. 

4.2. HOPE
HOPE is an automatic protein mutant 

analyzer and designed to understand the molecular 
basis of diseases and predict the disease-related 
phenotypes mainly due to mutations. HOPE makes 
use of FASTA or BLAST (as input sequences) (131), 
UniProt database (132), and PDB (133). To obtain 
DAS prediction, UniProt database identifies the entry 
identity and the accession code of the respective 
proteins. HOPE makes use of PDB- file with its 
respective residues to be mutated. For a proper 
homology modeling, BLAST or FASTA search is used 
against the PDB. Using twinset version of YASARA 
a perfect homology modeling is constructed. 
YASARA contains an automatic homology modeling 
script and makes use of FASTA or BLAST as 
an input. Automatically the script performs loop 
building, side chain modeling, sequence alignment, 
and energy minimization. For sequence alignment, 
ClustalW is used (134). WHAT IF Web server 
makes use of DSSP to calculate the secondary 
prediction, the protein structure of interest, either 
PDB- file or a homology modeling (135), and favors 
to calculate the hydrogen bonds, accessibility, 
salt bridges, ligands or ion interactions, variability 
and mutability (136). UniProt database is used to 
retrieve the features that can be mapped onto 
the sequences (137). Conservation score of the 
respective mutated residue is calculated using 
HSSP (138). DAS server are used to predict the 
accessibility (using PHDacc) (139), transmembrane 
regions (using Phobius) (140), secondary structure 
by PHDsec (139), phosphorylation sites by 
NetPhos (141). The whole decision is implemented 
by means of Groovy (a dynamic language) which 
tends to run on JAVA virtual machine.

5. METABOLIC DISEASES ASSOCIATED 
WITH ALDH SUPER GENE FAMILIES 

In this study, we had analyzed the impact of 
experimentally proved mutations in ALDH superfamily 
genes (Table 1) and mapped the deleterious SAPs 
from the desired protein 3D structures using KD4v 

and Project HOPE. KD4v leads a way to summarize 
the charge, size, hydrophobicity, polarity, solvent 
accessibility, secondary structure elements, 
disulphide bridges, protein stability, hydrogen bond 
formation and pathogenecity, etc. The interpretations 
of SAPs for all ALDH supergene families by KD4v 
are tabulated in (Table 2). Project HOPE was used 
to analyze and visualize the 3 D structural prediction, 
and helped to characterize the physical- chemical 
properties of both mutant and wild-type residue of 
ALDH supergene families. The effects of mutations 
and properties of ALDH supergene families by HOPE 
analysis are tabulated in (Table 3). From our survey 
analysis, we have proved that the below mentioned 
amino acid variants for each ALDH genes are in 
good correlation with the clinically proved results 
which are obtained from in- vitro/in- vivo results.

5.1. Human Congenital heart disease
Congenital heart disease (CHD) 

(OMIM*603687) is a multifactorial polygenic disease 
(142). The familial forms of CHD are hypertrophic 
cardiomyopathy, (TOF) Tetralogy of Fallot, (ASD) 
Atrial Septal defects and (VSD) Ventricular 
Septal defects, these forms, are well explained 
by haploinsufficiency of genes (with their major 
roles in cardiac development) (143, 144, 145). The 
instability of ALDH1A2 is quite critical and permissive 
throughout the cardiac development and weakens 
the cardiac morphogenesis (146). RA (Retinoic acid) 
is the modifier of CHD; Marilène Pavan et al. (2009) 
used ALDH1A2 to understand the relationship 
between RA and CHD, the genetic screening was 
utilized to detect the mutations and family- based 
genetic association study was used to predict the 
genetic variation at the ALDH1A2 locus. In Tetralogy 
of Fallot, Marilène Pavan et al. (2009) described that 
A151S and I157T mutations at exon 4 favored the 
change of non-polar residue to polar residue (146), 
and from molecular mechanism simulation A151S 
and I157T tend to hinder tetramerization. A151S 
(non- conservative mutation) was mapped to the 
same cistron, whereas the I157T was found to be 
located 6 citron apart (146). 

5.1.1. A151S
Alanine (wild type) and serine (mutant) 

differ in size; the mutation will cause an empty space 
in the core of the protein. The mutant residue is 
more hydrophobic than the wild-type residue. The 
hydrophobicity of the wild-type and mutant residue 
differs. The mutation will cause loss of hydrogen 
bond and, as a result, it may disturb the protein 
folding. 
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Table 1. Summary of experimentally proved SAPs in ALDH gene superfamily
Gene Variants/Reference seq ID Mutation 

position
Disease Amino acid 

length
References

ALDH1A2 rs115875978
rs115913750

A151S
I157T

Congenital Heart disease 518 146

ALDH1A3 VAR_069322/rs58142816 R89C Recessive Anophthalmia and Microphthalmia 512 151

ALDH1B1 VAR_002257/rs2228093 A86V Alcohol induced Hypersentivity 517 152,153

ALDH1L1 VAR_052297/rs1127717 D793G Hodgkin’s Lymphoma 902 162

ALDH2 VAR_002248/rs671 E504K Esophageal cancer
Diabetic Cardiomyopathy
Cardiac dysfunction
Alzheimer’s disease
Colorectal cancer

517 164,165,166
167,168,169
172
179
182,183

ALDH3A2 VAR_017519/rs72547569 K266N Sjogren-Larsson syndrome 485 187

ALDH4A1 VAR_002260/rs137852937 S352L Type II Hyperprolinemia 563 190

ALDH5A1 VAR_026204 K301E Semi-aldehyde dehydrogenase 
deficiency – Gamma- hydroxyl butyric aciduria

535 195

ALDH6A1 rs183066442 
VAR_010244/rs72552258 

R535C
G466R

Dysmyelination and transient methylmalonic 
aciduria

535 201
80

ALDH7A1 VAR_069189
VAR_031719/rs121912707
VAR_069186/rs121912711

L455P
E427Q
N301I

Pyridoxine dependent Epilepsy and Folic acid 
responsive seizures

539 211

ALDH16A1 rs201033569 P527R Gout and Mast syndrome 802 216

ALDH18A1 VAR_038482/
rs121434582 

R84Q Urea Cycle defects - hyperprolinemia, 
hypoornithinemia, hypocitrullinemia, 
hypoargininemia and hyperammonemia

795 217

(Contd...)

Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

ALDH1A1 rs151269980 E313K Increase Opposite Unchanged Unchanged Unchanged 27.1.9 
(Intermediate)

41.4.7 
(Accessible)

rs150537821 P76R Increase Increase Increase Unchanged Unchanged 32.3.7 
(Accessible)

46.5.3 
(Accessible)

rs143464638 R143C Decrease Decrease Decrease Increase Unchanged 42.6.0 
(Accessible)

27.6.1 
(Intermediate)

rs149236405 R143H Decrease Unchanged Unchanged Increase Unchanged 42.6.0 
(Accessible)

40.3.7 
(Accessible)

rs142280224 G379A Unchanged Unchanged Unchanged Increased Unchanged 5.0.2 (Buried) 4.8.4 (Buried)

rs11554424 D15Y Increase Decrease Unchanged Increase Unchanged 40.6.3 
(Accessible)

52.9.0 
(Accessible)

ALDH1A2 rs145263250 F171L Decrease Unchanged Unchanged Unchanged Unchanged 21.7.3 
(Intermediate)

28.8.0 
(Intermediate)

rs139464985 A151S Decrease Unchanged Unchanged Decrease Unchanged 26.1.4 
(Intermediate)

23.0.1 
(Intermediate)

Table 2. Interpretation of SAPs in ALDH gene superfamily by KD4v
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(Contd...)

Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

rs141245344 R347H Decrease Unchanged Unchanged Increase Unchanged 4.0.5 (Buried) 5.1.3 (Buried)

rs115913750 I157T Decrease Unchanged Decrease Unchanged Unchanged NA NA

ALDH1A3 rs199537142 R98W Increase Increase Unchanged Decrease Unchanged NA NA

rs147752643 A470T Increase Unchanged Unchanged Unchanged Unchanged NA NA

rs113661159 R89C Increase Unchanged Increase Increase Unchanged 27.6.1 
(Intermediate)

14.9.2 
(Intermediate)

ALDH1B1 rs148903407 R84Q Decrease Decrease Unchanged Increase Unchanged 15.2.6 
(Intermediate)

15.4.1 
(Intermediate)

rs145597002 R84W Unchanged Decrease Decrease Increase Unchanged 15.2.6 
(Intermediate)

19.8.6 
(Intermediate)

rs117820646 T325N Increase Unchanged Unchanged Decrease Unchanged 0.3.6 (Buried) 0.4.5 (Buried)

rs111325536 M191V Decrease Unchanged Unchanged Unchanged Unchanged 2.6.7 (Buried) 2.5.5 (Buried)

rs71504569 P215S Decrease Unchanged Increase Increase Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs2228093 A86V Increase Unchanged Decrease Increase Unchanged 8.3.7 (Buried) 4.6.0 (Buried)

ALDH1L1 rs150865017 P216L Increase Unchanged Unchanged Increase Unchanged 24.7.2 
(Intermediate)

27.1.3 
(Intermediate)

rs149080804 P107L Increase Unchanged Unchanged Increase Unchanged 6.2.4 (Buried) 10.0.9 
(Intermediate)

rs142194643 P52L Increase Unchanged Unchanged Increase Unchanged 23.6.1 
(Intermediate)

30.3.9 
(Accessible)

ALDH1L2 rs187752137 G496S Increase Unchanged Increase Unchanged Unchanged 12.7.0 
(Intermediate)

13.0.8 
(Intermediate)

rs149557935 P278L Increase Unchanged Unchanged Increase Unchanged 28.5.5 
(Intermediate)

17.8.1 
(Intermediate)

rs146335509 I205V Decrease Unchanged Unchanged Unchanged Unchanged 2.8.0 (Buried) 5.8.6 (Buried)

rs146068404 N273H Increase Increase Unchanged Increase Unchanged 10.6.1 
(Intermediate)

16.7.9 
(Intermediate)

rs144770528 G796E Increase Increase Increase Decrease Unchanged 10.1.5 
(Intermediate)

6.3.6 (Buried)

rs143568544 D62G Decrease Decrease Decrease Increase Unchanged NA NA

rs142554052 R42C Decrease Decrease Increase Increase Unchanged 27.7.4 
(Intermediate)

25.7.2 
(Intermediate)

rs140127163 R733Q Decrease Decrease Increase Unchanged Unchanged 3.7.3 (Buried) 4.5.2 (Buried)

rs140102957 V643F Increase Unchanged Unchanged Unchanged Unchanged 0.0.0 (Buried) 0.5.4 (Buried)

rs140095224 A477T Increase Unchanged Increase Decrease Unchanged 0.0.9 (Buried) 0.0.0 (Buried)

rs138108238 G286D Increase Increase Increase Decrease Unchanged 28.3.4 
(Intermediate)

21.3.0 
(Intermediate)

rs138062395 T623M Increase Unchanged Decrease Increase Unchanged 0.0.0 (Buried) 0.0.6 (Buried)

rs115446211 Y782H Unchanged Increase Unchanged Decrease Unchanged 1.8.8 (Buried) 1.8.5 (Buried)

Table 2. Contd...
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Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

rs191240032 P184L Increase Unchanged Unchanged Increase Unchanged 8.0.8 (Buried) 7.0.4 (Buried)

rs150202179 R103W Unchanged Decrease Decrease Increase Unchanged 39.3.9 
(Accessible)

47.6.5 
(Accessible)

rs149442966 P400S Decrease Unchanged Increase Increase Unchanged 2.5.6 (Buried) 0.8.7 (Buried)

rs148698157 A298D Increase Increase Increase Decrease Unchanged 5.6.8 (Buried) 6.0.9 (Buried)

rs147086207 D110H Increase Opposite Unchanged Increase Unchanged 23.0.0 
(Intermediate)

32.4.5 
(Accessible)

rs145077856 G287W Increase Unchanged Increase Increase Unchanged 3.5.7 (Buried) 14.9.2 
(Intermediate)

rs144598865 E431K Increase Opposite Unchanged Unchanged Unchanged 39.1.6 
(Accessible)

47.6.1 
(Accessible)

rs142271678 D299N Unchanged Decrease Unchanged Unchanged Unchanged 35.1.9 
(Accessible)

37.5.6 
(Accessible)

rs141629803 A150T Increase Unchanged Increase Decrease Unchanged 4.1.1 (Buried) 6.2.6 (Buried)

rs141574314 I41V Decrease Unchanged Unchanged Unchanged Unchanged 2.1.0 (Buried) 3.6.0 (Buried)

rs140347209 V80A Decrease Unchanged Unchanged Unchanged Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs139133423 S277G Decrease Unchanged Decrease Unchanged Unchanged 8.5.6 (Buried) 8.9.2 (Buried)

ALDH3A1 rs200726755 D182Y Increase Decrease Unchanged Increase Unchanged NA NA

rs200539114 R426H Decrease Unchanged Unchanged Increase Unchanged NA NA

rs188828873 Q242K Increase Increase Unchanged Decrease Unchanged NA NA

rs149784212 L185P Decrease Unchanged Unchanged Decrease Unchanged NA NA

rs147790087 A59T Increase Unchanged Increase Decrease Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs147298045 R10G Decrease Decrease Decrease Increase Unchanged 32.4.9 
(Accessible)

16.0.3 
(Intermediate)

rs147275012 R231C Decrease Decrease Decrease Increase Unchanged NA NA

rs146746671 P139L Increase Unchanged Unchanged Increase Unchanged NA NA

rs145697414 H183R Increase Unchanged Unchanged Decrease Unchanged 3.2.6 (Buried) 3.0.1 (Buried)

rs145505711 R231L Decrease Decrease Decrease Increase Unchanged 25.6.9 
(Intermediate)

19.6.5 
(Intermediate)

rs145465198 I342T Decrease Unchanged Increase Decrease Unchanged NA NA

rs143872646 Y282C Decrease Unchanged Unchanged Decrease Unchanged NA NA

rs140881083 R314C Decrease Decrease Decrease Increase Unchanged 20.8.7 
(Intermediate)

8.7.9 (Buried)

rs11554978 S143I Increase Unchanged Decrease Increase Unchanged NA NA

rs11554977 S140P Decrease Decrease Decrease Increase Unchanged NA NA

ALDH3A2 rs72547569 K266N Decrease Decrease Unchanged Unchanged Unchanged NA NA

rs72547564 C214Y Increase Unchanged Increase Unchanged Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs148103086 C249S Unchanged Unchanged Increase Decrease Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

(Contd...)

Table 2. Contd...
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(Contd...)

Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

rs147200808 E330G Decrease Decrease Decrease Increase Unchanged 19.2.7 
(Intermediate)

10.4.2 
(Intermediate)

rs144365591 P358S Decrease Unchanged Increase Increase Unchanged 0.9.9 (Buried) 1.2.2 (Buried)

rs144287421 A110T Increase Unchanged Increase Decrease Unchanged 6.1.7 (Buried) 5.6.5 (Buried)

rs142587791 Y215D Decrease Increase Unchanged Decrease Unchanged 0.6.8 (Buried) 4.5.9 (Buried)

rs138110265 T316I Increase Unchanged Decrease Increase Unchanged 0.0.0 (Buried) 0.1.4 (Buried)

rs112346474 G334R Increase Increase Increase Decrease Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs72547576 F419S Decrease Unchanged Increase Decrease Unchanged 0.2.1 (Buried) 3.7.3 (Buried)

rs72547575 N386S Decrease Unchanged Unchanged Increase Unchanged 21.0.1 
(Intermediate)

18.3.7 
(Intermediate)

rs72547574 S380N Increase Unchanged Unchanged Decrease Unchanged 7.9.4 (Buried) 5.6.9 (Buried)

rs72547573 S365L Increase Unchanged Decrease Increase Unchanged 1.1.2 (Buried) 0.9.0 (Buried)

rs72547571 P315S Decrease Unchanged Increase Increase Unchanged 1.2.4 (Buried) 0.3.5 (Buried)

rs72547568 D245N Unchanged Decrease Unchanged Unchanged Unchanged 1.3.4 (Buried) 1.5.6 (Buried)

rs72547567 C237Y Increase Unchanged Increase Unchanged Unchanged 0.0.0 (Buried) 0.0.0 (Buried)

rs72547566 R228C Decrease Decrease Decrease Increase Unchanged 19.5.7 
(Intermediate)

6.1.3 (Buried)

rs72547562 T184M Increase Unchanged Decrease Increase Unchanged 5.0.5 (Buried) 4.6.4 (Buried)

rs72547560 P121L Increase Unchanged Unchanged Increase Unchanged 0.2.7 (Buried) 0.1.4 (Buried)

rs72547559 P114L Increase Unchanged Unchanged Increase Unchanged 1.2.6 (Buried) 0.6.0 (Buried)

rs72547556 V64D Increase Increase Increase Decrease Unchanged 0.2.6 (Buried) 0.6.5 (Buried)

rs72547555 L27P Decrease Unchanged Unchanged Decrease Unchanged 0.0.0 (Buried) 2.8.3 (Buried)

ALDH3B1 rs189023710 R236C Decrease Decrease Decrease Increase Unchanged 0.3.7 (Buried) 1.2.4 (Buried)

rs188211650 F57L Decrease Unchanged Unchanged Unchanged Unchanged 42.8.0 
(Accessible)

42.6.9 
(Accessible)

rs18261043 G301R Increase Increase Increase Decrease Unchanged 18.4.3 
(Intermediate)

11.2.3 
(Intermediate)

rs115555799 T319P Unchanged Unchanged Decrease Decrease Unchanged 0.5.2 (Buried) 0.5.3 (Buried)

ALDH3B2 rs188008035 R221H Decrease Unchanged Unchanged Increase Unchanged 50.1.1 
(Accessible)

45.6.4 
(Accessible)

rs180859869 G303S Increase Unchanged Increase Unchanged Unchanged 5.5.6 (Buried) 3.5.6 (Buried)

rs150084712 P257L Increase Unchanged Unchanged Increase Unchanged 1.3.4 (Buried) 0.0.7 (Buried)

rs149110344 R212W Unchanged Decrease Decrease Increase Unchanged 16.2.8 
(Intermediate)

36.7.5 
(Accessible)

rs147492892 L96P Decrease Unchanged Unchanged Decrease Unchanged 5.0.6 (Buried) 13.8.1 
(Intermediate)

rs144853999 I235L Unchanged Unchanged Unchanged Unchanged Unchanged 2.4.7 (Buried) 1.3.4 (Buried)

Table 2. Contd...
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Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

rs144739802 R221C Decrease Decrease Decrease Increase Unchanged 50.1.1 
(Accessible)

29.2.2 
(Intermediate)

rs144564033 A148T Increase Unchanged Increase Decrease Unchanged 0.0.9 (Buried) 3.3.6 (Buried)

rs142113776 A236T Increase Unchanged Increase Decrease Unchanged 3.8.3 (Buried) 5.2.4 (Buried)

rs140248913 P36L Increase Unchanged Unchanged Increase Unchanged 11.0.2 
(Intermediate)

14.5.3 
(Intermediate)

rs13967003 G48R Increase Increase Increase Decrease Unchanged 6.0.5 (Buried) 39.8.1 
(Accessible)

rs137924137 C155R Increase Increase Increase Decrease Unchanged 1.2.3 (Buried) 0.4.7 (Buried)

rs113681988 G226S Increase Unchanged Increase Unchanged Unchanged 19.7.4 
(Intermediate)

18.9.4 
(Intermediate)

ALDH4A1 rs137852937 S352L Increase Increase Decrease Increase Unchanged NA NA

ALDH5A1 rs148733464 T202I Increase Unchanged Decrease Increase Unchanged NA NA

rs142482046 D474A Decrease Decrease Decrease Increase Unchanged 20.9.9 
(Intermediate)

13.7.6 
(Intermediate)

rs139719918 A404G Unchanged Unchanged Unchanged Decrease Unchanged 1.8.8 (Buried) 1.8.4 (Buried)

rs139486423 A161T Increase Unchanged Increase Decrease Unchanged 0.0.9 (Buried) 0.0.0 (Buried)

rs115784602 V321M Increase Unchanged Unchanged Unchanged Unchanged 16.6.4 
(Intermediate)

18.7.6 
(Intermediate)

ALDH6A1 rs72552258 G446R Unchanged Decrease Decrease Increase Unchanged 28.5.7 
(Intermediate)

31.2.8 
(Accessible)

rs201935817 R140G Decrease Unchanged Unchanged Increase Unchanged Nil Nil

rs199699588 K364E Increase Unchanged Unchanged Unchanged Unchanged Nil Nil

rs147813764 G352R Decrease Unchanged Unchanged Unchanged Unchanged 17.4.1 
(Intermediate)

21.0.3 
(Intermediate)

rs147635769 R488P Unchanged Decrease Decrease Increase Unchanged 39.3.9 
(Accessible)

47.6.5 
(Accessible)

ALDH7A1 rs181287032 R404C Decrease Decrease Decrease Increase Unchanged 27.0.1 
(Intermediate)

19.3.5 
(Intermediate)

rs151107837 P431L Increase Unchanged Unchanged Increase Unchanged 0.7.9 (Buried) 0.6.9 (Buried)

rs14052962 S317L Increase Unchanged Decrease Increase Unchanged 3.9.6 (Buried) 2.5.0 (Buried)

rs145329188 L121S Decrease Unchanged Increase Decrease Unchanged 0.0.0 (Buried) 2.1.3 (Buried)

rs140701322 P244T Unchanged Unchanged Increase Increase Unchanged 18.7.3 
(Intermediate)

18.8.0 
(Intermediate)

rs202084501 L455P Decrease Unchanged Unchanged Decrease Unchanged 0.5.8 (Buried) 0.7.8 
(Intermediate)

rs121912707 E427Q Decrease Decrease Unchanged Increase Unchanged 15.8.4 
(Intermediate)

14.7.5 
(Intermediate)

rs121912711 N301I Unchanged Unchanged Decrease Increase Unchanged 0.2.2 (Buried) 0.1.4 (Buried)

(Contd...)
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SAPs in ALDH gene superfamily

 349 © 1996-2015

Gene 
name

Reference 
ID

A. a 
position

Size Charge Polarity Hydrophobicity Disulphide 
bond

Accessibility
Mutant Wild

ALDH18A1 rs121434583 H784Y Unchanged Decrease Unchanged Increase Unchanged 22.8.8 
(Intermediate)

23.7.5 
(Intermediate)

rs121434582 R84Q Decrease Decrease Unchanged Increase Unchanged Nil Nil

rs150980819 Y668C Decrease Unchanged Decrease Unchanged Unchanged 29.0.3 
(Intermediate)

28.0.1 
(Intermediate)

rs150429857 A461T Increase Unchanged Increase Decrease Unchanged 1.2.4 (Buried) 2.6.0 (Buried)

rs148127786 T520S Decrease Unchanged Unchanged Unchanged Unchanged 0.0.0 (Buried) 0.8.6 (Buried)

Table 2. Contd...

Gene Amino acid 
position

Properties Wild type Mutant type Effects of mutations

ALDH3A2 K266N Size Smaller Bigger The wild-type residue was buried in the 
core of the protein. The mutant residue 
is bigger and probably will not fit

Charge NA NA NA

Hydrophobicity More hydrophobic Less hydrophobic The hydrophobicity of the wild-type and 
mutant residue differs. Due to mutation 
it may cause loss of hydrophobic 
interactions in the core of the protein

Structure NA NA NA

Domain The residue is buried in the core of a 
domain.
Mutation might disturb the core structure 
of this domain

Conservation NA NA NA

Salt bridge 
formation

NA NA NA

Hydrogen bond 
formation

NA NA NA

Contacts Is not in direct contact 
with a ligand.

The mutation can affect the local 
stability which in turn could affect the 
ligand-contacts made by one of the 
neighboring residues.

Variants VAR_002250. The variant 
is annotated with severity: 
“DISEASE-”Sjogren-Larsson 
syndrome”

C214Y Size Smaller Bigger The wild-type residue was buried in the 
core of the protein. The mutant residue 
is bigger and probably will not fit

Charge NA NA NA

(Contd...)

Table 3. Effect of wild type and mutant type amino acids by HOPE analysis
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Gene Amino acid 
position

Properties Wild type Mutant type Effects of mutations

Hydrophobicity More hydrophobic Less hydrophobic The hydrophobicity of the wild-type and 
mutant residue differs. Due to mutation 
it may cause loss of hydrophobic 
interactions in the core of the protein

Structure NA NA NA

Domain The residue is buried in the core of a 
domain.
Mutation might disturb the core structure 
of this domain

Conservation NA NA NA

Salt bridge 
formation

NA NA NA

Hydrogen bond 
formation

NA NA NA

Contacts Is not in direct contact 
with a ligand.

The mutation can affect the local 
stability which in turn could affect the 
ligand-contacts made by one of the 
neighboring residues

Variants VAR_002250. The variant 
is annotated with severity: 
“DISEASE-”Sjogren-Larsson syndrome”

P114L Size Bigger Smaller Due to differences in size the mutation 
leads to loss of external interactions

Charge Positive Neutral The difference in charge will disturb the 
ionic interaction made by the original, 
wild-type residue and may cause loss of 
interactions with other molecules

Hydrophobicity NA NA NA

Structure In the 3D-structure the 
wild-type residue is located 
in an α-helix

The mutation converts the wild-type 
residue in a residue that does not prefer 
α-helices as secondary structure

Domain Asparagine is located 
on the surface of a 
domain with unknown 
function

Due to this mutation contact with other 
molecules or a domain might be affected

Conservation NA NA NA

Salt bridge 
formation

Lysine salt bridge with the 
Glutamic acid on position 
271, with the Glutamic acid 
on position 263

Hydrogen bond 
formation

Lysine forms a hydrogen 
bond with the Glutamic acid 
on position 271

The difference in size between Lysine 
and Asparagine disturbs the hydrogen 
bond formation.

(Contd...)
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Gene Amino acid 
position

Properties Wild type Mutant type Effects of mutations

Variants The variant: VAR_017519. The variant 
is annotated with severity: “DISEASE”. 
(“Sjogren-Larsson syndrome”

ALDH4A1 S352L Size Smaller Bigger Leucine is bigger than the Serine
Interactions of Serine with neighboring 
residues may be disturbed

Charge

Hydrophobicity Less hydrophobic More hydrophobic The difference in hydrophobicity will 
affect hydrogen bond formation

Structure NA NA NA

Domain The mutated residue is 
located on the surface 
of a domain with 
unknown function

Leucine is located on the domain with 
an unknown function; this property might 
disturb the original functional activity of 
the protein

Conservation very conserved The mutant residue is 
located near a highly 
conserved position

Based on conservation scores this 
mutation is probably damaging to the 
protein

Salt bridge 
formation

NA NA NA

Hydrogen bond 
formation

Serine Forms a hydrogen 
bond with the Lysine on 
position 318

Hydrogen bond formation is affected

Variants The variant is annotated with severity: 
“DISEASE”-. Type II Hyperprolinemia.

ALDH7A1 E427Q Size NA NA NA

Charge Negative Neutral The charge of the wild-type residue is 
lost by this mutation. This can cause loss 
of interactions with other molecules.
The difference in charge will disturb the 
ionic interaction made by the original, 
wild-type residue

Hydrophobicity NA NA NA

Structure NA NA NA

Domain The mutated residue is 
located on the surface 
of a domain with 
unknown function

The residue was not found to be in 
contact with other domains of which 
the function is known within the used 
structure.
However, contact with other molecules 
or domains are still possible and might 
be affected by this mutation

Conservation NA NA NA

(Contd...)
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Gene Amino acid 
position

Properties Wild type Mutant type Effects of mutations

Salt bridge 
formation

The wild type residue 
forms a salt bridge with the 
Arginine on position 334

Hydrogen bond 
formation

NA NA NA

Contacts In the 3D-structure the wild-type residue 
has interactions with a ligand annotated 
as: NAI.
The difference in properties between 
wild-type and mutation can easily cause 
loss of interactions with the ligand.
Because ligand binding is often important 
for the protein’s function, this function 
might be disturbed by this mutation.
According to the PISA-database, the 
mutated residue is involved in a multimer 
contact.
The PISA-database contains protein 
assemblies that are highly likely to be 
biologically relevant.
This residue is involved in an ionic 
interaction, which might be important for 
multimerisation. This interaction is lost by 
this mutation

Variants The variant is annotated with severity: 
“DISEASE”. “Pyridoxine-dependent 
epilepsy (PDE) (MIM: 266100)”

N301I Size Bigger Smaller The mutant is smaller than the wild type, 
hence by mutation will cause an empty 
space in the core of the protein

Charge NA NA NA

Hydrophobicity NA NA The hydrophobicity of wild and mutant 
differs

Structure NA NA NA

Domain The residue is buried in the core of a 
domain.
The differences between the wild-type 
and mutant residue might disturb the 
core structure of this domain

Conservation NA NA NA

Salt bridge 
formation

NA NA NA

Hydrogen bond 
formation

Asparagine forms a 
hydrogen bond with the 
Cysteine on position 330, 
with Serine on position 456

The mutation will cause loss of hydrogen 
bond formation, which leads or disrupts 
the correct protein folding

(Contd...)
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Gene Amino acid 
position

Properties Wild type Mutant type Effects of mutations

Variants The variant is annotated with severity: 
“DISEASE”. “Pyridoxine-dependent 
epilepsy (PDE) (MIM: 266100)”

NA: Not available.

5.1.2. I157T
Loss of interactions with ligands is mainly 

due to the differences in properties between the wild 
type (isoleucine) and the mutant type (threonine). 
From PISA-database, it was predicted that threonine 
is involved in a multimer contact. The PISA-database 
contains protein assemblies that are highly likely to 
be biologically relevant. The mutation introduces 
a smaller residue at this position, whereby the 
new residue might be too small to make multimer 
contacts. A mutation (I157T) converts the alanine 
in a residue which does not prefer α helices as 
secondary structure, more likely the contact with 
other domains or molecules is also affected.

5.2. Recessive Anophthalmia and 
Microphthalmia

Monogenic Anophthalmia / Microphthalmia 
(OMIM *600463) is inherited as an autosomal- 
dominant (AD), autosomal recessive (AR), or X-linked 
traits (147). True Anophthalmia are the absence of 
ocular tissue in the orbit, whereas Microphthalmia 
refers to tiny or no visible remnants of globe in 
the orbit. Both the anomalies are associated with 
systemic anomalies in at least 50% of individuals 
(148, 149, 150). Lucas et al. (2013) confirmed the 
mutation c.265C>T (Arg89Cys) by means of Sanger 
sequencing, and familial analysis was confirmed by 
the biparental transmission (151). 

5.2.1. R89C
 The wild type residue arginine is 

amphipathic in nature and (positively charged) 
is bigger than the mutant type residue cysteine 
(neutral). The size difference between wild-type and 
mutant residue makes that the new residue is not in 
the correct position to make the same hydrogen bond 
as the original wild-type residue did. This will cause 
a possible loss of external interactions. The charge, 
size and polarity decreased. This mutation lost the 
charge of the wild-type residue. This can cause 
loss of interactions with other molecules. Due to the 
conversion of arginine to cysteine, the charge differs 
and, as a result, it can disturb the ionic interactions 

which are needed for multimerization. The side 
chains of arginine are buried. Cysteine is frequently 
involved in disulphide bond whereby a pair of cysteine 
forms covalent bonds. The hydrophobicity increased, 
and their disulphide bond remained unchanged. The 
difference in hydrophobicity can affect the hydrogen 
bond formation. Any hydrogen bonds that could be 
made by the wild type residue to other monomers will 
be lost and whereby affect the multimeric contacts. 
The accessibility of the wild type residue was 
27.6.1 (intermediate), and the mutant residue was 
14.9.2 (intermediate). The mutant residue is more 
hydrophobic than the wild-type residue. The wild type 
residue forms a salt bridge with the Glutamic acid on 
position 480, 959, and 1449. 

5.3. Alcohol-induced Hypersentivity
Husemoen et al. (2008) and Linneberg 

et al. (2010) proposed that based on large population 
studies ALDH1B1 variant (A86V) was associated 
with Alcohol-induced hypersensitivity (OMIM 
*100670), and based on these findings it was strongly 
proved that ALDH1B1 may have a role in the ethanol 
detoxification, and therefore any alterations in 
ALDH1B1 may contribute alcohol- related diseases 
and alcohol induced hypersensitivity (152, 153).

5.3.1. A86V
Alanine the dullest amino acid is non-

polar and non-hydrophobic, whereas valine is more 
hydrophobic and prefers to be buried in the protein 
hydrophobic core. Valine is mainly involved in the 
binding and recognition of hydrophobic ligands. The 
charge, polarity, hydrophobicity and disulphide bond 
remained unchanged. The mutant residue (valine) 
is smaller than the wild type residue (alanine); 
the difference in size possibly can cause loss of 
interactions. The new residue might be too small to 
make multimer contacts. The accessibility of both 
the mutant and wild type was buried (3.4.2), (3.7.5). 
Valine was found to be located on the surface of the 
domain (unknown function), possible contact with 
other domains or molecules might be affected by 
this mutation.

Table 3. Contd...
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5.4. Non - Hodgkin’s Lymphoma
 Non-Hodgkin lymphoma (OMIM*600249) 

develops mainly due to chromosomal alterations 
and altered methylation of oncogenes or tumor 
suppressor genes (154, 155, 156). Genetic 
variability of ALDH1L1/FTHFD in DNA synthesis and 
DNA methylation could influence susceptibility to 
NHL. The one-carbon metabolic pathway regulates 
nucleotide synthesis and DNA methylation via a 
complex process involving at least 30 different 
enzymes (157). To study the relationship between 
the polymorphisms in one-carbon metabolism 
genes and NHL risks, many studies have been 
done (158,159,160,161). The ALDH1L1 Ex 21 + 
31A >G (D793G) variant was associated with NHL 
and located on the catalytic terminal domain (162). 
ALDH1L1 catalyzes the conversion of 10- formyl-
tetrahydrofolate to tetrahydrofolate. The down-
regulation of ALDH1L1 in tumors may increase the 
proliferation of tumor cells (163). Increased ALDH1L1 
expression may impair cell growth by depleting the 
supply of 10-formyl-THF for purine biosynthesis, 
while low ALDH1L1 expression facilitates the 
incorporation of one-carbon units into purine (163). 

5.4.1. D793G
The mutant residue (glycine) is smaller than 

the wild-type residue (aspartic acid). The residue is 
located on the surface of the protein; mutation of this 
residue can disturb interactions with other molecules 
or other parts of the protein. The torsion angles for 
this residue are unusual. The charge and polarity 
are decreased; the hydrophobicity increased, but 
the disulphide bond remains unchanged. There is 
a difference in charge between the wild-type and 
mutant amino acid. The mutation introduces a charge 
at this position; this can cause repulsion between the 
mutant residue and neighboring residues. Mutation 
to glycine can induce the function of flexibility. 
Due to the conversion of aspartic acid to glycine 
the possibilities of contacts with other domains or 
molecules can be affected.

5.5. Alcohol-induced disease
Esophageal cancer (OMIM *100650) – 

Strong convincing evidence have provided through 
epidemiological studies that alcohol drinking is a 
strong risk factor for esophageal cancer development 
(164, 165, 166). Despite alcohol being a carcinogen; 
acetaldehyde (a primary metabolite) proved to be a 
better carcinogen in the experimental model. 

Diabetic Cardiomyopathy (OMIM *100650) - 
The prevalence of diabetes and associated heart 

diseases has been found to be steadily increasing 
(particularly) in Asian countries. Approximately 
50% of populations found to possess one copy 
of the mutant ALDH2 gene (167, 168, and 169). 
Evidences have revealed that ALDH2 polymorphism 
was closely associated with an increased risk of 
diabetes (170), followed by experimental findings 
showed that reduced expression and activities of 
ALDH2 are associated with oxidative stress and 
cardiac dysfunction in diabetes (171). 

Cardiac dysfunction (OMIM *100650) - 
Deficiency of ALDH2 was found to aggravate ER 
(Endoplasmic reticulum) stress- induced cardiac 
dysfunction (172), which is possible through NADPH – 
mediated cell death (173). Bing fang et al. (2013) (174) 
and his co- workers from their research showed 
that ALDH2 has an essential role in the regulation 
of cardiac homeostasis in diabetes, ischemia- 
reperfusion injury and alcoholism (175, 176,177). 

Alcohol dependence (OMIM*100650) is a 
complex disorder related to alcohol use. Wolff (1972) 
investigated the effectiveness of inactive ALDH2 
and observed the racial differences in alcoholic 
responses (alcoholic induced facial flushing) (178). 
The polymorphism E504K was confined to North- 
East Asian descents. 

Alzheimer’s disease (OMIM *100650) – 
A neurodegenerative disease is the serious cause 
of Dementia. It was postulated that accumulation 
of acetaldehyde may have an important role in the 
Alzheimer’s disease. The metabolite acetaldehyde 
acts as a neurotoxic (179). 

Colorectal cancer (OMIM *100650) occurs 
mainly due to the impact of accumulated alcohol on the 
colon. One hypothesis involves the interference with 
one-carbon metabolism by alcohol or its metabolite, 
acetaldehyde. Folate the main micronutrient in the 
one-carbon metabolism, are considered as the 
potential protective factors for CRC. According to 
Giovannucci (2004) many studies have suggested 
the clinical interactions between folate and alcohol 
consumption (180). Secondly acetaldehyde acts as 
an inducer for colorectal cancer development (both 
direct and indirect genotoxic effect) (181). Regarding 
ALDH2 Glu487Lys polymorphism, the 487Lys allele 
encodes a catalytically inactive subunit (182). It is 
indicated that individuals with the ALDH2 Glu/Lys 
genotype possess 6.2.5% normal ALDH2 487Glu 
protein; whereby indicating a dominant effect of 
ALDH2 487Lys (183), the genetic polymorphisms 
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which modify the drinking habit (183, 184, 185) are 
expected to affect CRC risk.

5.5.1. E504K
Lysine (mutant) is bigger than glutamic acid 

(wild type). Glutamic acid was found to be located 
on the surface of ALDH2; mutation or conversion of 
glutamic acid to lysine can disturb the interactions 
made with other domains or molecules or other 
parts of the molecules. This mutation introduces an 
opposite charge at this position; this might disrupt the 
contacts with other molecules. Lysine is located on 
the domain, which is essential for the central activity 
of the protein. Glutamic acid is not conserved at this 
position. Quite often a new residue was observed in 
the homologous sequences, which means that other 
homologous proteins exist with another residue type 
than with the glutamic acid in the protein sequence. 
From the conservation score information’s, it was 
depicted that mutation does not damage or affect 
the protein functional activity. The accessibility of the 
wild type was 23.3.1 (intermediate), and the mutant 
type was 31.7.1 (accessible).

5.6. Sjögren-Larsson syndrome
Sjögren–Larsson syndrome (SLS) 

(OMIM*609523) is a rare autosomal recessive 
disorder and an inherited neurocutaneous disorder 
characterized by mental retardation, spastic diplegia 
or tetraplegia, and congenital ichthyosis (186). 
The less common accompanied features are 
retinal changes, short stature, kyphoscoliosis, 
pre-term birth, photophobia, reduction of visual 
acuity, seizures, and delayed speech (186). SLS 
was mainly due to mutation in the gene ALDH3A2 
located (187). Alternative splicing of ALDH3A2 
results in a minor transcript which includes an 
additional sequence (exon 90) which in turn gives 
rise to a larger protein of 508-amino acids with a 
variant on the carboxy-terminal sequence (188). 
The carboxy- terminal domain of ALDH3A2 is 
necessary for anchoring the enzyme (ALDH3A2) 
to the microsomal membrane (189). According to 
William et al. (1999) (187), 22-missense mutations 
were detected. The amino acid substitutions were 
found to be scattered throughout the protein, but 
none was found to be involved in the amino- or 
carboxy-terminal amino acids. 5 of the observed 
missense mutations were transitions that occurred 
at CpG dinucleotides, whereas 2 different mutations 
(551CrG and 551CrT) involved the same nucleotide 
and predicted to cause substitution of Thr184 by Arg 
or Met, respectively (187). To determine whether 
these missense mutations were destructive to 

enzyme catalytic activity, chinese hamster ovary 
cells (genetically deficient in ALDH3A2 activity) 
were used to express the 20 different mutations, 
among them 19 mutant proteins had no or little 
detectable ALDH3A2 activity, but surprisingly the 
protein encoded by 798GrC (K266N) possessed 
considerable residual activity (55% of normal) (187).

5.6.1. K266N
The wild-type (lysine) and mutant 

(asparagine) amino acids differ in size. This mutation 
can cause a possible loss of external interactions. 
Lysine is positively charged, whereas asparagine 
is neutral. This mutation NIL the charge of the wild-
type residue, and its ionic interaction is affected or 
disturbed, this can cause loss of interactions with 
other molecules. Lysine (wild type) forms a salt bridge 
with the glutamic acid on position 263 and forms a 
hydrogen bond with the glutamic acid on position 
271. In the 3D-structure, lysine is located in α-helix; 
this mutation converts the lysine to asparagine that 
does not prefer α-helices as secondary structure, 
and was found to be located on the surface of the 
domain of unknown function. Contact with other 
domains or molecules are still possible and can 
be affected by this mutation. The variant: Variant 
_ 017519 is annotated with severity: “DISEASE” 
“Sjögren–Larsson syndrome”. The superimposed 
structure of K266N is shown in Figure 1a.

5.6.2. C214Y
Tyrosine (mutant) is bigger than cysteine 

(wild type). Cysteine was found to be buried in the 
core of the protein. Tyrosine is bigger and probably 
will not fit. Cysteine is more hydrophobic than tyrosine 
being less hydrophobic. This mutation will cause loss 
of hydrophobic interactions in the core of the protein. 
Due to differences in cysteine and tyrosine the core 
structure of the domain is disturbed. Though tyrosine 
does not have any direct contact with ligands, this 
mutation can affect the local stability of the protein, 
and, as a result, it can alter the ligand contact in 
the neighboring residues. Variant VAR_017519 
is annotated with severity: “DISEASE-”“Sjögren–
Larsson syndrome”.” The superimposed structure of 
C214Y is shown in Figure 1b.

5.6.3. P114L
Leucine is bigger than proline. Proline 

was buried in the core of the protein, and lysine is 
bigger and probably will not fit. Proline is very rigid 
and induces a special backbone conformation. The 
mutation can disturb this special conformation. 
The differences between the wild-type and mutant 
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residues might disturb the core structure of the 
domain. Proline forms a salt bridge with the leucine 
on position 115 and forms a hydrogen bond with 
the phenylalanine on position 152. The variant: 
VAR_017512 is annotated with severity: “DISEASE” 
Sjogren-Larsson syndrome.” The superimposed 
structure of P114L is shown in Figure. 1c. 

5.7. Type II Hyperprolinemia
 Type II Hyperprolinemia (OMIM*606811) 

is an inherited autosomal recessive disorder 
characterized by a P5CDH deficiency, associated with 
elevated levels of P5C and proline in plasma, urine 
and cerebrospinal fluid (190). HPII is causally linked 
to neurologic manifestations which are associated 
with an increased incidence of seizures and possibly 
mental retardation, and schizophrenia (191, 192). 
Elevation of P5C results in the conversion of P5C 
to glutamate increased level of proline reflects the 
conversion of some of the accumulated P5C to proline 
by P5C reductase (192, 193). Human genetics studies 
have provided insight into the molecular basis of the 
Type II hyperprolinemia (194). Based on the studies 
several nsSNPs (non-synonymous single-nucleotide 
polymorphisms) in ALDH4A1 are associated with Type 
II hyperprolinemia, among them the known pathological 
SNP includes S353L, the missense mutation of Ser 
353 to Leu, a frame shift mutations that can cause 
premature termination of translation (190).

5.7.1. S352L
The mutant residue (leucine) is bigger than 

the wild-type (serine). The residue is located on 
the surface of the protein; mutation of this residue 
can disturb the interactions with other molecules of 
the protein. Serine is less hydrophobic, whereas 
leucine is more hydrophobic. The difference in 
hydrophobicity will affect hydrogen bond formation. 
Leucine was not found to be in contact with other 
domains of which the function is known. However, 
contact with other molecules or domain is still 
possible and might be affected by this mutation. 
The polarity decreased, and the hydrophobicity 
increased. Based on the conservation scores 
this mutation tends to damage the protein 
functionally activity. Serine forms a hydrogen 
bond with lysine on position 318. However, due 
to mutation the hydrogen bond formed by serine 
is lost and can affect the multimeric contacts. The 
multimeric interactions are disturbed when this 
mutation replaces or converts serine to leucine 
(bigger residue). The variant is annotated with 
severity: “DISEASE”-. Type II Hyperprolinemia. 
Mutagenesis experiments have been performed on 
this position. Mutation of the wild-type residue into 
alanine has the following effect: “Reduced affinity 
for NAD and no effect on the enzyme activity.” The 
superimposed structure is shown in Figure 2a.

Figure 1. Close up view of mutations at position 266, 214 and 114 in ALDH3A2. The superimposed structures are obtained from HOPE 
server. The main protein is in grey color orientation, while the wild type and the mutant residue are shown in green and red color. a) C214Y, 
b) K266N, c) P114L.
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5.8. Semi-aldehyde dehydrogenase 
deficiency – Gamma- hydroxyl butyric 
aciduria 

 SSADH deficiency (g-hydroxybutyric 
aciduria) (OMIM*610045) is an autosomal 
recessive inherited neurometabolic disorder of 
GABA metabolism. It impairs the major oxidative 
conversion of succinic semialdehyde (SSA) 
to Succinic acid. The genetic block leads to 
accumulation of SSA, which is converted to 
GHB. The genetic basis resides in the SSADH 
(ALDH5A1) gene which maps to chromosome 
6p22. SSADH deficiency is a disorder that 
manifests predominantly with neurological findings, 
but has considerable phenotypic heterogeneity 
(195, 196, and 197). Jakobs et al. (1981) identified 
and described gamma hydroxy– butyric acid (GHB) 
in their patient (first), and they were identified with 
striking accumulation of GHB in their body (body 
fluid) (198). The clinical picture encompasses a 
wide spectrum of neurological manifestations, 
and psychiatric dysfunction, the patients usually 
present with mild to severe developmental delay, 
predominantly involving expressive language, 
hypotonia, truncate or appendicular ataxia, 
and hyporeflexia and patients often develop 
neuropsychiatric symptoms such as inattention, 
anxiety, hyperkinesis, sleep disturbances and 
excessive daytime somnolence (199, 200). The 
variant responsible for SSADH was proved to be 
K301E (195).

5.8.1. K301E
 Glutamic acid (mutant) is smaller than 

Lysine (wild-type residue). The residue is located on 
the surface of the protein; mutation of this residue 
can disturb interactions with other molecules or 
other parts of the protein. There is a difference 
in charge between the lysine and glutamic acid; 
lysine is positively charged whereas glutamic acid 
is negatively charged. The mutation introduces the 
opposite charge at this position. This can disrupt 
contacts with other molecules. Lysine was located 
on the surface of the domain and was found to be 
non- conserved; a new residue (glutamic acid) was 
observed in this position, but was found in different 
or other homologous sequences, which means that 
another homologous protein exists with another 
residue in the protein sequence. Based on the 
scores obtained from the conservation information 
the mutation does not affect the protein.

5.9. Dysmyelination, transient methyl 
malonic aciduria and 3- hydroxy isobutyric 
acid aciduria

 Methylmalonate Semialdehyde 
dehydrogenase (MMSDH) is involved in the catabolic 
breakdown of both thymine and valine, which leads 
to dysmyelination and transient methyl malonic 
aciduria and 3- hydroxy isobutyric acid aciduria 
(OMIM*603178) (201, 202, 203, 204). Metabolism 
of thymine generates (R)-aminoisobutyric acid 
(AIBA), which deaminates to the (R)-methyl 
malonic semialdehyde, whereby valine produces 

Figure 2. Close up view of mutation at position 352 in ALDH4A1. The superimposed structures are obtained from HOPE server The main 
protein is in grey color orientation, while the wild type and the mutant residue are shown in green and red color of S352L.
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the intermediate (S)-3-hydroxyisobutyric acid 
(HIBA), which is oxidized to (S)-methyl malonic 
semialdehyde (MMSA) by 3-hydroxyisobutyrate 
dehydrogenase. The above mentioned (201) 
enantiomers of MMSA are substrates for MMSDH, 
which catalyzes the oxidative decarboxylation 
to propionyl-CoA. Pollitt et al. (1985) described 
an asymptomatic child ascertained due to the 
increased level of methionine in newborn screening, 
and was found to possess 3-hydroxyisobutyric 
aciduria, and ultimately possessed c.1336G > 
A, a homozygous missense mutation (205). 
Julian et al. (2013) reported in their study, a child 
with development delay followed by abnormal 
myelination on brain, transient/variable elevations 
in lactate, methyl malonic acid, 3-hydroxyisobutyric 
and 3-aminoisobutyric acids (201). Heterozygous 
mutations were then identified by means of exon 
sequencing. Using Sanger sequencing (within exon 
6 c.514 T > C; p.T172H, and exon 12 c.1603C 
> T; p.R535C) the results were confirmed (201). 
Chambliss et al. (2000) in their study reported 3 
patients with MMSDH, using molecular analysis they 
identified that the first patients possessed alterations 
in the coding region of MMSDH and revealed 
homozygosity for transversion of 1336G >A. The 
following transversion leads to the substitution of 
Glycine to Arginine at position 446 (G466R) (80). 

5.9.1. R535C
The wild type residue arginine (positively 

charged) is bigger than the mutant type residue 
cysteine (neutral). The size difference between 
arginine and cysteine makes that the cysteine is not 
in the correct position to make the same hydrogen 
bond as the original wild-type residue did. This can 
cause a possible loss of external interactions. The 
charge, size and polarity decreased. The charge 
of the wild-type residue (arginine) was lost by this 
mutation and can disturb the ionic interaction made by 
the original wild-type residue. Arginine is amphipathic 
in nature and their side chains are buried. Cysteine 
is frequently involved in disulphide bond formation, 
whereby a pair of cysteine forms covalent bonds. The 
hydrophobicity increased, and their disulphide bond 
remained unchanged. Cysteine is more hydrophobic 
than arginine; the difference in hydrophobicity will 
affect the hydrogen bond formation. The accessibility 
of the mutant residue was 42.6.0 (Accessible), and 
the wild-type residue was 27.6.1 (Intermediate). 
According to PDB-file and the PISA-assembly, the 
wild type (arginine) is involved in multimer contact. 
This mutation introduces a small residue cysteine and 
is too small to make multimer contacts. Moreover, the 

hydrogen bond made by the arginine is lost, thereby 
affects the multimeric contacts. The ionic interaction 
which is important for multimerization is also affected 
by this mutation.

5.9.2. G466R
Arginine (mutant) is bigger than glycine 

(wild type), in this mutation the difference in size 
may disturb the interaction made with a metal ion 
“K.” Arginine is positively charged whereas glycine 
is neutral. Due to this mutation a positive charge is 
introduced near the metal ion “K” (positively charged) 
this may cause destabilization and repulsion of the 
domain or the neighboring residues. Arginine being 
less hydrophobic disturbs the multimeric interactions 
or contacts. Glycine being more flexible is important 
for the protein’s function, but due to this mutation it 
can abolish the flexibility of the protein.

5.10. Pyridoxine dependent Epilepsy and 
Folic acid responsive seizures 

Pyridoxine-dependent epilepsy (PDE) 
(OMIM*107323) is an autosomal recessive disorder 
is characterized by recurrent seizures mainly found 
in prenatal, neonatal or the infantile period and death 
occurs quite often in untreated patients (206, 207). 
Affected neonates are usually presented with 
encephalopathy, hypothermia, poor feeding and 
onset of seizures (206). Linkage analysis of 5 PDE 
families associated with multiple (affected) members 
was located on the chromosome 5q31 (208). Using 
sequencing analysis, ALDH7A1 was found to be 
encoded with antiquitin and in further it revealed 
7 different mutations in 13 patients but was found 
among 8 unrelated families (209, 210). The novel 
L455P a pathogenic variant in exon 15 of ALDH7A1 
gene induces PDE (211). Barbara et al. (2007) in 
their cohort studies isolated a marked mutation 
E399G, accounting for 33% within their cohort, i, e 
12 out of 36 alleles (212).

5.10.1. L455P
Leucine (wild type) is bigger than proline 

(mutant) and is very rigid. Due to differences in size 
it may cause the space in the core of the protein. 
Leucine was found to be buried in the core of the 
domain, but due to mutation proline may disturb 
the core structure of the domain. This mutation can 
abolish the flexibility of the protein.

5.10.2. E399G
Glutamic acid (wild type) is bigger and is 

the polar amino acid which has a carboxylic acid 
group and is negatively charged, whereas glycine 
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the smallest amino acid possess only hydrogen atom 
as its substitution, especially for this reason it has an 
increased ability to fit tight spaces of molecules. The 
charge differs; glutamic acid is negatively charged, 
and glycine is neutral, this mutation can cause loss 
of interactions with other molecules.

5.10.3. E427Q
Glutamic acid is negatively charged, 

and glutamine is neutral. In the 3D-structure, the 
wild-type residue has interactions with a ligand 
annotated as NAI. There is a difference in charge 
between the wild-type and mutant amino acids. 
This mutation can cause loss of interactions with 
other molecules. Glutamic acid forms a salt bridge 
with the arginine on position 334. The difference in 
properties between wild-type and mutants can easily 
cause loss of interactions with the ligand because 
ligand binding is often important for the protein’s 
function, this function might be disturbed by this 
mutation. PISA database showed that glutamine 
is located in a multimeric contact. Due to mutation 
the ionic interactions of glutamic acid is lost, which 
is very important for multimerization. The variant 
is annotated with severity: “DISEASE- Pyridoxine 
dependent Epilepsy.” The superimposed structure is 
shown in Figure 3a.

5.10.4. N301I
The mutant residue (isoleucine) is smaller 

than the wild-type residue (asparagine). This 
mutation can cause a space in the core of the protein 
and loss of hydrogen bonds can disturb the proper 

protein folding. The difference in hydrophobicity can 
affect the hydrogen bond formation. Any hydrogen 
bonds made by asparagine to other molecules are 
lost by this mutation and can affect the multimeric 
contacts. According to PISA-database, the 
mutation introduces isoleucine and is too small to 
make multimer contact. The variant is annotated 
with severity: “DISEASE – Pyridoxine dependent 
Epilepsy.” The superimposed structure is shown in 
Figure 3b.

5.11. Gout and Mast syndrome
 Gout (OMIM *613358) a painful 

inflammatory arthritis more commonly predisposed 
to men (213) was found to be mediated by the 
extracellular deposition of urate crystals in joints. 
The major risk factor for gout is hyperuricemia. 
A recent study from Iceland identified a 
rare missense SNP in the ALDH16A1 gene 
(ALDH16A1⁄2) (214). As of 2009, reports on 
ALDH16A1 and its interaction with Maspardin when 
truncated were found to be associated with Mast 
syndrome (OMIM*613358) (215). The ALDH16A1⁄2 
allele carrying the missense SNP was located on 
the exon 12 (c.1427C>G) of the 16- exon transcript 
and exon 13 (c.1580C>G) of the 17- exon transcript, 
importantly this leads to substitution of proline to 
arginine amino acid at position 527 (P527R) (216). 

5.11.1. P527R
Arginine (mutant) is bigger than proline 

(wild type). There is a difference in charge between 
proline and arginine, this mutation introduces a 
charge at this position; this can cause repulsion 
between the mutant residue and neighboring 
residues. The size, charge and polarity increased 
whereas hydrophobicity and disulphide bond 
remained unchanged. Proline is known to be very 
rigid and induces a special back-bone conformation; 
this mutation can disturb the special conformations. 
Arginine is amphipathic, and the side chain is buried. 
Proline is located on the surface of the protein; 
mutation of this residue can disturb interactions with 
other molecules or other parts of the protein. Salt 
bridge formation is less frequent in proline, whereas 
more frequent in arginine. The accessibility of mutant 
residue (arginine) was 32.3.7 (accessible), and wild 
type (proline) was 46.5.3 (accessible). This mutation 
can cause loss of hydrophobic interactions with other 
molecules, and arginine was found to be located 
in the domain which is necessary for the protein 
functional activity, contacts with other domains can 
affect the function of the protein.

Figure 3. Close up view of mutations at position 427 and 301 in 
ALDH7A1. The superimposed structures are obtained from HOPE 
server. The main protein is in grey color orientation, while the wild 
type and the mutant residue are shown in green and red color. a) 
E427Q, b) N301I. 
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5.12. Urea Cycle defects
Louise et al. (2008) in their study predicted a 

new neuro-cutaneous disorder which was described 
in a consanguineous Algerian family with two affected 
sibs presenting with an inborn error of metabolism 
suggestive of a urea cycle defect (OMIM*138250) 
(hyperprolinemia, hypoornithinemia, hypocitrullinemia, 
hypoargininemia and hyperammonemia (217). 
The connective abnormalities included the skin 
hyperelasticity, joint laxity in conjunction with mental 
retardation. From the affected individuals, the 
metabolic abnormalities were observed and suggested 
that ALDH18A1 as a candidate gene encoding D 1- 
the pyrroline- 5-carboxylase synthase. Subsequently 
both the affected sibs were homozygous for a 
missense mutation, and the amino acid substitution 
was predicted to be R84Q (217).

5.12.1. R84Q
Arginine (positively charged) is bigger 

than glutamate (neutral). Due to the difference 
in size and charge it can cause loss of external 
interactions and can disturb the ionic interactions 
made by the arginine. The residue is located on 
the surface of the protein; mutation of this residue 
can disturb the interactions with other molecules or 
other parts of the protein. Arginine is quite frequent 
in protein active binding sites. Arginine forms a salt 
bridge with the glutamic acid on position 85, 254, 
and 256. 

5.12.2. H784Y
Tyrosine (mutant) is bigger than histidine 

(wild type). This mutation causes loss of hydrophobic 
interactions with other molecules. Histidine is the 
common amino acid in protein active or binding 
sites. The ease with which protons are transferred 
on and off of histidine makes ideal for charge relay 
systems. In the 3D-structure, histidine is located in 
the alpha helix, but due to mutation it converts the 
histidine in a residue which does not prefer alpha 
helix as secondary structure. Histidine is very much 
conserved and in addition other residues have been 
observed, but the tyrosine is located near the highly 
conserved region or position.

6. CONCLUSION

Aldehydes are quite ubiquitous in nature 
and are produced widely during biotransformation 
and through physiological and environmental 
processes, as well. ALDH superfamily exhibits 
catalytic and non- catalytic functions and in addition, 
they have a well-defined role in drug bioactivation, 

ROS scavenging and absorption of UV light and 
detoxification of aldehydes and methanol metabolites. 
Multiple disease states were associated with ALDH 
malformations or dysfunctions, which includes 
metabolic diseases, neurological abnormalities and 
cancers. On the other hand, ALDH genotypes play 
a major role in drug resistance whereby affects the 
efficacy of drug treatment for various diseases and 
disorder. In this study, we focused on the functional 
characterization and structural properties of ALDH 
mutations that are experimentally determined. 
Many computational methods have been developed 
successfully in designing a protein. The major 
problem in structural biology is the relative defective 
activity of the protein. Structural based calculations 
of protein play an important role in calculating or 
predicting the relative activity of the protein. The 
defective protein structure may lead to a complete 
loss of protein function and subsequently favors a 
diseased state. In this study, using KD4V and Project 
HOPE we summarized all the deleterious properties 
of the SAPs and our results was correlated with the 
experimentally proved mutations. We conclude that 
the protein structure prediction methods may provide 
insights into functional and structural characterization 
of the proteins. It provides a framework of high-
thoroughput design of experiments such as site- 
directed mutagenesis, structure based design, 
rational drug design, analogous fold recognition, 
sequence-structure alignment, interactions with 
other macromolecules and studies based on 
disease-related mutations or phenotypical effects 
of mutations. This can eventually leads to a better 
understanding and makes disease diagnosis very 
simple and can help biomedical researchers and 
clinicians to conclude the pathogenecity of the 
mutation and can help cure patients.
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