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ABSTRACT

We present DR-GAS', a unique, consolidated and comprehensive DNA repair genetic association studies
database of human DNA repair system. It presents information on repair genes, assorted mechanisms of
DNA repair, linkage disequilibrium, haplotype blocks, nsSNPs, phosphorylation sites, associated diseases,
and pathways involved in repair systems. DNA repair is an intricate process which plays an essential role
in maintaining the integrity of the genome by eradicating the damaging effect of internal and external
changes in the genome. Hence, it is crucial to extensively understand the intact process of DNA repair,
genes involved, non-synonymous SNPs which perhaps affect the function, phosphorylated residues and
other related genetic parameters. All the corresponding entries for DNA repair genes, such as proteins,
OMIM IDs, literature references and pathways are cross-referenced to their respective primary databases.
DNA repair genes and their associated parameters are either represented in tabular or in graphical form
through images elucidated by computational and statistical analyses. It is believed that the database will
assist molecular biologists, biotechnologists, therapeutic developers and other scientific community to
encounter biologically meaningful information, and meticulous contribution of genetic level information
towards treacherous diseases in human DNA repair systems. DR-GAS is freely available for academic and
research purposes at: http://www.bioinfoindia.org/drgas.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

DNA repair is a very complex and vital process through which
a cell recognizes damage to the DNA caused by endogenous or
environmental insults, as well as genetic defects that result in
incomplete repair. The cell tries to repair these damages to retain
the integrity of their genome. DNA repair is present in both prokary-
otes and eukaryotes, whereas in the later the genome and the repair
mechanisms are much more complex [1]. Various factors involved
for incorporating changes or aberrations in DNA molecule such as
reactive oxygen species [2], replication errors, ultraviolet radia-
tions, X-rays, gamma rays, thermal disruption and viruses can all

Abbreviations: BER, base excision repair; NER, nucleotide excision repair; MMR,
mismatch repair; HRR, homologous recombination repair; NHE], non-homologous
end joining; TLS, trans lesion synthesis; DDS, DNA damage signaling; HNPCC,
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non-synonymous SNPs; NCBI, national center for biotechnology information; OMIM,
online mendelian inheritance in man; dbSNP, single nucleotide polymorphism
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result in the DNA damage [3]. There is a high rate of recurrence for
endogenous DNA damage as compared to exogenous damage and
the type of damages produced due to both factors is roughly indis-
tinguishable [4]. The damage to the DNA is caused by multiple fac-
tors such as oxidation of bases, generation of DNA strand interrup-
tions, alkylation of bases [5], bulky adduct formation, mismatches
and pyrimidine dimers that often trigger viral interactions [6].

The elimination of damaged DNA from the genome is a com-
plicated process involving a number of repair proteins like DDB2,
MLH1, XPA and different associated mechanisms for diverse type
of lesions. The numerous known mechanisms by which the dam-
aged DNA is repaired includes BER, NER, MMR, HRR, NHE], DDS
and TLS which have different set of genes, enzymes and pathways
for repairing the DNA. These mechanisms not only maintain the
genetic stability but also prevent the genome from carcinogenesis,
pre-mature aging, cockayne syndrome, xeroderma pigmentosum,
progeria and several other disorders [7-20] which we are intended
to analyze in this study for better understanding of the entire pro-
cess.

Innumerable genetic sequence patterns comprising of common
haplotype blocks, essential genetic markers and LD plots are asso-
ciated with DNA repair related disorders, where some of the DNA
repair genes have already been analyzed for its strong involve-
ment with the genetic diseases. The XRCC1 DNA repair gene is
said to be involved in pancreatic cancer and its haplotype analysis
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showed a strong statistical association with the disorder [21]. Saa-
dat et al. [22] demonstrated that preeclampsia disorder is linked
with higher frequency of “194R-399Q” haplotype in XRCC1 gene
with a confidence of 95% as compared to the control. Moreover,
variations in ERCC5 repair gene have been reported in gastric cancer
which serves as an important marker for the disease [23]. Similar
studies on ERCC1 and ERCC2 DNA repair genes were performed to
prominently demonstrate the association of the two genes with
lung adenocarcinoma [24]. Above mentioned studies suggest the
involvement and association of LD and common haplotype pat-
terns with countless DNA repair disorders [25]. Therefore, there
is a need to analyze these indispensible genetic parameters in an
efficient way to understand the mechanisms of DNA repair related
disorders.

The intrinsic properties of many DNA repair proteins are found
to be affected by the altered phosphorylation sites, since its state
may govern the risk of developing cancers [26-28]. The phosphory-
lation takes place at serine (S), threonine (T) or tyrosine (Y) residues
[29] in the proteins which not only influences the structure but also
affects the function, stability, sub-cellular localizations and inter-
action with other proteins [30,31]. Few cases of key DNA repair
proteins, where nsSNPs such as S31R (CDKN1A), S326C (0GG1)
and T241M (XRCC3) have already been associated with risks for
endometrial [32], esophageal [33,34], lung [35] and breast cancers
[36] due to change in their phosphorylation states. The change may
be from phosphorylated to dephosphorylated residue or vice-versa
affecting the activity of the repair proteins. The change due to nsS-
NPs in DNA repair proteins is also found to be defensive against
certain disorders, for example T241M mutation in XRCC3 protein
is protective against bladder cancer in heavy smokers [37]. Since,
the phosphorylation states play an imperative role in the regulation
of multitude of cellular processes, gene expression, signal transduc-
tion, apoptosis, homeostasis and DNA damage recognition and its
repair [38], it is important to thoroughly analyze the phosphoryla-
tion states of diverse DNA repair proteins.

In human molecular systems, DNA repair is a very crucial pro-
cess for which the main challenge lies in the development of a
platform where one could easily access and retrieve the integrated
information for several genetic parameters involved in DNA repair.
Currently, not many resources are available which provide informa-
tion on DNA repair. Few such resources are REPAIRtoire [39] and
Repair funmap [40], while to the best of our knowledge there is
no database till date which provides all the information associated
with genetic parameters of human DNA repair system in a compre-
hensive way. Additionally, none of the available resources provide
information concerning the functional association of nsSNPs and
their phosphorylation states for human DNA repair system.

Keepingin view all the above mentioned requirements and to fill
up this research gap for DNArepair systems, first a widespread com-
putational analysis on the genotype data was performed and then a
database named, DR-GAS (DNA Repair Genetic Association Studies)
was compiled for various genetic features, for instance haplotype
blocks, LD plots, essential genetic markers and their respective sta-
tistical parameters. This database also includes nsSNPs and their
putative functional effect on the genome through their phosphory-
lation states amongst all DNA repair mechanisms. DR-GAS database
isaunique and most comprehensive database regarding DNA repair
genes which include their involvement in various repair mecha-
nisms, associated pathways and diseases which could be of utmost
use to the researchers involved in the study of DNA repair.

2. Materials and methods

In this study, we applied an integrated approach which is a
combination of in silico and quantitative genetic studies, being

performed on 215 DNA repair genes, their proteins, associated
pathways, diseases, etc., obtained from NCBI and other published
studies. On the basis of literature and information collected from
numerous relevant resources, we categorized all DNA repair genes
into major 16 classes as shown in Fig. 1.

2.1. Database design and content

To build DR-GAS database, we designed a comprehensive work-
flow (refer graphical abstract) which explains the overall process of
data collection, computational analysis, database design and imple-
mentation. It consists mainly of 4 parts i.e. (i) Collection of genotype
data and quantitative genetic studies, (ii) Identification of nsSNPs
and their functional effect on human repair systems, (iii) Detection
of putative phosphorylation sites, (iv) Collection and computa-
tional verification of essential diseases and pathways associated
with human DNA repair systems.

2.1.1. Collection of genotype data and quantitative genetic studies
The genotype data has been pulled out from The International
HapMap Project [41] and was analyzed for several quantitative
genetic parameters. The parameters such as haplotype which is
the combination of alleles at neighboring loci on the chromo-
some being transmitted together, LD i.e., the involvement of alleles
in a non-random mode in the population, and additional impor-
tant genetic markers, for which analysis was performed using
Haploview [42]. The main parameters for the genetic association
provided by haploview were D’ and r2. D’ is the measure of LD
between the two blocks which is calculated from the equation:

D = D

Dmax

where, D =[(F11)(F12) - (F12)(F21)]
and “Dmax” depends upon the sign of D. If D is positive, then
Dmax = min[(m1m2) or (m2m1)]
While if, D is negative, then
Dmax = min[(m1m1) or (m2m?2)]

Value of D in the vicinity of zero provides greater amount of
historical recombination between the two blocks. Here, m1 and m2
are the frequencies of alleles at SNP1, n1 and n2 are the frequencies
of alleles at SNP2 and F11, F12, F21, F22 are the possible haplotype
frequencies.

Another crucial parameter used was r2 i.e. the correlation coef-
ficient which is calculated by:

D
r=—
(m1m2m1m2)1/2

The squared coefficient of correlation (r?) is frequently used
to eliminate the arbitrary sign thus introduced in the correlation
value.

2.1.2. Identification of nsSNPs and their functional effect on
human repair systems

The nsSNPs information was gathered by analyzing the DNA
repair genes in dbSNP [43] and other SNP based databases [44].
Investigating the effect of SNPs in coding sequences is very com-
plex and expensive through experimental methods, consequently
the genetic mutations in the genes have been linked to deviations
in the phenotypes using a bioinformatics algorithm i.e. SIFT [45].
This algorithm is purposeful to study the genetic variants that may
affect the phenotypic characteristics. SIFT prediction tool has been
used for the protein conservation analysis which is based on the
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Fig. 1. DNA repair genes and associated pathways.

215 DNA repair genes are represented in DR-GAS. The percentage (%) shows the number of genes present in each pathway.

principle that protein evolution has a strong correlation with pro-
tein function. The highly conserved positions suffer from fewer
substitutions whereas the ones weakly conserved, can tolerate
more substitutions. If the SIFT score is less than the threshold value,
the substitution is said to have an effect on the protein otherwise
no major changes in the protein are confirmed.

2.1.3. Detection of putative phosphorylation sites

The key amino acids within the repair proteins could be
analyzed by identifying their phosphorylation sites and such pre-
dictions could provide insights into the biochemical actions of the
analyzed proteins. For the prediction of potential phosphoryla-
tion sites at S, T, and Y residues in the repair protein sequences,
NetPhos [46] algorithm was used. It is based on artificial neural
networks which are extensively trained from various samples. For
the training of NetPhos program, PhosphoBase [47], a database of
phosphorylated proteins has been used for pattern recognition. The
analysis of phosphorylation state of repair proteins is a significant
phase of this study as many cellular processes and DNA damage
recognition and its repair mechanism are affected by it.

2.1.4. Collection and computational verification of essential
diseases and pathways associated with human DNA repair
systems

The information for a variety of diseases related to DNA repair
genes like multiple kind of cancers, xeroderma pigmentosum,
cockayne syndrome and fanconi anemia were collected from the
literature and databases such as OMIM [48], GAD [49] and Gene
Cards [50]. The information thus obtained was integrated and rep-
resented in Table 1 along with the number of predicted nsSNPs
in each mechanism. The pathways wherein there is association of
several DNA repair genes were collected and analyzed from Gen-
Bank annotations and variety of additional resources like KEGG
[51], Gene Cards, REACTOME [52], etc. to verify their respective

entities. This process applied manual curation of data to remove
any likelihood of redundancy in the ultimate collected information.

3. Results and discussions

In this study, 215 DNA repair genes are categorized on the basis
of the mechanisms in which they are involved. DR-GAS database
provides an easy and effective way for the search and retrieval of
genetic essential markers and associated information for repair
genes as shown in Fig. 2. We have collected the LD, haplotype,
markers, nsSNPs, pathways and disease related information for
215 repair genes which have been classified into main pathways
such as BER, NER, MMR, HRR, NHEJ, DDS, TLS, DNA Polymerases,
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Fig. 2. The indispensable genetic markers for various DNA repair mechanisms.
Statistical distribution of number of genes in different mechanisms, important hap-
lotype blocks and genetic markers associated with these genes. BER stands for Base
Excision Repair, NER is Nucleotide Excision Repair, MMR is Mismatch Repair, HRR is
Homologous Recombination Repair, NHE] is Non-Homologous End Joining, DDS is
DNA Damage Signaling, TLS is Translesion Synthesis, DNAP is DNA Polymerases, FA
is Fanconi Anemia, EPN is Editing and Processing Nucleases, UM is Ubiquitination
and Modification, PARP is PARP Enzymes, MNP is Modulation of Nucleotide Pools,
DRR is Direct Reversal of Repair, CHR is Chromatin Structure.
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Table 1
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No. of predicted nsSNPs that alter amino acid sequence and associated diseases with various DNA repair mechanisms.

Mechanisms No. of genes Gene names No. of predicted Associated major disease
damaging nsSNPs
Base Excision Repair 18 MBD4, MPG, MUTYH, NEIL1, NEIL2, NEIL3, 40 Rett Syndrome, Angelman Syndrome, Nsclc, Lynch
NTHL1, OGG1, APEX1, APEX2, LIG3, PNKP, syndrome, Xeroderma pigmentosum, Parkinson
XRCC1, SMUG1, TDG, UNG, APLF, HUS1 disease, Alzheimers disease, Diphtheria, Bloom
syndrome, Ataxia telangiectasia and various kinds of
cancers.
Nucleotide Excision 32 CCNH, CDK7, CETN2, DDB1, DDB2, ERCC1, 122 Retinoblastoma, Leukemia, Lymphoma, Xeroderma
Repair ERCC2, ERCC3, ERCC4, ERCC5, ERCC6, pigmentosum, Alzheimers disease, Nsclc, Cockayne
ERCC8, GTF2H1, GTF2H2, GTF2H3, GTF2H4, syndrome, Trichothiodystrophy, Glioma, Necrosis,
GTF2H5, LIG1, MMS19L, MNAT1, RAD23A, Fanconianemia, Ataxia telangiectasia and various
RAD23B, RPA1, RPA2, RPA3, TFIIH, XAB2, kinds of cancers.
XPA, XPC, UVSSA, RFC1, CUL4A
Mismatch Repair 10 MLH1, MLH3, MSH2, MSH3, MSH4, MSH5, 246 Lynch syndrome, HNPCC, Muir-torre syndrome,
MSH6, PMS1, PMS2, PMS2P3 Turcot syndrome, Werner syndrome, Hnscc, Nsclc,
Peutz-jeghers syndrome and various kinds of
cancers.
Non-Homologous End 8 DCLRE1C, LIG4, NHEJ1, PRKDC, XRCC4, 48 Omenn syndrome, Ataxia telangiectasia, Nijmegen
Joining XRCC5, XRCC6, WRN breakage syndrome, Lig4 syndrome, Leukemia,
Bloom syndrome and various kinds of cancers.
Homologous 23 BRCA1, DMC1, EME1, EME2, GIYD1, GIYD2, 74 Fanconi anemia, Ataxia telangiectasia, Cowden
Recombination MRE11A, MUS81, NBN, RAD50, RAD51, disease, Nijmegen breakage syndrome, Bloom
Repair RAD51L1, RAD51L3, RAD52, RAD54B, syndrome, HNPCC, Werner syndrome, Canavan
RAD54L, RBBP8, SHFM1, XRCC2, XRCC3, disease, Xeroderma pigmentosum, Lynch syndrome,
BLM, RAD51B, RAD51C Sickle cell disease, Hodgkin disease, Leukemia,
Anemia, Hnscc, Nsclc and various kinds of cancers.
DNA Damage Signaling 19 ATM, ATR, ATRIP, CDKN1A, CHEK1, CHEK2, 92 Ataxia telangiectasia, Osteoporosis, Atherosclerosis,
DCLRE1A, DCLRE1B, GPS1, MD(C1, RAD1, Necrosis, Nsclc, Hnscc, Xeroderma pigmentosum,
RAD9A, RAD17, RFC2, RFC3, RFC4, RFC5, Cardiovascular diseases, Cockayne syndrome,
TOPBP1, TP53 Alzheimers disease, Malaria, Pituitary diseases,
Burkitt lymphoma, Mental retardation, Thalassemia,
Epilepsy, Gaucher disease, Aids and Liver cirrhosis.
Trans Lesion Synthesis 8 POLM, POLN, POLQ, REV1L, POLH, POLI, 76 Mitochondrial diseases, Werner syndrome, Glioma,
POLK, REV3L Alpers syndrome, Epilepsy, Neurodegenerative
diseases, Liver diseases, Parkinson disease,
Xeroderma pigmentosum and various kinds of
cancers.
Fanconi Anemia 16 BRCA2, BRIP1, BTBD12, FAAP24, FANCA, 762 Fanconi anemia, Ataxia telangiectasia, Bloom
FANCB, FANCC, FANCD2, FANCE, FANCF, syndrome, Lynch syndrome, HNPCC, Tay-sachs
FANCG, FANCL, FANCM, FANCI, PALB2, disease, Necrosis, Hodgkin disease, Hnscc, Nijmegen
C10RF86 breakage syndrome, Alzheimers disease and various
kinds of cancers.
Editing and Processing 8 APTX, EXO1, FEN1, MTMR15, SPO11, 14 Ataxia telangiectasia, HNPCC, Neurodegenerative
Nucleases TREX1, TREX2, TTRAP diseases, Werner syndrome, Parkinson’s disease and
various kinds of cancers.
Ubiquitination and 10 HLTF, RAD18, RNF4, RNF8, RNF168, SHPRH, 9 Colorectal cancer, Colon cancer, Gastric cancer,
Modification UBE2A, UBE2B, UBE2N, UBE2V2 Adenoma, Papilloma.
PARP Enzymes 3 PARP1, PARP2, PARP3 14 Ataxia telangiectasia, Werner syndrome, Fanconi
anemia, Cockayne syndrome, Parkinson disease,
Diabetes mellitus, Asthma and various kinds of
cancers.
Modulation of 3 DUT, NUDT1, RRM2B - Herpes simplex, Hiv infections, Parkinson disease,
Nucleotide Pools Dysplasia and various kinds of cancers.
Direct Reversal of 3 ALKBH2, ALKBH3, MGMT 10 Glioblastoma, Nsclc, Stable disease, Xeroderma
Damage pigmentosum, Viral infection and various kinds of
cancers.
Chromatin Structure 3 CHAF1A, H2AFX, SETMAR - Ataxia telangiectasia, Nijmegen breakage syndrome,
Bloom syndrome, Fanconi anemia, Necrosis,
Leukemia and various kinds of cancers.
DNA Polymerases 7 PCNA, POLB, POLD1, POLE, POLG, MAD2L2, 24 Werner syndrome, Aids, Glioma, Alpers syndrome,
POLL Mitochondrial diseases, Epilepsy, Neurodegenerative
diseases, Liver diseases, Parkinson disease,
Xeroderma pigmentosum, Burkitt lymphoma and
various kinds of cancers.
Others? 44 TDP1, ABL1, ADA, ATRX, BARD1, TTDN1, 62 Fanconi anemia, Werner syndrome, Bloom

CIB1, CLK2, COPS2, CRY1, GADD45A,
GADDA45G, HEL308, LHX3, OBFC2B, PER1,
POLD3, POLDIP2, POLDIP3, POLE2, POLE3,
POLE4, POLR2E, POLR2F, POLR2H, POLR2K,
POLR2L, PRPF19, RAD21, RDM1, RECQL,
RECQL4, RECQL5, RPA4, SIRT1, SMC1A,
SUMOT1, TP53BP1, UNG2, GEN1, PMS6,
XSE6, YKUSOP, ZFP276

syndrome, Progeria, Nijmegen breakage syndrome,
Cataract, Ataxia telangiectasia, Osteoporosis,
Atherosclerosis, Necrosis, Nsclc, Hnscc, Xeroderma
pigmentosum, Cardiovascular diseases, Cockayne
syndrome, Alzheimers disease, Malaria, Kallmann
syndrome, Pituitary diseases, Burkitt lymphoma,
Mental retardation, Thalassemia, Epilepsy, Gaucher
disease, Aids, Liver cirrhosis, Brain tumors,
Rheumatoid Thyroid cancer, Hematologic disorders
and various kinds of cancers.

2 This category includes all the DNA repair genes which have not been classified on the basis of mechanism in which they are involved.
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Fig. 3. Demonstration and implementation of DR-GAS.

Web interface of DR-GAS: A database of DNA Repair genes and the Genetic Association Studies with various available search and advanced options. The illustrated output
from the repository is represented in a combined image for all the results generated. The haplotype patterns and LD plot is also revealed at the bottom of the image.

Ubiquitination and Modification, Fanconi anemia, Editing and Pro-
cessing Nucleases. A category referred as ‘Others’ has been created
in the database for the genes which are reported as DNA repair
genes but are not being classified in any of the main pathways.

3.1. Web interface

The DR-GAS offers the facility to the user to browse the reposi-
tory using seven different types of search options. One can search
for mechanism, nsSNPs, haplotypes, LD, genetic markers, dis-
eases and phosphorylation sites. It also provides an option for the
advanced search for the user’s convenience where the hybrid datais
provided for few categories. The web interface with required details
and some indicative results using DR-GAS is shown in Fig. 3. In the
mechanism menu, user can search for any DNA repair mechanism
and retrieve information regarding all the genes involved in vari-
ous mechanisms, their Gene ID’s, OMIM ID’s, pathways involved,
associated diseases and the appropriate literature references cor-
responding to the disorders which are linked to NCBI, OMIM, KEGG
and PUBMED databases, respectively.

The nsSNPs in DNA repair genes are easily accessible through
nsSNPs search option in DR-GAS. The nsSNP when introduced in
the gene sequence can result in a change in amino acid sequence
that could, in theory, disrupt function to promote inefficient DNA
repair. By clicking on Get nsSNPs button, various nsSNPs for the
selected gene (Gene ID) are displayed. SNP ID’s are linked to dbSNP,
amino acid change column gives the position of the change in the
sequence and the amino acid being replaced, while the prediction
column shows whether the change is damaging or not.

In the haplotypes search option, users can acquire exhaustive
information regarding the essential haplotypes which is combi-
nation of alleles at adjacent locations (loci) on the chromosome
that are transmitted together. One can also explore parameters
like block which gives the current number of blocks in a partic-
ular query gene, number of markers column gives the amount of
markers presentin a block. On clicking the block option, an easy and
inferable view of the haplotypes in the specified gene is generated

where the marker numbers are depicted on the top and the tag SNPs
(if any) are highlighted with a triangular pointer. Here, haplotypes
are the blocks of associated SNPs which are conserved throughout
the genome in the form of patterns called “haplotype blocks”. These
blocks correspond to the set of consecutive sites which either has
small or no indication of historical recombination. Population fre-
quencies of each haplotype are shown and common crossings from
one block to the next are represented by lines, where thicker lines
portray more common crossings than the thinner ones. The blocks
present the correlation of various residue states among the poly-
morphic sites across the genome. The multilocus D prime value (D)
is also being specified at the bottom of the image.

The LD information of various repair genes is analyzed and con-
gregated in the LD search option. Here, we have considered only
those loci’s whose 12 value i.e. the correlation coefficient between
the two loci is >0.6 as these are the most substantial ones. It
includes loci 1 and loci 2, which are the two loci under study, D’
value between the two loci, LOD which is the log of the likelihood
odds ratio i.e. a measure of confidence in the value of D', corre-
lation coefficient value between loci 1 and loci 2, Cllow and CIhi
column represents 95% confidence lower bound and upper bound
on D, distance (in bases) between the loci, LD image column gives
an interactive image of the LD plot thus generated.

In the markers search option, significant markers identified in
the study have been compiled and incorporated. It provides a facil-
ity to the user to access the marker specific parameters like Marker
ID, fully genotyped family trios for the marker (0 for datasets with
unrelated individuals), the marker’s observed heterozygosity, pre-
dicted heterozygosity of the marker calculated from:

[2 x MAF x (1 — MAF)]

where MAF is Minor Allele Frequency, Hardy-Weinberg (H-W)
equilibrium p value, i.e. the probability that its deviation from H-W
equilibrium could be explained by chance, the percentage of non-
missing genotypes for the marker and MAF for the given marker.
Additionally, moving further to the database options, there is a dis-
ease menu, which comprises of numerous diseases that have been
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Table 2
Identification and verification of phosphorylation sites in DNA repair proteins.

Mechanisms No. of proteins

Predicted phosphorylated residues

Experimental validations (PubMed IDs)?

S T Y
Base Excision Repair 18 295 98 57 18971944, 15073047, 18669648
Nucleotide Excision Repair 32 729 285 165 12140753, 17081983, 18669648, 16964243
Mismatch Repair 10 382 132 70 17525332, 18669648, 16964243
Non-Homologous End Joining 8 298 99 74 14599745, 18669648, 16097034
Homologous Recombination Repair 23 639 189 72 14701743, 22084686, 14749735
DNA Damage Signaling 19 705 269 156 22084686, 18971944, 8084608
Trans Lesion Synthesis 8 591 143 84 18669648
Fanconi Anemia 16 905 273 132 12815053, 18669648, 11855836, 17525332
Editing and Processing Nucleases 8 157 50 23 -
Ubiquitination and Modification 10 227 70 33 21150323,21098111
PARP Enzymes 3 63 26 21 -
Modulation of Nucleotide Pools 3 28 7 7 8389461, 18669648
Direct Reversal of Damage 3 22 8 7 -
Chromatin Structure 3 58 28 16 15302935, 17525332
DNA Polymerases 7 158 72 65 18669648
Others” 44 1062 333 188 17081983, 18669648, 15298678, 17525332

2 The PubMed IDs of some of the research articles showing the experimental validations for the occurrence of important phosphorylation sites in DNA repair proteins have

been stated in this column.

b The category includes all the DNA repair genes which have not been classified on the basis of mechanism in which they are involved.

reported because of the mutations or any additional aberrations in
DNA repair genes. The disease information includes the details of
the mechanism, OMIM ID’s and the pathways involved.

In the phosphorylation search option, user can acquire infor-
mation for the predicted phosphorylation sites in the DNA repair
protein sequences. The major information includes the protein ID
of the repair protein sequence, position of the phosphorylation site
in the sequence, 9 character sequence representing the phosphory-
lated residue at the exact center of the sequence, prediction scores
above 0.5 has been chosen as a criteria for the selection of potential
phosphorylation sites and the prediction column gives the putative
phosphorylated residues (S or T or Y). The experimental validation
for many phosphorylation sites in the DNA repair proteins has been
made from diverse research articles and intense literature survey.
Total number of phosphorylated residues (S, T, Y) for each mech-
anism, and PubMed IDs for few of these verified research articles
have been mentioned in Table 2.

For effortless understanding of the results and their interpreta-
tions, following examples have been taken from the repository and
illustrated in Fig. 3. Here, “Translesion Synthesis” has been chosen
from the mechanism menu, ‘675" as Gene ID of BRCA2 “GenBank
ID: 675” for nsSNPs and markers search boxes, “BRCA2” as gene
name for phosphorylation site prediction, “Gastric cancer” as dis-
ease name from disease menu, ‘7515’ as Gene ID of XRCC1 “GenBank
ID: 7515” for haplotype search option and ‘5985’ as Gene ID of RFC5
“GenBank ID: 5985” for LD block generations. DR-GAS is first of its
kind model where the users could easily retrieve and explore the
quantitative genetic parameters and the phosphorylation states of
DNA repair genes altogether.

4. Conclusion

DR-GAS is a compendium and comprehensive resource of DNA
repair genes, their association studies with disease, other genetic
parameters and phosphorylation states. There is no such catalog
for DNA repair genes available which provides all these essential
quantitative genetic details including LD, haplotype, SNPs, disease
related information, and their phosphorylation states on a com-
mon platform. This database will help the researchers or scientists
to study the repair genes in depth and will provide useful insight for
future analysis and studies. This repository will also help for easy
understanding and investigation of many DNA repair related disor-
ders and moreover will provide useful genes and proteins related

information. This database will be of utmost use to the researchers
who are focused in developing therapeutic targets for precarious
diseases like multiple forms of cancers, skin diseases and neu-
rodegenerative disorders through the genetic factor’s information,
which is the basic foundation for the analysis and treatment of dis-
eases. Itis anticipated that this web based comprehensive resource
would serve as a useful accompaniment for analyzing DNA repair
systems for human and will also contribute scientific knowledge
towards better understanding of other mammalian repair systems.
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