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Abstract 
Recombination activating genes (RAG) encode RAG1/2 proteins which catalyze formation of DNA 

double strand breaks (DSB) adjacent to variability (V), diversity (D) and joining (J) segments of genes 

encoding immunoglobulins (Ig) and T-cell receptors (TCR) and rejoining of these segments in a process 

called as V(D)J recombination to allow the unlimited production of (Ig)s and (TCR)s and to maintain 

durable adaptive immunity. RAG1 structure is composed of two regions: enzymatically active core 

and regulatory non-core. Large numbers of RAG1 mutations were reported in patients with primary 

immunodeficiencies. In this study, some of these mutations were analyzed by using a protein modeling 

program called Pymol and other online computational tools like Fathmm, Polyphen-2, SVM-1, Provean, 

SIFT and CADD to recognize the special effect of each mutation on the protein 3D structure of RAG1.  

Then this analysis was compared to the clinical description displayed on the notorious website (NCBI) 

to find out to what extent they are in concordance. 
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Introduction 
To maintain robust immune system capable of 

combating almost any infectious body, the 

V(D)J recombination process has been 

developed in vertebrates to produce Igs and 

TCRs with high diversity. This occurs through 

cleavage and rejoining of several segments of 

coding genes. The process starts with binding 

of RAG1/RAG2 complex with the 

recombination signal sequence (RSS) to induce 

DNA breaks adjacent to the coding segments. 

There are two types of (RSS)s: 12-RSS and 23-

RSS according to the length of spacer 

separating two conserved domains: heptamer 

and nanomer. The cleaved coding ends are 

rejoined by the non-homologous end joining 

(NHEJ).  

 

The main components of both RAGs are the 

indispensable core and the helper non-core [1]. 

The basic modules of RAG proteins are well 

characterized especially after the obtainability 

of their high-resolution structure. RAG1  

protein comprises 1040 aminoacids which can 

be reduced to core RAG1 (cRAG1) 

encompassed from aa 384 to aa 1008. Many 

studies have utilized cRAG1 instead of the full 

length RAG1 (flRAG1) because of its 

sufficiency for the V(D)J recombination and 

the ease of its purification when compared with 

the less soluble flRAG1 [2]. 

 

Non-core region of RAG1 contains an 

important domain: C3HC4 RING (really 

interesting new gene) finger located in the 

range (aa 265-383) [3]. RING domain has E3 

ubiquitin ligase activity which intimately 

linked to overt V(D)J recombination[4, 5]. The 

key residue in this region is cysteine 325 which 

when mutated leads to inhibition of the RAG1-

mediated ubiquitin ligase activity and blockage 

of lysine residue (K233) autoubi-quitylation in 

RAG1[6] and the Histone H3 ubiquitylation by 

RA[7,8]. This role highlights the regulatory 

importance of the non-core region. 
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While seven main modules have been defined 

in the core region. The first domain is the 

nanomer-binding domain (NBD) which 

intermingles with the RSS nanomer. Then, the 

dimerization and DNA binding domain 

(DDBD) which is linked to NBD through a 

flexible part, both modules form together the 

main RSS binding and RAG1 dimerization sites 

to ultimately form the RAG tetra complex. The 

additional five modules are (PreR; Pre-RNase 

H, RNH; RNase H; ZnC2, ZnH2 and CTD; 

carboxy-terminal domain) signify the active 

catalytic site containing three acidic aminoacids 

(D600, D708 and E962) known as conserved 

DDE motif [9]. DDE motif cast the divalent 

metal factor, particularly magnesium ions, in 

the RAG1 active site [10-12]. The cysteine and 

histidine residues found in ZnC2 and ZnH2 

together form Zn binding site essential in 

RAG1 dimerization [13] and for DNA cleavage 
[14]. The seventh module, the CTD, flaps on 

itself to associate with the DDBD in the DNA 

binding and RAG1 dimerization[9, 15, 16]. 

 

RAG2 acts as a regulator in the V(D)J 

recombination by managing and modulating 

binding and cleavage activities of RAG1 by 

enhancing its specificity to RSSs[17]. Like 

RAG1, the full length RAG2 (flRAG2), 

containing 527 aminoacids, can be truncated to 

cRAG2 which extends from the N- terminus to 

aa 382, and consists of antiparallel β-sheets 

forming a six-bladed β-propeller like structure. 

Each blade is formed by a Kelch-like motif [18]. 

The “doughnut” shaped core with flat surface is 

suitable for facilitating protein-protein 

interaction [19]. Nevertheless, RAG2 has no 

direct contact with DNA in the lack of RAG1, 

RAG2 binds with RAG1 close to its active site, 

contributes to stabilization of RAG1/RSS 

heptamer interactions and controls DNA 

cleavage[20] 

 

The regulatory non-core RAG2 extends from aa 

383 to the C-terminus. Most eminent domain in 

the non-core region is a plant homedomain 

(PHD) finger (from aa 414 to 487), found 

between an acidic hinge and a C-terminal 

extension [18]. PHD finger connects to tri 

methylated lysine 4 on histone H3 (me3K4H3) 

through the aromatic channel formed from 

three aromatic residues (Y415, M443 and 

W453) in this region. Therefore, 

PHD/me3K4H3 binding spots the points of 

active chromatin and directs the RAG complex 

to the accessible RSSs [21], leads ultimately to 

augmentation of the binding and the cleavage 

activities of RAG1/RAG2 complex[22-24]. The 

acidic hinge, found between the core region and 

the PHD finger, has a role in the allosteric 

inhibition for RAG1/ RSS binding. Binding of 

PHD to H3K4me3 induces some confor-

mational changes in both RAG1 and RAG2 and 

counteracts the autoinhibition effect of the 

acidic hinge[24]. Last part of non-core RAG2 is 

the C-terminal extension and its primary 

function is to regulate RAG2 degradation in the 

cell cycle[25]. 

 

Recently, several high-resolution structures of 

the RAG/RSS complex have been resolved by 

cry-EM and X-ray crystallography, giving a 

more in-depth image into the molecular 

mechanism of the recombination process. The 

RAG proteins form a Y shaped structure within 

which two molecules of RAG1 interwind with 

the heptamer and the nonamer of the RSSs and 

represent the ‘Y’ stem, while RAG2 is on the 

tip of ‘Y’ branches as it associates with the two 

coding ends . 

 

Mutations in RAG1/RAG2 associate with wide 

spectrum of clinical and immunological 

phenotypes [26]. According to the severity of T-

cell impairment, the inherited disorders of the 

cellular and humoral immunity are classified by 

the International Union of Immunological 

Societies (IUIS) into “severe combined 

immunodeficiencies” (SCIDs) and other 

combined immunodeficiencies (CIDs) with less 

severe immunological disorder[27]. Relevant 

bodies have developed criteria for diagnosis of 

typical and non-typical SCID, the later has less 

impaired T-cell number/function, and of other 

forms of CIDs [28, 29]. Different distribution of 

genotypes was described for SCID and CID [27, 

30, 31]. 

 

Homozygous (biallelic) RAG mutations were 

primarily related to SCID with absent T and B 

cells (T-B-SCID) [32]. Then, the RAG 

deficiency manifestations widened to include 

Omenn syndrome (OS), the autosomal 

recessive disease in which there is a remnant 

RAG activity permitting generation of 

oligoclonal T cells[33, 34]. Infants diagnosed with 

OS, often have severe infections, erythroderma, 

lymphadeno-pathy, hepato-splenomegaly, 
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eosinophilia, severe decrease in level of 

Immunoglobulins except IgE mostly increases. 

In these cases, interventions e.g., the 

haematopoietic stem cell transplant (HSCT) 

can be lifesaving [35]. Typical OS shows absent 

B cells and elevated autologous autoreactive T 

cells that infiltrate different organs. 

Surprisingly, the T-cells invading different 

organs, carry different T-cell receptors 

specificities, implying tissue-specific self-

antigen led expansion of T-cells clonotypes[36]. 

 

Hypomorphic RAG mutations may also result 

in atypical SCID (AS) [37], in which diverse but 

reduced number of B and T cells have been 

observed. Patients with AS may manifest 

severe infections and autoimmunity. 

These manifestations may exaggerate in 

patients with RAG deficiency to develop 

autoimmune hemolytic anemia post cytome-

galovirus (CMV) infection[38, 39].  

 

More lately, RAG mutations have been found 

in patients with delayed-onset disease demons-

trating granuloma and/or autoimmunity (CID-

G/AI) phenotype [26, 40-46]. In this case, T and B 

cells are usually present, severe early onset 

infections are uncommon. In contrast, late-

onset infections are life-threatening [26, 40]. 

Particularly, recurrent respiratory tract 

infections caused by herpesviruses and human 

papillomavirus [26, 40]. 

 

Material and methods 

Programs used. 

Pymol  

To study the effect of some of these clinical 

mutations on the structure of RAG complex, a 

protein modelling program called Pymol was 

used[47]. The crytostructures were available in 

Protein Data Bank (PDB). To open the PDB file 

of certain RAG complex cryostructure in 

Pymol, there were two options: PDB file was 

downloaded directly or by the aid of Pymol. 

PDB files can be downloaded from 

https://www.rcsb.org or from the Pymol main 

window (option ‘Get PDB’ was chosen from 

‘File’ menu) by typing the 4 letter PDB code 

(e.g 6cg0, 6v0v…) in the search tab. The rcsb 

PDB website contains all data concerning the 

cryo-EM structures under investigation. The 

PDB file was opened from ‘file’ menu.  

‘Display’ menu was opened then ‘Sequence’ 

was chosen to display the exact sequence for 

each chain of the complex. 

 

From the same menu, ‘Sequence Mode’ was 

selected then ‘Residue Names’ was chosen to 

display the amino acid sequence, each amino 

acid was presented as a code of three letters. 

6cg0 cryo-EM structure of RAG complex is for 

mouse RAGs. Regarding the core RAG1, there 

are 3 amino acids difference between human 

and mouse protein. For example, R474 in the 

case of human RAG1 corresponds to R471 in 

the mouse RAG1. The wizard in the menu bar 

was chosen and mutagenesis then protein was 

selected. Pymol uses a measure called Match 

Align to express the degree of alignment 

between the original and the mutated structure. 

When comparing the effect of two independent 

mutations, the higher MatchAlign score, the 

lower effect of mutation compared to the 

original structure.  

 

Patients and Methods 
Fathmm (belongs to University of Bristol, 

Integrative epidemiology unit) 

Advanced online tool for predicting the 

magnitudes of different alleles. Increase the 

negative sign means increase the damaging 

effect of mutation (fathmm - Analyze 

dbSNP/Protein Missense Variants 

(biocompute.org.uk) 

 

Polyphen-2 (belongs to Harvard University) 

It is a bioinformatics tool available online 

designed by Harvard University to analyze 3D 

structures of protein. It gives a score for each 

mutation by computing the difference between 

the original and the new allele. For 

interpretation of PolyPhen results, score [2.00 

or higher] is probably damaging, [1.40-1-90] is 

possibly damaging, [1-1.5] is potentially 

damaging and [0-0.9] is benign[48] PolyPhen-

2: prediction of functional effects of human 

nsSNPs (harvard.edu).   

 

Support vector machine [SVM]-based tool 

Mutant-1. 

I-Mutant v2.0c predicted protein stability after 

each mutation. It displayed details as reliability  

http://fathmm.biocompute.org.uk/inherited.html
http://fathmm.biocompute.org.uk/inherited.html
http://fathmm.biocompute.org.uk/inherited.html
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
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index, temperature and PH [49]. Negative score 

indicates decrease protein stability while 

positive score means increase protein stability. 

 

PROVEAN (J. CRAIG venter institute, 

California) 

An online tool that asseses the effect of 

mutation in the protein function. Increase the 

negative sign means increase the damaging 

effect of mutation [50]. provean-software [ILRI 

Research Computing] (cgiar.org) 

 

Sorting intolerant from tolerant [SIFT] 

(belongs to Institute of Bioinformatics, 

Singapore) 

SIFT bioinformatics software was used to 

detect whether the mutation is tolerable or 

deleterious according to its effect on the protein 

function. Scores [0-0.05] indicate deleterious 

mutation, while scores [0.05-1] near one 

suggest tolerable mutation [51]. 

(http://sift.jcvi.org/) 

 

CADD (Combine annotation dependent 

depletion) 

It is software for detecting the mutation effect 

on the protein structure. Higher CADD scores 

indicate that the variant is more likely to be 

deleterious than neutral. Score 10 implies that 

the mutation is one of the highest 10% 

pathogenic alleles, 20 or higher indicates that 

the mutation is one of the top 1% pathogenic 

alleles[52]. CADD - Combined Annotation 

Dependent Depletion (washington.edu) 

The website Ensemble uses SIFT, Polyphen-

2 and CADD to predict the effect of mutations. 

 

Results 
Results are presented in the form of tables. 

Results of Pymol  

  

https://hpc.ilri.cgiar.org/provean-software
https://hpc.ilri.cgiar.org/provean-software
https://cadd.gs.washington.edu/snv
https://cadd.gs.washington.edu/snv


MJMR, Vol. 34, No. 4, 2023, pages (182-192)                                     Fawzy et al.,  

 
186                                                                                               Bioinformatic analysis of some RAG mutations  

contributing to the primary immunodeficiencies. 

 

Table 1. Changes in RAG complex structure presented by Pymol with calculated MatchAlign 

score for each mutation. 

Mutation 

 

3D structure displayed by Pymol 

Before  After MatchAlign  
score 

1 M435V 

(the 3rd  

highest 

score) 

  

10494.873 

2 R507W 

(the 2nd  

highest 

score) 

  

10494.918 

3 W522C 

(the 3rd 

lowest 

score) 

 

 
 

10488.193 

4 H612R 

(Highest 

score, 

despite 

loss of 

one 

bond)   

10499.903 
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5 R737H 

(the 4th 

lowest 

score) 

  

10491.616 

6 R778Q 

(the 2nd 

lowest 

score) 

 
 

10484.361 

7 R841W 

(lowest 

score) 

  
 

10484.287 

8 A857V 

(the 4th 

highest 

score) 

 
 

10494.846 

9 F974L 

(the 5th 

highest 

score) 

 

 

 10494.686 

10 R975

W 

(the 6th 

highest 

score) 

 
 

10494.059 
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Results of the online tools 

Table 2. Analysis of eleven mutations by different computational online tools. 

 

*low confidence in prediction. 

 

Discussion and conculsion 

RAG1/2 mutations are greatly involved in the 

development of immunodeficiencies. This 

highlights the vital role of these protein and the 

V(D)J recombination in maintaining powerful 

immune system. Advances in the crystallo-

graphic microscopes enable us to study the spital 

structure of RAG1/RAG2 complex. The protein 

modelling programs as Pymol allowed us to 

make changes in this structure and study how 

these changes affect the structure stabililty and 

its intra and intermolecular interactions. Kim et 

al., have developmed a cryo-structure of 

RAG/RSS complex[53]. They found that M435W 

affect the structural integrity of NBD. R507W 

mutation ocurrs due to exchange  basic arginine 

with neutral tryptophan which may affect solvent 

solubility and DNA binding. W522C affects the 

structural integrity of PreR. H612R disordered 

near RAG2. R737H affects possibly the DNA 

binding. R778Q affects the structural integrity of 

11 M1006V 

(the 5th lowest 

score) 

 

 10493.141 

 Fathmm Polyphen-2 SVM-1 Provean  SIFT CADD  

1. M435W -0.42 

tolerable 

Zero 

benign 

-1.63 -0.747 

neutral 

Affect* 18 

2. R507W -0.75 

tolerable 

1 

damaging 

0.15 

Increase 

protein 

stability 

-5.229 

damaging 

 

Zero* 27 

3. W522C -2.34 

damaging 

1 

damaging 

-2.29 -9.356 

damaging 

affect 29 

4. H612R -2.15 

damaging 

0.553 

bengin 

-0.81 -5.471 

damaging 

Tolerated 23.1 

5. R737H -2.41 

damaging 

1 

damaging 

-1.26 -2.643 

damaging 

Zero  29 

6. R778Q -2.26 

damaging 

0.999 

damaging 

-1.32 -2.335 

damaging 

affect 24 

7. R841W -2.85 

damaging 

0.999 

damaging 

-1.07 -2.105 

damaging 

affect 31 

8. A857V -2.78 

damaging 

0.999 

damaging 

-1.34 -2.016 

damaging 

affect - 

9. F974L -0.41 

tolerable 

0.975 

damaging 

-2.93 -2.103 

damaging 

affect - 

10. R975W -1.61 

damaging 

1 

damaging 

-0.73 -2.571 

damaging 

affect 25 

11. R1006V -0.82 

tolerable 

0.61 

bengin 

-0.16 -0.084 

neutral 

affect 24 
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RAG1/2. R841Q is located near heptemer so 

affects DNA binding. Both, F974L and R975W 

affect the structural integrity of CTD. M1006V 

is in the domain interface of CTD-DDBD[53]. 

Regarding Pymol analysis, MatchAlign score 

represent how the wildtype(wt) protein matches 

with the mutated protein after alignment. The 

lower score indicates larger effect of a mutation. 

In the group of mutations we analysed, H612R 

has the highest score while R841Q has the lowest 

score. Regarding Fathmm, R841Q with the 

highest negative score so it is the most damaging 

while F974L is the most tolerable. Polyphen-2 

showed that R507W, R975W, R522C and 

R737H have the highest score (one) in addition 

to R778Q, R841W, A857V and F974L (score 

>0.9) so they are probably damaging, while 

M435W (score = zero) is benign and R1006V 

and H612R are moderate. SVM-1 showed that 

all mutations decrease protein stability (F974L 

has the most effect) except R507 which increases 

protein stability. Provean showed that all 

mutations are deleterious (W522C is the highest 

one) except H612R and M1006M are neutral. 

CADD scores showed that all these variants, 

except M435V, belong to the top 1% pathogenic 

mutations so M435V is the least deleterious 

while the highest score is for R841W. Trying to 

co-relate these findings with that published in the 

online reperitories, we found that M435W tends 

to be bengin/tolerable according to pymol and 

other online tools (except SVM-1) but it is 

described as pathogenic/likely pathogenic in 

NCBI which gives a discription for the clinical 

significance of all mutations except A857V and 

F974L which are found in HGMD but not in 

NCBI. A857V was found in chinese patient with 

Omenn Syndrome[54] while F974L was detected 

with R841Q in a patient with early onset 

autoimmunity[43]. Analyzed mutations 

mentioned in NCBI are described to have 

pathogenicity except M1006V (submitted as 

likely bengin 3 times and of uncertain 

significance) and H612R submitted once as 

uncertain signficance. According to Pymol, 

MatchAlign score of M1006V lies in the middle 

among other mutations while H612R has the 

highest MatchAlign which means the highest 

matching with the wild type protein, these 

findings do not conflict NCBI discription. Other 

online tools showed that M1006V is 

tolerated/bengin/neutral while H612R has 

conflict results that tends more to be tolerable 

from my point of view. In conculsion, the 

analysis of mutations performed in this study is 

concurred with the clinical discription showed 

by NCBI except in case of M435V. 

 

References 
1. Swanson, P.C., The bounty of RAGs: 

recombination signal complexes and 

reaction outcomes. Immunol Rev, 2004. 

200: p. 90-114 DOI: 10.1111/j.0105-

2896.2004.00159.x. 

2. Schatz, D.G. and P.C. Swanson, V(D)J 

recombination: mechanisms of initiation. 

Annu Rev Genet, 2011. 45: p. 167-202 

DOI: 10.1146/annurev-genet-110410-

132552. 

3. Yurchenko, V., Z. Xue, and M. Sadofsky, 

The RAG1 N-terminal domain is an E3 

ubiquitin ligase. Genes & development, 

2003. 17(5): p. 581-585 DOI: 

10.1101/gad.1058103. 

4. Simkus, C., et al., Correlation between 

recombinase activating gene 1 ubiquitin 

ligase activity and V(D)J recombination. 

Immunology, 2009. 128(2): p. 206-17 DOI: 

10.1111/j.1365-2567.2009.03101.x. 

5. Simkus, C., et al., Biochemical and folding 

defects in a RAG1 variant associated with 

Omenn syndrome. J Immunol, 2007. 

179(12): p. 8332-40 DOI: 

10.4049/jimmunol.179.12.8332. 

6. Jones, J.M. and M. Gellert, 

Autoubiquitylation of the V(D)J 

recombinase protein RAG1. Proceedings of 

the National Academy of Sciences, 2003. 

100(26): p. 15446 DOI: 

10.1073/pnas.2637012100. 

7. Grazini, U., et al., The RING domain of 

RAG1 ubiquitylates histone H3: a novel 

activity in chromatin-mediated regulation 

of V(D)J joining. Mol Cell, 2010. 37(2): p. 

282-93 DOI: 

10.1016/j.molcel.2009.12.035. 

8. Deng, Z., H. Liu, and X. Liu, RAG1-

mediated ubiquitylation of histone H3 is 

required for chromosomal V(D)J 

recombination. Cell research, 2015. 25(2): 

p. 181-192 DOI: 10.1038/cr.2015.1. 

9. Kim, M.-S., et al., Crystal structure of the 

V(D)J recombinase RAG1-RAG2. Nature, 

2015. 518(7540): p. 507-511 DOI: 

10.1038/nature14174. 

10. Fugmann, S.D., et al., Identification of two 

catalytic residues in RAG1 that define a 



MJMR, Vol. 34, No. 4, 2023, pages (182-192)                                     Fawzy et al.,  

 
190                                                                                               Bioinformatic analysis of some RAG mutations  

contributing to the primary immunodeficiencies. 

 

single active site within the RAG1/RAG2 

protein complex. Mol Cell, 2000. 5(1): p. 

97-107 DOI: 10.1016/s1097-

2765(00)80406-2. 

11. Kim, D.R., et al., Mutations of acidic 

residues in RAG1 define the active site of 

the V(D)J recombinase. Genes Dev, 1999. 

13(23): p. 3070-80 DOI: 

10.1101/gad.13.23.3070. 

12. Landree, M.A., J.A. Wibbenmeyer, and 

D.B. Roth, Mutational analysis of RAG1 

and RAG2 identifies three catalytic amino 

acids in RAG1 critical for both cleavage 

steps of V(D)J recombination. Genes Dev, 

1999. 13(23): p. 3059-69 DOI: 

10.1101/gad.13.23.3059. 

13. Rodgers, K.K., et al., A zinc-binding 

domain involved in the dimerization of 

RAG1. J Mol Biol, 1996. 260(1): p. 70-84 

DOI: 10.1006/jmbi.1996.0382. 

14. Gwyn, L.M., et al., A zinc site in the C-

terminal domain of RAG1 is essential for 

DNA cleavage activity. J Mol Biol, 2009. 

390(5): p. 863-78 DOI: 

10.1016/j.jmb.2009.05.076. 

15. Huye, L.E., et al., Mutational Analysis of 

All Conserved Basic Amino Acids in RAG-

1 Reveals Catalytic, Step Arrest, and 

Joining-Deficient Mutants in the V(D)J 

Recombinase. Molecular and Cellular 

Biology, 2002. 22(10): p. 3460 DOI: 

10.1128/MCB.22.10.3460-3473.2002. 

16. Rodgers, K.K., Riches in RAGs: Revealing 

the V(D)J Recombinase through High-

Resolution Structures. Trends Biochem Sci, 

2017. 42(1): p. 72-84 DOI: 

10.1016/j.tibs.2016.10.003. 

17. De, P., M.M. Peak, and K.K. Rodgers, DNA 

cleavage activity of the V(D)J 

recombination protein RAG1 is 

autoregulated. Molecular and cellular 

biology, 2004. 24(15): p. 6850-6860 DOI: 

10.1128/MCB.24.15.6850-6860.2004. 

18. Callebaut, I. and J.P. Mornon, The V(D)J 

recombination activating protein RAG2 

consists of a six-bladed propeller and a 

PHD fingerlike domain, as revealed by 

sequence analysis. Cell Mol Life Sci, 1998. 

54(8): p. 880-91 DOI: 10.1007/ 

s000180050216. 

19. Chen, C.K.M., N.-L. Chan, and A.H.J. 

Wang, The many blades of the β-propeller 

proteins: conserved but versatile. Trends in 

Biochemical Sciences, 2011. 36(10): p. 

553-561 DOI: 

https://doi.org/10.1016/j.tibs.2011.07.004. 

20. Swanson, P.C. and S. Desiderio, RAG-2 

promotes heptamer occupancy by RAG-1 in 

the assembly of a V(D)J initiation complex. 

Mol Cell Biol, 1999. 19(5): p. 3674-83 

DOI: 10.1128/mcb.19.5.3674. 

21. Guenther, M.G., et al., A chromatin 

landmark and transcription initiation at 

most promoters in human cells. Cell, 2007. 

130(1): p. 77-88 DOI: 10.1016/j.cell. 

2007.05.042. 

22. Elkin, S.K., et al., A PHD finger motif in the 

C terminus of RAG2 modulates 

recombination activity. J Biol Chem, 2005. 

280(31): p. 28701-10 DOI: 10.1074/jbc. 

M504731200. 

23. Bettridge, J., et al., H3K4me3 induces 

allosteric conformational changes in the 

DNA-binding and catalytic regions of the 

V(D)J recombinase. Proc Natl Acad Sci U 

S A, 2017. 114(8): p. 1904-1909 DOI: 

10.1073/pnas.1615727114. 

24. Ward, A., et al., The RAG-2 Inhibitory 

Domain Gates Accessibility of the V(D)J 

Recombinase to Chromatin. Mol Cell Biol, 

2018. 38(15) DOI: 10.1128/MCB.00159-

18. 

25. Lin, W.C. and S. Desiderio, Cell cycle 

regulation of V(D)J recombination-

activating protein RAG-2. Proceedings of 

the National Academy of Sciences of the 

United States of America, 1994. 91(7): p. 

2733-2737 DOI: 10.1073/pnas.91.7.2733. 

26. Delmonte, O.M., C. Schuetz, and L.D. 

Notarangelo, RAG Deficiency: Two Genes, 

Many Diseases. J Clin Immunol, 2018. 

38(6): p. 646-655 DOI: 10.1007/s10875-

018-0537-4. 

27. Picard, C., et al., International Union of 

Immunological Societies: 2017 Primary 

Immunodeficiency Diseases Committee 

Report on Inborn Errors of Immunity. J Clin 

Immunol, 2018. 38(1): p. 96-128 DOI: 

10.1007/s10875-017-0464-9. 

28. Shearer, W.T., et al., Establishing 

diagnostic criteria for severe combined 

immunodeficiency disease (SCID), leaky 

SCID, and Omenn syndrome: the Primary 

Immune Deficiency Treatment Consortium 

experience. J Allergy Clin Immunol, 2014. 

133(4): p. 1092-8 DOI: 10.1016/j.jaci. 

2013.09.044. 



MJMR, Vol. 34, No. 4, 2023, pages (182-192)                                     Fawzy et al.,  

 
191                                                                                               Bioinformatic analysis of some RAG mutations  

contributing to the primary immunodeficiencies. 

 

29. Seidel, M.G., et al., The European Society 

for Immunodeficiencies (ESID) Registry 

Working Definitions for the Clinical 

Diagnosis of Inborn Errors of Immunity. J 

Allergy Clin Immunol Pract, 2019. 7(6): p. 

1763-1770 DOI: 10.1016/j.jaip.2019. 

02.004. 

30. Dvorak, C.C., et al., The genetic landscape 

of severe combined immunodeficiency in 

the United States and Canada in the current 

era (2010-2018). J Allergy Clin Immunol, 

2019. 143(1): p. 405-407 DOI: 10.1016/j. 

jaci.2018.08.027. 

31. Speckmann, C., et al., A prospective study 

on the natural history of patients with 

profound combined immunodeficiency: An  

interim analysis. J Allergy Clin Immunol, 

2017. 139(4): p. 1302-1310 e4 DOI: 

10.1016/j.jaci.2016.07.040. 

32. Schwarz, K., et al., RAG mutations in 

human B cell-negative SCID. Science, 

1996. 274(5284): p. 97-9 DOI: 10.1126/ 

science.274.5284.97. 

33. Villa, A., et al., Partial V(D)J 

recombination activity leads to Omenn 

syndrome. Cell, 1998. 93(5): p. 885-96 

DOI: 10.1016/s0092-8674(00)81448-8. 

34. Walter, J.E., et al., Expansion of 

immunoglobulin-secreting cells and defects 

in B cell tolerance in Rag-dependent 

immunodeficiency. J Exp Med, 2010. 

207(7): p. 1541-54 DOI: 10.1084/ 

jem.20091927. 

35. 35.  Buckley, R.H., et al., Hematopoietic 

stem-cell transplantation for the treatment 

of severe combined immunodeficiency. N 

Engl J Med, 1999. 340(7): p. 508-16 DOI: 

10.1056/NEJM199902183400703. 

36. 36.  Signorini, S., et al., Intrathymic 

restriction and peripheral expansion of the 

T-cell repertoire in Omenn syndrome. 

Blood, 1999. 94(10): p. 3468-78. 

37. 37.  Villa, A., et al., V(D)J recombination 

defects in lymphocytes due to RAG 

mutations: severe immunodeficiency with a 

spectrum of clinical presentations. Blood, 

2001. 97(1): p. 81-8 DOI: 10.1182/ 

blood.v97.1.81. 

38. 38.  Ehl, S., et al., A variant of SCID with 

specific immune responses and predomi-

nance of gamma delta T cells. J Clin Invest, 

2005. 115(11): p. 3140-8 DOI: 

10.1172/JCI25221. 

39. 39.  de Villartay, J.P., et al., A novel 

immunodeficiency associated with 

hypomorphic RAG1 mutations and CMV 

infection. J Clin Invest, 2005. 115(11): p. 

3291-9 DOI: 10.1172/JCI25178. 

40. 40.  Farmer, J.R., et al., Outcomes and 

Treatment Strategies for Autoimmunity and 

Hyperinflammation in Patients with RAG 

Deficiency. J Allergy Clin Immunol Pract, 

2019. 7(6): p. 1970-1985 e4 DOI: 

10.1016/j.jaip.2019.02.038. 

41. 41.  Avila, E.M., et al., Highly variable 

clinical phenotypes of hypomorphic RAG1 

mutations. Pediatrics, 2010. 126(5): p. 

e1248-52 DOI: 10.1542/peds.2009-3171. 

42. 42.  De Ravin, S.S., et al., Hypomorphic Rag 

mutations can cause destructive midline 

granulomatous disease. Blood, 2010. 

116(8): p. 1263-71 DOI: 10.1182/ blood-

2010-02-267583. 

43. 43.  Henderson, L.A., et al., Expanding the 

spectrum of recombination-activating gene 

1 deficiency: a family with early-onset 

autoimmunity. J Allergy Clin Immunol, 

2013. 132(4): p. 969-71 e1-2 DOI: 

10.1016/j.jaci.2013.06.032. 

44. Reiff, A., et al., Exome sequencing reveals 

RAG1 mutations in a child with 

autoimmunity and sterile chronic multifocal 

osteomyelitis evolving into disseminated 

granulomatous disease. J Clin Immunol, 

2013. 33(8): p. 1289-92 DOI: 

10.1007/s10875-013-9953-7. 

45. Schuetz, C., et al., An immunodeficiency 

disease with RAG mutations and 

granulomas. N Engl J Med, 2008. 358(19): 

p. 2030-8 DOI: 10.1056/NEJMoa073966. 

46. Sharapova, S.O., et al., Late-onset 

combined immune deficiency associated to 

skin granuloma due to heterozygous 

compound mutations in RAG1 gene in a 14 

years old male. Hum Immunol, 2013. 74(1): 

p. 18-22 DOI: 

10.1016/j.humimm.2012.10.010. 

47. Rigsby, R.E. and A.B. Parker, Using the 

PyMOL application to reinforce visual 

understanding of protein structure. 

Biochem Mol Biol Educ, 2016. 44(5): p. 

433-7 DOI: 10.1002/bmb.20966. 

48. Ramensky, V., P. Bork, and S. Sunyaev, 

Human non-synonymous SNPs: server and 

survey. Nucleic Acids Res, 2002. 30(17): p. 

3894-900 DOI: 10.1093/nar/gkf493. 



MJMR, Vol. 34, No. 4, 2023, pages (182-192)                                     Fawzy et al.,  

 
192                                                                                               Bioinformatic analysis of some RAG mutations  

contributing to the primary immunodeficiencies. 

 

49. Capriotti, E., P. Fariselli, and R. Casadio, I-

Mutant2.0: predicting stability changes 

upon mutation from the protein sequence or 

structure. Nucleic Acids Res, 2005. 33(Web 

Server issue): p. W306-10 DOI: 

10.1093/nar/gki375. 

50. Choi, Y. and A.P. Chan, PROVEAN web 

server: a tool to predict the functional effect 

of amino acid substitutions and indels. 

Bioinformatics, 2015. 31(16): p. 2745-

7DOI: 10.1093/bioinformatics/btv195. 

51. Ng, P.C. and S. Henikoff, SIFT: Predicting 

amino acid changes that affect protein 

function. Nucleic Acids Res, 2003. 31(13): 

p. 3812-4 DOI: 10.1093/nar/gkg509. 

52. Rentzsch, P., et al., CADD: predicting the 

deleteriousness of variants throughout the 

human genome. Nucleic Acids Res, 2019. 

47(D1): p. D886-d894 DOI: 10.1093/nar/ 

gky1016. 

53. Kim, M.S., et al., Crystal structure of the 

V(D)J recombinase RAG1-RAG2. Nature, 

2015. 518(7540): p. 507-11 DOI: 10.1038/ 

nature14174. 

54. Bai, X., et al., Clinical, immunologic, and 

genetic characteristics of RAG mutations in 

15 Chinese patients with SCID and Omenn 

syndrome. Immunol Res, 2016. 64(2): p. 

497-507 DOI: 10.1007/s12026-015-8723-

4. 

 


