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Running title: More Regulation 
 
Summary 

 
During V(D)J recombination, developing B and T cells assemble gene segments in order 
to create the variable regions of immunoglobulin and T cell receptors required by our 
adaptive immune response. The chemistry of this recombination pathway requires a 
specific nuclease, and a more general repair pathway for double strand breaks. The 
nuclease activity is provided by a complex of the RAG1 and RAG2 proteins. In fact, 
RAG1 and RAG2 probably coordinate many steps involving the coding and signal DNA 
sequences. Studies using deletion and truncation mutants of the RAG proteins 
demonstrate that each of these contain a functional core region, representing about two-
thirds of each polypeptide, While the core regions are sufficient to catalyze 
recombination in test systems, the full-length proteins seem to show more complicated 
behaviors in vivo. A plausible explanation is that regions outside the core help in the 
proper regulation of recombination. The non-core region of RAG1 has just been found to 
contain a ubiquitin ligase. Regulatory functions may contribute to autoregulation of the 
proteins involved, fidelity of the reaction, protection of the cell from translocations, 
coordination of recombination with the cell-cycle and possibly modification of the 
chromatin structure of target DNA. 
 
Introduction 

 
Site-specific recombination is used by prokaryotes and eukaryotes to control DNA in a 
tightly regulated and heritable manner. A detailed introduction to many of these systems 
can be found in a recent text [1]. In vertebrates, the only examples known are V(D)J 
recombination and isotype switching [reviewed in [2]]. Certain features distinguish 
V(D)J recombination from other examples. Although the process is quite precise in 
positioning recombination events at the heptamer border of the recombination signal 
sequences (RSS), it is deliberately sloppy in the outcome of recombination at the coding 
ends. This introduces short insertions or deletions in the coding regions of the V, D, or J 
elements. The resulting junctional diversity raises the variability of coding sequence 
precisely in the antigen-binding portion of the translated protein products, and raises the 
number of potential products by several orders of magnitude over the pure mathematical 
diversity determined by the number of recombining segments. A second rare property is 
the higher degree of specificity required in order to make the process more efficient in 
yielding sensible products. If all RSS elements generated recombinants indiscriminately, 
most recombination events would occur between two V regions (based on the larger 
number of these segments in most loci). This pairing cannot lead to a useful protein. To 
escape this fate, V(D)J recombination evolved the so-called 12/23 rule [3] which 
specifies that two different RSS classes exist, containing a spacer sequence of 12 or 23 
nucleotides. Recombination occurs almost entirely at pairs of RSS elements formed by 
one of each type. By arranging that all V regions use RSS of the same length while 
potential partners (perhaps a D element) use the other, only V to D events will occur. 
Recombination is through breakage and rejoining, and cleavage of DNA substrates can 
be observed in reconstituted systems using only a few proteins. RAG1 and RAG2 alone 
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[4], in the form of a multi-subunit complex [5, 6], is capable of cutting individual DNA 
molecules, while coordinated cleavage at pairs of RSS elements can be obtained with 
RAG1, RAG2 and either of the DNA-bending proteins HMG1 [7] or HMG2 [8]. Our 
understanding of the stoichiometry and structure of the cleavage complex is still 
evolving. An important issue is precisely how a complex of RAG1 and RAG2 can bind to 
both types of RSS and favors outcomes with the desired pairing over the alternatives. 
This subject has been reviewed before [9] and recent contributions toward an 
appreciation of the structure of the protein-DNA complex favor a single tetramer 
composed of two molecules of each RAG protein [10, 11] although alternative 
stoichiometry has also been reported [12]. Further regulation at the level of the RAG 
complex will be addressed later. 
Recombination is known to be regulated at several levels, and I believe there is a need to 
identify additional mechanisms to account for known patterns of chromosomal 
rearrangements. Obviously, regulation of RAG protein quantity helps limit recombination 
to specific cell lineages and developmental states. Transcriptional regulation is one side 
of this coin, and protein turnover is the other. In addition, as I will expand below, 
important regulation may occur through protein post-translational modification. 
Chromatin accessibility is also a key regulator of the use of specific target sequences. 
Analysis of chromatin structure at sites of recombination reveals a significant association 
with certain histone modifications. Recent reports primarily address histone acetylation, 
and occasionally methylation. Perhaps the list of modifiers deserves to be expanded. 
A major unknown aspect of V(D)J recombination is the manner in which it is coordinated 
with DNA repair. In the largest sense this can include fundamental aspects of cell growth 
including DNA replication and cell-cycle control. These topics will be addressed below. 
A new enzymatic activity has recently been found in the N-terminal non-core region of 
RAG1 [13]. The RING finger structure has been shown to be capable of acting as a 
ubiquitin ligase in vitro. The implications of this observation will be explored in the 
following discussion. 
 
RAG protein domains 

 
Chopping away parts of a protein to see what happens is a crude device, but can reveal 
the existence of separable protein functions provided that the whole is not destroyed by 
the manipulation. An enzymatic core was defined in this manner for RAG1 [14-16], and 
RAG2 [17, 18]. The core regions are competent to mediate complete V(D)J 
recombination on artificial substrates, but show some interesting differences from the 
complete protein when tested under the ideal physiologic conditions. Specifically, with 
respect to RAG1, gene replacement of full-length RAG1 by the core alone produced mice 
with reduced numbers of circulating B and T lymphocytes [19]. These circulating cells 
were essentially normal in identity and in the properties of their antigen receptors. Some 
might consider it remarkable that recombination proceeds as normally as it does in the 
absence of ~40% of the RAG1 peptide. Analysis of different stages of development 
suggests that the efficiency of recombination is reduced, but this may be partially 
compensated by clonal expansion of the cells that complete the process correctly. An 
open question is whether the inefficiency is a pure property of the core region acting as a 
poorer nuclease, or alternatively that the inefficiency reflects the absence of a helpful 
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activity located in the N-terminal region of RAG1 [20-22]. I will return to the second 
possibility later. It is interesting to note that a human patient with a homozygous 
frameshift in the gene encoding the N-terminal portion of RAG1 showed a 
disproportionate reduction in B cell development compared to T cells. The stimulating 
possibility is that this reflects a distinct role for RAG1 between the two lineages [23]. 
The RAG2 story has a different twist. It had already been shown in cell lines that V(D)J 
recombination at the immunoglobulin heavy chain locus was peculiarly dependent on 
full-length RAG2 to complete the second round of recombination. This typically connects 
a V region to the DJ segment made in the first round [24]. Two reports [25, 26] show that 
the same general behavior applies to mice expressing only the core RAG2 gene, and 
lacking the C-terminal 37%. In addition, a reduction in the equivalent step of TCR b was 
observed, while a reduction in total TCR d rearrangement was reported by the second 
group. Most remarkably, Liang et al. find that the non-core portion of RAG2, as a 
separate molecule, is able to complement the defect in IgH rearrangement when 
transiently expressed in Abelson murine leukemia virus transformed pre-B cell lines 
derived from the core RAG2 expressing mice. One intriguing possibility is that the non-
core portion of RAG2 plays a separate role, possibly independent of the nuclease 
complex. The alternative is that it is able to associate with and complete a RAG complex 
despite the noncovalent linkage. 
The C-terminal portion of RAG2 may connect in yet another way to the general well-
being of cells undergoing DNA recombination. It has been a major goal to understand 
whether aberrant V(D)J recombination contributes to chromosomal translocations. These 
products are frequently observed in leukemia and lymphomas. While direct RAG-
mediated transposition has been demonstrated in vitro [reviewed in [27]], it comes as 
some surprise that transposition has been relatively uncommon in cells though detected at 
low levels [28]). It appears that this is not a consequence of an intrinsic high stringency 
of the RAG proteins in recognizing their substrates since cryptic sites occur frequently 
[29] and are able to function in test substrates. Rather full-length RAG2 seems especially 
capable of inhibiting the reaction that leads to at least one cause of translocation. 
Experiments using core RAG proteins show a particular fondness for transposition of 
signal ends into distorted DNA helices [30] but three groups now report that the presence 
of the C-terminal portion of RAG2 (only tested as part of the full-length protein), reduces 
the frequency of RAG mediated signal-end transposition [31-33]. It would be interesting 
if this reflects an error-correcting behavior that somehow recognizes undesirable 
products, as suggested previously, and reverses the reaction that created it [34]. 
There is much left to learn about the architecture of the core region of the two proteins. 
At the heart of the recombination mechanism is the question of how synapsis is achieved 
between DNA sequences containing the two different length RSS elements, and how the 
RAG complex contributes to the processing and directed joining of the intermediate four 
DNA ends. I continue to expect a conformational change in the complex that would alter 
the position or orientation of the two coding ends with respect to their old RSS partners 
[9]. This would disfavor the reverse reaction that would reconnect the original sequences 
[“Open and Shut” [35]], and drive the DNA ends toward the preferred products. A second 
persisting fundamental question is why we need RAG2 for nuclease activity. All of the 
acidic residues believed to contribute to metal-binding at the catalytic active site reside 
on RAG1 [36, 37]. It appears though, that the RAG1 core itself contains two structural 



 5 

domains [38, 39], and that the active site is divided between them. The idea remains 
attractive that RAG2 is needed to assemble the active site through a conformational 
change of RAG1. This would also reconcile the observations that the presence of RAG2 
enlarges the footprint on DNA [40, 41], but direct DNA crosslinking studies primarily 
show contacts to RAG1 [42]. 
So what to say about the N-terminal non-core domain of RAG1? These 383 residues are 
extensive enough to be a respectable protein by themselves. The remainder of this review 
will speculate on the role of the RING motif on V(D)J recombination and regulation of 
cell physiology. 
 
RING domains and post-translational protein modification 
 
It is important to remember that everything is connected to everything. This may be 
disturbing to one who prefers to associate individual activities to proteins. I make this 
statement because the RING structure found near the N-terminus of RAG1 is likely to 
have many effects. The original determination of the RAG1 protein sequence included 
the recognition of a series of cysteine and histidine residues reminiscent of zinc-binding 
domains [43]. The short region containing this sequence was expressed and crystallized 
[44], confirming the metal binding behavior. Subsequently, this structure was recognized 
to belong to a subclass of zinc-binding domains described as the RING motif [45]. The 
RING is a conserved structure that forms an essential interaction surface for a group of 
enzymes known as E3 ligases. These proteins form part of an enzymatic cascade that 
result in the covalent attachment of small modifying peptides to other target proteins. 
There are about 300 RING family members in our genome as well as a second large 
group of E3 ligases known as the HECT family. The complexity of the network of 
proteins that perform peptide addition may equal that of protein kinases. A good 
introduction [46] and related articles can be found in a special issue of Nature Rev. Mol. 
Cell. Bio. 2:3 (2001).  
It is plausible that this portion of RAG1 belongs to the same family, and we have shown 
that it has this activity in vitro. Covalent post-translational modification of proteins by the 
addition of other peptides is emerging as a wide-spread general method of regulation. At 
first only one such peptide-modifier was known, a 76-residue protein named ubiquitin, 
which is conserved through evolution from single-cell eukaryotes through all plants and 
animals. More recently a family of modifiers (termed UBLs for ubiquitin-like modifiers) 
has been discovered, each with its own specific supporting enzymes [reviewed in [47]]. 
These modifiers are coupled to free amino groups of lysine residues in the body of the 
target protein, or, more rarely, the amino terminus itself. To add to the beautiful 
complexity of this subject, the modification can take more than one form, and have 
multiple consequences. In the case of ubiquitin, for which the most is known, single 
ubiquitin peptides, or chains of these, can be formed. Furthermore, chains have differing 
significance based upon which specific lysine, internal to the ubiquitin, is chosen for the 
polymeric linkage. Polyubiquitylation (with chains of length greater than 6) through 
ubiquitin lys48 is the most common use of this modifier and signals proteosome-
mediated degradation [reviewed in detail by [48]]. However, polyubiquitylation through 
lys63 is catalyzed by RING containing DNA repair proteins [49], and the 
BRCA1/BRCA2 heterodimer of RING-proteins has just been shown to catalyze unusual 
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polyubiquitin chains through the ubiquitin lys6 [50]. Many ubiquitin (or UBL) modifiers 
halt after the addition of single peptides. These do not result in degradation of the target, 
but rather have many regulatory consequences for cell proteins. Modified proteins are 
often transported to new cellular compartments and also can change their association with 
other binding partners. An additional significance of peptide modifiers arises from the 
capacity of the same lysine target residues to be used by other mechanisms, such as 
acetylation or methylation. This can establish a competition between alternative signaling 
pathways. Finally, modification by ubiquitin, and probably many of the UBLs, is a 
reversible process owing to the existence of specific proteases that can reverse the 
linkage to the target. As an E3 ligase, RAG1 could have many roles in the cell. Specific 
examples of the use of peptide modifiers with potential relevance to V(D)J recombination 
follow. 
Before leaving a general description of RING functions, it is also worth mentioning that 
self-organizing nuclear protein structures (or aggregates) contain a number of RING 
proteins. There is a suggestion that the RING itself may dispose a protein to associate in 
this manner, independent of its enzymatic activity. The significance is uncertain, but 
could have thermodynamic effects on reactions that involve these proteins [51]. 
 
Regulation of RAG protein stability and coordination with the cell cycle 

 
It is a truism that the brakes can be more important than the accelerator when driving. 
With respect to proteins, good control means being able to halt a reaction as well as 
stimulate it. The RAG proteins are no exception, and as potentially dangerous proteins it 
seems wise to keep them under strict control. RAG1 is a short-lived protein, with a half-
life of 15 minutes as measured by pulse-chase following transfection into pre-B cells[14]. 
Under the same conditions, the core RAG1 decayed with a half-life of 18 minutes. At the 
time the distinction seemed negligible but now this experiment seems less informative. 
Rather than the decay characteristics of the bulk protein, especially as expressed 
transiently from a strong promoter and in the absence of added RAG2, it would be better 
to revisit the question under more physiologic conditions. Ultimately, it would be 
especially informative to distinguish the behavior of the rare protein molecules engaged 
in recombination from the vast majority of protein that never acts on DNA. This last 
thought is prompted by the possibility that the E3 ligase activity of RAG1 could be used 
to modify itself (or other members of the recombination complex). The modification 
could lead to conformational change, protein transport to a particular compartment, 
association with new partners, or degradation. In this light, there is an observation that 
the simultaneous expression and purification of full-length RAG1 and RAG2 yields less 
protein than coexpression of either core region with its full-length partner [33]. From this 
alone it seems plausible that the N-terminal E3 ligase of RAG1 could ubiquitylate the C-
terminal segment of RAG2, leading to its degradation. In the absence of either of these 
domains, the complex is rendered more stable. 
However, the regulation may be more complicated. RAG2 experiences periodic 
degradation coordinated with the cell-cycle. A body of work from the Desiderio lab [52] 
indicates that phosphorylation of thr490 occurs at the G1/S transition, coincident with the 
activity of cyclinA/CDK2. This may not, however, signal degradation directly. Rather, 
according to one report [53] degradation seems to follow a phosphorylation-dependent 
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localization to the cytoplasm. RAG2 is polyubiquitylated in its core region, although one 
cannot determine whether this occurs during residence in the nucleus or cytoplasm, and 
subsequently delivered to the proteosome. The authors propose that the C-terminal non-
core region suppresses the ubiquitylation of RAG2 prior to its phosphorylation. A nuclear 
localization signal in the C-terminal part of RAG2 was identified [54]. A recent report 
from the Desiderio lab also explores the connection between phosphorylation and nuclear 
localization but does not address the mechanism of degradation directly [55]. 
Can any of these activities explain the apparent reduction in translocations associated 
with full-length RAG2? Not yet. 
Coordination with the cell-cycle makes sense. Given a choice, a reasonable cell would 
prefer that chromosomal recombination was isolated from DNA replication or mitosis. 
Degradation of RAG2, as discussed above, would prevent the initiation of V(D)J 
recombination as S phase begins. This is a passive form of coordination. But is there a 
way to inform the cell that recombination is taking place, and to actively halt cell-cycle 
progression until it is completed? At one time it was thought that the free DNA ends, 
created during recombination, would signal their existence through the Ku proteins and 
DNA-PK. This, however, does not appear to be the case [56], perhaps because these ends 
remain hidden from damage sensors by persistent association with the RAG complex. An 
interesting possibility, in the light of the identification of the E3 ligase activity, is that the 
RAG proteins may report the status of recombination to the cell. Ubiquitylation is used to 
modify or degrade signaling proteins and thereby coordinate cell growth in other systems 
[57-59].  
 
Histone modification 
The targeting of V(D)J recombination to particular chromosomal loci is an important 
component in the regulation of this system. Epigenetic mechanisms impose much of the 
selectivity between the loci. Within a locus, both chromatin structure and DNA sequence 
influence the use of particular gene segments. The current understanding of the nature of 
these mechanisms is certainly covered well by others in the current issue of this journal. 
Recent studies have refined the degree to which the RAG proteins are shown to 
contribute at the level of RSS recognition [60-62]. Since these sequences are not 
absolutely conserved, sequence variation in the RSS elements, or surrounding them, can 
bias recombination. No doubt natural selection has favored the use of some V regions. 
However, in the arms race between host and invader, the microbial world always evolves 
faster than the host. So, in theory, the strength of V(D)J recombination is precisely not to 
display a strongly inherited pattern but rather to allow wide expression in order to provide 
the largest repertoire for subsequent clonal selection. 
Because of my new interest in ubiquitin, I would like to point out that there are many 
chemical modifications that occur on nucleosomes. In addition to acetylation, 
phosphorylation and methylation, nucleosomes can be ubiquitylated, sumoylated, and 
ADP-ribosylated. In decreasing order of abundance, ubiquitin has been found on histones 
H2A, H2B, H1 and H3. These modifications are usually single additions and do not 
appear to result in protein degradation. Despite prolonged effort, it has been difficult to 
assign a structural role for ubiquitylated histones [see [63, 64]]. It appears though that 
histone ubiquitylation may influence other modifications. Ubiquitylation of H2B at 
lys123 is needed (transiently) to subsequently methylate histone H3 at lys4 [65-67]. The 
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ubiquitylation is executed by RAD6 with the help of Bre1, a RING-containing E3 [68, 
69]. Both ubiquitylation and deubiquitylation seem able to effect histone methylation and 
both can be associated with transcriptional activation [70, 71]. Is it so hard to imagine 
that the RAG proteins, with so many interesting behaviors already described, could play a 
similar role? 
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Note added in Proof 
 
Jones and Gellert have just published a report confirming the activity of RAG1 as a 
ubiquitin ligase and mapping a site of modification on the RAG1 protein [1]. 
 
 
 
1. Jones, JM and M Gellert, Autoubiquitylation of the V(D)J recombinase protein 

RAG1. Proc Natl Acad Sci U S A, 2003. 100(26): p. 15446-51. 
 

RAG1 E3 Ligase

What activates it?
- Protein complex
conformation
- DNA configuration
- Other proteins

What does it do?
  - monoubiquitylate
  - polyubiquitylate; linkage?
  - use a UBL

What is the target?
- Self; cis? trans?
- Other complex member
- DNA repair proteins
- Cell Cycle regulatory proteins
- Chromatin; to silence? to activate?

What is the result?
- Change in stability
- Change in conformation
- Change in associated proteins
- Change in localization



 9 

References 
 
 
1. Craig, NL, R Craigie, M Gellert, and AM Lambowitz, Mobile DNA II. 2002, 

Washington DC: ASM Press. 
2. Yu, K and MR Lieber, Nucleic acid structures and enzymes in the 

immunoglobulin class switch recombination mechanism. DNA Repair (Amst), 
2003. 2(11): p. 1163-74. 

3. Tonegawa, S, Somatic generation of antibody diversity. Nature, 1983. 302: p. 
575-581. 

4. McBlane, JF, et al., Cleavage at a V(D)J recombination signal requires only 
RAG1 and RAG2 proteins and occurs in two steps. Cell, 1995. 83(3): p. 387-395. 

5. Bailin, T, X Mo, and MJ Sadofsky, A RAG1 and RAG2 tetramer complex is 
active in cleavage in V(D)J recombination. Mol Cell Bio, 1999. 19(7): p. 4664-
71. 

6. Rodgers, KK, IJ Villey, L Ptaszek, E Corbett, DG Schatz, and JE Coleman, A 
dimer of the lymphoid protein RAG1 recognizes the recombination signal 
sequence and the complex stably incorporates the high mobility group protein 
HMG2. Nucleic Acids Res, 1999. 27(14): p. 2938-46. 

7. van Gent, DC, K Hiom, TT Paull, and M Gellert, Stimulation of V(D)J cleavage 
by high mobility group proteins. Embo J, 1997. 16(10): p. 2665-70. 

8. Sawchuk, DJ, et al., V(D)J recombination: modulation of RAG1 and RAG2 
cleavage activity on 12/23 substrates by whole cell extract and DNA-bending 
proteins. J Exp Med, 1997. 185(11): p. 2025-32. 

9. Sadofsky, MJ, The RAG proteins in V(D)J recombination: more than just a 
nuclease. Nucleic Acids Research, 2001. 29(7): p. 1399-409. 

10. Swanson, PC, A RAG-1/RAG-2 Tetramer Supports 12/23-Regulated Synapsis, 
Cleavage, and Transposition of V(D)J Recombination Signals. Mol Cell Biol, 
2002. 22(22): p. 7790-801. 

11. Jones, JM and M Gellert, Ordered assembly of the V(D)J synaptic complex 
ensures accurate recombination. EMBO J, 2002. 21(15): p. 4162-71. 

12. Mundy, CL, N Patenge, AG Matthews, and MA Oettinger, Assembly of the 
RAG1/RAG2 synaptic complex. Mol Cell Biol, 2002. 22(1): p. 69-77. 

13. Yurchenko, V, Z Xue, and M Sadofsky, The RAG1 N-terminal domain is an E3 
ubiquitin ligase. Genes & Development, 2003. 17(5): p. 581-5. 

14. Sadofsky, MJ, JE Hesse, JF McBlane, and M Gellert, Expression and V(D)J 
recombination activity of mutated RAG-1 proteins. Nucleic Acids Research, 
1993. 21(24): p. 5644-5650. 

15. Silver, DP, E Spanopoulou, RC Mulligan, and D Baltimore, Dispensable 
sequence motifs in the RAG-1 and RAG-2 genes for plasmid V(D)J 
recombination. Proc Natl Acad Sci U S A, 1993. 90(13): p. 6100-4. 

16. Kirch, SA, P Sudarsanam, and MA Oettinger, Regions of RAG1 protein critical 
for V(D)J recombination. Eur J Immunol, 1996. 26(4): p. 886-891. 

17. Sadofsky, MJ, JE Hesse, and M Gellert, Definition of a core region of RAG-2 that 
is functional in V(D)J recombination. Nucleic Acids Res, 1994. 22(10): p. 1805-9. 



 10 

18. Cuomo, CA and MA Oettinger, Analysis of regions of RAG-2 important for 
V(D)J recombination. Nucleic Acids Res, 1994. 22: p. 1810-1814. 

19. Dudley, DD, et al., Impaired V(D)J Recombination and Lymphocyte 
Development in Core RAG1-expressing Mice. J Exp Med, 2003. 198(9): p. 1439-
50. 

20. Roman, CA, SR Cherry, and D Baltimore, Complementation of V(D)J 
recombination deficiency in RAG-1(-/-) B cells reveals a requirement for novel 
elements in the N-terminus of RAG-1. Immunity, 1997. 7(1): p. 13-24. 

21. McMahan, CJ, MJ Difilippantonio, N Rao, E Spanopoulou, and DG Schatz, A 
basic motif in the N-terminal region of RAG1 enhances V(D)J recombination 
activity. Mol Cell Biol, 1997. 17(8): p. 4544-52. 

22. Steen, SB, JO Han, C Mundy, MA Oettinger, and DB Roth, Roles of the 
"dispensable" portions of RAG-1 and RAG-2 in V(D)J recombination. Mol Cell 
Biol, 1999. 19(4): p. 3010-7. 

23. Noordzij, JG, NS Verkaik, NG Hartwig, R de Groot, DC van Gent, and JJ van 
Dongen, N-terminal truncated human RAG1 proteins can direct T-cell receptor 
but not immunoglobulin gene rearrangements. Blood, 2000. 96(1): p. 203-9. 

24. Kirch, SA, GA Rathbun, and MA Oettinger, Dual role of RAG2 in V(D)J 
recombination: catalysis and regulation of ordered Ig gene assembly. EMBO J, 
1998. 17(16): p. 4881-6. 

25. Liang, HE, LY Hsu, D Cado, LG Cowell, G Kelsoe, and MS Schlissel, The 
"dispensable" portion of RAG2 is necessary for efficient V-to-DJ rearrangement 
during B and T cell development. Immunity, 2002. 17(5): p. 639-51. 

26. Akamatsu, Y, et al., Deletion of the RAG2 C terminus leads to impaired lymphoid 
development in mice. Proc Natl Acad Sci U S A, 2003. 100(3): p. 1209-14. 

27. Gellert, M, V(D)J recombination: RAG proteins, repair factors, and regulation. 
Annu Rev Biochem, 2002. 71: p. 101-32. 

28. Messier, TL, JP O'Neill, SM Hou, JA Nicklas, and BA Finette, In vivo 
transposition mediated by V(D)J recombinase in human T lymphocytes. Embo J, 
2003. 22(6): p. 1381-8. 

29. Marculescu, R, T Le, P Simon, U Jaeger, and B Nadel, V(D)J-mediated 
translocations in lymphoid neoplasms: a functional assessment of genomic 
instability by cryptic sites. J Exp Med, 2002. 195(1): p. 85-98. 

30. Lee, GS, MB Neiditch, RR Sinden, and DB Roth, Targeted transposition by the 
V(D)J recombinase. Mol Cell Biol, 2002. 22(7): p. 2068-77. 

31. Tsai, CL and DG Schatz, Regulation of RAG1/RAG2-mediated transposition by 
GTP and the C-terminal region of RAG2. Embo J, 2003. 22(8): p. 1922-30. 

32. Elkin, SK, AG Matthews, and MA Oettinger, The C-terminal portion of RAG2 
protects against transposition in vitro. Embo J, 2003. 22(8): p. 1931-8. 

33. Swanson, PC, D Volkmer, and L Wang, Full-length RAG-2, and not full-length 
RAG-1, specifically suppresses RAG-mediated transposition, but not hybrid joint 
formation or disintegration. J Biol Chem, 2003, in press. 

34. Agard, EA and SM Lewis, Postcleavage sequence specificity in V(D)J 
recombination. Mol Cell Biol, 2000. 20(14): p. 5032-40. 

35. Lewis, SM, JE Hesse, K Mizuuchi, and M Gellert, Novel strand exchanges in 
V(D)J recombination. Cell, 1988. 55: p. 1099-1107. 



 11 

36. Landree, MA, JA Wibbenmeyer, and DB 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. 

37. Kim, DR, Y Dai, CL Mundy, W Yang, and MA Oettinger, Mutations of acidic 
residues in RAG1 define the active site of the V(D)J recombinase. Genes Dev, 
1999. 13(23): p. 3070-80. 

38. Mo, X, T Bailin, and MJ Sadofsky, A C-terminal region of RAG1 contacts the 
coding DNA during V(D)J recombination. Mol Cell Bio, 2001. 21(6): p. 2038-
2047. 

39. Arbuckle, JL, LA Fauss, R Simpson, LM Ptaszek, and KK Rodgers, Identification 
of two topologically independent domains in RAG1 and their role in 
macromolecular interactions relevant to V(D)J recombination. J Biol Chem, 2001. 
276(40): p. 37093-101. 

40. Swanson, PC, Fine structure and activity of discrete RAG-HMG complexes on 
V(D)J recombination signals. Mol Cell Biol, 2002. 22(5): p. 1340-51. 

41. Nagawa, F, et al., Footprint analysis of the RAG protein recombination signal 
sequence complex for V(D)J type recombination. Mol Cell Biol, 1998. 18(1): p. 
655-63. 

42. Mo, X, T Bailin, S Noggle, and MJ Sadofsky, A highly ordered structure in V(D)J 
recombination cleavage complexes is facilitated by HMG1. Nucleic Acids Res, 
2000. 28(5): p. 1228-1236. 

43. Schatz, DG, MA Oettinger, and D Baltimore, The V(D)J recombination activating 
gene, RAG-1. Cell, 1989. 59: p. 1035-1048. 

44. Rodgers, KK, Z Bu, KG Fleming, DG Schatz, DM Engelman, and JE Coleman, A 
zinc-binding domain involved in the dimerization of RAG1. J Mol Biol, 1996. 
260: p. 70-84. 

45. Aravind, L and EV Koonin, The U box is a modified RING finger - a common 
domain in ubiquitination. Curr Biol, 2000. 10(4): p. R132-4. 

46. Weissman, AM, Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol, 
2001. 2(3): p. 169-78. 

47. Schwartz, DC and M Hochstrasser, A superfamily of protein tags: ubiquitin, 
SUMO and related modifiers. Trends Biochem Sci, 2003. 28(6): p. 321-8. 

48. Glickman, MH and A Ciechanover, The ubiquitin-proteasome proteolytic 
pathway: destruction for the sake of construction. Physiol Rev, 2002. 82(2): p. 
373-428. 

49. Hoege, C, B Pfander, GL Moldovan, G Pyrowolakis, and S Jentsch, RAD6-
dependent DNA repair is linked to modification of PCNA by ubiquitin and 
SUMO. Nature, 2002. 419(6903): p. 135-41. 

50. Wu-Baer, F, K Lagrazon, W Yuan, and R Baer, The BRCA1/BARD1 heterodimer 
assembles polyubiquitin chains through an unconventional linkage involving 
lysine residue K6 of ubiquitin. J Biol Chem, 2003. 278(37): p. 34743-6. 

51. Kentsis, A, RE Gordon, and KL Borden, Control of biochemical reactions 
through supramolecular RING domain self-assembly. Proc Natl Acad Sci U S A, 
2002. 99(24): p. 15404-9. 



 12 

52. Lee, J and S Desiderio, Cyclin A/CDK2 regulates V(D)J recombination by 
coordinating RAG-2 accumulation and DNA repair. Immunity, 1999. 11(6): p. 
771-81. 

53. Mizuta, R, M Mizuta, S Araki, and D Kitamura, RAG2 is down-regulated by 
cytoplasmic sequestration and ubiquitin-dependent degradation. J Biol Chem, 
2002. 277(44): p. 41423-27. 

54. Corneo, B, A Benmerah, and JP Villartay, A short peptide at the C terminus is 
responsible for the nuclear localization of RAG2. Eur J Immunol, 2002. 32(7): p. 
2068-73. 

55. Ross, AE, M Vuica, and S Desiderio, Overlapping signals for protein degradation 
and nuclear localization define a role for intrinsic RAG-2 nuclear uptake in 
dividing cells. Mol Cell Biol, 2003. 23(15): p. 5308-19. 

56. Han, JO, SB Steen, and DB Roth, Ku86 is not required for protection of signal 
ends or for formation of nonstandard V(D)J recombination products. Mol Cell 
Biol, 1997. 17(4): p. 2226-2234. 

57. Busino, L, et al., Degradation of Cdc25A by beta-TrCP during S phase and in 
response to DNA damage. Nature, 2003. 426(6962): p. 87-91. 

58. Ayad, NG, S Rankin, M Murakami, J Jebanathirajah, S Gygi, and MW Kirschner, 
Tome-1, a trigger of mitotic entry, is degraded during G1 via the APC. Cell, 2003. 
113(1): p. 101-13. 

59. Moren, A, U Hellman, Y Inada, T Imamura, CH Heldin, and A Moustakas, 
Differential ubiquitination defines the functional status of the tumor suppressor 
Smad4. J Biol Chem, 2003. 278(35): p. 33571-82. 

60. Olaru, A, DN Patterson, I Villey, and F Livak, DNA-Rag protein interactions in 
the control of selective D gene utilization in the TCRbeta locus. J Immunol, 2003. 
171(7): p. 3605-11. 

61. Jung, D, CH Bassing, SD Fugmann, HL Cheng, DG Schatz, and FW Alt, 
Extrachromosomal recombination substrates recapitulate beyond 12/23 restricted 
VDJ recombination in nonlymphoid cells. Immunity, 2003. 18(1): p. 65-74. 

62. Tillman, RE, AL Wooley, B Khor, TD Wehrly, CA Little, and BP Sleckman, 
Cutting edge: targeting of V beta to D beta rearrangement by RSSs can be 
mediated by the V(D)J recombinase in the absence of additional lymphoid-
specific factors. J Immunol, 2003. 170(1): p. 5-9. 

63. Moore, SC, L Jason, and J Ausio, The elusive structural role of ubiquitinated 
histones. Biochem Cell Biol, 2002. 80(3): p. 311-9. 

64. Ulrich, HD, Degradation or maintenance: actions of the ubiquitin system on 
eukaryotic chromatin. Eukaryot Cell, 2002. 1(1): p. 1-10. 

65. Sun, ZW and CD Allis, Ubiquitination of histone H2B regulates H3 methylation 
and gene silencing in yeast. Nature, 2002. 418(6893): p. 104-8. 

66. Dover, J, et al., Methylation of histone H3 by COMPASS requires ubiquitination 
of histone H2B by Rad6. J Biol Chem, 2002. 277(32): p. 28368-71. 

67. Ng, HH, RM Xu, Y Zhang, and K Struhl, Ubiquitination of histone H2B by Rad6 
is required for efficient Dot1-mediated methylation of histone H3 lysine 79. J Biol 
Chem, 2002. 277(38): p. 34655-7. 

68. Wood, A, et al., Bre1, an E3 ubiquitin ligase required for recruitment and 
substrate selection of Rad6 at a promoter. Mol Cell, 2003. 11(1): p. 267-74. 



 13 

69. Hwang, WW, S Venkatasubrahmanyam, AG Ianculescu, A Tong, C Boone, and 
HD Madhani, A conserved RING finger protein required for histone H2B 
monoubiquitination and cell size control. Mol Cell, 2003. 11(1): p. 261-6. 

70. Henry, KW, et al., Transcriptional activation via sequential histone H2B 
ubiquitylation and deubiquitylation, mediated by SAGA-associated Ubp8. Genes 
Dev, 2003. 17(21): p. 2648-63. 

71. Zhang, Y, Transcriptional regulation by histone ubiquitination and 
deubiquitination. Genes Dev, 2003. 17(22): p. 2733-40. 

 


