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ABSTRACT 
 
 
 

 
           Introduction    Immune repertoire diversity is largely achieved by a 

process termed V(D)J recombination, during which functional antigen receptor 

genes are assembled from discrete gene segments through site-specific DNA 

rearrangements. The V(D)J recombinase includes two lymphocyte specific 

proteins: recombination activating gene 1 (RAG1) and recombination activating 

gene 2 (RAG2). They form a protein complex (RAG1/2) that recognizes 

recombination signal sequences (RSSs) flanking each receptor gene segment 

and introduces a DNA double-strand break (DSB) at the border between a RSS 

and a coding gene segment. The RSS contains highly conserved heptamer and 

nonamer motifs separated by either 12- or 23-base pairs of poorly conserved 

sequence (12RSS and 23RSS, respectively). Efficient recombination occurs only 

between a 12RSS and a 23RSS, which is called the 12/23 rule. Illegitimate V(D)J 

recombination, however, can occur outside of antigen receptor loci to form 

chromosomal abnormalities, such as translocations and deletions. Some of these 

breakpoints containing an RSS-like motif are proposed to be mis-targeted by the 

RAG1/2 proteins to form DSBs. Other breakpoints are believed to undergo RAG-

mediated structure-specific cleavage.  

           Specific aims   The purpose of my thesis study is to explore the 

molecular mechanisms underlying RAG1/2-mediated cleavage of breakpoints 
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that cause chromosomal abnormalities in lymphoid malignancies. This study 

consists of two aims: (1) defining molecular mechanisms for RAG1/2-mediated 

sequence-specific cleavage of cryptic RSSs (cRSSs); (2) defining molecular 

mechanisms for RAG1/2-mediated structure-specific illegitimate cleavage of 

cryptic RSSs.  

           Background information, results and conclusions for each sub-study are 

summarized below: 

           1) RAG1/2-mediated sequence-specific cleavage of cryptic RSSs.  

V(D)J recombination is normally limited to the antigen receptor gene loci. 

However, it is possible that illegitimate recombination occurs outside of antigen 

receptor gene loci to cause chromosomal abnormalities, including translocations 

and deletions, which are recurrently observed in lymphoid malignancies. Certain 

translocations involving LMO2, TAL1, Ttg-1, and Hox11, as well as a recurrent 

interstitial deletion at 1p32 involving SIL/SCL, are the best studied examples 

proposed to have an RSS-like motif close to the breakpoints. Previous studies 

using extrachromosomal substrates reveal that these proposed cryptic RSSs 

support V(D)J recombination with efficiencies ranging from about 30-20,000-fold 

less than a consensus 12- or 23-RSS. 

           The purpose of this study is to understand the molecular basis for these 

large differences and also to clarify the molecular mechanisms underlying these 

illegitimate V(D)J recombination events. Toward this end, the binding and 

cleavage activity of the RAG1/2 proteins to these cRSSs were systemically 

examined. The RAG1/2 proteins are found to comparably bind to all cRSSs 
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tested, albeit more poorly than a consensus 12- or 23- RSS. The RAG1/2 

proteins also support cleavage of LMO2, TAL1, Ttg-1, and SIL substrates in vitro, 

and introduce DSBs at LMO2, Ttg-1, and SIL that can be detected by ligation-

mediated PCR (LM-PCR) in cell culture. In contrast, Hox11 and SCL are nicked 

but not cleaved efficiently in vitro and in cell culture. Overall, these data suggest 

that the RAG1/2 proteins can recognize a RSS-like motif and generate DNA 

breaks at cRSS sites through both the nick-hairpin mechanism and a nick-nick 

mechanism (introduce one nick at each strand of DNA).  

           2) RAG1/2-mediated structure-specific cleavage of cryptic RSSs.  

Cryptic RSSs containing RSS-like motifs are studied in aim 1. The origins of 

breakpoints without an obvious RSS-like motif remain unclear. However, a recent 

study suggests that the Bcl-2 major break region (Mbr) undergoes RAG-

mediated structure-specific cleavage. 

           The purpose of this study is to understand the molecular mechanisms 

underlying RAG-mediated structure-specific illegitimate cleavage of cryptic RSSs 

that do not contain an obvious RSS-like motif. I identified a novel DNA breakpoint 

site in the plasmid V(D)J recombination substrate pGG49 (called bps6197) that 

was cleaved by the RAG1/2 proteins via a nick-hairpin mechanism. The bps6197 

sequence lacks a recognizable heptamer, but contains a nonamer-like motif that 

is 30 base pairs from the cleavage site. The high mobility group box proteins 

HMGB1 and HMGB2 (HMGB1/2) are highly abundant architectural DNA binding 

proteins known to recognize distorted DNA structures, such as four-way junctions, 

cruciform DNA, and damaged or modified DNA. Interestingly, RAG-mediated 
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bps6197 cleavage is found to be promoted by HMGB1/2, requiring both HMG-

box domains to be intact. The cleavage of bps6197 also requires synapsis with a 

12RSS substrate. A dyad-symmetric inverted repeat sequence lying 5' to the 

breakpoint is implicated as a target for HMGB1/2 activity, as mutations in this 

sequence alter the RAG-mediated cleavage pattern, suggesting a structure-

specific cleavage mechanism is involved.  
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CHAPTER I 

Introduction and background 

I.A. V(D)J recombination 

I.A.1.  Historical perspective----Generation of Diversity 

           Although immunology emerged as the science of host defense more than 

100 years ago, shortly after the discovery of infectious diseases in the late 19th 

century, the question of how the immune system generates specificity and 

diversity took almost a century to answer. The first hypothesis was the so-called 

“side chain theory” (Ehrlich, 1900). The idea was that antibody-synthesizing cells 

bore a large variety of receptors on their surface, each able to interact with a 

different antigen. When a particular antigen bound to its corresponding receptor, 

the side chain of the receptor would fall from the cell surface. In compensation, 

the cell would produce a large amount of the same side chains and release them 

into the bloodstream as circulating antibodies. This novel “selective idea” won the 

Nobel Prize for Physiology and Medicine in 1908. The idea was right in that both 

cell surface-bound and circulating antibodies had the same specificity. However, 

it could not explain how immune cells could evolve to have almost infinite side 

chains. In order to answer this question, the second hypothesis, the “template 

theory” was formulated (Pauling, 1940). It proposed that interactions with 

different antigens would induce cell surface–bound antibodies to adopt different 

folding patterns. Once folded into a specific shape, the antibody could only 

interact with that particular antigen. However, this model could not explain why 

the secondary immune response is much more rapid and robust than the initial 
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immune response, or how an antibody continues to be produced in the absence 

of a particular antigen.   

           The real breakthrough to answer this question came in 1957 when the 

“clonal selection theory” was developed (Burnet, 1957). This theory explained 

immunological memory and immunological tolerance phenomena by using the 

concept of clonal selection. The idea was that many potential antibody-

synthesizing cells were pre-existent in the human body, each bearing a single 

type of antigen receptor with a unique specificity. On binding antigen, the cell 

would be activated to divide and to produce many identical progeny, which were 

collectively known as a clone; these clonal cells bore receptors identical to that of 

the parental cell and could secret antibodies with the same specificity of the 

surface receptors. The clonal selection concept is the single most important 

principle in adaptive immunity and won Burnet the Nobel Prize for Physiology 

and Medicine in 1960. Based on the clonal selection theory, David Talmage 

proposed that antibodies were generated through a rearrangement process 

during which a large amount of gene segments were randomly rearranged, 

resulting in a unique immunoglobulin (Ig) gene to encode a unique antibody 

(Talmage, 1959). After identification of the “variable” and “constant” regions of 

immunoglobulins, Dreyer and Bennett proposed that the variable (V) and 

constant (C) regions were products of rearrangement of multiple gene segments 

(Dreyer and Bennett, 1965). The next question was how to prove this elegant 

and insightful model. It was not until a decade later that Susumu Tonegawa 

provided indisputable proof (Hozumi and Tonegawa, 1976). By using a nucleic 
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acid hybridization technique, Tonegawa and colleagues demonstrated that the 

genes encoding the V and C regions were separated in germline DNA obtained 

from mouse embryos but close together in mature B cells (which can produce 

antibodies after activation). The only explanation was that somatic DNA 

rearrangement had occurred. This instructive experiment won him the Nobel 

Prize for Physiology and Medicine in 1987. 

           By the time Tonegawa won the Nobel Prize, the immunoglobulin gene loci 

were already mapped in great detail. These included the immunoglobulin heavy 

chain locus (IgH) and two immunoglobulin light chain loci (Igκ and Igλ). IgH was 

composed of an array of variable (V), diversity (D), and joining (J) gene 

segments; Igκ and Igλ consisted of V and J gene segments (Sakano et al., 1979; 

Sakano et al., 1981). Recombination signal sequences (RSSs) were identified as 

substrates for the recombination. They flanked each V, D, and J gene segment 

and consisted of a well conserved 7-bp heptamer (consensus 5'-CACAGTG) and 

a 9-bp nonamer (consensus 5'-ACAAAAACC), separated by either 12 or 23 bp of 

nonconserved DNA sequence that was called a spacer (Max et al., 1979). Since 

this type of DNA recombination involves V,D, and J gene segment 

rearrangements, it is called V(D)J recombination. In 1984, Mark Davis and 

colleagues first isolated cDNA clones for T cell receptors (TCRs) and they also 

compared the DNA sequences between TCRs and Igs. They concluded that TCR 

gene loci had a similar organization as the Ig gene loci and they both underwent 

V(D)J recombination to generate diversity to promote human adaptive immunity  
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(Hedrick et al., 1984; Hedrick et al., 1984). There are four different TCR gene loci 

in the human body: α, β, γ, and δ. 

           Even before Tonegawa’s Nobel Prize winning experiments, attempts to 

identify the recombination enzymes had been made. As biochemical methods 

had proven unfruitful, David Baltimore’s laboratory turned to cellular genetics. In 

1988, one year after Tonegawa won the Nobel Prize, David Schatz and David 

Baltimore reported that they had induced fibroblast cell lines to carry out V(D)J 

recombination through the transfer of mouse genomic DNA. One year later, the 

specific enzyme for V(D)J recombination was identified by using the same 

strategy. Schatz and Baltimore named it recombination activating gene1 (RAG1). 

However, expression of RAG1 cDNA in fibroblasts yielded inefficient 

recombination, which led to the discovery of another factor RAG2 (Schatz and 

Baltimore, 1988; Schatz et al., 1989; Oettinger et al., 1990). 

           After identifying these two genes, the question on how diversity was 

generated, however, did not end. To reveal the origin of the RAG proteins seems 

to be an even more demanding task. Several lines of evidence, including that the 

two genes are located immediately next to each other, that there is striking 

similarity between the RAG proteins and some transposases and retroviral 

integrases in how they mediate site-specific DNA cleavage and rejoining, and 

that only jawed vertebrates with adaptive immunity have these genes, prompted 

researchers to believe that the DNA encoding RAG1 and RAG2 was once a 

mobile genetic element called a transposon. The transposon, perhaps brought in 

by a virus, infected a germ cell at some point after jawed and jawless vertebrates 
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split into two branches. In order to verify this transposon hypothesis, researchers 

began to look for the evidence in vitro and in vivo. In 1998, Schatz’s team and 

Martin Gellert’s team independently showed that RAG1 and RAG2 proteins could 

actually cut out one DNA segment and then insert it into another DNA molecule. 

These experiments greatly favor the transposon hypothesis (Agrawal et al., 1998; 

Hiom et al., 1998); however, there is only one reported example to date for RAG-

mediated transposition in vivo (Messier et al., 2003). 

           Overall, the attempts to account for the generation of diversity lasted for 

nearly a century. From Ehrlich to Burnet, Tonegawa to Baltimore, all significant 

findings resulted from insightful hypotheses. With scientific imagination and 

technological innovation, more and more remaining mysteries in immunology will 

be deciphered one day. 

 

I.A.2.  Biology of V(D)J recombination----Adaptive Immunity 

           The human immune system defends the host against infection by 

numerous microorganisms. Innate immunity serves as the first line of defense, 

including epithelial surfaces, phagocytes, complement, and cytokines. Because 

innate immunity depends on germline-encoded receptors to recognize features 

that are common to many pathogens, its response is rapid, non-specific, and has 

no immunological memory. In contrast, adaptive immunity, whose major 

components are B and T lymphocytes, uses a large repertoire of receptors 

encoded by rearranging gene segments to recognize virtually unlimited antigens. 
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Therefore, the adaptive immune response is highly specific, much stronger, and 

with immunological memory. 

           The adaptive immune response can be divided into humoral (antibody-

mediated) and cellular (cell-mediated) immune responses. The antigen-

recognition molecules of B cells are the immunoglobulins (Igs) which have two 

forms. The membrane-bound form is associated with Igα and Igβ to form the B 

cell receptor (BCR). The secreted form is also called antibody, which binds to 

antigens and facilitates their removal. Antibodies are secreted by terminally 

differentiated B cells (plasma cells) after antigen-specific B cell activation. The 

Igs are typically constructed in such that each monomeric Ig is made up of two 

heavy chains (H chain, 50 kDa) and two light chains (L chain, 25 kDa) joined by 

disulfide bonds (Figure 1). There are five types of heavy chain: μ (IgM), δ (IgD), 

γ (IgG), α (IgA), and ε (IgE). Two types of light chain, λ and κ are found in human 

Igs. While antibodies are major effectors of humoral immunity, T cells are major 

effectors of cellular immunity. T cells can bind to antigens through T cell 

receptors (TCRs), which are composed of a heterodimer of either α and β 

polypeptide chains or less common γ and δ polypeptide chains. 

           The N-terminal portion of each of the four polypeptides of an Ig has a 

variable (V) region, which has a variable and unique amino acid sequence and is 

responsible for antigen-specific binding. By contrast, the C-terminal portion of 

these chains has a few different forms and is named the constant (C) region, 

which determines the class of the heavy or light chains and the Ig effector 

functions. When the protease papain is used for cleavage of Igs, three fragments 
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Figure 1.  A diagram of antigen receptor structures.  The B cell receptor (immunoglobulin) is composed of two heavy 
chains (H) and two light chains (L) joined by disulfide bonds. The αβ T cell receptor is also a disulfide bond-linked 
heterodimer composed of one α and one β chain. 
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are formed. Two fragments are identical and contain antigen-binding activity, 

thus termed F(ab) fragments. Each F(ab) fragment is composed of a full light 

chain and a partial heavy chain (the whole V region and part of C region). The 

other fragment contains the rest of the heavy chain C region and is termed the Fc 

fragment. The TCR resembles a membrane-bound F(ab) fragment (Figure 1). 

Each chain of its heterodimer contains two domains, resembling immunoglobulin 

V and C regions, respectively. For light chains, or α and γ chain of TCR, the 

variable region is encoded by V and J gene segments. For heavy chains, or β 

and δ chain of TCR, the V region gene is composed of V, D, and J gene 

segments. 

           V(D)J recombination, the rearrangement of these gene segments at 

antigen receptor loci to form a complete V-region exon, is tightly controlled in a 

lineage-, stage-, and allele-specific manner. First of all, this rearrangement only 

functions in B and T lymphocytes. Secondly, this rearrangement only occurs 

during certain stages of lymphocyte development. B and T lymphocytes are both 

generated in the bone marrow. They develop from undifferentiated hematopoietic 

stem cells, and pass through a series of developmental stages to become mature 

B and T cells. These stages are defined by various steps during lymphocyte 

development with V(D)J rearrangement states, expression of functional antigen-

receptor genes, and expression of other specific cell-surface markers. The 

hallmark of lymphocyte development is the successive rearrangement of antigen-

receptor genes and the expression of membrane-bound Igs and TCRs. B cell 

development is divided into four stages (Figure 2): pro-B cell (heavy chain gene 
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rearranging), pre-B cell (light chain gene rearranging), immature B cell (surface 

IgM), and mature B cell (surface IgD and IgM). The earliest B-lineage cells are 

pro-B cells, which do not have surface Igs but undergo V(D)J recombination at 

the heavy chain locus. DH to JH joining occurs earliest at the early pro-B cell 

stage, followed by VH to DJH joining at the late pro-B cell stage. Productive 

rearrangement leads to expression of an intact μ heavy chain, which is 

associated with two other proteins (VpreB and λ5) to form the pre-B cell receptor. 

Once the pre-B cell receptor appears on the cell surface, the cell enters the pre-B 

cell stage. The pre-B cell stage can be divided into two sub-stages: the large pre-

B cell stage and small pre-B cell stage. The pre-B cell receptor is expressed only 

transiently, and this stage is called the large pre-B cell stage. When the cell-

surface pre-B cell receptor is lost, the cell enters the small pre-B cell stage, in 

which light chain gene rearrangements begin. Once a light chain gene is 

assembled and a complete IgM molecule is expressed on the cell surface, the 

cell is defined as an immature B cell. Once immature B cells leave from the bone 

marrow to the peripheral lymphoid tissues, they will undergo further 

differentiation to become mature B cells that express IgD predominantly in 

addition to IgM. Even though two alleles of every antigen receptor locus are 

available for V(D)J recombination, only one antigen receptor gene will be 

expressed, which is a phenomenon called allelic exclusion (Janeway, et al., 2005; 

Jung et al., 2006). 

           Like B cells, T cells also pass through a series of stages to mature in the 

thymus. T cell development, however, is more complicated because there are 
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two distinct lineages of T cells: α/β and γ/δ. The majority T cells in humans are 

α/β T cells. According to the expression of surface markers CD4 and CD8, T cell 

development is usually divided into three stages: double-negative thymocytes 

(CD4-CD8-), double-positive thymocytes (CD4+CD8+), and single-positive 

thymocytes (CD4+CD8- or CD4-CD8+). The earliest stage is the double negative 

stage, in which the rearrangement of TCR β chain locus occurs. Productive 

rearrangement of the β locus leads to formation of the pre-T cell receptor, the 

analog of pre-B cell receptor, which leads to the arrest of further β chain gene 

rearrangement and the expression of both CD4 and CD8. T cells then enter the 

double-positive stages, in which the α chain locus begins to rearrange. Once a 

functional TCR is expressed on the surface of a double-positive thymocyte, this 

cell will undergo positive selection and negative selection, and eventually loses 

either CD4 or CD8 to become a mature single-positive thymocyte, which will 

leave the thymus for the peripheral lymphoid tissues. Interestingly, γ/δ T cells 

and α/β T cells arise from the same common progenitor cells (CD4-CD8- 

thymocytes) in the thymus. Resent studies show that complete rearrangements 

of TCR γ, δ, and β genes occur at about the same time and the rearrangement 

products are also present in both mature α/β and γ/δ T cells, suggesting that the 

lineage decision is made independent of the type of TCR, and that TCR 

expression simply enables the survival and further differentiation of selected cells. 

However, the molecular events leading to the lineage decision have not been 

fully resolved (Xiong and Raulet, 2007).  
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Figure 2.  Stages of B-lineage cell development are marked by V(D)J recombination and expression of immunoglobulin 
genes (taken from Janeway et al., 2005). 
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Figure 3.  General overview of the cleavage and joining phases of V(D)J recombination. The RAG1/2 protein complex is 
depicted as an oval. RSSs are depicted as triangles and coding gene segments are depicted as rectangles (citied from 
Swanson, 2004).
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I.A.3.  Biochemistry of V(D)J recombination 

        V(D)J recombination can be divided into two distinct phases: a cleavage 

phase and a joining phase (Figure 3). In the cleavage phase, lymphocyte 

specific factors RAG1 and RAG2 form a protein complex, RAG1/2, which 

recognizes the RSSs that flank the antigen receptor gene coding elements, and 

then breaks the DNA at the borders between each RSS and the coding element. 

In the second phase, the broken ends are rejoined to form coding joints and 

signal joints by the nonhomologous end joining (NHEJ) machinery. The 

biochemistry of V(D)J recombination is now fairly clear, even though there are 

still some uncertain aspects, such as functions of non-core regions of the RAG1 

and RAG2 proteins, assembly and functions of the post-cleavage complex, and 

the association between RAG1/2 and NHEJ factors (Gellert, 2002; Matthews and 

Oettinger, 2009). 

           At the biochemical level, V(D)J recombination is initiated when the 

RAG1/2 proteins (Schatz et al., 1989; Oettinger et al., 1990) bind to a RSS and 

then introduce a single-strand break (nick) at the 5'-end of the heptamer. 

Subsequently, the RAG1/2-RSS complex captures a second RSS so that the two 

RSSs are brought together in the context of a protein-DNA complex (synaptic 

complex or paired complex). This process is called synapsis and may be 

facilitated by two architectural proteins: high mobility group box-1 (HMGB1) and 

high mobility group box-2 (HMGB2), which are not lymphocyte specific but 

ubiquitously expressed (Swanson, 2004). Efficient recombination requires two 

RSSs: one is 12RSS (spacer has 12 nucleotides) and the other is 23RSS 
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(spacer has 23 nucleotides). This is called the 12/23 rule, which ensures 

appropriate rearrangements of gene segments (Eastman et al., 1996). After 

synapsis, the free 3' hydroxyl group exposed by nicking is then covalently linked 

to the phosphoryl group at the same nucleotide position on the opposite strand 

via direct transesterification (McBlane et al., 1995). Cleavage of both RSSs in the 

synaptic complex therefore yields two DNA hairpin coding ends and two blunt 

signal ends. These four ends are held together by the RAG1/2 proteins in a post-

cleavage complex (cleaved signal complex), whose formation completes the first 

phase of V(D)J recombination (Roth et al., 1992, Roth et al., 1993, Swanson, 

2004).  

           Both RAG1 and RAG2 are absolutely required for V(D)J recombination. 

Targeted inactivation or natural mutation of either one of the RAG proteins can 

cause a severe combined immunodeficiency (SCID) phenotype whose hallmark 

is a complete abrogation of development in both T and B lymphocytes 

(Mombaerts et al., 1992; Shinkai et al., 1992). Interestingly, the two RAG genes 

are located next to each other and are co-transcribed. Full-length RAG1 (1043 

amino acids in humans and 1040 amino acids in mice) is a protein of 120 kD, 

while full-length RAG2 (517 amino acids in humans and 527 amino acids in mice) 

is 66 kD. Due to poor protein solubility, full-length RAG proteins have never been 

purified together in a sufficient amount to perform in vitro experiments. 

Fortunately, “core” regions of both RAG1 and RAG2 have been identified to be 

catalytically active and the truncated forms of proteins are readily purified. 

Therefore, most biochemical studies of RAG activity have been performed with 
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the core RAG1/2 proteins. Although the core RAG1/2 proteins are capable of 

binding RSSs and then introducing double strand breaks in vitro, however, 

transgenic mice studies have demonstrated that DHJH rearrangements are 

impaired in core RAG1 knock-in mice, VH-to- DHJH rearrangements are reduced 

in RAG2 knock-in mice, and that decreased amounts of peripheral B and T 

lymphocytes are observed in both types of mice (Liang et al., 2002; Dudley et al., 

2003).  

           The core regions of murine RAG1 and RAG2 include residues 384-1008 

in RAG1 and residues 1-383 in RAG2, respectively (Sadofsky et al., 1993; 

Sadofsky et al., 1994). Mutational analysis of the core RAG1/2 proteins has 

identified three catalytic active amino acids in RAG1, which are required for DNA 

cleavage (Landree et al., 1999; Kim et al., 1999; Fugmann et al., 2000). The 

three amino acids are Asp-600 (D600), Asp-708 (D708), and Glu-962 (E962). 

Although the mutant RAG1/2 proteins (D600A, D708A, or E962A) are able to 

recognize and bind to RSSs, they fail to support DNA cleavage. Since several 

bacterial transposases (e.g., Tn5 and Tn10) and retroviral integrases (e.g., HIV 

integrase) also have the so-called “DDE” motif, this striking similarity adds 

another clue about the origin of the RAG proteins (Fugmann et al., 2000). 

According to the “two-metal ion” model, physiological divalent cations, such as 

Mg2+, act as a bridge between the negatively charged DDE amino acids and the 

phosphoryl groups. Therefore, the entire cleavage process can be divided into 

two steps. First, the DDE motif activates a water molecule to attack the 5' 

phosphoryl group at the junction of a heptamer and its coding flank, thereby 



 16

releasing a free 3' hydroxyl group at the coding end to generate a nick. In the 

second step, the activated 3' hydroxyl group attacks the 5' phosphoryl group at 

the opposite strand through the metal ion bridge to form a hairpin at the coding 

end (Kim et al., 1999). 

           Although it is well established that RAG1/2 can function as a recombinase 

both in vitro and in vivo, biochemical studies have demonstrated that HMGB1/2 

promotes RAG1/2-mediated binding and cleavage of isolated RSS 

oligonucleotide substrates, and facilitates synapsis and coupled cleavage of RSS 

pairs in vitro (van Gent et al., 1997). Because of the abundance and redundancy 

of HMGB family proteins, it has been difficult to study the roles of HMGB1/2 in 

V(D)J recombination in vivo. The HMGB family is the second most abundant 

nuclear protein family next to the histones. The HMGB proteins (HMGB1/2) are 

characterized by a sequence-nonspecific DNA binding and bending activity. 

Besides V(D)J recombination, these proteins have also been shown to be 

involved in transcription regulation, DNA repair and extracellular signaling (Park 

et al., 2003; West et al., 2004). Human HMGB1 contains 215 amino acids chain 

with molecular weight around 30 kD. It possesses two tandem DNA-binding 

domains (termed as box A and B, each has about 80 amino acids) followed by a 

long acidic C-terminal tail. HMGB2 protein has two similar but distinct HMG 

boxes and a shorter acidic C-terminal tail (HMGB1 has 30 amino acids and 

HMGB2 has 20 amino acids). The C-terminal tail is connected to Box B through a 

basic linker. Both boxes bind to the minor groove of DNA, but they exhibit 

different binding properties. Box A has a preference for distorted DNA structures 
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(bubbles, cruciforms), while Box B can bend a linear DNA after binding. The 

acidic tail inhibits protein-DNA interactions (Thomas and Travers, 2001; Swanson, 

2004, Bergeron et al., 2005). 

           Biochemical studies using purified proteins have provided unprecedented 

insights into the basic mechanisms of V(D)J recombination. The nonamer of an 

RSS is the binding site for the recombinase, while the heptamer guides the 

appropriate cleavage site. The length of a spacer is also important because 12 

bp is about one DNA helical turn and 23 bp is two helical turns (Spanopoulou et 

al., 1996). RAG1 is the major RSS binding protein, which binds to the nonamer of 

an RSS through the N-terminal portion of core RAG1 that is termed the nonamer 

binding domain (NBD). RAG2 alone has little DNA binding activity, but stabilizes 

the RAG1/2-RSS complex when it is associated with RAG1 (Difilippantonio et al., 

1996). In order to characterize the RAG1/2-RSS complex, an electrophoretic 

mobility shift assay (EMSA) has been used to identify two major protein-DNA 

complexes: stable complex 1 (SC1) and stable complex 2 (SC2). SC1 has been 

found to contain a RAG1 dimer and a single RAG2 molecule, whereas SC2 

contains a RAG1 dimer and a RAG2 dimer (Swanson and Desiderio, 1999; Bailin 

et al., 1999). Using a gel shift assay, Swanson demonstrated that the paired 

complex (PC) has the same components as SC2: a tetramer consisting of a 

RAG1 dimer and a RAG2 dimer (Swanson, 2002; Mundy et al., 2002). The 

addition of HMGB1/2 into the RAG1/2-RSS complex can supershift the complex 

to form HSC1 and HSC2, which suggests that HMGB1/2 stabilizes the RAG1/2-

RSS complex. This stimulation is more significant for 23RSS than 12RSS. The 
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remaining questions are where does HMGB1/2 bind to DNA and how does 

HMGB1/2 stimulate cleavage? A plausible model is that HMGB1/2 binds to a 

spacer region proximal to a nonamer and enhances DNA distortions to facilitate 

the contact of RAG1 to a heptamer (Swanson, 2002).  

           Despite the rapid progress of in vitro studies, we are still far from 

understanding the molecular mechanisms of V(D)J recombination in vivo. How 

does RAG1/2 access RSSs in the context of chromatins? How is RAG1/2 

associated with RSSs? How does RAG1/2 cause genomic instability? These are 

questions remainning unresolved. Although the in vitro footprinting assay 

provides us with a powerful tool to study the RAG1/2-RSS interactions, there are 

certain limitations. First, the footprinting experiments were performed using 

purified RAG proteins, which do not reflect the real protein level in vivo. Detection 

of the physiological RAG1 level is still problematic. One possibility is that there is 

a large molar excess of RAG2 over RAG1 (Leu and Schatz, 1995). Second, the 

footprinting experiments examined only the consensus RSSs from the Igκ locus. 

There are great sequence variations in endogenous RSSs. The variations exist 

not only in nonamers and heptamers, but also in spacers and coding flanks. 

Several lines of evidence demonstrate that spacers and coding flanks may also 

affect the binding and cleavage activity of RAG1/2 (Lee et al., 2003; Gerstein and 

Lieber, 1993). Finally, the milieu in the nucleus is much more complicated than in 

vitro reactions. Numerous trans-acting factors might be weakly associated with 

the RAG1/2 complex, such as histones, HMGB family proteins, transcriptional 

factors (E2A, PAX5), and DNA repair enzymes (ATM, DNA-PK), making up the 
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so-called “V(D)J recombination factory” (Raval et al., 2008; Matthews and 

Oettinger, 2009). More importantly, in the nucleus the genomic DNA is packed 

into nucleosomes, rather than the naked DNA used in in vitro reactions. All of 

these limitations greatly impede our understanding of the molecular mechanisms 

of V(D)J recombination. 

           The second challenge is the “accessibility” problem. As mentioned earlier, 

V(D)J recombination is lineage- and stage- specific, which leads to the  

“accessibility hypothesis” (Yancopoulos and Alt, 1986). The hypothesis 

postulates that various gene segments of the antigen receptor loci become 

accessible for recombination only at the appropriate time during B and T 

lymphocyte development. Although it is widely believed that the “opening” of 

antigen receptor gene loci in V(D)J recombination is analogous to transcriptional 

activation, the exact mechanisms remain elusive. Since the prerequisite for both 

processes is alterations in chromatin structures, intensive studies on the link 

between V(D)J recombination and histone modification that is the hallmark of 

chromatin structure changes have been performed.  Recently, a RAG2 plant 

homeodomain (PHD) finger (414-487 amino acids), has been shown to interact 

with histone H3 which is trimethylated at the lysine in the fourth position 4 

(H3K4me3). Chromatin immunoprecipitation analysis demonstrates that 

enrichment of H3K4me3 at IgH locus exists only in pro-B cells, but not in other 

types of cells. In addition, the deposition of H3K4me3 is temporally coincident 

with the initiation of V(D)J recombination. This interaction has also been 

scrutinized by crystallization of the RAG2 PHD finger bound to H3K4me3. 
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Functional analysis shows mutations that abrogate the recognition of H3K4me3 

by the PHD finger severely impair V(D)J recombination in vivo. Although it is 

postulated that H3K4me3 makes the antigen receptor gene loci become more 

accessible, the exact mechanisms remain unclear and are currently under active 

study. The interaction between the RAG2 PHD finger and histone methylation is 

the first evidence to demonstrate the association between V(D)J recombination 

and chromatin structure alterations. (Liu et al., 2007; Matthews et al., 2007; 

Ramon-Maiques et al., 2007). 

                 Finally, genome instability caused by V(D)J recombination is of great 

interest because DNA damage during gene rearrangements is believed to be one 

of the principal underlying causes of lymphoid neoplasia. There are multiple ways 

to yield genome instability. First, the broken coding ends that remain on the 

chromosome can be rejoined with broken ends randomly generated on other 

chromosomes, which could lead to chromosomal aberrations. Second, the 

excised, broken signal ends may target other chromosomes through 

transposition or alternative pathways. The last mechanism is called illegitimate 

V(D)J recombination, which will be discussed in the next section.  

           As mentioned earlier, the second phase of V(D)J recombination is the 

joining phase (Figure 3). The formation of a post-cleavage complex indicates the 

end of the cleavage phase. It is possible to isolate such a complex including all 

four cleaved ends after coupled cleavage in vitro (Hiom and Gellert, 1998). 

Signal ends remain tightly bound to RAG1/2 until its expression is downregulated 

at around G1/S transition, and are eventually joined to form signal joints after G1 
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phase. The stable complex with signal ends bound to RAG1/2 is called signal 

end complex (SEC). (Ramsden and Gellert, 1995; Jones and Gellert 2001). 

Coding ends, however, are present in the post-cleavage complex at lower levels 

than signal ends, suggesting that they are only loosely bound (Hiom and Gellert, 

1998). These data are consistent with observations that signal ends are much 

more abundant than coding ends in thymocytes and bone marrow cells, which 

suggest that signal ends have a longer life span than coding ends (Roth et al., 

1992; Livak and Schatz, 1996). The released hairpin ends are quickly opened, 

processed and joined together to form coding joints, which are usually retained in 

the chromosomes. Genetic and biochemical studies indicate this joining is 

accomplished by the NHEJ machinery, which includes DNA-dependent protein 

kinase catalytic subunit (DNA-PKcs), Ku70, Ku80, Artemis,  x-ray 

complementation complex 4 (XRCC4), DNA ligase IV, and XRCC4-like-factor 

(XLF). The joining of coding ends begins with the Ku70/Ku80 heterodimer 

binding to free DNA ends, which activates DNA-PKcs. The role of DNA-PKcs is 

to phosphorylate and activate Artemis, which functions as a structure-specific 

endonuclease that targets the coding end hairpins for opening. Artemis shows 

bias toward nicking at 3' end of hairpins to generate asymmetrical ends, which 

are subsequently processed by a variety of factors including exonucleases and 

terminal deoxynucleotidyl transferase (TdT). This random joining will introduce a 

high degree of variability into coding joints and greatly increase the diversity of 

the immune repertoire (Ma et al., 2002). Finally, the processed ends are joined 

by the DNA ligase complex including DNA ligase IV, XRCC4, and XLF. Unlike 
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coding ends, signal ends appear to persist in cells for an extended period. The 

joining is almost always precise without the addition or loss of nucleotides, which 

also requires the Ku heterodimer and DNA ligase IV complex. Signal joints 

generated by excision stay extra-chromosomal and are believed to be lost during 

cell division (Rooney et al., 2002; Rooney et al., 2004). 

           Surprisingly, there is an alternative outcome of V(D)J recombination. A 

signal end can be joined to the coding flank of its partner to form a hybrid joint, 

while joining of a signal end to its original coding flank will form an open-and-shut 

joint, which can only be recognized if the junction sequence is altered (Figure 4). 

Low levels of both hybrid joints and open-and-shut joints have been detected at 

the antigen receptor loci, and the increased amount of these aberrant joints can 

be found in NHEJ-deficient cells. Gellert and colleagues demonstrated that 

RAG1/2 can catalyze a reversal of DNA strand cleavage reaction in which the 

signal ends attack the coding end hairpins to form open-and-shut and hybrid 

joints in vitro (Melek et al., 1998). This type of reaction was interpreted as a 

special form of transposition in which the signal ends attack other DNA 

molecules catalyzed by RAG1/2. The existence of these aberrant joints was also 

regarded as support for the transposon hypothesis. Subsequent studies have 

also showed that hairpins and stem loops are preferred transposition targets (Lee 

et al., 2002). During the post-cleavage complex stage, RAG1/2-generated 

hairpins are most likely targets for the signal ends. Therefore, the formation of 

these aberrant joints reduces the likelihood of dangerous interchromosomal 

transposition in vivo. 
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Figure 4.  Standard and nonstandard products of V(D)J recombination. Coding 
joint and signal joint are normal recombination products. Joining of one signal 
end to the coding flank of its partner generates a hybrid joint. Breakage and 
rejoining of a signal end to the same coding flank forms an open-and-shut joint, 
which can only be recognized if the junctional sequence has been changed. 
RSSs are depicted as triangles and coding flanks are depicted as rectangles. 
Sequence changes in junction are depicted as hatched boxes. 
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           Genetic studies showed that NHEJ-deficient mice exhibit SCID 

phenotypes. The loss of mature lymphocytes has been attributed to the p53-

dependent apoptosis of lymphocyte precursors provoked by RAG1/2-mediated 

DNA double strand breaks. A minor population of lymphocytes, however, is able 

to partially or completely accomplish rearrangements at certain antigen receptor 

loci, indicating an alternative DNA repair pathway exists to join some broken 

ends (Frank et al., 2000). Interestingly, a mutant form of RAG2 (FS361, a 

frameshift mutation changes the last 27 amino acids starting from residue 361 at 

the C-terminal portion of the core RAG2 protein), has recently been shown to 

facilitate a poorly understood, error-prone pathway (or set of pathways), which is 

termed alternative NHEJ. Therefore, the previous NHEJ pathway is called 

classical NHEJ (Corneo et al., 2007). Although the normal physiological function 

and molecular mechanisms of alternative NHEJ remain unknown, it has been 

characterized by junctions bearing frequent microhomologies, excessive 

deletions, and chromosomal translocations. This mutant allows RAG1/2-

generated DSBs to access the alternative NHEJ pathway in wild-type cells, 

where the classical NHEJ machinery is intact, and it also rescues joint formation 

in classical NHEJ-deficient cells. It remains unclear how the C-terminal portion of 

the core RAG2 protein determines whether DSBs are joined by classical or 

alternative NHEJ. There are two possibilities. First, the C-terminal portion of core 

RAG2 is involved in stabilizing/destabilizing the post-cleavage complex, which 

guides the broken ends to the classical NHEJ pathway. Second, the C-terminal 

portion of core-RAG2 may interact with components of the classical NHEJ 
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machinery, reminiscent of the N-terminal portion of RAG1 which has been found 

to interact with Ku70/80 (Raval et al., 2008). These two models, however, are not 

necessarily mutually exclusive. 

 

I.B. Illegitimate V(D) J recombination 

           V(D)J recombination is one of the major mechanisms involved in 

formation of mammalian adaptive immunity that allows lymphocytes to respond 

with great specificity to seemingly unlimited antigens while relying on a small 

quantity of genetic capacity. The cost, however, is genomic instability and 

potential contribution to lymphoid malignancies, including lymphomas, leukemias 

and multiple myelomas (Kupper, 2005; Schlissel et al., 2006). According to the 

American Cancer Society, ~110,000 new cases of lymphoid malignancies are 

expected to be diagnosed in 2008, which are the fifth most common form of 

cancer in the United States (http://www.cancer.org). Although chromosomal 

abnormalities, including translocations (most common), deletions, and inversions, 

have long been accepted as a hallmark of lymphoid malignancies, the molecular 

mechanisms of these events remain poorly understood. However, a close 

relationship between chromosomal abnormalities and V(D)J recombination is 

frequently observed. For example, the reciprocal translocation B cell lymphoma 2 

(Bcl-2)/IgH is thought to be generated by V(D)J recombination (Cotter et al., 

1990). The involvement of this gene rearrangement is based on the observation 

that the translocation breakpoints are close to the RSS sites of either a JH gene 

segment or a DHJH joint. It is further supported by the fact that the breakpoints 
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contain newly added nucleotides resembling N sequences and finally confirmed 

by DNA sequencing analysis of DH/Bcl-2 joints that have germline sequences at 

the 5' ends of DH. The preservation of germline sequences argues against the 

idea that these translocations are mediated through a DSB in an already 

rearranged VHDHJH joint. After translocation, the fusion gene is deregulated and 

causes the overexpression of the Bcl-2 anti-apoptotic protein in B lymphocytes, 

eventually leading to follicular lymphoma. One thing worth bearing in mind that B 

cells that carry chromosomal translocations involving the Ig loci can be found at a 

low frequency in normal mice and humans, which suggests a multi-step 

transformation process during B cell carcinogenesis (Kuppers and Dalla-Favera, 

2001). 

           Like the Bcl-2/IgH translocation, most chromosomal translocations occur 

between proto-oncogenes and Ig or TCR loci. While the involvement of V(D)J 

recombination in the generation of DSBs at Ig or TCR loci is generally clear-cut, 

the origin of the DNA breaks at the proto-oncogenes is less obvious. Since 

RAG1/2 is the recombinase for V(D)J recombination and it can cleave DNA 

molecules, it is reasonable to propose that RAG1/2 also causes DSBs at the 

proto-oncogene breakpoints. As mentioned earlier, RAG1/2 can recognize, bind 

and cleave a specific sequence motif, the 12- or 23-RSS. Nevertheless, DNA 

sequencing analysis demonstrated that most endogenous RSSs flanking V, D, 

and J gene segments at the antigen receptor gene loci, which are called 

authentic RSSs, contain some degree of divergence in their sequences and thus 

have varied RAG1/2 binding and cleavage levels (Hesse et al., 1987; Ramsden 
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et al., 1996). Not surprisingly, the flexibility of RAG1/2 to recognize a large panel 

of variant RSSs presents a considerable threat to genomic stability because it 

increases the chance that some cryptic RSSs (cRSSs), which lie outside the 

antigen receptor loci but have similar heptamer and/or nonamer sequences to 

the canonical RSSs (especially the first three residues of the heptamer, 5'-CAC-

3', which are often considered as a prerequisite for a functional RSS), might be 

mis-targeted by RAG1/2 to form chromosomal translocations. Therefore, this 

type of aberrant V(D)J recombination which can produce DNA DSBs outside the 

antigen receptor loci to form chromosomal abnormalities is called illegitimate 

V(D)J recombination.  

           It has been estimated that about 10 million cryptic RSSs are present in the 

human genome that support V(D)J recombination to ≥1% of a consensus RSS. 

(Lewis et al., 1997). However, other than the presence of a CAC motif at the 5' 

end of the heptamer, the degree of sequence variation observed among 

individual cRSSs known to support detectable levels of V(D)J recombination is 

too great to allow accurate de novo prediction of cRSS functionality. To address 

this issue, a computational algorithm to determine the “recombination information 

content” (RIC) within a given sequence to predict its potential to support V(D)J 

recombination was developed by Cowell and colleagues (Cowell et al., 2004).  

Using RIC scores set to physiological threshold levels ≥-40 for a 12RSS and ≥-60 

for a 23RSS, the authors concluded that the number of functional cRSSs in the 

human genome may be 10-fold less than reported earlier, but nevertheless are 

highly abundant.  
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           Some cryptic RSSs have been identified at chromosomal translocation 

breakpoints from patients with lymphoid malignancies, usually leading to the 

belief that these sequences are mis-recognized and cleaved by the RAG1/2 

proteins. Among these cryptic RSSs, LMO2 [t(11;14)(p13;q11)] (Cheng et al., 

1990), Ttg1 [t(11;14)(p15;q11)] (Boehm et al., 1988), TAL1 [t(1;14)(p34;q11)] 

(Chen et al., 1990), and Hox11 [t(10;14)(q24;q21)] (Kagan et al., 1989), and 

SIL/SCL (1p32 interstitial deletion) (Aplan et al., 1990) are the best studied 

examples. Although it has long been believed that Bcl-2/IgH translocation is also 

caused by mis-targeting of RAG1/2, no convincing cRSS has been found near 

the breakpoints at the Bcl-2 loci. Interestingly, most breakpoints of the Bcl-2 gene 

fall into a region termed major breakpoint region (Mbr). In their elegant study, 

Lieber and colleagues demonstrated that Bcl-2 Mbr appears to adopt a non-B 

DNA structure that is cleaved by RAG1/2 through the introduction of staggered 

nicks at the transition between single and double-stranded DNA (Raghavan et al., 

2004). This novel finding not only enriches our understanding of normal V(D)J 

recombination, but also provides us a new mechanism for illegitimate V(D)J 

recombination, which allows us to reevaluate those chromosomal translocations 

that were previously thought to undergo a RAG1/2-independent pathway.  

 

I.C. Hypothesis 

           Although it is well understood that chromosomal translocations and 

deletions arise from DNA breaks, the biochemical mechanisms underlying these 

breaks are not fully characterized. Previous studies have revealed that some 
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cryptic RSSs can serve as a functional but less efficient RSS using an 

extrachromosomal V(D)J recombination assay. The recombination intermediates 

(cleavage products), however, have never been formally characterized. Thus, it 

remains unclear how RAG1/2 recognizes and cleaves these DNA sequences at 

the proto-oncogene loci. Recent studies have also suggested that RAG1/2-

mediated structure-specific cleavage may cause chromosomal translocations as 

well. Since a nick-hairpin pathway is the standard cleavage mechanism for an 

authentic RSS, I hypothesize that sequence- and structure-specific DNA motifs 

can be cleaved by RAG1/2 through the nick-hairpin mechanism.  
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CHAPTER II 

General methods 

II.A. Protein expression and purification 

II.A.1. RAG1/2 expression and purification 

           Eukaryotic expression constructs encoding maltose binding protein (MBP), 

fused to various forms of RAG1 and RAG2 (Figure 5), including wild-type, 

catalytically inactive (D600A) or gain-of-function (E649A, Kriatchko et al., 2006) 

forms of core RAG1(aa384-1040), wild-type or truncated forms of core RAG2 

(aa1-387 and aa1-360, respectively), and wild-type forms of full-length 

RAG1(aa1-1040) or RAG2 (aa1-517), were transiently transfected to 293 human 

embryonic kidney cells and proteins were purified using affinity chromatography, 

as described previously (Swanson, 2001). Co-purified RAG1 and RAG2 proteins 

are indicated as RAG1/2. For example, the co-purified core RAG1 and core 

RAG2 proteins were indicated as core RAG1/2 (cMR1/cMR2). The co-purified 

core RAG1 and full-length RAG2 or full-length RAG1 and core RAG2 proteins 

were indicated as cMR1/FLMR2 and FLMR1/cMR2, respectively. 

           Cell cultures were maintained under standard culture conditions (37 °C 

and 5% CO2) in 1x Dulbeccoo’s Modified Eagle Medium (DMEM, Hyclone, Logan, 

UT). The medium was supplemented with 50 units/ml penicillin G and 50 µg/ml 

streptomycin (BioWhittaker, Walkerville, MD), and with 10% fetal bovine serum  

 (FBS, Hyclone, Logan, UT), followed by filtering using a 0.45 µm cellulose 

acetate filter (Corning 500 ml filter system, Corning, NY). 
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Figute 5.  A schematic diagram of various RAG proteins used in this study. The 
designations are on the left and the amino acids are also indicated (in 
parentheses). “WT”, wild-type; “c”, core; “FL”, full-length; “M”, MBP (maltose-
binding protein); “R”, RAG. 
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           Cells were plated onto 150mm x 25mm culture dishes (Corning Inc, 

Corning, NY). When confluent, cells were harvested and split at a 1:5 ratio. 

Twenty-four hours after splitting, the medium was changed and cells were 

incubated for four hours before transfection. Cells were transfected with various 

expression vectors by using polyethyleneimine (PEI, Linear, Mw 2,500. 

Polysciences Inc., Warrington, PA), which is a polymer that can efficiently deliver 

charged molecules (like plasmid DNA) into the cytoplasm through the cell lipid 

bilayer (Godbey et al., 2000). For transfections, a total amount of 20 µg of 

plasmid DNA was added to a 0.9% NaCl solution (w/v, filtered). For example, in 

order to obtain co-expressed RAG1/2 proteins, 10 µg of DNA from each plasmid 

was added, followed by 60 µg of PEI. After a brief vortex, the transfection mixture 

was incubated for 10 minutes at room temperature. Generally, five plates were 

needed for purification of core RAG1/2 and seven plates were needed for full-

length proteins (cMR1/FLMR2 or FLMR1/cMR2). Cells were harvested forty-eight 

hours after transfection using phosphate-buffered saline (PBS)-EDTA (137 mM 

NaCl, 27 mM KCl, 43 mM KH2PO4, 14 mM Na2HPO4, 2 mM EDTA, pH 8.0), 

followed by  centrifugation at 274 x g for 10 minutes at 4 °C (1,250 rpm, 

Beckman GH 3.8). After removal of supernatants, pellets were frozen on dry ice 

and stored at -80°C. 

           Proteins were purified using two methods: a standard high-salt method 

(Bergeron et al., 2006) or a mild low-salt method (Raval et al., 2008). Protein 

purification was performed at 4 °C to avoid degradation of proteins. For the high-

salt method, each cell pellet was thawed on ice, and then resuspended in 3.75 ml 
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of lysis buffer (10 mM sodium phosphate, pH 7.4, 0.5 M NaCl, 1 mM dithiothreitol 

[DTT], 0.25% Tween 20 [v/v]). The cell lysates were put into a Dounce tissue 

grinder (Wheaton Science Products, Millville, NJ) and homogenized with 20 

strokes using a type A pestle. The homogenates were then centrifuged at 46,000 

x g (22,000 rpm, Beckman SW55Ti rotor) for 40 minutes at 4 °C, and the 

supernatants were passed over 1 ml amylose resin (New England Biolabs, 

Ipswich, MA) packed in a Poly-Prep chromatography column (Bio-Rad, Hercules, 

CA). The resin was first equilibrated in 2 ml lysis buffer by gravity flow, then 

loaded with the supernatants, and next washed with 10 ml lysis buffer ( the final 5 

ml buffer lacked Tween 20). Finally, the MBP-RAG proteins were eluted with 1.2 

ml lysis buffer containing 10 mM maltose (also lacking Tween 20). The first 400 

µl of eluate was discarded to account for the void column volume, and the next 

800 µl of eluate was collected. The elute was dialyzed (Spectra/Por 12,000-

14,000 MWCO, Spectrum Laboratories Inc., Rancho Dominguez, CA) in 1,000 ml 

dialysis buffer (25 mM Tris-HCl, pH 8.0, 150 mM KCl, 2 mM DTT, and 10% 

glycerol [v/v]) for three hours. Aliquots were snap-frozen in liquid nitrogen and 

stored at -80 °C.  

           For the low-salt method, each cell pellet was resuspended in 3 ml lysis 

buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES, pH 

7.4], 150 mM KCl, 10 mM MgCl2, 10% glycerol, 2 mM DTT and protease 

inhibitors [10 µM leupeptin, 2 µM pepstatin A and 100 µM 

phenylmethanesulphonylfluoride (PMSF)] and subjected to three cycles of 

sonication for 90 seconds at 22-25% amplitude (Fisher Scientific Sonic 
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Dimembranator Model 500, Pittsburgh, PA). The lysates were centrifuged at 

46,000 x g (22,000 rpm, Beckman SW55Ti rotor) for 30 minutes at 4 °C, and the 

supernatants were passed over 1 ml amylose resin pre-equilibrated with 2 ml 

lysis buffer. The column was washed with 10 ml lysis buffer (the final 5 ml lacked 

protease inhibitors), and the MBP-RAG proteins were eluted with 1.2 ml lysis 

buffer containing 10 mM maltose (also lacking protease inhibitors). The purity of 

purified proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and protein concentrations were measured on a 

plate spectrophotometer (Molecular Devices, Sunnyvale, CA) at 595 nm using 

Coomassie Plus Protein Assay Reagent (Pierce, Rockford, IL). 

 

II.A.2. HMGB1/HMGB2 expression and purification 

           Full-length, truncated, or mutant forms of amino-terminal polyhistidine-

tagged HMGB1 (Figure 6) were expressed in E. coli and purified as described 

previously (Bergeron et al., 2005; Bergeron et al., 2006). Truncation mutants 

include HMGB1-Box A (contains box A only), HMGB1-Box B (contains box B 

only), HMGB1-Box B’ (contains box B and the acidic tail), HMGB1-Basic (lacks 

the acidic tail only), HMGB1-Tailless (lacks both the basic linker and acidic tail), 

and HMGB1-Shuffled (boxes A and B are switched, and also lacks the basic 

linker and acidic tail). Mutant forms of full-length HMGB1 contain ten consecutive 

alanine substitutions (A10) in box A (HMGB1-mtA, residues 18-27), box B 

(HMGB1-mtB, residues 102-111), or both (HMGB1-mtAB). These  
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Figure 6.  A schematic diagram of full-length, truncated, and mutant forms of 
recombinant HMGB1 and HMGB2 used in this study. The amino-terminal 
polyhistidine tag (His6), the HMG box domains (rectangles), the basic linker 
(heavy line) and the acidic tail (oval) are indicated schematically.  Truncation 
mutants are shown comprising either a single HMG-box A domain (Box A) or a 
single HMG-box B domain lacking or containing the basic linker and acidic tail 
(Box B and B’, respectively).  Other truncation mutants containing both HMG-box 
domains lacking the acidic tail only (Basic) or both the basic linker and acidic tail 
(Tailless) are also shown.  A form of tailless HMGB1 in which the order of the 
HMG-box domains is reversed was also prepared (Shuffled).  Mutant forms of 
full-length HMGB1 contain ten consecutive alanine substitutions (A10) in box A 
(mtA, residues 18-27), box B (mtB, residues 102-111), or both (mtAB). A mutant 
form of HMGB2 which lacks the basic linker and acidic tail is also shown.   
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mutations replace key residues (Arg24 in box A and Arg110 in box B) known to 

mediate contacts to the DNA backbone and promote DNA bending (Ohndorf et 

al., 1999; Stott et al., 2006). A mutant form of HMGB2 which lacks the basic 

linker and acidic tail was also used (Swanson, 2002). The purity of purified 

proteins was confirmed by SDS-PAGE, and protein concentrations were 

measured on a plate spectrophotometer (Molecular Devices) at 595 nm using 

Coomassie Plus Protein Assay Reagent (Pierce). 

 

II.B. Oligonucleotide substrate preparation and labeling 

II.B.1. Short oligonucleotide substrate labeling 

           The labeling procedure was performed according to a previously 

published manuscript (Bergeron et al., 2006). Short oligonucleotide substrates 

(less than 100 nucleotides in length) were synthesized commercially and those 

over 35 nucleotides (nt) in length were purified further by non-denaturing 

polyacrylamide gel electrophoresis (PAGE) by the vendor (IDT Inc., Coralville, 

IA). The sequences of consensus or cryptic RSSs are shown in Table 1 (top 

strand only). For example, the top strand of the 12RSS (DAR39 [5'-

GATCTGGCCTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCTGCAG-3'] 

or the 23RSS (DAR61 [5'-

GATCTGGCCTGTCTTACACAGTGGTAGTACTCCACTGTCTGGCTGTAACAAA

AACCCTGCAG-3']) contains a 16 nt coding sequence, a consensus heptamer 

and nonamer (underlined), separated by either 12 or 23 nucleotides (12RSS and 

23RSS, respectively), and a 6 nt coding sequence at the 3' end (McBlane et al., 
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Table 1    Consensus and cryptic RSSs used in this study 
 
 

 
 
a Nonconsensus nucleotides are underlined. 
b Based on published data (Raghavan et al., 2001). TAL1 recombination efficiency estimated from another published 
study (Marculescu et al., 2002). 
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1995). The top strand of the bps6197 (5'-

TCCCCGAAAAGTGCCACCTGACGTCTAAGAAACC 

ATTATTATCATGACATTAACCTATAAA-3') has similar components (positions 

equivalent to the 23RSS heptamer and nonamer motifs are underlined). 

Derivatives of the bps6197 containing mutations at positions indicated in the text 

were also used.   

           Standard intact duplex oligonucleotide substrates were assembled from 

two complementary short oligonucleotides. To prepare the intact substrate, the 

top strand DNA (10 pmol) was 5'-end labeled in a 20 µl reaction containing [γ- 

32P] ATP (6000 Ci/mmol, Perkin Elmer Life Science, Boston, MA) and T4 

polynucleotide kinase (10 units, Invitrogen, Carlsbad, CA). After incubation at 37 

°C for 1 hour, the kinase was inactivated by incubation at 65 °C for 20 minutes. 

One µl of the labeled DNA was removed and the remaining DNA was annealed 

to a five-fold excess of its unlabeled complement. To determine the annealing 

efficiency and to remove the unlabeled DNA and free [γ- 32P] ATP, the annealed 

substrates were loaded onto a 10% non-denaturing polyacrylamide gel (19:1 

acrylamide:methylene(bis)acrylamide, prepared in 1 x Tris-Borate-EDTA [TBE] 

buffer using a SE400 gel apparatus [Hoefer Inc, San Francisco, CA]) and 

fractionated at 250 V for 2 hours at room temperature. The gel was wrapped in 

Saran wrap and exposed to a film (BioMAX MR, Kodak, New Haven, CT) for 1 

minute in a dark room, and developed on a Konica medical film processor (Model 

#: SRX-101A, Konica Minolta, Wayne, NJ). After the film was developed, the 

annealed DNA was excised from the gel using the developed film as a template 
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and electro-eluted using a gel-eluter (Hoefer GE200 SixPac Gel Eluter, Hoefer 

Inc). Briefly, the excised DNA was placed into an elution tube containing 300 µl of 

1 x TAE (40 mM Tris-acetate, 1 mM EDTA). The tube was then capped with a 

blotting paper disk and a porous polyethylene plug, and the bottom nub was also 

cut off. The elution tube containing labeled DNA was placed into a 1.5 ml 

microcentrifuge tube having 150 µl of 4 x TAE (160 mM Tris-acetate, 4 mM 

EDTA). The DNA was subjected to electrophoresis at 60 V for 40 minutes with a 

5-second reverse field pulse at the end of the run. After elution, the collected 

sample was loaded onto a G25 Sephadex desalting column (NAP-5, Amersham 

BioScience-GE Healthcare, Piscataway, NJ) pre-equilibrated in elution buffer (10 

mM Tris-HCl, pH 8.0). Fractions (3 drops for each fraction) were collected and 

the radioactivity was measured using an LSC6500 liquid scintillation counter 

(Beckman Coulter, Fullerton, CA). When fresh [γ- 32P] ATP was used, the most 

radioactive fractions usually contained 50,000-100,000 cpm/µl (~1 x 107 

cpm/pmol) substrates, which could be stored at -20 °C for two weeks. 

           To prepare the duplex oligonucleotide substrates containing nicks at the 

5'-position of the heptamer (nicked substrates), three oligonucleotides were 

needed. For example, in order to radiolabel nicked 12 or 23 RSS, PCS1 

(containing the 5'-coding flank of the top strand of 12 or 23 RSS, Table 1) was 5'-

radiolabeled with γ-32P-ATP using T4 polynucleotide kinase in the same way as 

the intact substrates. The radiolabeled PCS1 was annealed to either the 12RSS 

or 23RSS signal end oligonucleotides (containing a 5'-phosphorylated top strand 

of either the 12RSS or 23RSS sequence starting from the heptamer) and the 
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corresponding bottom strand. The signal end oligonucleotides used to assemble 

nicked substrates include a 5'-phosphate introduced during chemical synthesis. 

The labeling of 12 or 23 RSS signal end duplex substrates was essentially 

identical to the labeling of intact substrates, except using signal end 

oligonucleotides instead of the intact 12 or 23 RSS oligonucleotides. To prepare 

the unlabeled partner RSS duplex substrates or signal end duplex substrates, 

equal volumes of complementary DNA stocks (for example, 100 µM of DAR39 

and DAR40 dissolved in TE buffer were used for making unlabeled 12RSS) were 

boiled for five minutes, followed by slow annealing at room temperature.  

 

II.B.2. Plasmid substrate preparation and long oligonucleotide substrate 

labeling 

           V(D)J recombination plasmid substrates pGG49 and its derivatives 

containing consensus or cryptic RSSs are shown in Figure 7. Derivatives of 

pGG49 lacking the 12RSS (6197/23 only), 23RSS (6197/12 only), or both (6197 

only) were generated by SalI or BamHI digestion, or sequental digestion. 

Derivatives of pGG49 in which the 12RSS is removed and the 23RSS is replaced 

by a 12RSS in the same orientation or reverse orientation (6197/23R12SO and  

6197/23R12RO, respectively) were prepared by removing the 23RSS from the 

6197/23 only substrate by BamHI digestion and ligating the plasmid backbone to 

an oligonucleotide duplex prepared by annealing complementary 

oligonucleotides 23R12Top (5'-

GATCCCACAGTGATACAGCGCTTAACAAAAACCCTCGG-3') to 23R12Bot (5'- 
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Figure 7.  A schematic diagram of V(D)J recombination plasmid substrates.  The 
vector pGG49 contains a consensus 12RSS and a consensus 23RSS. Cryptic 
12RSSs or 23RSSs are cloned by SalI digestion or BamHI digestion, respectively. 
A consensus RSS is indicated as a triangle and a cryptic RSS is indicated as a 
triangle inside of a box. 
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GATCCCGAGGGTTTTTGTTAAGCGCTGTATCACTGTGG -3'). After 

transformed by the ligation products, the clones were screened for the presence 

of an engineered AfeI restriction site and sequenced to verify the orientation of 

the 12RSS (Pg. 116). 

           To generate variants of pGG49 containing mutations in the inverted repeat 

sequence (6197 mIR, Pg. 129), a DNA fragment was amplified from pGG49 by 

PCR with primers 6000F (5'-TATTGTCTCATGAGCGGATAC-3') and 6103R (5'-

TTCTTAGACGTCAGGTGGGTATTTTCGGGGAAATG). The PCR product was 

cloned using the Topo-TA cloning kit (Invitrogen) and the sequence was verified. 

A DNA fragment containing the mutated inverted repeat sequence was 

introduced into pGG49 or its derivative lacking a 23RSS (6197/12 only) by 

cassette replacement using BsrBI and AatII. To generate the version of pGG49 

containing mutations in the bps6197 nonamer motif (Pg. 132), a DNA fragment 

was amplified from pGG49 by PCR using primers mNonF (5'-

CCACCTGACGTCTAAGAAACCATTATTATCATGGGTGCTTAATATAAAAATAG

GCGTATCAGC-3') and 6624R (5'-GAACGGTGGTATATGGAGTG-3'). The PCR 

product was cloned and sequenced as described above and subsequently 

introduced into pGG49 or 6197/12 only by cassette replacement using AatII and 

SpeI. 

           The V(D)J recombination plasmid substrate pJH299 has been described 

elsewhere (Hesse et al., 1989). Derivatives of pJH299 in which the 23RSS is 

replaced by the bps6197 sequence in the same or reverse orientation 

(12/6197SO and 12/6197RO, respectively; Pg. 143) were generated in two steps. 
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In the first step, the bps6197 sequence was removed from pJH299 by amplifying 

a DNA fragment from pJH299 by PCR using primers 2495F (5'-

GGTTCCTTCATGCATAAAGTG-3') and 4023R (5'-

CACCTGACGTCGGCGTATCACGAG-3'). The PCR product was cloned and 

sequenced as described above, and introduced into pJH299 by cassette 

replacement using AatII and NsiI. In the second step, the 23RSS was replaced 

by the bps6197 sequence by removing the 23RSS by BamHI digestion, ligating 

the plasmid backbone to an oligonucleotide duplex prepared by annealing 

complementary oligonucleotides bps6197Top (5'-

GATCCAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAAC

CTATG-3') and bps6197Bot (5'-

GATCCATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCA

CTTTG-3'). After transformation, the clones were screened for the presence of 

an AatII restriction site and sequenced to verify the orientation of bps6197. For 

12/6197SOMt, the 23RSS was replaced by bps6197Mt sequence using the same 

strategy except that the heptamer of bps6197 was replaced by the heptamer of 

consensus 23RSS. 

           The labeling of long DNA fragments (~650 bp) was performed by using a 

PCR to amplify plasmid substrates, according to a previously published 

manuscript (Zhang and Swanson, 2009). Briefly, 10 pmol of commercially 

synthesized PCR forward primer 6000F (5'-TATTGTCCTCATGAGCGGATAC-3') 

was 5'-end labeled in a 20 µl reaction containing [γ- 32P] ATP (6000 Ci/mmol, 

Perkin Elmer Life Science) and T4 polynucleotide kinase (10 units, Invitrogen). 
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After incubation at 37 °C for 1 hour, the labeled primer passed through a G25 

Sephadex spin column (Amersham BioScience-GE Healthcare) to remove the 

unlabeled DNA and free [γ- 32P] ATP. A DNA fragment DNA was amplified from 

plasmid DNA by PCR using radiolabeled primer 6000F and unlabeled reverse 

primer 6624R (5'-GAACGGTGGTATATCCAGTG-3'). PCR reactions (100 µl final 

volume) containing plasmid template DNA (70 ng) and primers (20 pmol each) 

were subjected to initial denaturation at 95 °C for 4 minutes, followed by 30 

cycles of amplification (95 °C for 45 seconds, 56 °C for 30 seconds, and 72 °C 

for 60 seconds) and a final extension (72 °C for 4 minutes).  PCR products were 

isolated using a QIAquick PCR purification kit (Qiagen, Hercules, CA), and eluted 

in 50 µl of buffer EB (10 mM Tris, pH 8.0). The eluted DNA was fractionated on a 

vertical agarose gel (1.4%) at 150 V for 1.5 hour at room temperature. The gel 

was wrapped in Saran wrap and exposed to a film (BioMAX MR, Kodak) for 1 

hour in a dark room, and developed on a Konica medical film processor (Model #: 

SRX-101A, Konica Minolta). After the film was developed, the PCR product was 

excised from the gel using the developed film as a template and the DNA was 

purified using a QIAquick Gel Extraction Kit (Qiagen) except that the excised gel 

was incubated at 37 °C instead of 55 °C. The radiolabeled long DNA substrate 

was typically eluted in 50 µl of buffer EB (10 mM Tris, pH 8.0), yielding ~10,000-

20,000 cpm/µl radioactivity using fresh [γ- 32P] ATP. The DNA could be stored at 

-20 °C for about two weeks. 

 

II.C. In vitro cleavage assay 
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II.C.1. In vitro cleavage of short oligonucleotide substrates 

           The in vitro cleavage assay was performed according to a previously 

published procedure (Bergeron et al., 2006). The cleavage reaction was 

assembled by mixing ~100 ng of coexpressed core RAG1/2 (~200 ng of 

cMR1/FLMR2 or FLMR1/cMR2) in 4 µl of dialysis buffer and 1.7 µl of 

radiolabeled short oligonucleotide substrates (~0.02 pmol) in a 10-µl reaction 

containing dimethylsulfoxide (DMSO, 20%, v/v) and cleavage buffer (25 mM 

morpholinepropanesulfonic acid [MOPS-KOH], pH 7.0, 60 mM potassium acetate, 

100 µg/ml bovine serum albumin [BSA], and 1 mM MgCl2). Reactions were 

further supplemented with various forms of HMGB1/2 (300 ng) without or with 

additional unlabeled 12RSS or 23RSS partner (1 pmol) as indicated. Cleavage 

reactions were incubated at 37 °C for 1 hour, quenched by adding 20 µl of 

loading buffer (95% formamide, 10 mM EDTA), and heated to 95 °C for 2 

minutes. An aliquot of the sample (7 µl) was fractionated on a 15% denaturing 

polyacrylamide (19:1 acrylamide:methylene(bis)acrylamide) sequencing gel 

containing 7 M urea. The gel was cast into a Kodak BioMax STS 34i apparatus, 

and the samples were resolved at 2000 V for 2.5 hours. The gel was then 

disassembled from gel plates, covered in Saran wrap and dried onto a 0.35 mm 

cellulose chromatography paper (Whatman Inc, Florham Park, NJ), using a 

BioRad 583 gel dryer and Fisher Biotech Gel vacuum system at 80 °C for 1 hour. 

The dried gel was exposed to a phosphorimager screen (Amersham BioScience-

GE Healthcare), and the cleavage products were visualized using a 

PhosphorImager (Storm 860, Molecular Dynamics-GE Healthcare, Piscataway, 
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NJ). The intensity of cleavage products was analyzed by ImageQuaNT software 

(Molecular Dynamics-GE Healthcare). In cleavage assays, cleavage efficiency 

(the percentage of the substrate converted to form cleavage products) was 

quantified based on the ratio of the hairpin band count to the total counts (nick, 

hairpin, and uncleaved substrates). 

 

II.C.2. In vitro cleavage of PCR-generated DNA fragments 

           RAG-mediated cleavage of long PCR-generated substrates was 

assembled in an in vitro cleavage reaction (10 µl) identical to that for the 

cleavage of short oligonucleotide substrates except using ~250 ng long DNA 

substrates. Cleavage reactions were incubated at 37 °C for 1 hour. For some 

reactions (e.g. Pg. 112), DNA was purified after the cleavage reaction using a 

QIAquick PCR purification kit, and purified reaction products were separated 

under native conditions on a vertical 1% agarose gel. Other reactions were 

terminated by adding 20 µl of loading solution (95% formamide, 10mM EDTA) 

and heated to 95 °C for 2 minutes. Reaction products were fractionated under 

denaturing conditions on an 8% polyacrylamide gel containing 40% formamide 

and were analyzed as above.   

 

II.C.3. In vitro cleavage of plasmid substrates 

           RAG-mediated cleavage of V(D)J recombination plasmid substrates was 

analyzed using ligation-mediated PCR (LM-PCR) to detect blunt signal ends at 

either the 12 or 23 RSS site, according to a previously published procedure (Roth 
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et al., 1993) with minor modifications (Figure 8). Complementary 

oligonucleotides DR19 (5'- CACGAATTCCC3') and DR20 (5'-

GCTATGTACTACCCGGGAATTCGTG3') were annealed to form a DNA linker, 

which has a blunt end at one side and a sticky end at the other to ensure that 

ligation proceeds in only one orientation. Various plasmid substrates (100 ng; 

linearized with AatII or BglII) were incubated with the core or full-length RAG1/2 

proteins (100 ng and 200 ng, respectively) under the same cleavage conditions 

as above (10 µl). Reactions were incubated at 37 °C for 1 hour, stopped by 

adding 20 µl of TE (10 mM Tris, pH 8.0, 1 mM EDTA), and inactivated by 

incubation at 65 °C for 10 minutes. A portion of the samples (4 µl) was ligated to 

the linker DNA (200 pmol) in the presence of one unit T4 ligase (20 µl final 

volume) overnight at 15C. The ligation reaction was then terminated by 

incubation at 65C for 30 minutes. Signal ends generated at the 12RSS or 

23RSS positions were detected from 1/10th of the ligation reaction by PCR using 

recombinant Taq DNA polymerase (Invitrogen) and linker primer (DR20) and 

either primer 12P (5'-TATTGTCTCATGAGCGGATAC-3') or 23P (5'-

GGTACATTGAGCAACTGACTG-3'), respectively. Initial denaturation was 

performed at 94 °C for 2 min, followed by 25 cycles of amplification (94 °C for 15 

sec, 54 °C for 30 sec, and 72 °C for 30 sec) and a final extension (72 °C for 10 

min). LM-PCR products were fractionated on a 1.5% agarose gel and visualized 

by staining with ethidium bromide. PCR products were also recovered using a 

QIAquick Gel Extraction Kit (Qiagen), cloned using a TOPO-TA cloning kit  
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Figure 8. Schematic diagrams of the LM-PCR assay used to detect double strand breaks at the 12RSS (A) or the 23RSS 
(B). LP, linker primer; 12P, specific 12RSS primer; 23P, specific 23RSS primer (see text for the primer sequences). 
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(Invitrogen), transformed, miniprep, and sequenced using a M13 reverse primer 

(5'-CAGGAAACAGCTATGAC-3').  

          

II.D. In vitro DNA binding assay 

           Binding of RAG1/2 to RSS substrates was evaluated using an 

electromobility shift assay (EMSA) as described previously (Bergeron et al., 

2006). A 4% polyacrylamide gel was made from a 30% acrylamide stock 

(29.2:0.8 acrylamide:methylene(bis)acrylamide, filtered through a 0.45 µm 

cellulose acetate membrane). The gel was poured in 0.5 x TBE and assembled 

using Hoefer SE400 glass plates, allowed to polymerize for at least 30 minutes 

before being stored at 4 °C in a unlabeled room. The binding reaction was 

assembled similarly to the cleavage reaction, except that MgCl2 was replaced by 

CaCl2, which supports RAG-mediated RSS binding but not cleavage. To 

assemble complexes on a single RSS substrate, reactions were incubated at 

room temperature (is on ice for RAG1/2 purified using the low-salt method) for 10 

minutes. To form paired RSS complexes, a 50-fold excess of unlabeled partner 

RSS was added (~1 pmol) after the addition of RAG1/2, followed by incubation at 

room temperature for 10 minutes. For competition experiments, binding reactions 

were supplemented with unlabeled intact consensus or cryptic RSS substrates 

(0.1, 1 or 10 pmol) before addition of the RAG1/2 proteins. Finally, reaction 

samples were placed on ice for 5 minutes, and 4 µl of unlabeled loading buffer 

(25% glycerol, 0.001% bromphenol blue) was added. Samples were mixed with 

loading buffer by gentle flicking and were immediately loaded onto the gel. After 
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electrophoresis at 250 V for 1.5 hours at 4 °C, the gel was dried onto a 0.35 mm 

cellulose chromatography paper (Whatman Inc), and RAG-RSS complexes were 

visualized as described in II.C.1.  

           For analysis of the stability of post-cleavage complex, reactions were 

assembled in the same way as for cleavage and were incubated for 10 minutes 

at room temperature before adding increasing amounts of SDS (0.00625%, 

0.0125%, 0.025%, 0.05%, and 0.1%). Reactions here incubated for an additional 

10 minutes at room temperature and then analyzed using an EMSA. 

 

II.E. In vivo cleavage and joining assays 

           RAG-mediated cleavage of V(D)J recombination plasmid substrates in 

vivo was also analyzed using LM-PCR. For in vivo cleavage experiments, each 

100mm x 20mm dish of 293 cells was cotransfected with 5 µg of plasmid 

substrates and pcDNA1 expression constructs encoding WT or mutant cMR1 

(2.5 µg/dish) and WT or mutant cMR2 (2.5 µg) using 30 µg of polyethylenimine 

as described previously in II.A.1. Cells were harvested 72 hours post-transfection, 

and the plasmid DNA was isolated from half of the cells using a QiaPrep Spin 

minprep kit (Qiagen). Signal end breaks at the 12- or 23-RSS positions were 

detected from 40 ng of recovered plasmid DNA using LM-PCR as described in 

II.C.3. As a positive control, a fragment of chloramphenicol acetyltransferase 

(CAT) gene on pGG49 or pJH299 was amplified from the same reaction sample 

by PCR using specific primers (forward, 5'-ACCAGACCGTTCAGCTGGA-3'; 

reverse, 5'-CTCACCCAGGGATTGGCTGAG-3'). 
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           Southern blotting of LM-PCR products was performed using capillary 

transfer of DNA fragments. Briefly, LM-PCR products were separated on a 2% 

agarose gel and the DNA was denatured by placing the gel in a bath of 

denaturing buffer (0.5 M NaOH, 1 M NaCl) for 1 hour at room temperature. The 

denatured DNA was then neutralized by placing the gel in neutralization buffer 

(0.5 M Tris-HCl, pH 7.4, 3 M NaCl) for 1.5 hour at room temperature. The 

neutralized DNA was transferred to a nylon membrane (Zeta-Probe GT, Bio-Rad) 

by capillary transfer overnight. After transfer, the membrane was briefly washed 

in 2x saline-sodium-citrate (SSC) buffer (0.3 M NaCl, 30 nM Na-Citrate), and 

cross-linked twice by UV light at 1200 V for 1 minute and baked for 2 hours in a 

vacuum oven (Isotemp vacuum oven, model 280A, Fisher Scientific). The 

membrane was subjected to hybridization using a 5'-32P-labeled probe (JH7181, 

5'-ACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGC-3'). The 

membrane was incubated for 2 hours at 42 °C in hybridization buffer (6x SSC, 5x 

Denhardt’s reagent, 0.5% SDS, 100 µg/ml single-strand salmon sperm DNA), 

and then incubated with the probe overnight under the same conditions. After 

hybridization, the membrane was washed twice for 15 minutes at 65 °C in 50 ml 

washing buffer (2x SSC, 0.1% SDS) and visualized using a PhosphorImager as 

described in II.C.1. 

           The other half of the cells was used to detect RAG1/2 expression levels 

by immunoblotting. Briefly, cells were normalized to 5 x 107 cells/ml using a 

Coulter Counter (Beckman Coulter, Fullerton, CA), and were then lysed in 0.5 ml 

of 2 x SDS/PAGE loading buffer (4% SDS, 10% 2-mercaptoethanol, 20% 
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glycerol, 0.004% bromophenol blue, 0.125 M Tris HCl) by boiling at 100 °C for 5 

minutes. Whole cell lysates were separated by a 7% SDS-PAGE in 1 x running 

buffer (25 mM Tris base, 190 mM glycine, 0.1% SDS). After electrophoresis 

overnight at 50 V, fractionated proteins were then electrophoretically transferred 

(50 V for 4 hours) to Immobilon PVDF (Polyvinylidene Fluoride) membrane 

(Millipore, Bedford, MA) and then blocked in TBST buffer (50 mM Tris, 0.138 M 

NaCl, 0.1% Tween-20) with 5% nonfat milk for 1 hour at room temperature. An 

anti-MBP antibody (1:10,000, New England Biolabs Inc) was added to the blot 

and incubated at room temperature for 2 hours. After three washes with TBST, 

the blot was then incubated with alkaline phosphatase conjugated secondary 

antibodies (1:10,000, GE Healthcare Life Science) for 1 hour at room 

temperature. The blot was then developed with enhanced chemifluorescence 

substrate (ECF, GE Healthcare Life Science) for 1 minute and then scanned for 

fluorescent signal emission at 560 nm using a PhosphorImager (Storm 860, 

Molecular Dynamics-GE Healthcare). 

           In order to detect the in vivo joining products (Pg. 148), plasmid DNA was 

recovered from transfected cells and amplified by PCR. The DNA isolation and 

amplification methods were essentially identical to those used in the in vivo 

cleavage assay except a different sets of primers were used (coding joint: 6111F, 

5'-GCTTGCGGCTCGTATGTTGG-3'; 6363F, 5'-GACCTCAGAACTCGATCTGG-

3'; signal joint: 6382R, 5'-CCAGATGGAGTTCTGAGGTC-3'; 6624R, 5'-

GAACGGTGGTATATCCAGTG-3'). 
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II.F. Hybrid joint formation assay 

           In order to detect in vivo hybrid joint products (Pg. 149), each 100mm x 

20mm dish of 293 cells was cotransfected with either pJH290 (positive control) or 

bps6197 RO and pcDNA1 expression constructs encoding WT or mutant cMR1 

(2.5 µg/dish) and WT or mutant cMR2 (2.5 µg) using 30 µg of polyethylenimine 

as described previously in II.E. Cells were harvested 72 hours post-transfection, 

and plasmid DNA was isolated from the cells using a QiaPrep Spin minprep kit 

(Qiagen). Hybrid joints were amplified by PCR from 40 ng of recovered plasmid 

DNA using specific primers (6111F and 6363F). The CAT gene was also 

amplified as an input control. 

           For in vitro hybrid joint formation, two-fold serial dilutions of RAG1/2 

proteins (100 ng, 50 ng, 25 ng and 12.5 ng of cMR1/cMR2) and 70 ng of plasmid 

DNA were assembled in an in vitro cleavage reaction (10 µl) containing DMSO 

and HMGB1. Reactions were incubated for 1 hour at 37 °C and stopped by 

adding twofold TE buffer (10 mM Tris, 1 mM EDTA). Half of the reaction products 

were fractionated on a 7% non-denature polyacrylamide gel, and the fractionated 

DNA was transferred to a nylon membrane (Zeta-Probe GT, Bio-Rad) in 0.5x 

TBE at 20 V at 4 °C overnight. After transfer, the membrane was subjected to 

hybridization using a 5'-32P-labeled oligonucleotide probe (JH7181, see II.E). 

Briefly, the membrane was incubated for 6 hours at 42 °C in hybridization buffer 

(6x SSPE [0.9 M sodium chloride, 0.06 M sodium hydrogen phosphate, 0.006 M 

EDTA, pH 7.4], 5x Denhardt’s reagent, 0.1% SDS, 20% formamide, 100 µg/ml 

single-strand salmon sperm DNA, and 1.25% dextran sulfate), and then 
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incubated with the probe overnight under the same conditions. After hybridization, 

the membrane was washed twice for 15 minutes at 60 °C in 50 ml washing buffer 

(2x SSC, 0.1% SDS) and visualized using a PhosphorImager as described in 

II.C.1.. 

           For detection of hybrid joints by PCR, 2 µl of remaining cleavage reaction 

products was amplified by PCR using primers (6111F and 6363F) at same 

conditions as in vivo cleavage assay. The CAT gene was also amplified as an 

input control. For detection of hybrid joints of pJH200 (Pg. 154), two primers 

(7265R, 5'-GACATGGCTCGATTGGCG-3'; 7419R, 5'-

CTACCCACTGCTCTGTTC-3') were used. 

 

II.G. In vitro footprinting assay 

II.G.1.  Dimethylsulfate (DMS) footprinting 

           DMS footprinting assay was performed according to published 

manuscripts (Swanson and Desiderio, 1998; Nagawa et al., 2004.) with 

modifications. Radiolabeled 23RSS or bps6197 oligonucleotide substrates were 

incubated with core RAG1/2 in the presence of HMGB1 (300 ng) in a regular in 

vitro  binding reaction (10 µl) containing 1 mM CaCl2 at 37 °C for 10 minutes. 

DMS was diluted 1:1 in reaction buffer (50 mM sodium cacodylate, 1 mM EDTA, 

pH 8.0) and 1 µl was added to the above reactions. After incubation at room 

temperature for 5 minutes, the methylation reaction was terminated by adding 8 

µl of 2-mercaptoethanol and samples were precipitated twice with sodium 

acetate (3 M), tRNA (20 µg) and 100% cold ethanol. Residual ethanol was 
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removed in a Savant Speed-Vac (Instruments Inc., Holbrook, NY), and DNA 

pellets were then dissolved in 10% piperidine followed by incubation at 90 °C for 

30 minutes. Piperidine was removed from reaction products using a Savant 

Speed-Vac and the reaction products were dissolved in 10 μl of H2O. After 

removal of H2O same as above, pellets were dissolved in 10 μl of loading buffer 

(95% formamide, 10 mM EDTA), then normalized and fractionated on a 

sequencing gel and analyzed using a Storm 860 phosphorimager running the 

ImageQuaNT software.  

 

II.G.2.  Potossium permanganate (KMnO4) footprinting 

           KMnO4 footprinting was also performed using radiolabeled 23RSS or 

bps6197 oligonucleotide substrates (Swanson and Desiderio, 1998; Nagawa et 

al., 2004.). After incubation with core RAG1/2 at 37 °C for 10 minutes in the 

presence of HMGB1 (300 ng) in a regular in vitro cleavage reaction (10 µl) 

containing 1 mM MgCl2, samples were then preheated at 25 °C for 5 minutes and 

1.1 µl of KMnO4 (100 mM) was subsequently added and further incubated at 25 

°C for 5 minutes. After incubation, 8.9 µl of H2O was added to the reaction. 

Oxidation was stopped by adding 2 µl of 2-mercaptoethanol (14.3 M). Samples 

were then supplemented with 1.3 µl of SDS (10%) and 0.7 µl of proteinase K (20 

mg/ml). After incubation at 50 °C for 60 minutes, DNA was precipitated twice with 

sodium acetate (3 M), tRNA (20 µg) and 100% cold ethanol. Residual ethanol 

was removed in a Savant Speed-Vac, and DNA pellets were then dissolved in 

10% piperidine followed by incubation at 90 °C for 30 minutes. Piperidine was 
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removed from reaction products using a Savant Speed-Vac and the reaction 

products were then normalized and fractionated on a sequencing gel and 

analyzed as described above. 
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CHAPTER III 

RAG1/2-mediated sequence-specific cleavage of cryptic RSSs 

 III.A. Introduction 

           Although V(D)J recombination is normally limited to antigen receptor loci, 

the RAG1/2 proteins may mediate illegitimate V(D)J recombination events 

outside antigen receptor loci. This may occur by several possible mechanisms 

(Figure 9). The most plausible one is the V(D)J-type cleavage. The RAG1/2 

proteins mistakenly bind and introduce a nick and then a hairpin to a DNA 

sequence that resembles an authentic RSS (cryptic RSS). After DNA breaks, the 

coding ends of an authentic RSS and a cryptic RSS will rejoin to form a 

chromosomal translocation. The second possible mechanism for DNA breaks is 

the double nick cleavage, similar to the cleavage of non-B form DNA structures 

by the RAG1/2 proteins through the introduction of staggered nicks (Raghavan et 

al., 2004). RAG1/2 introduces two nicks at proximity on each strand of a DNA 

sequence and thus supports a double-strand break (DSB) at a cryptic RSS. 

Since RAG1/2 is also a transposase to mediate transposition (Agrawal et al., 

1998; Hiom et al., 1998; Messier et al., 2003), it is possible that the 3' hydroxyl 

group of a signal end generated from an authentic RSS to attack a cryptic RSS 

and thereby forming a DSB at the cryptic RSS site (single RSS transposition). On 

the contrary, if a signale end is from a cryptic RSS to attack an authentic RSS, 

this type of transposition is called inverse transposition (Shih et al., 2002).  

           The V(D)J-type cleavage is commonly suggested whenever a cryptic RSS 

is identified in the germline sequence of a proto-oncogene near the chromosomal 
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Figure 9.  Possible mechanisms for RAG1/2 mediated cleavage reactions. Squares with letter “V” indicate the coding 
region of a consensus RSS and squares with letter “Onc” indicate the coding region of a cryptic RSS. Triangles indicate 
signal ends of consensus or cryptic RSSs.   
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breakpoint, particularly if recombination involves an immunoglobulin or T cell 

receptor locus. The rationale is a cryptic RSS has a similar heptamer motif to an 

authentic RSS (especially the first three residues, 5'-CAC-3'), and therefore it 

supports a RAG-mediated cleavage. In these cases, the location of the cryptic 

RSS has generally been based on the position of a CAC motif nearest the 

recombination breakpoint that contains the highest number of additional residues 

matching the consensus heptamer and nonamer. This type of analysis, however, 

is problematic to determine whether a breakpoint is truly caused by RAG1/2-

mediated cleavage without a functional testing. Therefore, several laboratories 

have applied a well-established extra-chromosomal V(D)J recombination assay 

to assess the functionality of various cRSSs in cell culture, including those 

suspected of mediating chromosomal translocations involving LMO2, TAL1, Ttg-

1, and Hox11, as well as interstitial deletions involving SIL/SCL (Raghavan et al., 

2001; Marculescu et al., 2002). Perhaps not surprisingly, the putative cRSSs 

studied to date exhibit a spectrum of activities in these assays, supporting V(D)J 

recombination at levels from ~30-fold to over 20,000-fold less than a consensus 

RSS.  The molecular basis for these differences remains unclear because the 

binding and cleavage of these cRSSs by the RAG proteins has not been formally 

investigated and the recombination intermediates (cleavage products) have not 

been formally characterized. The purpose of this study is to explore the 

molecular mechanisms underlying these illegitimate V(D)J recombination by 

investigating the binding and cleavage of these cRSSs by the RAG1/2 proteins.  

 



 60

                                    
1    2 3 4 5

200

116

97

66

M D
60

0A
 

D
60

0A
 

W
T 

W
T 

cMR1

cMR2

F1 F2

1    2 3 4 5

200

116

97

66

M D
60

0A
 

D
60

0A
 

W
T 

W
T 

cMR1

cMR2

F1 F2

 
   
 
 

                                                                                                                                                

M cM
R

1/
cM

R
2

FL
M

R
1/

cM
R

2
cM

R
1/

FL
M

R
2

M cM
R

1/
cM

R
2

FL
M

R
1/

cM
R

2
cM

R
1/

FL
M

R
2

 
 
Figure 10.  RAG1/2 protein preparations used in this study. (A) Catalytically 
inactive mutant (D600A) and wild-type core RAG1 and core RAG2 were 
coexpressed in 293 cells s MBP-RAG fusion proteins (cMR1 an cMR2, 
respectively). Proteins were purified by amylose affinity chromatography, then 
fractionated by SDS-PAGE and visualized by Sypro Orange staining. Samples 
are a representative of multiple purifications. F1, fraction 1; F2, fraction 2. (B)  
The core or full-length RAG1/2 proteins were expressed and purified as in (A). 

A. 

B. 
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III.B. Results 

III.B.1.  RAG1/2 protein expression and purification 

           Wild-type (WT) and catalytically inactive (D600A) core RAG1 and core 

RAG2 were expressed and purified from 293 cells (Figure 10A). A protein 

standard (Bio-Rad) was used as a molecular weight marker (lane 1). Different 

fractions of chromatography eluates (D600A mutant, lane 2 and 4; WT, lane 3 

and 5) were representative of multiple purifications. Protein concentrations were 

measured via the Bradford assay and normalized in the dialysis buffer. The core 

RAG1/2 (cMR1/cMR2) and full-length RAG1/2 (cMR1/FLMR2 and FLMR1/cMR2) 

proteins were expressed and purified similarly (Figure 10B). The protein 

preparations appeared to be at least 95% pure with small amounts of 

degradation products, and both cMR1/cMR2 and cMR1/FLMR2 were present at 

comparable quantities. However, the full-length RAG1 protein yield in the 

FLMR1/cMR2 was about half the amount observed in preparations of 

cMR1/cMR2 and cMR1/FLMR2. The low yield might be due to the low solubility 

and decreased stability of the full-length RAG1 protein (Swanson et al., 2004). 

The RAG1 gain-of-function mutant E649A was also purified similarly (Kriatchko 

et al., 2006). 

 

III.B.2. Optimizing cleavage conditions 

           In previous studies (Raghavan et al., 2001; Marculescu et al., 2002), the 

functionality of several cRSSs identified from lymphoid malignancies were tested 

using an extrachromosomal substrate assay (Table 1, Pg. 37). Plasmid 
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substrates were constructed by cloning either a cryptic 12RSS (by SalI digestion) 

or a cryptic 23RSS (by BamHI digestion) into the pGG49 vector which contained 

a consensus 12RSS and 23RSS (Figure 7, Pg. 41). The pGG49 vector was 

constructed in a manner that a prokaryotic Oop transcription terminator located 

between the two RSSs which were in a reverse orientation and therefore blocked 

transcription of the downstream chloramphenicol acetyltransferase (CAT) gene 

whose expression would allow bacterial resistance to chloramphenicol. After 

transfecting these substrates into RAG1/2-expressed cells, RAG1/2-mediated 

recombination would excise the coding ends with the terminator, enabling the 

signal ends to form a signal joint which would allow the transcription of the CAT 

gene. After recovery of these rearranged substrates (plasmids), they were then 

transformed into E.coli and selected in LB agar plates with chloramphenicol 

(Raghavan et al., 2001). Some cRSSs supported relatively robust recombination 

activity, while others did not. Because the V(D)J recombination assay measures 

the culmination of both the cleavage and joining phases of V(D)J recombination, 

it is unclear whether the poor recombination activity of some cRSS substrates is 

due to the poor cleavage or poor joining. The most straightforward way to begin 

testing this possibility is to compare RAG-mediated cleavage of consensus and 

cryptic RSSs in a standard in vitro cleavage assay. Before a large scale testing 

was started, the cleavage conditions were optimized. The addition of DMSO 

enhanced the RAG cleavage activity, which was otherwise low in Mg2+ (Figure 

11, compare lane 2 with lane 8). In the absence of DMSO, the addition of a 

unlabeled partner stimulated the cleavage due to synapsis (Figure 11, compare  
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Figure 11.  Dimethyl sulfoxide (DMSO) promotes RAG-mediated cleavage. A 
radiolabeled 23RSS substrate was incubated with purified wild-type core RAG1/2 
(cMR1/cMR2) in the absence or presence of HMGB1 (150 ng) and a unlabeled 
12RSS partner (0.1, 1.0, and 10 pmol) in an in vitro cleavage reaction containing 
Mg2+ with or without 20% DMSO as indicated above the gel. Reaction products 
generated from RAG-mediated cleavage in vitro were analyzed after being 
fractionated on a sequencing gel. The percentages of appropriately sited nicked 
(% N) and hairpin products, as well as an aberrantly nicked product (% Abnick) in 
each lane were calculated using a Storm 860 PhosphorImager running the 
ImageQuant software and are shown below the gel. These data are 
representative of at least three independent experiments. ND, not detectable. 
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lane 2 with lane 4-6). Interestingly, DMSO mimics the effect of synapsis, but is 

advantageous technically because the addition of a unlabeled consensus partner 

RSS to reactions containing either a labeled consensus or cryptic RSS substrate 

reduced RSS cleavage due to competitive inhibition of RAG binding (Figure 11, 

lane 10-12; Figure 12, lane 8-10, and lane 18-20). Therefore, the addition of 

DMSO both simplifies the reaction scheme and avoids the need for adding a 

partner RSS to promote cleavage.  

           Selected cleavage reactions were additionally supplemented with purified 

HMGB1, because this architectural DNA binding/bending protein is known to 

stimulate binding and cleavage activity of RAG1/2 to consensus RSSs in vitro 

(Bergeron et al., 2006). As expected, HMGB1 promoted cleavage (Figure 11, 

compare lane 2 with lane 3), and reduced aberrant nicking of the 23RSS (Figure 

11, compare lane 8 with lane 9), even in the presence of DMSO.  

 

III.B.3. Characterization of cRSS cleavage by RAG1/2 

III.B.3. (a) In vitro cleavage of cRSS substrates by core RAG1/2 

           After optimizing the cleavage conditions, radiolabeled intact 

oligonucleotide substrates were prepared to contain a consensus 12 or 23RSS or 

a cRSS (LMO2, TAL1, Ttg-1, Hox11, SIL and SCL) (Table 1, Pg. 37).  The 

substrates were incubated with a wild-type (WT) or catalytically inactive (D600A) 

core RAG1/2 protein complex purified using the high-salt procedure in reaction 

buffer containing Mg2+ and DMSO for 1 hour at 37 °C. Based on previous studies 

(Raghavan et al., 2001; Marculescu et al., 2002), the cRSSs examined here fall  
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Figure 12.   An unlabeled consensus RSS partner inhibits cRSS cleavage. 
Radiolabeled consensus or cryptic RSS substrates were incubated with purified 
wild-type core RAG1/2 and HMGB1 (150 ng) in the absence or presence of 
increasing amounts of the either unlabeled 12RSS or 23RSS partner (0.1, 1.0, 
and 10 pmol) in an in vitro cleavage reaction containing Mg2+ with 20% DMSO. 
Under this condition, nick, aberrant nick and hairpin products are observed for all 
four substrates. The percentages of these reaction products were calculated 
using a Storm 860 PhosphorImager running the ImageQuant software and are 
shown below the gel. These data are representative of at least three independent 
experiments. ND, not detectable. 
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into three groups: those that function as a 12RSS (LMO2), those that function as 

a 23RSS (Ttg-1, TAL1, and SIL), and those for which functionality could not be 

unambiguously determined (Hox11 and SCL).  As expected, no cleavage of 

intact RSS or cRSS substrates was observed by the D600A RAG1/2 (Figure 13 

and 14).  In contrast, WT core RAG1/2 converted most of the intact 12 and 

23RSS substrates into nicked and hairpin products (Figure 13, lane 5 and 6; 

Figure 14, lane 5 and 6); supplementing the cleavage reaction with HMGB1 

slightly suppressed RAG-mediated cleavage and selectively diminished aberrant 

nicking of the 23RSS under these conditions (Figure 14, lane 5 and 6). In the 

absence of HMGB1, all intact cRSSs tested were nicked by WT core RAG1/2 to 

some degree at the 5'-end of the putative heptamer. In some of the cRSSs (e.g. 

TAL1, Ttg-1, and Hox11), adventitious nicks were also introduced elsewhere in 

the substrates (Figure 15).  

           Interestingly, hairpin products were observed in cleavage reactions 

containing LMO2, TAL1, SIL and Ttg-1 substrates, but were virtually 

undetectable in comparable reactions containing Hox11 and SCL substrates. The 

efficiency of hairpin formation using LMO2, TAL1, SIL and Ttg-1 substrates 

compared to the 23RSS ranged from 18% to 70% in the absence of HMGB1, 

whereas for Hox11 and SCL, these values were around 1% (Table 2).  Addition 

of HMGB1 had variable effects on nicking and hairpin formation depending on 

the substrate tested. In some cases (e.g. TAL1), aberrant nicking was reduced   
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Figure 13. The RAG1/2 proteins variably cleave oligonucleotide cRSS (functionality as a 12RSS) substrates in vitro.  
Radiolabeled intact 12RSS and cRSS substrates described in Table 1 were incubated with purified WT or D600A RAG1/2 
proteins in the absence or presence of HMGB1 in an in vitro cleavage reaction containing Mg2+ as indicated above the gel.  
Samples were fractionated on a sequencing gel along with the predicted nick and hairpin products as markers.  The 
percentage of appropriately sited nicked (% N) and hairpin (% HP) products, as well as aberrantly nicked products (% 
Abnick; including products denoted by asterisks) in each lane was calculated as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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Figure 14. The RAG1/2 proteins variably cleave oligonucleotide cRSS (functionality as a 23RSS) substrates in vitro. 
Radiolabeled intact 23RSS and cRSS substrates described in Table 1 were incubated with purified WT or D600A RAG1/2 
proteins in the absence or presence of HMGB1 in an in vitro cleavage reaction containing Mg2+ as indicated above the gel.  
Samples were fractionated on a sequencing gel along with the predicted nick and hairpin products as markers.  The 
percentage of appropriately sited nicked (% N) and hairpin (% HP) products, as well as aberrantly nicked products (% 
Abnick; including products denoted by asterisks) in each lane was calculated as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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TAL1 GCAGATCGCCCAGGAC CACACCG CAGCGTAACTGCAGGCCTCTCAG CGAAAAAGG GGGAAAGCA

Coding 7 Spacer 9

Ttg-1 CCCACCCTTGTCTTGA CACAGTG GCTCACCACCCCACACAGCCCTC ACTCTGGCA TGCGGACAC

Coding 7 Spacer 9

Hox11 CGCTCCTCTCTCCGCG CACAGCC AATGGAGAGACCCAGTCGAAACC GCGAAGCTC TCTTGCACC

Coding 7 Spacer 9

TAL1 GCAGATCGCCCAGGAC CACACCG CAGCGTAACTGCAGGCCTCTCAG CGAAAAAGG GGGAAAGCA

Coding 7 Spacer 9

Ttg-1 CCCACCCTTGTCTTGA CACAGTG GCTCACCACCCCACACAGCCCTC ACTCTGGCA TGCGGACAC

Coding 7 Spacer 9

Hox11 CGCTCCTCTCTCCGCG CACAGCC AATGGAGAGACCCAGTCGAAACC GCGAAGCTC TCTTGCACC

Coding 7 Spacer 9
 

 
Figure 15. The RAG1/2 proteins introduce multiple adventitious nicks in oligonucleotide cRSS substrates (TAL1, Ttg-1 
and Hox11). The adventitious nick sites are indicated by arrows, which are based on the sequence analysis (CAC motif) 
and the approximate sizes of nicked products on the sequencing gel (Figure 13).  
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Table 2    Summary of cleavage and recombination data for consensus and cryptic RSSs 

 
 
a Calculated using the Recombination Signal Searching program available on the World Wide Web by the Duke University 
Laboratory of Computational Immunology using DNA sequence provided in Table 1. RIC scores greater than threshold 
values established to indicate functionality (> -40 for 12RSS and > -60 for 23RSS) are given a pass (P) designation; those 
between the threshold values and the lower limit for a mouse immunologic RSS (RIC12 =-48.16; RIC23 =-69.69) are given 
a pass/fail (P/F) designation; those below the lower limit for a mouse immunologic RSS are given a fail (F) designation. 
b Percentage conversion to total nicked (NT) and/or hairpin (HP) products for cRSSs relative to a consensus 23RSS 
calculated from at least three independent experiments. 
c ND, not determined.     
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and hairpin formation was stimulated; in others (e.g. SIL), hairpin formation was 

suppressed.  The molecular basis for these distinct outcomes remains unclear, 

but, in the case of SIL, may be correlated with altered cRSS binding by the 

RAG1/2 proteins in the presence of HMGB1 (see III.B.4).   

 

III.B.3. (b) In vitro cleavage of cRSS substrates by full-length RAG1/2  

           The core and full-length RAG1/2 proteins were also tested for cRSS 

cleavage. Initially, cleavage conditions were optimized. As for the 23RSS 

oligonucleotide substrate, DMSO enhanced RAG1/2 cleavage activity and 

HMGB1 reduced aberrant nicking (Figure 16). While cMR1/cMR2 and 

cMR1/FLMR2 had comparable cleavage activity, cMR1/FLMR2 supported less 

nicking and hairpin formation on all cRSSs tested except LMO2 when compared 

to cMR1/cMR2 (Figure 17, compare lane 8 to lane 9), despite similarly cleaving 

the consensus 12 or 23 RSS substrates (Figure 17, lane 3-4; Figure 18, lane 3-

4). Whether this trend also held true for FLMR1/cMR2 could not be 

unambiguously determined because this preparation was substantially less 

active than both cMR1/cMR2 and cMR1/FLMR2 in all of these experiments 

(Figure 16, 17 and 18), which was due to the lower concentration of proteins. 

Overall, full-length RAG1/2 can cleave cRSSs including LMO2, TAL1, SIL and 

Ttg-1 substrates to a degree comparable to core RAG1/2 albeit less efficiently; 

however, SCL is an extremely poor substrate for in vitro  cleavage by both the 

core and full-length RAG1/2 proteins (Figure 17 and 18). 
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Figure 16. Comparison of 23-RSS cleavage by the core and full-length RAG1/2 
proteins. The core or full-length MBP-RAG proteins (cMR1/cMR2, cMR1/FLM2, 
and FLMR1/cMR2, respectively) were incubated with a radiolabeled 23-RSS 
substrate in the absence or presence of HMGB1 (150 ng) in an in vitro cleavage 
reaction containing Mg2+ with or without 20% DMSO as indicated above the gel. 
The percentage of reaction products was calculated using a Storm 860 
PhosphorImager running the ImageQuant software and is shown below the gel. 
These data are representative of at least three independent experiments. ND, not 
detectable. 
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Figure 17. Comparison of cRSS (functionality as a 12-RSS) cleavage by the 
core and full-length RAG1/2 proteins. Radiolabeled intact 12-RSS, LMO2, TAL1, 
or SCL substrates were incubated with HMGB1 and either a catalytically inactive 
or wild-type core RAG1/2 (D600A or WT cMR1/cMR2) or the wild-type full-length 
RAG1/2 (WT FLMR1/cMR2 or cMR1/FLMR2) in an in vitro cleavage reaction.  
Reaction products were visualized and analyzed as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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Figure 18. Comparison of cRSS (functionality as a 23-RSS) cleavage by the 
core and full-length RAG1/2 proteins. Radiolabeled intact 23-RSS, SIL, Ttg-1, or 
SCL substrates were incubated with HMGB1 and either a catalytically inactive or 
wild-type core RAG1/2 (D600A or WT cMR1/cMR2) or the wild-type full-length 
RAG1/2 (WT FLMR1/cMR2 or cMR1/FLMR2) in an in vitro cleavage reaction.  
Reaction products were visualized and analyzed as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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III.B.3. (c) Testing requirements for RAG-mediated DNA double-strand 

breaks at Hox11 and SCL  

           Since isolated Hox11 and SCL substrates were cleaved poorly by the 

RAG1/2 proteins, it is interesting to know whether these sequences might be 

cleaved through some other alternative mechanisms (Figure 9, Pg. 58). The first 

possible pathway is inverse transposition, in which a non-RSS DNA motif is 

cleaved and subsequently transferred to a consensus RSS sequence by direct 

transesterification (Shih et al., 2002). The prerequisite for inverse transposition is  

to form a synaptic complex containing a single consensus 12 or 23RSS and a 

non-RSS sequence. Therefore, synapsis will promote cleavage of these cRSSs if 

they undergo the inverse transposition pathway. To test this possibility, I 

examined whether addition of appropriate unlabeled partner DNA (12 or 23RSS) 

enhanced RAG-mediated cleavage of intact Hox11 and SCL in vitro.  The 

abundance of reaction products obtained after incubation of intact Hox11 or SCL 

substrates with the RAG1/2 proteins decreased with increasing concentrations of 

either unlabeled 12RSS or 23RSS partner, regardless of whether the partner 

RSS was added before or after the RAG1/2 proteins (Figure 19 and 20). Since 

the RAG1/2 proteins bound to Hox11 and SCL poorly (see III.B.4), this result was 

explained by competitive inhibition of RAG1/2 binding to the labeled cRSS 

substrates by the unlabeled partner RSS. Therefore, these data indicate 

synapsis does not enhance cleavage of Hox11 and SCL and these cRSSs do not 

go through the inverse transposition pathway.  
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Figure 19.  Synapsis does not enhance Hox11 cleavage. A radiolabeled intact 
Hox11 substrate was incubated with purified core RAG1/2 and HMGB1 proteins 
in an in vitro cleavage reaction containing Mg2+ and supplemented with 
increasing amounts of an unlabeled 12-RSS or 23-RSS partner (0.1, 0.5, 1 or 5 
pmol) added before or after the RAG1/2 proteins as indicated above the gel. 
Reaction products were visualized and analyzed as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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Figure 20.  Synapsis does not enhance SCL cleavage. A radiolabeled intact SCL 
substrate was incubated with purified core RAG1/2 and HMGB1 proteins in an in 
vitro cleavage reaction containing Mg2+ and supplemented with increasing 
amounts of an unlabeled 12-RSS or 23-RSS partner (0.1, 0.5, 1 or 5 pmol) 
added before or after the RAG1/2 proteins as indicated above the gel. Reaction 
products were visualized and analyzed as in Figure 11. These data are 
representative of at least three independent experiments. ND, not detectable. 
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          The second possible mechanism is signal end transposition, in which a 

post-cleavage, signal end complex (SEC) captures and then nucleophilically 

attacks the target DNA (transesterification) in a strand transfer reaction (Hiom et 

al., 1998). In order to test this possibility, the 12RSS signal end (12-SE) or 

23RSS signal end (23-SE) was examined for RAG1/2-mediated transposition into 

Hox11 or SCL in vitro. Neither 12-SE nor 23-SE was found to cause RAG-

mediated cleavage and strand transfer of both Hox11 and SCL in vitro regardless 

of with increasing amounts of unlabeled intact or nicked substrates (Figure 21 

and 22). These data suggest Hox11 and SCL do not undergo the signal end 

transposition pathway. 

           The third possible mechanism to cause RAG-mediated DSBs is the so- 

called “nick-nick” mechanism (Raghavan et al., 2004). Although most cRSS 

substrates, as well as the consensus 12- or 23-RSS, appear to support standard 

V(D)J-type cleavage, new evidence suggests the RAG1/2 proteins can cleave 

DNA through an alternative pathway whereby the RAG1/2 proteins introduce two 

nicks in close proximity on opposite DNA strands (Neiditch et al., 2002; Rahman 

et al., 2006). To determine whether this “nick-nick” mechanism may contribute to 

cleavage of Hox11 and SCL, as well as other cRSSs, the RAG1/2 proteins were 

incubated with a consensus 23RSS or various cRSS substrates radiolabeled on 

the bottom strand (Figure 23).  As expected from previous results, substrates 

that supported detectable levels of hairpin formation in vitro, including the 23RSS, 

LMO2, Ttg-1 and TAL1, yielded a reaction product corresponding to cleavage of 
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Figure 21. Signal ends do not transpose into Hox11. Radiolabeled signal ends from either a 12-RSS (12-SE) or 23-RSS 
(23-SE) were incubated with purified core RAG1/2 and HMGB1 proteins in an in vitro cleavage reaction containing Mg2+ 
and supplemented with increasing amounts (0.1, 0.5, and 2.5 pmol) of unlabeled intact or nicked Hox11 as indicated 
above the gel. M, radiolabeled marker; -, negative control. These data are representative of at least three independent 
experiments. 
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Figure 22. Signal ends do not transpose into SCL. Radiolabeled signal ends from either a 12-RSS (12-SE) or 23-RSS 
(23-SE) were incubated with purified core RAG1/2 and HMGB1 proteins in an in vitro cleavage reaction containing Mg2+ 
and supplemented with increasing amounts (0.1, 0.5, and 2.5 pmol) of unlabeled intact or nicked SCL as indicated above 
the gel. M, radiolabeled marker; -, negative control. These data are representative of at least three independent 
experiments. 
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Figure 23. The RAG1/2 proteins do not cleave Hox11 and SCL on the bottom strand. The 23RSS or cRSS 
oligonucleotide substrates radiolabeled at the 5'-end of the bottom strand were incubated with purified WT or D600A 
RAG1/2 proteins in the absence or presence of HMGB1 in an in vitro cleavage reaction containing Mg2+. Reaction 
products were fractionated on a sequencing gel along with the radiolabeled markers that are the complementary strand of 
the predicted products. Products originated from bottom strand nicking are indicated by asterisks. These data are 
representative of at least three independent experiments. ND, not detectable. 
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the bottom strand after hairpin formation (note that the top strand signal end 

oligonucleotide used to prepare the nicked substrate was run as a marker which 

does not precisely co-migrate with the predicted product because its sequence is 

the complement of the product being detected). Interestingly, the RAG1/2 

proteins introduced adventitious nicks on the bottom strand of all substrates 

tested in the absence of HMGB1, most of which were suppressed in the 

presence of HMGB1 and were therefore unlikely to contribute to cleavage via the 

nick-nick mechanism, especially in competition with the nick-hairpin mechanism 

where it occurs robustly (e.g. 23RSS, LMO2).  Nevertheless, in some cases, 

nicking of the bottom strand persisted (e.g. TAL1 and SIL) or was even enhanced 

in the presence of HMGB1 (e.g. Ttg-1), raising the possibility that RAG-mediated 

cRSS cleavage via the nick-nick mechanism may occur at low levels or possibly 

contribute to generating overhanging DNA ends before cRSS cleavage by the 

standard nick-hairpin mechanism. However, Hox11 and SCL do not undergo this 

nick-nick pathway because there was no detectable nick on the bottom strand of 

these two cRSS substrates (Figure 23, lane 21 and 25), even though this 

mechanism may contribute to cleavage of some other cRSSs (e.g. Ttg-1, TAL1 

and SIL).  

           In principle, the poor efficiency of hairpin formation on intact Hox11 and 

SCL substrates may be due to poor nicking, which is a rate-limiting step in this 

reaction.  To address this possibility, RAG-mediated hairpin formation using 

nicked consensus or cryptic RSS substrates was examined (Figure 24 and 25).  

As one might predict, nicked LMO2, TAL1, Ttg-1, and SIL substrates supported  
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Figure 24. The RAG1/2 proteins cleave nicked cRSS (functionality as a 12-RSS) 
substrates in vitro.  A radiolabeled nicked 12-RSS and cRSS substrates 
described in Table 1 were incubated with purified WT or D600A RAG1/2 proteins 
in the absence or presence of HMGB1 in an in vitro cleavage reaction containing 
Mg2+ as indicated above the gel.  Samples were fractionated on a sequencing gel 
along with the predicted nick and hairpin products as markers. The percentage of 
appropriately sited hairpin (% HP) products, as well as aberrant hairpin products 
(% Ab HP, denoted by asterisks) in each lane was calculated using a Storm 860 
PhosphorImager running the ImageQuant software and is shown below the gel. 
These data are representative of at least three independent experiments. ND, not 
detectable. 
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Figure 25. The RAG1/2 proteins cleave nicked cRSS (functionality as a 23-RSS) 
substrates in vitro.  A radiolabeled nicked 23-RSS and cRSS substrates 
described in Table 1 were incubated with purified WT or D600A RAG1/2 proteins 
in the absence or presence of HMGB1 in an in vitro cleavage reaction containing 
Mg2+ as indicated above the gel.  Samples were fractionated on a sequencing gel 
along with the predicted nick and hairpin products as markers. The percentage of 
appropriately sited hairpin (% HP) products in each lane was calculated using a 
Storm 860 PhosphorImager running the ImageQuant software and is shown 
below the gel. These data are representative of at least three independent 
experiments. ND, not detectable. 
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conversion to hairpin products.  Interestingly, a nicked SCL substrate supported 

almost as much hairpin formation as its SIL counterpart. However, hairpin 

formation, though detectable using a nicked Hox11 substrate, remained very 

inefficient. In order to further investigate the cleavage of Hox11 or SCL, the 

nicked Hox11 or SCL substrate was examined for cleavage in the absence or 

presence of HMGB1 with increasing concentrations of either unlabeled, nicked 

12RSS or 23RSS partner (Figure 26 and 27). Interestingly, RAG-mediated 

cleavage of the nicked Hox11 and SCL substrates was stimulated when 

unlabeled, nicked partner RSS was added at low concentration, but higher 

concentrations of partner RSS inhibited cRSS cleavage.  This outcome was 

observed both in the absence and presence of HMGB1 (albeit to a lesser extent), 

and did not depend on the composition of the partner RSS because both 

consensus 12 or 23RSS and cRSS (SIL) promoted cleavage. These data 

suggest that upon nicking, Hox11 and SCL can support RAG-mediated synapsis 

with a nicked partner independent of the 12/23 rule, and undergo cleavage via a 

nick-hairpin mechanism.  

           Taken together, these data suggest that all cRSSs tested are capable of 

supporting RAG-mediated cleavage through the standard nick-hairpin 

mechanism. In addition, RAG-mediated cRSS cleavage via the nick-nick 

mechanism may occur at low levels for some cRSSs (e.g. Ttg-1, TAL1 and SIL). 
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Figure 26. Nicked RSS partners enhance RAG-mediated cleavage of nicked 
Hox11.  A radiolabeled nicked Hox11 substrate was incubated with purified 
RAG1/2 proteins in the absence or presence of HMGB1 in an in vitro cleavage 
reaction containing Mg2+ and supplemented with increasing amounts of an 
unlabeled, nicked partner 12-RSS or 23-RSS (0.1, 1, or 10 pmol), as indicated 
above the gel. Reaction products were visualized and analyzed as in Figure 11. 
These data are representative of at least three independent experiments. ND, not 
detectable. 
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Figure 27. Nicked RSS partners enhance RAG-mediated cleavage of nicked 
SCL.  A radiolabeled nicked SCL substrate was incubated with purified RAG1/2 
proteins in the absence or presence of HMGB1 in an in vitro cleavage reaction 
containing Mg2+ and supplemented with increasing amounts of an unlabeled, 
nicked partner 12-RSS, 23-RSS, or SIL (0.1, 1, or 10 pmol), as indicated above 
the gel. Reaction products were visualized and analyzed as in Figure 11. These 
data are representative of at least three independent experiments. ND, not 
detectable. 
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III.B.4. Characterization of cRSS binding by RAG1/2  

           In principle, the differences observed in RAG-mediated cleavage of the 

various cRSS substrates could be attributed to differences in how well the 

individual cRSS substrates are bound by the RAG1/2 proteins. To examine this 

possibility, direct and competition DNA binding experiments were performed. In 

the first set of experiments, the RAG1/2 proteins were incubated in a binding 

reaction containing a radiolabeled intact consensus or cryptic RSS substrate with 

or without added HMGB1, and then protein-DNA complexes were fractionated 

using an EMSA (Figure 28, A and B). As expected from previous studies 

(Swanson, 2002), two major RAG-RSS complexes were detected by EMSA 

when the RAG1/2 proteins were incubated with a consensus RSS in the absence 

of HMGB1, termed SC1 and SC2.  Previous work in Swanson’s laboratory 

suggests SC1 and SC2 contain a RAG1 dimer and either one (SC1) or two (SC2) 

subunits of RAG2. The addition of HMGB1 supershifts both complexes (HSC1 

and HSC2, respectively). When the cRSS substrates were similarly analyzed, 

none of the cRSSs were found to support SC1 or SC2 formation to levels 

comparable to a consensus RSS.  The addition of HMGB1 to the binding reaction 

promoted RAG1/2 binding to SIL almost as well as a 23RSS, but had little effect 

on RAG1/2 binding to other cRSS substrates tested.   

           To confirm these results, I incubated the RAG1/2 proteins with HMGB1 

and a radiolabeled intact 12- or 23-RSS in binding reactions supplemented with 

increasing concentrations of unlabeled RSS or cRSS substrates as a competitor  
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Figure 28. The RAG1/2 proteins bind similarly to cRSS oligonucleotide 
substrates in vitro. (A-B) Direct binding experiments. A radiolabeled intact 12-
RSS (A) or 23-RSS (B) and cRSS substrates were incubated with purified 
RAG1/2 proteins in the absence or presence of HMGB1 in binding reactions 
containing Ca2+ as indicated above the gel.  Protein-DNA complexes were 
fractionated by EMSA and visualized from dried gels using a Storm 860 
PhosphorImager. (C-D) Competition binding experiments. Purified RAG1/2 
proteins were incubated with a radiolabeled intact 12-RSS (C) or 23-RSS (D) 
substrate in the absence or present of HMGB1 in binding reactions containing 
Ca2+ and supplemented with increasing amounts of an unlabeled consensus 
RSS or cRSS oligonucleotide substrate as indicated above the gel (0.1, 1, or 10 
pmol). Protein-DNA complexes were fractionated by EMSA and visualized as in 
(A-B). 
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(Figure 28, C and D), and analyzed protein-DNA complex formation by EMSA.  

All cRSSs tested were found to be poorer competitors for RAG1/2 binding 

compared with a consensus RSS, requiring at least 10-fold greater cRSS 

substrates than a consensus RSS to achieve similar level of competitive 

inhibition of RAG1/2 binding to a consensus RSS.  These results are largely 

consistent with data obtained from direct DNA binding experiments, with the 

exception of SIL.  This apparent discrepancy may be explained if HMGB1 

exhibits a selective preference for stably integrating into a RAG complex 

assembled on a consensus RSS, but remains capable of promoting RAG1/2 

binding to certain cryptic sequences in the absence of competitor DNA. Overall, 

the difference in RAG-mediated cRSS cleavage is not due to the binding of 

RAG1/2 to these cRSS substrates. 

 

III.B.5. Detection of RAG-mediated cRSS cleavage in plasmid substrates 

           Because the functionality of the cRSSs tested in this study were evaluated 

in cells in the context of a plasmid, I wished to determine whether cRSSs that 

support cleavage in an oligonucleotide substrate are also cleaved when 

embedded in plasmid DNA. Toward this end, linearized plasmid constructs 

containing consensus RSSs or cRSSs in various configurations (see Figure 7, 

Pg. 41) were incubated with WT or D600A RAG1/2 and HMGB1 in the presence 

of Mg2+. The abundance of SEBs produced by RAG-mediated cleavage at the 

consensus RSS or cRSS was determined by LM-PCR (schematically depicted in 

Figure 8, Pg. 48). SEBs were readily detected at a consensus RSS by LM-PCR 
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after in vitro cleavage by WT RAG1/2, but not D600A RAG1/2 (Figure 29, A and 

B). Consistent with results obtained using oligonucleotide substrates, SEBs were 

detected after in vitro cleavage of plasmid substrates containing LMO2 (as a 

12RSS), and Ttg-1 (as a 23RSS).  Cleavage at SIL as a 23RSS was more 

readily detected than SIL as a 12RSS, and cleavage at Hox11 (as a 23RSS) was 

also detected at very low levels, but adventitious RAG-mediated DNA DSBs 

occurring elsewhere in the plasmid backbone were also evident at similar or 

higher levels in these cases.  I will discuss these adventitious cleavage sites in 

more details later in next chapter.  Cleavage of SCL was not detected when 

paired with a consensus 23RSS or with SIL. Curiously, although sequence 

analysis of TA-cloned LM-PCR products confirmed that LMO2 and SIL support 

cleavage at the predicted heptamer, I was unable to obtain LM-PCR products 

reflecting cleavage at the predicted heptamer in Ttg-1. Rather, linker ligation 

occurred at several alternative sites within the Ttg-1 sequence, three of which 

included CAC or CAT motifs (Figure 30). This result may not be entirely 

surprising, given the abundance of CAC motifs in the Ttg-1 sequence and 

evidence that Ttg-1 supports RAG-mediated nicking at several alternative sites 

on both the top and bottom strand in vitro (Figure 15, Pg. 69). 

           To test whether signal end intermediates could be detected at the 

consensus RSS or cRSS in plasmid V(D)J recombination assays performed in 

cell culture, the plasmid substrates were cotransfected with either WT or D600A 

RAG1 and RAG2 expression constructs in 293 cells. After 72 hours, plasmid 

DNA was recovered from harvested cells and subjected to LM-PCR (Figure 31,  



 92

 

            
 
 
 

 

        
 
 
Figure 29. Plasmid substrates containing cRSSs are cleaved by the RAG1/2 
proteins in vitro. (A-B) Plasmid substrates containing a pair of consensus RSSs 
or an RSS/cRSS pair were linearized with AatII (A) or BglII (B) and incubated 
with purified WT or D600A RAG1/2 proteins in an in vitro cleavage reaction 
containing Mg2+ and HMGB1.  SEBs generated by RAG-mediated cleavage at 
the 12-RSS (A) or the 23-RSS (B) (or their cRSS replacement) were detected by 
LM-PCR; the position of LM-PCR products reflecting cleavage at the RSS (or its 
cRSS replacement) and adventitious cRSSs elsewhere in the plasmid are 
indicated at right.  Control LM-PCR reactions lacking template DNA or T4 DNA 
ligase are also included. 

A. 

B. 
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Figure 30. The RAG1/2 proteins cleave Ttg-1 at multiple sites in plasmid substrates. The Ttg-1 sequence is shown with 
cleavage sites identified by LM-PCR indicated by arrows above the sequence. The cleavage site denoted by an asterisk 
was identified in two independent TA clones. 
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Figure 31. Plasmid substrates containing cRSSs are cleaved by the RAG1/2 
proteins in cells. (A-B) Plasmid substrates containing a pair of consensus RSSs 
or an RSS/cRSS pair were cotransfected with RAG expression constructs in 293 cells 
and SEBs generated at the 12RSS (A) or 23RSS (B) (or their cRSS replacement) were 
detected from recovered plasmid DNA by LM-PCR as shown in Figure 29.  

A. 

B. 
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A and B). Consistent with my in vitro cleavage experiments, SEBs generated at 

LMO2 and Ttg-1 were detectable by LM-PCR, albeit at lower levels than their 

counterpart consensus RSS.  SEBs at SIL, Hox11, and SCL substrates were 

essentially undetectable above background. Taken together, these data suggest 

that LMO2 is cleaved in plasmid DNA by a nick-hairpin mechanism in vitro and in 

vivo, whereas Ttg-1 may undergo nick-nick pathway. Other cRSSs tested, such 

as SIL, may support cleavage via the nick-hairpin mechanism, but at such low 

levels as to be comparable to cleavage at other adventitious cRSSs in the 

plasmid backbone. 

 

III.B.6. Enhanced cRSS cleavage by a gain-of-function RAG1 mutant   

           Our laboratory recently identified an E649A RAG1 mutant that exhibits 

increased cleavage activity relative to WT RAG1/2 in the presence of Mg2+ by  

promoting hairpin formation, possibly due to a defect in sensing 12/23-regulated 

synapsis (Kriatchko et al., 2006). I hypothesized that this RAG1 mutant also 

supports enhanced cleavage of cRSS substrates. To test this hypothesis, I 

compared the cleavage activities of WT and E649A RAG1/2 on intact or nicked 

23RSS and SIL and SCL substrates (Figure 32). Consistent with previous 

studies (Kriatchko et al., 2006), the total abundance of reaction products 

generated after in vitro  cleavage of an intact 23RSS by WT and E649A RAG1/2 

was quite similar, but E649A RAG1/2 more readily converted nicks to hairpin 

products, regardless of the presence of HMGB1. E649A RAG1/2 also supported 

higher levels of hairpin formation using a nicked 23RSS substrate. Interestingly,  
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Figure 32. A gain-of-function RAG1 mutant cleaves cRSSs more readily than its 
wild-type counterpart. An in vitro cleavage assay was performed using 
radiolabeled intact or nicked 23-RSS, SIL, or SCL oligonucleotide substrates and 
purified WT, E649A, or D600A RAG1/2 proteins as indicated above the gel. 
Reaction products were fractionated on a sequencing gel along with the 
radiolabeled markers that are the complementary strand of the predicted 
products. Products originated from bottom strand nicking are indicated by 
asterisks. These data are representative of at least three independent 
experiments.  
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both intact and nicked SIL and SCL substrates were cleaved more efficiently by 

E649A RAG1/2 relative to WT RAG1/2, both in the absence and presence of 

HMGB1. This outcome was particularly striking for SCL, where in vitro cleavage 

by the E649A RAG1/2 proteins yielded over ten-fold more hairpin product than 

comparable cleavage reactions containing WT RAG1/2. The enhanced cleavage 

activity observed with E649A RAG1/2 is not due to increased binding of the 

target substrate, as WT and E649A RAG1/2 assembled protein-DNA complexes 

to similar levels with all substrates tested by EMSA (Figure 33). The enhanced 

cleavage activity of SIL and SCL by the E649A RAG1/2 proteins observed using 

oligonucleotide substrates extends to plasmid substrates in vitro and in cell 

culture V(D)J recombination assays for SIL, but not SCL (Figure 34). Taken 

together, these studies raise the possibility that mutations in the RAG1/2 proteins 

or other factors that impair sensing of 12/23-regulated synapsis may contribute to 

increased genomic instability by promoting illegitimate cRSS cleavage. 

 

III.C. Discussion 

           Certain forms of leukemia and lymphoma exhibit recurrent chromosomal 

translocations or deletions that have been attributed to illegitimate V(D)J 

recombination involving sequence motifs in proto-oncogenes that resemble an 

authentic RSS. The functionality of several of these cRSSs have been tested in 

cell culture using plasmid V(D)J recombination assays and have been shown to 

support V(D)J recombination at levels that are 30-fold to greater than 20,000-fold 

less than a consensus RSS (Table 1). Here I show that four cRSSs that support  



 98

 
 
 
 
 

             

WT

E649A

WT

E649A

 
 
 
 
 
Figure 33. A gain-of-function RAG1 mutant binds to cRSSs similar to its wild-
type counterpart. The RSS binding activity of WT and E649A RAG1/2 proteins on 
intact 23-RSS, SIL and SCL oligonucleotide substrates was analyzed by EMSA. 
Protein-DNA complexes were visualized as in Figure 28. 
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Figure 34. A gain-of-function RAG1 mutant cleaves cRSSs more readily than its wild-type counterpart in cell culture 
assays. Cleavage of Hox11, SIL, or SCL in plasmid substrates in the indicated configurations by the WT or E649A RAG 
proteins in cell-free reactions (left panels) or cell culture assays (right panels) was analyzed by LM-PCR. The position of 
LM-PCR products reflecting cleavage at the RSS (or its cRSS replacement) and adventitious cRSSs elsewhere in the 
plasmid are indicated at right.  Control LM-PCR reactions lacking template DNA or T4 DNA ligase are also included.

   

   

A. B. 

C. D. 
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levels of V(D)J recombination above background levels (LMO2, TAL1, Ttg-1, and 

SIL) are also cleaved into hairpin products in vitro  by purified RAG1/2 proteins to 

levels that are ≥18% of a consensus 23RSS when cleavage is assessed using 

an intact oligonucleotide substrate (Table 2). These cRSSs also support RAG-

mediated cleavage when embedded in a plasmid substrate, but the site 

preference for Ttg-1 cleavage is more diverse than observed using 

oligonucleotide substrates. In contrast, two other putative cRSSs that do not 

support V(D)J recombination above background levels (Hox11 and SCL), are 

also not cleaved efficiently by the RAG1/2 proteins in vitro using intact 

oligonucleotide substrates (≤1% of a consensus 23RSS) or plasmid substrates.  

Thus, these data argue that the poor recombination efficiency observed for 

Hox11 and SCL is attributed primarily on their inability to support RAG-mediated 

cleavage, rather than supporting inefficient joining. Furthermore, my experimental 

results from in vitro  cleavage assays suggest that if a putative intact 

oligonucleotide cRSS substrate is cleaved by the core RAG1/2 proteins to levels 

approaching ~20% of a consensus RSS, the cRSS is expected to support 

detectable levels of V(D)J recombination in cell culture. However, the in vitro 

cleavage assays performed using only purified RAG1/2 proteins can not 

accurately predict how well a given cRSS supports V(D)J recombination 

compared with other cRSSs. For example, LMO2 and Ttg-1 substrates are 

cleaved comparably by the core RAG1/2 proteins in vitro (Figure 13 and 14), yet 

LMO2 supports about 20-fold more recombination than Ttg-1 in the plasmid 

V(D)J recombination assay (Table 1). In this case, additional assays reveal 
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potential explanations that differentiate the functionality of the two cRSSs at the 

level of substrate cleavage. First, RAG-mediated cleavage of LMO2, but not Ttg-

1, is slightly stimulated by synapsis (Figure 12). Second, unlike the core RAG1/2 

proteins, RAG protein complexes containing full-length RAG2 cleaves LMO2 

more efficiently than Ttg-1, suggesting the C-terminal "noncore" portion of RAG2 

influences the binding site specificity of the RAG1/2 protein complex (Figure 17 

and 18), as others have suggested (Neiditch et al., 2002). Alternatively, distinct 

cRSSs are bound and cleaved by the RAG1/2 protein complex similarly but may 

have different levels of joining activity due to sequence variations (Lee et al., 

2003). 

   

III.C.1. Mechanisms of cRSS cleavage 

           Two general models (Figure 35) to explain chromosomal translocations in 

lymphoid malignancies mediated by mistakes in V(D)J recombination have 

emerged from structural analysis of derivative chromosomes and functional 

studies of cRSSs in cell culture (Lieber et al., 2006; Marculescu et al., 2006). In 

the type 1 translocation model, the RAG1/2 proteins assemble a synaptic 

complex containing an authentic RSS and a functional cRSS in a proto-oncogene, 

and subsequently mediate cRSS cleavage through the standard nick-hairpin 

mechanism.  A subset of translocations involving LMO2 and TAL1, among others 

are thought to arise through this mechanism (Lieber et al., 2006; Marculescu et 

al., 2006). Data presented here is consistent with this hypothesis, as both 

substrates are cleaved by the RAG1/2 proteins through a nick-hairpin 
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Type 1 translocation Type 2 translocation
 

Figure 35. A schematic diagram of two types of translocation. Red and green rectangles indicate the coding regions of 
antigen receptor gene segments and blue and violet rectangles indicate the coding regions of proto-oncogenes. Red and 
green triangles indicate signal ends of consensus RSSs; blue triangles indicate signal ends of cyptic RSSs, whereas violet 
triangles indicate DNA double-strand breaks with unknown origins. Pink ovals indicate the RAG1/2 proteins. Arrows with 
single head indicate the cleavage and arrows with double heads indicate the joining (adapted from Marculescu et al., 
2006). 
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mechanism in both in vitro and in vivo cleavage assays. Interestingly, I also 

examined other possible mechanisms through which RAG1/2 mediates cRSS 

cleavage. For example, some cRSSs, like TAL1, Ttg-1, and SIL, may also 

undergo RAG-mediated cleavage by a “nick-nick” mechanism because they are 

found to be nicked on the bottom strand proximal to the cleavage site (Figure 23), 

even though the nick-hairpin mechanism is still the major route for RAG1/2 to 

cleave these cRSSs. Inverse transposition and signal end transposition are other 

possible mechanisms. However, as for poor V(D)J recombination substrates 

Hox11 and SCL, RAG-mediated cleavage does not go through these pathways 

(Figure 19-22).  

           In the type 2 translocation model, broken DNA ends that are fortuitously 

introduced in a proto-oncogene infiltrate or are captured by a post-cleavage RAG 

complex generated as an intermediate during normal V(D)J recombination. 

Whereas end-joining in the first model produces two joining products (the 

equivalent of one signal joint and one coding joint), end-joining in the second 

scenario produces three joining products in various possible configurations. 

Translocations involving Hox11 and the Bcl-2 major breakpoint region (MBR), 

among others, are thought to occur by the second model (Lieber et al., 2006; 

Marculescu et al., 2006). The origin of the DNA breaks introduced in the proto-

oncogene is currently unclear, which may or may not be RAG-mediated. In the 

case of the Bcl-2 major break region (Mbr), recent evidence suggests that the 

RAG1/2 proteins, acting as a structure-specific endonuclease, target a non-B 

form DNA structure that this region adopts and introduce staggered nicks that 
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result in DNA breaks with overhanging DNA ends (Raghavan et al., 2004). In 

other cases, the source of DNA breaks is less clear. Here I present evidence that 

cRSSs which fail to support efficient V(D)J recombination in cell culture (e.g. 

Hox11 and SCL) are nevertheless nicked at the 5'-end of the putative cRSS 

heptamer, and can be cleaved inefficiently through a nick-hairpin mechanism in 

the presence of nicked partner DNA (Figure 13 and 24), indicating the possible 

involvement of RAG1/2.  

           Overall, the RAG1/2 proteins may take several different routes to generate 

DNA breaks in a cRSS, possibly creating heterogeneous DNA ends that may be 

repaired by different mechanisms. This scenario may explain why translocations 

involving some cRSSs, like TAL1, appear to arise through both types of 

translocation mechanisms (Marculescu et al., 2006). 

 

 III.C.2. Comparison of in vitro and in silico methods to determine cRSS 

functionality 

           Based on analysis of illegitimate V(D)J rearrangements observed in 

plasmids, it was estimated that ~10 million cRSSs are present in the human 

genome that support V(D)J recombination to ≥1% of a consensus RSS (Lewis et 

al., 1997). However, other than the presence of a CAC motif at the 5'-end of the 

heptamer, the degree of sequence variation observed among individual cRSSs 

known to support detectable levels of V(D)J recombination is too great to allow 

accurate de novo prediction of cRSS functionality. To address this issue, a 

computational algorithm to determine the “recombination information content” 
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(RIC) within a given sequence to predict its potential to support V(D)J 

recombination was developed (Cowell et al., 2004). Using RIC scores set to 

physiological threshold levels ≥-40 for a 12RSS and ≥-60 for a 23RSS, the 

authors concluded that the number of functional cRSSs in the human genome 

may be 10-fold less than reported earlier (lewis et al., 1997), but are nevertheless 

highly abundant. It was interesting to determine how well RIC scores correlated 

with levels of RAG-mediated cleavage and V(D)J recombination activity of the 

cRSSs studied here. When RIC scores were calculated for all the cRSSs 

analyzed in this study, only Ttg-1 scored higher than the thresholds established 

to indicate functionality, although the RIC12 score for LMO2 was very close to the 

threshold (Table 2). However, all four of the six cRSSs that support detectable 

levels of V(D)J recombination in cell culture are cleaved by the RAG1/2 proteins 

in vitro. Thus, the in vitro cleavage assay appears to more accurately predict 

functionality of a cRSS than the in silico approach. This conclusion is 

underscored by the comparison of RIC23 scores obtained for SIL and SCL. By the 

RIC23 score, SCL more closely resembles a functional 23RSS than SIL, but in 

cell culture (Raghavan et al., 2001) and in in vitro cleavage experiments (Figure 

14), SIL supports more efficient RAG-mediated cleavage and recombination than 

SCL. These data suggest that further refinements to mathematical algorithms 

used to evaluate RSS functionality are required to enhance the predictive 

capability of these powerful computational tools, so that they can more accurately 

determine recombination potential of cRSSs with RIC scores that are indicated to 

be subthreshold for functionality. 
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CHAPTER IV 

RAG1/2-mediated structure-specific illegitimate cleavage 

IV.A. Introduction 

           To be considered a plausible cRSS, it is generally thought that the 

putative cRSS must minimally contain at least the first three residues of the 

consensus heptamer (CAC) due to the high degree of sequence conservation of 

these residues among bona fide RSSs and based on functional studies of mutant 

RSS substrates which demonstrate that mutation of any of these residues 

essentially abolishes RAG-mediated cleavage and V(D)J recombination (Hesse 

et al., 1989; Cuomo et al., 1996). The RAG1/2 proteins also exhibit structure-

specific nicking of DNA, preferentially targeting transitions from single- to double-

stranded DNA (Raghavan et al., 2005; Raghavan et al., 2007). Nicks can lead to 

DNA double strand breaks (DSBs) if they are introduced on both DNA strands in 

close proximity. To study the structure-specific nicking by the RAG1/2 proteins, 

most studies have artificially introduced transitions from single- to double-

stranded DNA into DNA substrates by incorporating base pair mismatches, 

bulges, flaps, or gaps. Only one example has been reported of an otherwise fully 

complementary double-stranded DNA adopting a non-B form DNA conformation 

that is targeted by the RAG complex for nicking (Raghavan et al., 2005). 

Therefore, it remains unclear whether some cellular factors can help stabilize 

alternative DNA conformations in otherwise complementary DNA which can then 

be targeted for RAG-mediated cleavage.   
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           In principle, high mobility group proteins that belong to the HMG-box 

family of architectural DNA binding and bending factors (e.g. HMGB1 or HMGB2) 

are plausible candidates for promoting mistargeted RAG1/2 activity because they 

are capable of binding structurally distorted DNA, such as four-way junctions  

and damaged or modified DNA (Webb and Thomas, 1999; Pasheva et al., 1998; 

Ohndorf et al., 1999), and also can interact directly with the RAG1/2 proteins and 

stimulate RAG-mediated RSS binding and cleavage activity in vitro and V(D)J 

recombination in cell culture assays (Aidinis et al., 1999; van Gent et al., 1997).   

Here, I describe the identification of a novel DNA breakpoint site in the V(D)J 

recombination plasmid substrate pGG49 (bps6197) that is cleaved by the 

RAG1/2 proteins via a nick-hairpin mechanism in the presence of HMGB1/2. This 

breakpoint site does not have an obvious heptamer motif (5'-CCTGACG-3') next 

to the cleavage site, but contains a dyad-symmetric inverted repeat (IR) 

sequence lying 5' of the cleavage site (5'-GTGCCAC); moreover, the cleavage 

requires the presence of HMGB1 which can bind to distorted DNA; therefore, I 

hypothesized that HMGB1/2 can target distorted DNA to promote RAG-mediated 

structure-specific cleavage of DNA motif without an obvious heptamer sequence. 

In order to test this hypothesis, the binding, cleavage and rejoining reactions of 

bps6197 by RAG1/2 proteins were systematically characterized. Findings from 

this study will have important implications for understanding how the RAG1/2 

proteins can introduce a DNA double-strand break at DNA sequences that do not 

contain an obvious heptamer motif.  
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IV.B. Results 

IV.B.1. Identification of a novel RAG-mediated breakpoint sequence  

           In a previous study, Raghavan and Lieber characterized the V(D)J 

recombination potential of several putative cRSSs identified from lymphoid 

malignancies, including Ttg-1 and Hox11 (Raghavan et al., 2001). To assay Ttg-

1 and Hox11 recombination activity, the plasmid recombination substrate pGG49, 

which contains a consensus 12RSS and a 23RSS in a deletional configuration, 

was modified to replace the 23RSS with Ttg-1 and Hox11 sequences (Figure 

36A). To follow up that study, the in vitro  RAG-mediated cleavage of these 

plasmid substrates were investigated using ligation-mediated PCR (LM-PCR) to 

detect blunt signal end breaks (SEBs) at the 23RSS or the cRSS (Zhang and 

Swanson, 2008). Consistent with previous results, SEBs were readily detected in 

plasmid substrates containing a consensus 23RSS when incubated with the wild-

type but not catalytically inactive RAG1/2 proteins (WT and D600A cMR1/cMR2, 

respectively) in the presence of HMGB1, but the abundance of these breaks 

diminished when the 23RSS was replaced by the Ttg-1 sequence, and was 

reduced even further upon replacement with the Hox11 sequence (Figure 36B). 

However, as cleavage at the cRSS diminished, cleavage at an alternative site 

increased (Figure 36B). Cloning and sequencing of the major LM-PCR product 

revealed a recurrent breakpoint at position 6197 (bps6197) of the plasmid 

substrate.  Interestingly, this sequence lacks an obvious heptamer motif next to 

the breakpoint (5'-CCTGACG-3'), but contains a plausible nonamer-like element 

30 nucleotides from the cleavage site (5'-ACATTAACC, matching 7 of 9 
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Figure 36. Identification of bps6197 as a novel breakpoint in pGG49. (A) Plasmid substrates cleaved by the RAG1/2 
proteins in vitro are subjected to linker ligation followed by PCR using a linker primer (LP) and a primer proximal to the 23-
RSS (23P) to detect signal end breaks (SEBs) at the 23-RSS (large filled triangle) or another adventitious site (open 
stippled triangle) upstream of the 12-RSS (small open triangle). (B) pGG49 (12+23) or its derivatives containing Ttg-1 or 
Hox11 sequences in place of the 23-RSS (12+Ttg-1 and 12+Hox11, respectively) were incubated with WT or D600A core 
RAG1/2 (cMR1/cMR2) and HMGB1 in an in vitro cleavage reaction and SEBs were detected by ligation-mediated PCR 
(LM-PCR) as described in (A).  The positions of LM-PCR products revealed on an agarose gel corresponding to SEBs at 
the 23-RSS or a novel sequence (bps6197) are indicated at right.  
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Figure 37. The sequence of bps6197 is aligned to the 23-RSS in pGG49.  Nucleotides in bps6197 identical to the 
consensus 23-RSS heptamer and nonamer sequences are underlined.  The site of cleavage is identified by an arrow. A 
dyad-symmetric inverted repeat at the heptamer-coding junction of bps6197 is also indicated.  
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consensus nucleotides), similar to a 23RSS (Figure 37). A seven nucleotide 

dyad-symmetric inverted repeat sequence (5'-GTGCCAC-3') was also noticed 5' 

to the breakpoint, overlapping the cleavage site by one nucleotide (the “C” 

residue) at the 3' end. Because it has been well established that the second and 

third residue of the consensus heptamer are necessary to support efficient RAG-

mediated RSS cleavage and V(D)J recombination (Hesse et al., 1989; Cuomo et 

al., 1996), I wish to determine whether this site is cleaved by the RAG1/2 

proteins through a standard nick-hairpin mechanism or an alternative structure-

specific mechanism. To answer this question, further biochemical analysis of 

RAG-mediated bps6197 cleavage was pursued. 

 

IV.B.2. RAG-mediated cleavage of bps6197 occurs through a nick-hairpin 

mechanism and is stimulated by synapsis with a 12RSS. 

           To examine the bps6197 cleavage mechanism in more detail, top strand 

radiolabeled DNA substrates (~650 bp) were prepared by PCR amplifying from 

wild-type pGG49 and its derivatives containing Ttg-1 or Hox11 in place of the 

23RSS (6197/12/23, 6197/12/Ttg-1, and 6197/12/Hox11, respectively)(Figure 

38A). To determine whether these substrates were cleaved by the RAG1/2 

proteins in vitro, the DNA fragments were incubated with WT or D600A 

cMR1/cMR2 and HMGB1 and the reaction products were separated on a native 

agarose gel (Figure 38B). As expected, RAG-mediated cleavage of the 

6197/12/23 substrate yielded a major product of ~300 bp (cleavage product B) 

consistent with cleavage at the 12RSS, and minor products of ~500 bp and ~100 
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Figure 38.  RAG-mediated cleavage of bps6197 undergoes a nick-hairpin pathway. (A) DNA fragments radiolabeled at 
the 5' end of the top strand (asterisk) were generated by PCR using pGG49 (bps6197/12/23) or its derivatives as 
templates (designations are indicated at right). The sizes of the intact bps6197/12/23 substrate and reaction products 
predicted from RAG-mediated cleavage or restriction enzyme digestion of this substrate are shown. (B) The indicated 
DNA fragments described in (A) were incubated in an in vitro cleavage reaction with HMGB1 and WT or D600A 
cMR1/cMR2 and purified reaction products were analyzed on a vertical agarose gel in parallel with a radiolabeled 100 bp 
ladder (M). Two major cleavage products (A and B, indicated at right) were isolated and used as markers in subsequent 
experiments. 

35              4.7               3.9 

1.1              4.1               3.6 

% Clvg B 

% Clvg A 
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Figure 39.  Efficient RAG-mediated cleavage of bps6197 requires HMGB1 and is 
stimulated by synapsis with a 12-RSS partner. The PCR-generated, radiolabeled 
DNA fragments were subjected to in vitro cleavage by WT or D600A cMR1/cMR2 
in the absence or presence of HMGB1 as indicated. Reaction products were 
analyzed on an 8% sequencing gel containing 40% formamide in parallel with 
markers derived from restriction enzyme digestion of bsp6197/12/23 or isolated 
after RAG-mediated cleavage as described in Figure 38B. The abundance of the 
major reaction products are quantified below the gel. These data are 
representative of at least three independent experiments. ND, not detectable. 
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bp (cleavage product A) expected from cleavage at the 23RSS (or cRSS) and 

bps6197, respectively. Consistent with results obtained by LM-PCR, replacement 

of the 23RSS with Ttg-1 or Hox11 sequences resulted in decreased cleavage at 

the cRSS site, but a concomitant increase in bps6197 cleavage (Figure 38B).  

 To follow up this experiment, the radiolabeled DNA substrates were 

incubated with WT or D600A cMR1/cMR2 in the absence or presence of HMGB1 

and the reaction products were analyzed on a denaturing polyacrylamide gel in 

parallel with native gel-isolated cleavage products A and B as well as sizing 

markers derived from restriction endonuclease cleavage of the intact 

bps6197/12/23 substrate (see Figure 38A). The cleavage product B was found 

to migrate more slowly than a 236 nt fragment generated by SalI digestion of the 

intact bps6197/12/23 substrate, and comigrate with the major reaction product 

generated by RAG-mediated cleavage (Figure 39, compare lane 4 to lanes 7 

and 8). In contrast, cleavage product A migrated just moderately faster than the 

SalI cleavage product, but much more slowly than a 95 nt product generated by 

AatII digestion (not shown, but see Figure 48B, Pg. 129 ), and was only 

observed in the in vitro cleavage reactions containing WT cMR1/cMR2 and 

HMGB1 (Figure 39, compare lane 3 to lanes 7 and 8). Moreover, the abundance 

of this product increased when the 23RSS was replaced by Ttg-1 or Hox11 

sequences, and this increase was correlated with reduced nicking at these 

cRSSs (Figure 39, compare lane 8 to lanes 11 and 14). Faster migrating 

reaction products were also detected that correspond to nicks introduced at 

positions 6195 and 6197 (verified by Figure 49B, Pg. 131), with the latter 
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product being more abundant than the former. The apparent doubling in the size 

of product A between native and denaturing gels and the detection of nicks at 

bps6197 provide compelling evidence that bps6197 supports RAG-mediated 

cleavage by a nick-hairpin mechanism.  

 The relationship between the levels of nicking at the 23RSS/cRSS and the 

bps6197 cleavage activity suggested that removal of the 23RSS itself may be 

sufficient to promote bps6197 cleavage. To test this possibility, and the role of 

the 12RSS in supporting bps6197 cleavage activity, mutant substrates were 

prepared that lacked one or both RSSs (Figure 38A) and then these substrates 

were subjected to in vitro  cleavage by WT or D600A cMR1/cMR2 in the absence 

or presence of HMGB1 (Figure 39). The substrates lacking the 12RSS 

supported lower levels of bps6197 hairpin formation than their counterparts 

containing a 12RSS (Figure 39, compare lanes 8, 11, and 14 to lanes 17, 20, 

and 23), but removal of the 23RSS enhanced bps6197 cleavage relative to the 

6197/12/23 substrate, with substrate cleavage levels similar to that observed with 

the 6197/12/Hox11 substrate (Figure 39, compare lane 26 to lanes 8 and 14).  In 

contrast, when both the 12- and 23-RSS were absent, bps6197 was cleaved 

poorly (Figure 39, lane 29). Taken together, these data strongly suggest that 

bps6197 cleavage is stimulated by synapsis with a 12RSS partner. To determine 

whether the distance or orientation of the 12RSS partner positioned in cis 

influences the efficiency of RAG-mediated bps6197 cleavage, the proximal 

12RSS was removed and the distal 23RSS was replaced with a 12RSS in either 

orientation (Figure 40A). The level of RAG-mediated bps6197 cleavage of these  
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Figure 40.  RAG-mediated cleavage of bps6197 is not affected by the distance 
or orientation of the 12-RSS partner. (A) DNA fragments radiolabeled at the 5' 
end of the top strand (asterisk) were generated by PCR using pGG49 
(bps6197/12/23) or its derivatives as templates (designations are indicated at 
right). (B) The DNA fragments described in (A) were subjected to in vitro 
cleavage by WT or D600A cMR1/cMR2 in the absence or presence of HMGB1 
as indicated.  Reaction products were analyzed on an 8% sequencing gel 
containing 40% formamide. Expected fragment compositions are indicated at 
right. Comparable results have been obtained in independent experiments.   

1.6        24         26        38         26 
0.5        2.4        4.0       4.0       2.2 

% 6197 HP 
% 6197 Nick 
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substrates was quite similar to that observed with the 6197/12 substrate (Figure 

40B), suggesting that RAG-mediated bps6197 cleavage is not affected by the 

distance or orientation of the 12RSS partner. 

 

IV.B.3.  Analysis of RAG-mediated cleavage and binding of bps6197 using 

oligonucleotide substrates. 

           I next wished to determine whether stimulation of bps6197 cleavage by a 

12RSS paired in cis can be reconstituted in trans using oligonucleotide 

substrates. To test this possibility, radiolabeled oligonucleotide substrates (61 bp) 

containing a consensus 23RSS or the bps6197 sequence were incubated with 

WT cMR1/cMR2 in reaction buffer containing Mg2+ in the absence or presence of 

HMGB1 and/or unlabeled 12RSS or 23RSS partner (Figure 41). As expected 

from my previous studies, the 23RSS substrate was nicked robustly by the 

RAG1/2 proteins under these conditions, with some detectable hairpin formation 

and aberrant nicking in the spacer. Both appropriate and aberrant nicks were 

decreased when only unlabeled partner RSS was added or when HMGB1 was 

present (Figure 41, compare lane 4 to lanes 6 and 9). However, addition of both 

HMGB1 and unlabeled 12RSS partner stimulated RAG-mediated 23RSS 

cleavage (hairpin formation), but unlabeled 23RSS diminished the level of 

cleavage observed (Figure 41, compare lane 4 to lanes 11 and 13). In contrast 

to the 23RSS, RAG-mediated bps6197 nicking was modestly stimulated (~2-fold) 

in the presence of HMGB1 (Figure 41, compare lanes 17 and 22). However, like  
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Figure 41.  Oligonucleotide substrates containing bps6197 are cleaved by the 
RAG1/2 proteins in vitro. Radiolabeled 23-RSS and bps6197 oligonucleotide 
substrates were incubated in an in vitro cleavage reaction containing WT 
cMR1/cMR2 with or without added HMGB1 and/or an unlabeled partner 12- or 
23-RSS (0.1 or 1.0 pmol) as indicated.  Reaction products were fractionated on a 
sequencing gel in parallel with radiolabeled markers corresponding to predicted 
nick and hairpin products. The percentage of appropriately sited nick (%N) and 
hairpin (%HP) products as well as aberrant nicks (%Abnicks) are quantified 
below the gel and are are representative of at least three independent 
experiments. ND, not detectable. 
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the 23RSS, addition of HMGB1 and unlabeled 12RSS, but not 23RSS, promoted 

RAG-mediated bps6197 cleavage, although the amount of hairpin produced was 

~20-25-fold lower than that observed for the consensus 23RSS (Figure 41, 

compare lane 17 to lanes 24 and 26). These data support the conclusion that 

bps6197 functionally resembles a 23RSS. 

 In principle, the lower cleavage activity observed with bps6197 relative to 

a consensus 23RSS could reflect poorer RAG1/2 binding to this substrate. To 

test this possibility, the RAG binding activity between the consensus 23RSS and 

bps6197 substrates was compared using an electrophoretic mobility shift assay 

(EMSA). In the first experiment, radiolabeled substrates were incubated with WT 

cMR1/cMR2 alone or with HMGB1 in the absence or presence of increasing 

amounts of unlabeled 23RSS as a specific competitor (Figure 42, left panel). In 

the absence of HMGB1, WT cMR1/cMR2 assembled two discrete protein-DNA 

complexes with a consensus 23RSS (SC1 and SC2, defined previously in III.B.4). 

Both complexes were supershifted by the addition of HMGB1, and the 

abundance of these complexes was diminished by further addition of increasing 

amounts of unlabeled 23RSS competitor. The RAG1/2 proteins were found to 

assemble the various protein-DNA complexes on the bps6197 substrate similarly 

to a consensus 23RSS, with protein-DNA complex formation only slightly more 

susceptible to competition by an unlabeled 23RSS. To confirm these results, 

various RAG complexes on a radiolabeled 23RSS substrate were assembled in 

the presence of increasing concentrations of unlabeled 23RSS, bps6197, Hox11 

or non-specific competitor DNA (Figure 42, right panel). As competitors, the  
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Figure 42.  Oligonucleotide substrates containing bps6197 are bound by the 
RAG1/2 proteins in vitro. (Left panel) Radiolabeled 23-RSS and bps6197 
oligonucleotide substrates were incubated with WT cMR1/cMR2 in binding 
reactions in the absence or presence of HMGB1 and increasing amounts (0.1, 
1.0, or 10 pmol) of a unlabeled 23RSS as a competitor. (Right panel) WT 
cMR1/cMR2 was incubated with a radiolabeled 23RSS substrate with or without 
HMGB1 and increasing amounts (0.1, 1.0, or 1.0 pmol) of unlabeled 23RSS, 
bps6197, Hox11 or non-specific (NS) oligonucleotide duplex substrates as a 
competitor.  Protein-DNA complexes were separated by EMSA and visualized as 
in Figure 28. 
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substrates were found to be ordered from strongest to weakest as follows: 

23RSS>bps6197>Hox11>non-specific DNA, with differences being 

approximately 2-3 fold. Taken together, these data suggest that bps6197 is 

competent to support stable formation of RAG-DNA complexes at levels 

comparable to a consensus 23RSS.  

 

IV.B.4.  Analysis of RAG-mediated cleavage and binding of bps6197 using 

full-length RAG1/2. 

           Since bps6197 is cleaved by the core RAG1/2 proteins, it is possible that 

it can also be cleaved by the full-length RAG1/2 proteins. Initially, PCR generated 

radiolabeled long fragment (6197/12/23, 6197/12 only) substrates were 

incubated with the core and full-length RAG1/2 proteins (D600A cMR1/cMR2, 

WT cMR1/cMR2, WT cMR1/FLMR2, and WT FLMR1/cMR2) in reaction buffer 

containing Mg2+ in the absence or presence of HMGB1. The core and full-length 

RAG1/2 proteins were found to exhibit comparable cleavage activity to bps6197 

for both substrates (Figure 43, compare lane 6, 8 and 10; compare lane 13, 15 

and 17) in the presence of HMGB1, while the D600A mutant RAG1/2 proteins 

could cleave neither one of the substrates. The binding activity to bps6197 of the 

core and full-length RAG1/2 proteins were also compared. As expected, bps6197 

supported RAG1/2 binding at levels that were slightly lower than 23RSS (about 2 

fold) for all protein preparations (Figure 44). The lower binding activity of 

FLMR1/cMR2 was due to the lower concentration of proteins. Overall, full-length 

RAG1/2 can bind and cleave bps6197 at levels comparable to core RAG1/2.  
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Figure 43. Comparison of bps6197 cleavage by the core and full-length RAG1/2 
proteins. Core or full-length MBP-RAG proteins (cMR1/cMR2, cMR1/FLMR2, and 
FLMR1/cMR2, respectively) were incubated with radiolabeled PCR-generated 
long DNA substrates (6197/12/23 or 6197/12 only) in the absence or presence of 
HMGB1 (150 ng) in an in vitro cleavage reaction containing Mg2+. The 
abundance of the major reaction products are quantified below the gel. These 
data are representative of at least three independent experiments. ND, not 
detectable. 
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Figure 44. Comparison of binding activity of bps6197 by the core and full-length 
RAG1/2 proteins. Radiolabeled 23-RSS and bps6197 oligonucleotide substrates 
were incubated with the core or full-length RAG1/2 proteins in binding reactions 
in the absence or presence of HMGB1. Protein-DNA complexes were separated 
by EMSA and visualized as in Figure 28. 



 124

IV.B.5.  DNA footprinting experiments fail to detect a secondary structure. 

           Since the bps6197cleavage by the RAG1/2 proteins depends on the 

presence of HMGB1 and bps6197 does not have an obvious heptamer but there 

is an inverted repeat (IR) sequence close to the cleavage site, there might be a 

secondary structure in the IR region targeted or induced by the HMGB1/2 

proteins to guide the cleavage site for the RAG1/2 proteins. In order to detect the 

existence of the secondary structure, various DNA footprinting assays were used. 

Initially, the protein-DNA complexes were probed by direct footprinting using 

dimethylsulfate (DMS). DMS methylates the “G” residues in DNA, which can 

subsequently be exposed by piperidine treatment. RAG1/2 binding can inhibit 

methylation and subsequent cleavage. As expected from previous studies 

(Swanson and Desiderio, 1998), the cleavage of “G” residues in the nonamer of 

23RSS was completely abolished, indicating the nonamer is the major binding 

site for the RAG1/2 proteins. Similarly, the noname-like motif is also the binding 

site for the RAG1/2 proteins to the bps6197 substrate (Figure 45). However, the 

HMGB1 binding and/or targeting site cannot be conclusively determined because 

there was no apparent difference on the footprinting pattern between the RAG1/2 

proteins alone and RAG1/2 proteins plus HMGB1 for both 23RSS and bps6197 

substrates (Figure 45). 

           The next approach used to detect the secondary structure is the 

potossium permanganate (KMnO4) modification assay. It has been shown that 

KMnO4 is able to oxidize thymine (T) to thymine glycol when DNA is single-

stranded and it has also been used previously to detect single-stranded regions  
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Figure 45.  Methylation interference experiments fail to detect a secondary 
structure at the bottom strand of bps6197. Radiolabeled bottom strands of 
23RSS and bps6197 oligonucleotide substrates were subjected to DMS 
modification after incubation with core RAG1/2. The modified DNA was 
fractionated on a sequencing gel after piperidine treatment. These data are 
representative of at least three independent experiments. “7”, heptamer; “9” 
nonamer; IR, inverted repeat; “G”, G nucleotide. Brackets indicate the RAG1/2 
protection sites. 
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Figure 46.  Permanganate interference experiments fail to detect a secondary 
structure at the top strand of bps6197. Radiolabeled top strands of 23RSS and 
bps6197 oligonucleotides were subjected to KMnO4 modification after incubation 
with core RAG1/2. The modified DNA was fractionated on a sequencing gel after 
piperidine treatment. These data are representative of at least three independent 
experiments. “7”, heptamer; “9” nonamer; IR, inverted repeat; “T”, T nucleotide; 
“HP”, hairpin marker; “N”, nicking marker. 
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Figure 47.  Permanganate interference experiments fail to detect a secondary 
structure at the bottom strand of bps6197. Radiolabeled bottom strands of 
23RSS and bps6197 oligonucleotides were subjected to KMnO4 modification 
after incubation with core RAG1/2. The modified DNA was fractionated on a 
sequencing gel after piperidine treatment. These data are representative of at 
least three independent experiments. “7”, heptamer; “9” nonamer; IR, inverted 
repeat; “T”, T nucleotide; “N”, nicking marker. 
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of DNA both in vitro  and in vivo (Raghavan et al., 2004). For both top strands 

(Figure 46) and bottom strands (Figure 47), there was no detectable single-

stranded region due to the effect of HMGB1, because the cleavage patterns for 

all groups were similar, even in the IR region. Taken together, these footprinting 

experiments do not reveal a HMGB1-induced/targeted secondary structure.  

 

IV.B.6.  Site-specific bps6197 cleavage is directed by inverted repeat and 

nonamer-like sequences 

           Because footprinting experiments do not detect a secondary structure in 

the IR region, I wonder whether the IR sequence plays any role in the RAG-

mediated bps6197 cleavage. In the first, the 5' end of the IR sequence was 

mutated (6197 mIR, see Figure 48A) to determine whether this sequence 

influences where the RAG1/2 proteins cleave the substrate.  If the location of 

bps6197 cleavage is directed solely by specific recognition of residues at 

positions equivalent to the heptamer, then one might expect mutating residues 4-

6 nucleotides distal to the cleavage site in the coding flank would not appreciably 

alter where the RAG1/2 proteins cleave the substrate.  Interestingly, however, 

the mutation of these residues was found to shift the preferred cleavage site by 

two nucleotides, so that a CAC trinucleotide sequence (6195), which is also 

found in a consensus heptamer, was preferentially nicked compared to the CCT 

trinucleotide sequence (6197) targeted in the wild-type bps6197 substrate 

(Figure 48B, compare lane 9 to lane 13). This observation also held true if the 

substrates lacked the 23RSS (Figure 48B, compare lane 17 to lane 21). These  
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Figure 48.  RAG-mediated bps6197 cleavage is directed by the inverted repeat 
sequence. (A) DNA fragments radiolabeled at the 5' end were generated by PCR 
using pGG49 containing or lacking a 23RSS or their derivatives containing three 
residue substitutions in the inverted repeat distal to the cleavage site (underlined). 
(B) The DNA fragments in (A) were subjected to RAG-mediated cleavage as in 
Figure 39. The 6195 nicking site is predicted by the sequence analysis and 
verified in Figure 49. ND, not detectable. 
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data suggest that the coding flank sequence in bps6197 plays a larger role in 

directing the site of cleavage than in a consensus RSS, where residues in the 

heptamer play a predominant role in guiding the position of RAG1/2-mediated 

cleavage. In order to verify the true nicking sites, the cleavage reaction products 

were fractionated on a sequencing gel with two PCR-generated fragments to 

identify 6195 and 6197 site, respectively (Figure 49A). As expected, mutation of 

IR sequences clearly shifted the preferred nicking site from 6197 to 6195 (Figure 

49B). 

           To determine whether the nonamer-like sequence identified in bps6197 

was required to support bps6197 cleavage, the putative nonamer motif (6197 

mNon, see Figure 50A) was mutated and reaction products generated after 

RAG-mediated cleavage were analyzed. Mutating this element was found to 

largely abolish nicking and hairpin formation at bps6197, regardless of whether 

the consensus 23RSS paired in cis was present or absent in these substrates 

(Figure 50B, compare lanes 3 and 9 to lanes 6 and 12).    

 Having established a functional role for the inverted repeat and nonamer-

like sequences in supporting RAG-mediated bps6197 cleavage on PCR-

generated substrates, I next wished to determine whether the effects of substrate 

mutations on RAG-mediated cleavage of long DNA fragments could be 

recapitulated using short oligonucleotide substrates, and to evaluate the degree 

to which substrate mutations impaired RAG-DNA complex formation. In general, 

mutations in the inverted repeat and nonamer-like sequences showed 

comparable effects on the reaction product profile after RAG-mediated cleavage  
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Figure 49.  Verification of nicking sites in PCR-generated substrates containing 
bps6197. (A) DNA fragments radiolabeled at the 5' end of the top strand (asterisk) 
were generated by PCR using pGG49 (bps6197/12/23) or its derivatives 
containing three residue substitutions in the inverted repeat distal to the cleavage 
site (underlined). A radiolabeled primer 6000F and an unlabeled primer 6195 or 
6197 (arrows) were used to amplify DNA fragments as markers in panel (B). For 
PCR, high fidelity Pfu polymerase was used instead of the Taq polymerase. (B) 
The DNA fragments described in (A) were subjected to in vitro cleavage by WT 
cMR1/cMR2 in the absence or presence of HMGB1 as indicated. Reaction 
products were fractionated on an 8% sequencing gel containing 40% formamide 
in parallel with PCR-generated markers in (A). Expected fragment sizes and 
compositions are indicated at left and right, respectively.  

1.0        1.0       5.7        4.7 
ND        1.5       ND        3.1 % 6195 Nick 
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Figure 50.  RAG-mediated bps6197 cleavage requires the nonamer-like 
sequence. (A) DNA fragments radiolabeled at the 5' end were generated by PCR 
using pGG49 or its derivatives containing a wild-type or mutant (underlined) 
nonamer-like sequence in bps6197.  (B) The DNA fragments in (A) were 
subjected to RAG-mediated cleavage as in Figure 39. Independent experiments 
reveal similar results. ND, not detectable. 

B. 

A. 

6.0         ND                 18         ND 
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as their counterpart long DNA fragments, except that there was less dependence 

on the presence of HMGB1 for the introduction of nicks in the bps6197 sequence 

(Figure 51). Specifically, mutations in the inverted repeat were found to skew the 

pattern of reactivity in favor of cleavage two nucleotides into the coding flank, 

with hairpins derived from both nicks being clearly evident in the presence of 

HMGB1 and unlabeled 12RSS partner (Figure 51, compare lanes 10-12 to lanes 

18-20). In contrast, mutations in the nonamer-like sequence greatly reduced 

substrate cleavage activity under the same conditions (Figure 51, compare lanes 

10-12 to 22-24). To examine whether the flanking sequence itself is required to 

direct RAG-mediated cleavage, a mutant oligonucleotide substrate in which the 

sequence flanking bps6197 is replaced by the coding flank of the consensus 

23RSS was also tested for cleavage. Interestingly, this sequence showed no 

evidence of RAG-mediated nicking in the coding flank, but supported levels of 

nicking and hairpin formation at the predicted heptamer-coding junction that were 

modestly lower than the wild-type bps6197 substrate (Figure 51, compare lanes 

10-12 to lanes 14-16). The differential cleavage of substrates bearing mutations 

in the coding flank are not attributed to differences in how these substrates are 

bound by the RAG proteins, because the abundance and distribution of protein-

DNA complexes assembled on these substrates was quite similar to those 

formed using a consensus 23RSS substrate, as assessed by EMSA (Figure 52).  
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Figure 51.  The effect of mutations in bps6197 is reconstituted using 
oligonucleotide substrates. A radiolabeled 23RSS substrate, a wild-type bps6197 
oligonucleotide substrate, or bps6197 substrates bearing a 23RSS coding flank 
substitution (bps6197 SE/23RSS CE) or mutations in the inverted repeat 
(bps6197 mIR) or nonamer (bps6197 mNon) sequences were incubated in an in 
vitro cleavage reaction containing WT cMR1/cMR2 with or without added 
HMGB1 and unlabeled partner 12RSS (1.0 pmol) as indicated.  Reaction 
products were analyzed as in Figure 41.   
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Figure 52.  Mutations in the nonamer-like motif of bps6197 greatly decrease 
binding activity of bps6197 to RAG1/2. A radiolabeled 23RSS substrate, a wild-
type bps6197 oligonucleotide substrate, or bps6197 substrates bearing a 23RSS 
coding flank substitution (bps6197 SE/23RSS CE) or mutations in the inverted 
repeat (bps6197 mIR) or nonamer (bps6197 mNon) sequences were incubated 
in binding reactions containing WT cMR1/cMR2 with or without added HMGB1. 
Protein-DNA complex formation was fractionated by EMSA and visualized as in 
Figure 28. 
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bps6197 GTGCCA  CCTGACG  TCTAAGAAACCATT

6197mt1 GTGCCA  GCTGACG  TCTAAGAAACCATT

6197mt2 CTGCCA  GCTGACG  TCTAAGAAACCATT

Heptamer Spacer

IR

bps6197 GTGCCA  CCTGACG  TCTAAGAAACCATT

6197mt1 GTGCCA  GCTGACG  TCTAAGAAACCATT

6197mt2 CTGCCA  GCTGACG  TCTAAGAAACCATT

Heptamer Spacer

IR  
Figure 53.  The first cytosine of the heptamer is required for RAG-mediated 
cleavage of bps6197. (A)  A radiolabeled 23RSS substrate, a wild-type bps6197 
oligonucleotide substrate, or a mutant bps6197 substrate with the first “C” 
residue of the putative heptamer replaced by a “G” residue (6197mt1) or a 
mutant bps6197 with the first “C” of the heptamer replaced by a “G” and the first 
“G” residue of IR replaced by a “C” residue (6197 mt2) were incubated in an in 
vitro cleavage reaction containing WT cMR1/cMR2 with or without added 
HMGB1 and unlabeled partner 12RSS (1.0 pmol) as indicated. Reaction 
products were analyzed as in Figure 41.  (B)  The sequences of bps6197, 
6197mt1 and 6197mt2 are shown. The mutated nucleotides in 6197mt1 and 
6197mt2 are underlined. The sites for the inverted repeat (IR), the heptamer and 
spacer are also indicated. ND, not detectable.  

A. 

B. 
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However, mutation of the nonamer-like sequence clearly impairs RAG-DNA 

complex formation. Finally, when the bps6197 substrates that were mutated such 

that the first “C” residue of the putative heptamer is replaced by a “G” residue 

without or with a concomitant mutantation in which replacement of the first “G” 

residue by a “C” residue is in the IR (6197mt1 and 6197mt2, respectively), were 

incubated with RAG1/2 in an in vitro cleavage reaction, hairpin formation was 

completely abolished. However, a modest reduction on nicking than the wild-type 

bps6197 substrate was observed (Figure 53A, compare lanes 7-8 to lanes 11-12 

and 15-16). Taken together, these data suggest that both the coding sequence 

and the first “C” residue of the heptamer of bps6197 play an important role in 

directing the site of RAG-mediated cleavage, and that the nonamer-like element 

functions to stabilize RAG binding to this DNA sequence. 

 

IV.B.7.  Determinants of HMGB1 required to promote RAG-mediated 

bps6197 cleavage. 

           The dependence of RAG-mediated bps6197 cleavage in long DNA 

fragments on HMGB1 made me wonder what determinants of HMGB1 were 

required to support this activity.  HMGB1 and its vertebrate homologue HMGB2, 

contain tandem HMGB-box domains (called A and B) and an acidic C-terminal 

tail separated from the HMG-boxes by a linker sequence rich in basic residues.  

Both HMG-box domains share a globally similar architecture comprised of three 

alpha helices that adopt an L-shaped structure, and possess DNA binding and 

bending activity (Thomas and Travers, 2001). The functional activity of the HMG-
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box domains is further modulated in various ways by the C-terminal basic and 

acidic residues (Bergeron et al., 2005).   

 Given the distinct functional properties of the different regions of HMGB1, 

their roles in stimulating RAG-mediated bps6197 cleavage were examined.  In a 

previous study to identify determinants of HMGB1 required to stimulate RAG-

mediated cleavage of an oligonucleotide substrate containing a consensus 

23RSS, our laboratory prepared a large panel of truncated wild-type and mutant 

forms of HMGB1 (Figure 6, Pg. 35). I evaluated this panel of HMGB1 proteins, 

as well as a truncated form of wild-type HMGB2, for their ability to promote RAG-

mediated bps6197 cleavage in long DNA fragments amplified from pGG49 or its 

derivative lacking the 23RSS (Figure 54).  Compared to full-length wild-type 

HMGB1, individual HMG-box domains and forms of HMGB1 containing 

mutations in one or both HMG-boxes that target residues involved in mediating 

key protein-DNA interactions exhibited severe defects in stimulating RAG-

mediated bps6197 cleavage, regardless of whether or not a partner consensus 

23RSS was present in the substrate in cis.  Interestingly, except for Box B’, these 

proteins remain capable of stimulating 12RSS cleavage in these substrates 

relative to samples containing cMR1/cMR2 alone. This outcome is consistent 

with our recent data showing that despite failing to stimulate RAG-mediated 

cleavage on an isolated 23RSS oligonucleotide substrate in Mg2+, a single HMG-

box domain can promote 23RSS cleavage when a partner 12RSS is present 

(Kriatchko et al., 2008). In this study, either the 23RSS or bps6197 may serve in 

cis as the partner to the 12RSS in the long DNA substrate. For the latter case,  
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Figure 54.  Single HMG-box domains fail to efficiently stimulate RAG-mediated 
bps6197 cleavage. DNA fragments radiolabeled at the 5' end were generated by 
PCR using pGG49 containing or lacking a 23-RSS. The radiolabeled DNA 
fragments were incubated with WT cMR1/cMR2 in an in vitro cleavage reaction 
lacking or containing the various forms of HMGB1 or HMGB2 as indicated. The 
diagram of various HMGB1/2 is shown in Figure 6.  Based on previous studies 
(Bergeron et al., 2005), different amounts of each form of HMGB1 or HMGB2 
was added to the cleavage reaction as follows: 600 ng (Box B’), 300 ng (WT, mtA, 
mtB, and mtAB), 200 ng (Box A and Box B), or 100 ng (Basic, Tailless, Shuffled, 
and HMGB2).  Similar results were obtained in independent experiments. 
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these data argue that bps6197 need not necessarily undergo nicking to stimulate 

12RSS cleavage. Consistent with previous studies (Bergeron et al., 2005), forms 

of HMGB1 lacking the acidic tail promote greater nicking and comparable to 

slightly higher levels of RAG-mediated bps6197 cleavage than full-length 

HMGB1. Interestingly, however, rearranging the order of HMG-boxes (AB vs BA) 

does not diminish the level of RAG-mediated bps6197 nicking, but does slightly 

impair hairpin formation at this site. This effect is also observed at the 12RSS, 

suggesting that the two domains do not have entirely redundant functions in 

facilitating hairpin formation at RSSs positioned in cis. Finally, the ability of 

tandem HMG-box domains to stimulate RAG-mediated bps6197 cleavage is not 

unique to HMGB1, as a tailless form of HMGB2 also promotes cleavage at levels 

comparable to HMGB1.  

 

IV.B.8.  Bps6197 supports enhanced binding by HMGB1 compared to a 

23RSS 

           The strong dependence of RAG-mediated bps6197 cleavage on HMGB1 

raises the possibility that HMGB1 selectively targets this sequence, and 

facilitates formation of a stable protein-DNA complex with the RAG1/2 proteins.  

If this is true, HMGB1 might be expected to bind bps6197 better than a 

consensus 23RSS. To test this possibility, oligonucleotide substrates containing 

a consensus 23RSS or bsp6197 were incubated with increasing amounts of wild-

type full-length or tailless forms of HMGB1 and protein-DNA complex formation 

was analyzed by EMSA (Figure 55). Both forms of HMGB1 were found to require
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Figure 55. HMGB1 exhibits preferential binding to bps6197 relative to a 23-RSS. (A) Radiolabeled oligonucleotide 
substrates containing a consensus 23-RSS or bps6197 were incubated under binding conditions with increasing amounts 
of full-length HMGB1 (0-320 ng in 40 ng increments). Protein-DNA complex formation was analyzed by EMSA. (B) 
Radiolabeled oligonucleotide substrates were incubated under binding conditions with increasing amounts of Tailless 
HMGB1 (0-140 ng in 20 ng increments) and then fractionated by EMSA.     
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about 1.5-fold less protein to form comparable levels of protein-DNA complexes 

on bps6197 compared to the 23RSS, suggesting that HMGB1 preferentially 

binds bps6197 relative to the 23RSS. 

 

IV.B.9.  Cleavage and recombination activity of bps6197 in vitro and in vivo. 

           Since in vitro studies clearly establish that bps6197 is a target for RAG-

mediated cleavage in the presence of HMGB1, it is possible that this site also 

supports V(D)J recombination in cells. To examine this possibility, V(D)J 

recombination plasmid substrates were generated from pJH299. These 

substrates contain a 12RSS and either a consensus 23RSS in the same 

orientation as the 12RSS (12/23) or bps6197 in the same or reverse orientation 

relative to the 12RSS (12/6197SO and 12/6197RO) (Figure 56A). The pJH299 

backbone was used instead of pGG49 in this case due to concerns about 

removing the bps6197 sequence from its native context in the lac promoter 5' of 

the 12RSS (Hesse et al., 1989). I first wished to test whether bps6197 is a target 

for RAG-mediated cleavage in the context of pJH299 in vitro.  Consistent with 

previous results, bps6197 SEBs were detected by LM-PCR in 12/6197SO 

plasmid DNA recovered after in vitro  cleavage by WT, but not D600A core 

RAG1/2; SEBs at this site increased when HMGB1 was also present in the 

cleavage reaction (Figure 56B, compare lanes 8 and 11). SEBs were not 

detected when bps6197 was in the opposite orientation (12/6197RO), as 

expected if RAG-mediated cleavage yielded a covalently sealed coding end 

proximal to the 23P primer that could not be amplified by the 23P primer (Figure  



 143

 

                           

 
 

 
 
Figure 56.  RAG-mediated bps6197 cleavage in vitro.  (A)  Diagrams showing 
the V(D)J recombination plasmid substrate pJH299 (12/23) or its derivatives in 
which the 23RSS is replaced by bps6197 in the same orientation (12/6197SO) or 
reverse orientation (12/6197RO).  (B)  The plasmid substrates in (A), linearized 
with AatII, were incubated with D600A or WT cMR1/cMR2 in an in vitro cleavage 
reaction lacking or containing HMGB1. 12 or 23RSS or bps6197 signal end break 
(SEB) was detected by ligation-mediated PCR (LM-PCR) as in Figure 8.  

 

A. 

B. 
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56B, compare lanes 11 and 12). Cleavage at the 12RSS was also detected in 

these assays, and increased when the 23RSS was replaced by bps6197. 

Interestingly, bps6197 SEBs generated by the RAG1 gain-of-function mutant 

E649A were less abundant than that of WT RAG1/2 proteins (about two fold less), 

but cleavage at the 12RSS site by E649A was more robust than that of WT 

RAG1/2 proteins (about two fold more) (Figure 57, compare lanes 7 and 10), 

which is consistent with previous studies (Kriatchko et al., 2006). 

           Having established that the RAG1/2 proteins can cleave bps6197 when 

embedded in the pJH299 backbone in vitro, I next wanted to test the functionality 

of bps6197 in vivo. Initially, the cleavage of bps6197 was examined using the 

LM-PCR assay. Plasmid substrates used in the in vitro cleavage experiments 

were cotransfected with WT or D600A cMR1 and WT cMR2 expression 

constructs in 293 cells, and then plasmid DNA was recovered 72 hours after 

transfection. SEBs from both consensus RSSs and bps6197 were detected using 

the same LM-PCR strategy as that of in vitro experiments. SEBs at both RSSs 

were readily detected in the recovered 12/23 substrate cotransfected with WT 

cMR1/cMR2, but not D600A cMR1/cMR2 (Figure 58A). However, in contrast to 

in vitro cleavage assays, bsp6197 SEBs were not observed in the 12/6197SO 

plasmid DNA recovered from cell culture, despite detection of cleavage at the 

12RSS positioned in cis (which occured at lower levels than in the 12/23 

substrate). In order to confirm LM-PCR data, these PCR samples were also 

hybridized with a radiolabeled probe after DNA was transferred to a nylon 

membrane. Bps6197 SEB was still not detectable even though cleavage at the  
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Figure 57.  RAG1 gain-of-function mutant E649A also supports bps6197 
cleavage in vitro. The V(D)J recombination plasmid substrate pJH299 (12/23) or 
its derivatives in which the 23-RSS is replaced by bps6197 in the same 
orientation (12/6197SO) or reverse orientation (12/6197RO), linearized with AatII, 
were incubated with D600A, or WT or E649A cMR1/cMR2 in an in vitro cleavage 
reaction containing HMGB1. Signal end breaks (SEBs) were detected by ligation-
mediated PCR (LM-PCR). The positions of LM-PCR products revealed on an 
agarose gel corresponding to SEBs at the 12RSS and 23RSS or bps6197 are 
indicated at right. 
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Figure 58.  RAG-mediated bps6197 cleavage in cells is not detectable.  (A) 
V(D)J recombination substrates as indicated above the gel were cotransfected 
with WT or D600A cMR1 and WT cMR2 expression constructs into 293 cells.  
Plasmid DNA recovered 72h post-transfection was analyzed for the presence of 
12 or 23RSS or bps6197 SEBs by LM-PCR using the strategy as in Figure 56. 
To verify the presence of template DNA, a fragment of the chloramphenicol 
acetyl transferase (CAT) gene in the pJH299 backbone was amplified by PCR as 
a control.  (B) Southern blotting of LM-PCR samples as in (A).   

A. 

B. 
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consensus RSSs was easily detected (Figure 58B). I considered the possibility 

that HMGB1 expression may be insufficient in 293 cells to promote RAG-

mediated bps6197 cleavage. However, HMGB1 was readily detected in 293 cell 

lysates and repeating these assays in 293 cell lines overexpressing HMGB1 did 

not change the outcome of the experiment (data not shown). Finally, when I 

repeated the in vivo cleavage experiments using a plasmid substrate 

(12/6197SOMt) in which the conserved heptamer sequence (5'-CACAGTG-3') 

replaces the heptamer of bps6197 (5'-CCTGACG-3') at the 12/6197SO 

backbone, the conserved heptamer rescued cleavage actively, indicating the 

heptamer is still the major determinant for RAG-mediated cleavage (Figure 59, 

compare lanes 6 and 8). These data also exclude the possibility that the 

undetectable cleavage is due to the insufficient level of HMGB1. Taken together, 

bps6197 is not cleaved by the RAG1/2 proteins in cells to levels that are within 

the detection limit of LM-PCR assay. I consider several possible explanations 

that will be discussed later in more details. 

           After examining the in vivo cleavage of bps6197, the recombination of 

bps6197 in cells was analysed. The joining products were detected using a PCR 

assay to amplify the plasmid DNA recovered from transfection as in in vivo 

cleavage experiments (Figure 60A). When the same recovered plasmid DNA 

was used to perform cleavage and recombination assays, both SEBs and signal 

joints were detected at the 23RSS cotransfected with WT cMR1/cMR2, but not 

D600A cMR1/cMR2 (Figure 60B, lanes 4 and 8). As expected, SEBs and signal  
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Figure 59.  A consensus heptamer rescues RAG-mediated bps6197 cleavage in 
cells.  (A) V(D)J recombination substrates as indicated above the gel were 
cotransfected with WT or D600A cMR1 and WT cMR2 expression constructs into 
293 cells.  Plasmid DNA recovered 72h post-transfection was analyzed for the 
presence of 12- or 23-RSS or bps6197 SEBs by LM-PCR using the strategy as in 
Figure 37. To verify the presence of template DNA, a fragment of the 
chloramphenicol acetyl transferase (CAT) gene in the pJH299 backbone was 
amplified by PCR as a control.  (B) Southern blotting of LM-PCR samples as in 
(A).  (C)  V(D)J recombination substrates including a mutant plasmid substrate 
(12/6197SOMt, the consensus heptamer replaces the heptamer of bps6197) 
were cotransfected with WT or D600A cMR1/cMR2 into 293 cells. SEBs were 
detected using the LM-PCR assay as in Figure 56. The positions of LM-PCR 
products revealed on an agarose gel corresponding to SEBs at the 12RSS and 
23RSS or bps6197 are indicated at right. 
 
 
 
 



 149

6111F 6363F

6382R 6624R

6111F

6363F

6382R

6624R

RAG1/2

NHEJ

CJ

SJ

12
R

S
S

b
p

s6
1

97

6111F 6363F

6382R 6624R

6111F

6363F

6382R

6624R

RAG1/2

NHEJ

CJ

SJ

12
R

S
S

b
p

s6
1

97

 
 

       

D600A cMR1/cMR2

WT cMR1/cMR2

+       - +       - +       - +       -

- +      - +               - +       - +

12
/2

3

12
/6

19
7 

S
O

12
/6

19
7 

S
O

12
/2

3

SJ

M N
o 

T
em

pl
at

e

1      2       3       4      5       6               7       8 9     10

D600A cMR1/cMR2

WT cMR1/cMR2

+       - +       - +       - +       -

- +      - +               - +       - +

12
/2

3

12
/6

19
7 

S
O

12
/6

19
7 

S
O

12
/2

3

SJ

M N
o 

T
em

pl
at

e

1      2       3       4      5       6               7       8 9     10  
 
Figure 60.  RAG-mediated bps6197 signal joint formation in cells is not 
detectable.  (A) A schematic diagram of detection of signal joint formation of 
bps6197 using a PCR assay. V(D)J recombination substrates (12/6197 SO and 
12/23) will form coding joint (CJ) and signal joint (SJ) products after undergoing 
cleavage and rejoining. SJ formation is detected using 6382R and 6624R primers.  
(B) Plasmid substrates pJH299 (12/23, positive control) and 12/6197 SO were 
cotransfected with WT or D600A cMR1 and WT cMR2 expression constructs into 
293 cells. Plasmid DNA recovered 72h post-transfection was analyzed for the 
presence of 23RSS or bps6197 SEBs by LM-PCR and SJ formation using the 
PCR strategy shown in (A).   
 

B. 

A. 
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joints were undetectable at the bps6197 site in cells (Figure 60B, lanes 6 and 

10).  

           Interestingly, previous studies on RAG-mediated inverse transposition 

also demonstrated that RAG1/2 can cleave some non-RSS DNA and 

subsequently transfer the cleaved ends to a 12- or 23-RSS. The cleavage of non-

RSS DNA depends on the presence of HMGB1 and an RSS partner. Moreover, 

sequence analysis also revealed a conserved inverted repeat (5'-GTG [A/C] CAC) 

sequence at the 5' of the cleavage site (Shih et al., 2002). Since the cleavage of 

bps6197 is very similar to that of these non-RSS DNA motifs, bps6197 may also 

undergoes inverse transposition in cells. Because inverse transposition and 

hybrid joint (HJ) formation are similar processes and also have the same end 

products, inverse transposition can be considered a variant of hybrid joint 

formation. Therefore, I decided to examine the hybrid joint products of bps6197 

using the same strategy as to detect signal joints (Figure 61A). The hybrid joint 

products of 23RSS (Figure 61B, lanes 7-8) and bps6197 (Figure 61B, lanes 9-

10) were not detectable. Although some amplification products were found in 

bps6197 cotransfected with cMR1/cMR2 (Figure 61B, lanes 9-10), they were 

unlikely to be hybrid joint products because the similar products also appeared in 

bps6197 cotransfected with D600A cMR1/cMR2 (Figure 61B, lanes 5-6). In 

addition, the failure of detection of HJ formation at the 23RSS site (Figure 61B, 

lanes 7-8) suggests this process is either very inefficient or very difficult to detect 

using the PCR strategy. Interestingly, HJ formation was readily detected at the 

12RSS site, and a RAG2 truncated mutant (Stop361, aa1-360), which deletes  
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Figure 61.  RAG-mediated bps6197 hybrid joint formation in cells is not 
detectable.  (A) A schematic diagram of detection of hybrid joint (HJ) formation of 
bps6197 using a PCR assay. V(D)J recombination substrates (12/6197 RO and 
12/23) will form HJ products after undergoing cleavage and rejoining. HJ 
formation is detected using 6382R and 6624R primers.  (B) Plasmid substrates 
pJH290 (12/23, positive control) or 12/6197 RO were cotransfected with WT or 
D600A cMR1 and WT or Stop361 cMR2 expression constructs into 293 cells. 
Plasmid DNA recovered 72h post-transfection was analyzed for HJ formation 
using the PCR strategy shown in (A). 

A. 

B. 
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the last 27 amino acids from the core-RAG2 (aa1-387) protein (Corneo et al., 

2007), had slightly more hybrid joint formation (about 1.5 fold) than the wild-type 

core-RAG2 (Figure 61B, compare lane 8 to lane 7). Overall, RAG-mediated in 

vivo cleavage and joining products of bps6197 are not detectable even though 

RAG-mediated in vitro cleavage of bps6197 is readily detected. 

 

IV.B.10.  The Stop361 RAG2 mutant promotes hybrid joint formation by 

stabilizing the post-cleavage complex. 

           The RAG2 truncation mutant (Stop361) and frameshift mutant (FS361) 

have been shown to increase hybrid joint formation and lead to an alternative 

NHEJ pathway (Corneo et al., 2007), which is consistent with my observation on 

the hybrid joint formation of a V(D)J recombination plasmid pJH290 (Figure 61B). 

In order to investigate the molecular mechanisms, our laboratory also generated 

these mutants. Various co-expressed RAG1/2 protein preparations were purified 

using the mild low-salt method and protein concentrations were measured by the 

Bradford assay. The yields of core RAG proteins (D600A, wild-type, and Stop361) 

were similar; while the yield of full-length RAG1 was about one fourth of that of 

core RAG1, but both wild-type and Stop361 full-length proteins (FLMR1/cMR2) 

were present at comparable quantities (Figure 62, compare lane 5 to lane 6). 

Another plasmid substrate (pJH200) was also used to perform the in vitro and in 

vivo hybrid joint formation assays (Figure 63) to confirm my previous observation 

(Figure 61B). As expected, the Stop361 cMR1/cMR2 proteins produced more  
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Figure 62.  Purification of Stop361 RAG2 mutant proteins. Catalytically inactive 

mutant (D600A) and wild-type core or full-length RAG1 and wild-type core or 

truncated (Stop361) RAG2 were coexpressed in 293 cells as MBP-RAG fusion 

proteins. Proteins were purified using a mild low-salt method, then fractionated 

by SDS-PAGE and visualized by Sypro Orange staining. Samples are 

representative of multiple purifications.   
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Figure 63.  A schematic diagram to detect 23RSS hybrid joint formation using a 
PCR assay. A V(D)J recombination substrate pJH200 (12/23) will form signal 
joint (SJ) and hybrid joint (HJ) products after undergoing cleavage and rejoining. 
HJ formation is detected using 7265R and 7419R primers.   
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hybrid joint products (two major products, one is about 190 bp and the other is 

about 320 bp) than that of wild-type cMR1/cMR2 proteins at all protein 

concentrations (100 ng, 50 ng, 25 ng and 12.5 ng) in vitro (Figure 64A). The 

difference of HJ formation between wild-type and mutant was about two fold 

(Figure 64A, compare lanes 4-5 and lanes 8-9), even though at low 

concentrations of the wild-type RAG1/2 proteins, HJ formation was undetectable 

(Figure 64A, lanes 6-7). Consistent with results from in vitro experiments, 

Stop361 cMR1/cMR2 also had about twofold more HJ formation than wild-type 

cMR1/cMR2 in cells (Figure 64B, compare lane 4 to lane 6) and there was no HJ 

formation in cells transfected with D600A cMR1/cMR2 expression constructs. 

Because the last 27 amino acids at the C-terminal end of the core-RAG2 protein 

contain seven acidic amino acids (VSNSQTSTEDPGDSTPFEDSEEFCFSA, 

acidic residues are underlined), and the Stop361 mutant delets these acidic 

amino acids that are normally negatively charged, it is possible that the more HJ 

formation of the Stop361 mutant is due to the fact that it forms a more stable 

post-cleavage complex than the wild-type core RAG2. In order to test this 

possibility, increasing amounts of SDS (0.00625%, 0.0125%, 0.025%, 0.05%, 

and 0.1%) were added to pre-formed post-cleavage complexes to examine their 

stability. Interestingly, Stop361 cMR1/cMR2 formed about 1.5-fold amount of 

protein-DNA complex as that of wild-type cMR1/cMR2 upon the SDS treatment 

(Figure 65, compare lanes 1-4 to lanes 6-9), and similar results were also 

observed using full-length proteins (Figure 65, compare lanes 11-13 to lanes 16-

18). Taken together, these results suggest that the Stop361 RAG2 mutant  
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Figure 64.  Stop361 RAG2 mutant promotes HJ formation in vitro and in cell 
culture. (A) The plasmid substrate pJH200 (12/23) was incubated with increasing 
amounts of WT or Stop361 cMR1/cMR2 (12.5 ng, 25 ng, 50 ng, and 100 ng) in 
an in vitro cleavage reaction containing HMGB1. 23RSS HJ formation was 
detected using a PCR assay shown in Figure 63.  (B) The plasmid substrate 
pJH200 was cotransfected with WT or D600A cMR1 and WT or Stop361 cMR2 
expression constructs into 293 cells. Plasmid DNA recovered 72h post-
transfection was analyzed for HJ formation using the PCR strategy as in (A). The 
CAT gene products were amplified by PCR as a control. 

In vivo 

A. 

B. 
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Figure 65.  Stop361 RAG2 mutant stabilizes the post-cleavage complex.  The radiolabeled oligonucleotide substrate 
containing a consensus 23RSS was incubated under an in vitro binding condition with WT or Stop361 core (cMR1/cMR2) 
or full-length proteins (FLMR1/cMR2), with increasing amounts of SDS (0.00625%, 0.0125%, 0.025%, 0.05%, and 0.1%) 
were added to the pre-formed post-cleavage complexes. Protein-DNA complex formation was analyzed by EMSA.  
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protein helps form a more stable post-cleavage complex and therefore promoting 

more hybrid joint formation than the wild-type core RAG2 protein.  

 

IV.C. Discussion 

           The RAG1/2 proteins are known to catalyze a broad spectrum of DNA 

strand cleavage and strand transfer reactions, especially illegitimate 

recombination introducing a site-specific DNA break at sequences resembling an 

RSS, or catalyzing structure-specific cleavage at sites prone to adopting non-B 

form DNA conformations. Here I describe the identification of a novel breakpoint 

sequence in pGG49 called bsp6197 that is targeted for RAG-mediated cleavage 

in vitro in the presence of HMGB1. Because the sequence lacks an obvious 

heptamer motif and possesses an inverted repeat in the sequence flanking the 

breakpoint, I was interested in the mechanisms underlying the cleavage reaction 

and considered the possibility that RAG-mediated cleavage is directed by the 

inverted repeat. I show here that bps6197 supports RAG-mediated cleavage via 

a nick-hairpin mechanism. Efficient RAG-mediated bps6197 cleavage depends 

on the presence of HMGB1 and synapsis with a partner 12RSS, and is guided in 

part by the inverted repeat motif. Interestingly, bps6197 has several common 

features as a previously reported breakpoint site which is involved in RAG-

mediated inverse transposition (Shih et al., 2002), as discussed in more detail 

below.  

           Given the dependence of RAG-mediated bps6197 cleavage on synapsis 

with a 12RSS, we might have expected to detect LM-PCR products resulting 
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from linker ligation to SEBs at both bps6197 and the 12RSS, using the linker 

primer as both a forward and reverse primer. However, the predicted size of this 

LM-PCR product is 236 bp, which is 24 bp longer than the LM-PCR product that 

identifies the 23RSS SEB using the linker primer and the primer downstream of 

the 23RSS (23P, see Figure 36A). Close inspection of LM-PCR products 

(Figure 36B) does show the presence of low levels of PCR products running 

slightly larger than those detecting the 23RSS SEB that could be consistent with 

cleavage at both the 12RSS and bps6197. The abundance of this product may 

be less than one might expect due to low probability of linker ligation at both 

SEBs, amplification from substrates containing bps6197 SEBs associated with a 

nicked 12RSS (which would not be detected on the denaturing gels in Figure 37), 

and/or competition with PCR products amplified using the linker primer and 23P 

primer. 

           In my previous study, I found that RAG-mediated nicking and cleavage of 

oligonucleotide substrates containing cRSSs identified from lymphoid 

malignancies were either unchanged or slightly reduced in the presence of 

HMGB1 for most cRSSs tested (including LMO2, TAL1, Hox11, SIL, SCL), 

except Ttg-1(Zhang and Swanson, 2008). In the latter case, nicks at the 

predicted heptamer (which contains a fully consensus sequence) was not 

enhanced by addition of HMGB1, but nicks at other locations in the Ttg-1 

sequence increased when HMGB1 was added to the cleavage reaction. In 

contrast, RAG-mediated nicking of a bps6197 oligonucleotide substrate 
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increases with addition of HMGB1, and efficient nicking and hairpin formation at 

this site in long DNA is HMGB1-dependent.   

           One possible reason why RAG-mediated bps6197 cleavage shows a 

more stringent requirement for HMGB1 than other cRSSs examined previously is 

that HMGB1 may target and/or stabilize a structural distortion in the flanking 

inverted repeat sequence. This possibility is made plausible by previous studies 

showing that HMGB1 binds to four-way junctions (Webb and Thomas, 1999) and 

is further supported by evidence presented here that HMGB1 binds to bps6197 

better than a consensus 23RSS. However, attempts to detect a stable pre-

existing or protein-induced four-way junction in the inverted repeat of bps6197 

using DNA footprinting assays failed to yield compelling evidence for the 

existence of a secondary structure (Figure 45-47), but this structure may be 

difficult to detect due to its small size, transient existence, limited abundance, or 

masking in the bound complex.  

           Although the lack of detectable bps6197 cleavage and recombination in 

cell culture experiments could be interpreted to mean that the RAG1/2 proteins 

fail to recognize this sequence in vivo, it is also possible that factors bound to the 

plasmid substrate in cells render the site inaccessible to the RAG1/2 and/or 

HMGB1/2 proteins or unable to adopt a conformation that is targeted by 

HMGB1/2. However, replacement of bps6197 heptamer with a consensus 

heptamer argues against this possibility (Figure 59). Due to the similarity 

between inverse transposition and hybrid joint (HJ) formation, I also used a 

RAG2 truncated mutant (Stop361) that is known to increase HJ formation to 
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detect bps6197 hybrid joint products in vivo. The failure to detect HJ formation at 

this site suggests that this process is either very inefficient or very difficult to be 

detected by using a PCR assay because HJ formation is also undetectable at the 

consensus 23RSS site (Figure 61). Although it remains elusive how this mutant 

works, one possible explanation for its increase in HJ formation is that it 

stabilizes the post-cleavage complex (Figure 65) and holds the broken ends 

longer, increasing the probability of the RAG1/2 proteins catalyze a reverse 

process of the cleavage reaction. 

 

IV.C.1. Special features of bps6197 as a cRSS 

           Although authentic RSSs in antigen receptor loci are the normal targets of 

the RAG1/2 proteins during V(D)J recombination, illegitimate RAG1/2 activity has 

been implicated in the etiology of chromosomal abnormalities recurrent in certain 

forms of leukemia and lymphoma. A subset of these events have been attributed 

to the RAG1/2 proteins mistargeting a sequence resembling an RSS, and 

mediating a standard V(D)J-type rearrangement between an authentic RSS and 

a cRSS. In cases where there is clear evidence for this type of rearrangement, 

the cRSS contains at least the first three residues of the consensus heptamer (5'-

CAC). A second subset of events has been suggested to occur through the 

illegitimate repair of a mechanistically undefined DNA double strand break with 

DNA ends produced by RAG-mediated cleavage at a pair of authentic RSSs. The 

source of the undefined DNA break in the second type of recombination event is 

unclear as these sites generally do not have a recognizable cRSS with a 
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plausible heptamer motif. The data presented here raise the possibility that such 

sites, despite lacking an obvious heptamer, could nevertheless be subjected to 

illegitimate RAG-mediated cleavage if they contain a nonamer-like sequence that 

could anchor the RAG complex in proximity to the breakpoint. By recognizing or 

stabilizing a structural distortion at the breakpoint (an inverted repeat sequence 

in this case), HMGB1/2 may then promote illegitimate DNA cleavage by targeting 

the anchored RAG complex to the breakpoint in lieu of a putative heptamer. It is 

likely that stable association of HMGB1/2 with the breakpoint depends on 

concomitant interactions with the RAG1/2 proteins themselves, most likely RAG1 

(Aidinis et al., 1999), as HMGB1 alone, despite displaying some sequence 

preference for bps6197 over the 23RSS, nevertheless binds to bps6197 

relatively weakly (Figure 55). This targeting mechanism need not be unique to 

HMGB1/2, as it could also be facilitated directly or indirectly by transcription 

factors that bind in or near the breakpoint sequence and interact with the RAG1/2 

proteins as an illegitimate form of an otherwise normal process (Zhang et al., 

2006; Wang et al., 2008).   

           Since bps6197 has both sequence (nonamer-like motif) and structural 

(inverted repeat) features of a cRSS, one interesting question is which feature is 

more important for the cleavage of bps6197. Results from my mutation studies 

(Figure 48-53) suggest that the nomamer-like motif is more important because 

loss of this motif completely abolishes hairpin formation, while mutations of IR 

just alter the cleavage pattern. Interestingly, a previous study has identified 

breakpoints containing some non-RSS sequences from a plasmid (pBR322), into 
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which a short oligonucleotide sequence is inserted by the RAG1/2 proteins (Shih 

et al., 2002). The “so-called” non-RSS DNA sequences have no obvious 

heptamer and nonamer motifs except the first “C” residue in the putative 

heptamer. The sequence analysis of these breakpoints (17 sequences in total) 

also revealed a conserved inverted repeat sequence (GTG[A/C]CAC) at the 5' of 

the putative heptamer (overlapping with one “C” residue). Since the insertion is 

HMGB1-dependent and also requires synapsis, the authors proposed that the 

RAG1/2 proteins can mediate an unusual strand transfer reaction, inverse 

transposition, in which non-RSS DNA is cleaved and subsequently transferred to 

a consensus RSS sequence by direct transesterification. Although a standard 

nick-hairpin mechanism was proposed to explain the cleavage of non-RSS DNA, 

it is not clear how RAG1/2 proteins recognize, nick and cleave these DNA 

sequences lacking an obvious RSS-like motif. The function of the IR motif was 

not recognized either. Although bps6197 has many common features as these 

non-RSS DNA sequences, one major difference between them is that bps6197 

has a nonamer-like sequence, which is critical for the cleavage of bps6197. Why 

is the nonamer not required for the cleavage in Shih and colleagues’ study? It is 

not clear what causes this discrepancy. One possible reason may be the different 

substrates we used. In Shih’s study, the RSS they used is in trans (breakpoints in 

the plasmid and the RSS in the short oligonucleotides); in my study, the RSS is 

in cis (both bps6197 and the RSS are in the plasmids).  
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IV.C.2. The Stop361 RAG2 mutant promotes HJ formation. 

           Recently, two core RAG2 mutant proteins, FS361 and Stop361, were 

identified to facilitate a poorly understood, alternative NHEJ pathway (Corneo et 

al., 2007). Our results also suggest one typical feature of these mutants is to 

increase HJ formation, which may at least in part account for the characteristics 

of alternative NHEJ, such as frequent microhomologies at recombination 

junctions and recurrent chromosomal translocations. Although several 

mechanisms have been proposed, it remains unclear how these mutants function 

in vivo. One possible explanation for the effects of these mutants is that the C-

terminal portion of the core RAG2 protein may interact with components of the 

classical NHEJ machinery. If these mutants impair the association, RAG-

mediated DNA double strand breaks will be directed to and joined by alternative 

NHEJ. However, such an interaction has not been identified yet. Another 

possible mechanism is that these mutants have a stronger binding activity to the 

broken ends. Since the C-terminal portion of the core RAG2 has seven acidic 

amino acids (VSNSQTSTEDPGDSTPFEDSEEFCFSA, acidic residues are 

underlined) that can repel negatively charged DNA due to their negative surface 

charges, RAG2 mutants that delete these acidic residues (Stop361 mutant) or 

that replace these residues with basic residues (FS361 mutant, 

MSPTVRHQQKILGTPLPLKTQRNKRPRL, basic residues are underlined) will 

have a stronger DNA binding activity than the wild-type core RAG2 protein. 

Therefore, these mutants may stabilize the post-cleavage complex because they 

bind to the broken ends more strongly. If so, the FS361 mutant should have more 
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HJ products than Stop361, which is consistent with observations of Corneo and 

colleagues (Corneo et al., 2007). The data I present here also support the model 

of stabilizing the post-cleavage complex. Stop361 has more HJ formation than 

core RAG2 both in vitro and in vivo using various V(D)J recombination plasmid 

substrates (pJH290 and pJH200). More importantly, Stop361 forms more stable 

protein-DNA complex post cleavage than core RAG2 using EMSA (Figure 65). 

However, since the difference between Stop361 and core RAG2 is only 1.5 fold, 

we cannot make a final conclusion until we see the results of the FS361 mutant 

experiments, which is an on-going project in our laboratory.  
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CONCLUSION AND FUTURE DIRECTIONS 

           In this study, I systematically examined RAG1/2-mediated cleavage 

mechanisms of cryptic RSSs, including LMO2, TAL1, Ttg-1, Hox11, SIL, and 

SCL. To my knowledge, this is the first study to formally characterize these 

reaction mechanisms of cryptic RSSs identified at the breakpoints from lymphoid 

malignancies. The RAG1/2 proteins support cleavage of LMO2, TAL1, Ttg-1, and 

SIL in vitro through the nick-hairpin pathway and in cell culture. In contrast, 

Hox11 and SCL are nicked but not cleaved efficiently by RAG1/2 in vitro and in 

cell culture. However, a gain-of-function RAG1 mutant, E649A, supports 

detectable cleavage of both cryptic RSSs, suggesting Hox11 and SCL may still 

undergo the nick-hairpin pathway, but nicking is the rate-limiting step. I have also 

identified a novel breakpoint sequence (bps6197) that lacks an apparent 

heptamer motif and may adopt a secondary structure that is cleaved by the 

RAG1/2 proteins through the nick-hairpin pathway in the presence of HMGB1/2. 

RAG1/2-mediated cleavage requires a nonamer-like motif and is directed in part 

by an inverted repeat sequence adjacent to the DNA cleavage site. Overall, 

these data suggest that sequence and structure specific motifs in the genome 

can be cleaved by RAG1/2 through the nick-hairpin mechanism. The findings 

from this work will produce important insights about how the V(D)J recombinase 

occasionally mediates sequence- and structure-specific cleavage of DNA to 

promote the occurrence of chromosomal abnormalities, and will also help us 

better understand the etiology of lymphoid malignancies.  
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           Three major future directions could extend this study. First, since the gain-

of-funtion RAG1 E649A mutant supports sufficient cleavage of Hox11 and SCL, 

its functionality might be tested by generating E649A knock-in mice. One might 

also look for the RAG1 mutations in those patients who had known chromosomal 

translocations or deletions involving Hox11 and SCL. Second, it is interesting to 

find out the reason why the cleavage of bps6197 in cell culture is undetectable. 

One possibility is that some transcriptional factors may occupy the binding sites 

for RAG1/2 and/or HMGB1/2 to prevent the RAG-mediated cleavage. We can 

search for those transcriptional factors and test if they affect the cleavage of 

bps6197 by the RAG1/2 proteins. Third, one might attempt to identify cryptic 

RSSs with nonamer-like motif proximal to breakpoint sequences identified in 

lymphoid malignancies, especially those breakpoints that were previously 

thought unlikely to be caused by RAG-mediated cleavage because they lack a 

recognizable heptamer motif. It would be interesting to study the cleavage 

mechanisms for these newly identified cryptic RSSs. 
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