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ABSTRACT
V(D)J recombination, the only known site specific DNA rearrangement in vertebrates, is
the process that is responsible for the development of vertebrate adaptive immunity. It mediates
the assembly of antigen receptor genes from component variable (V), diversity (D) and joining
(J) gene segments interspersed by non-coding DNA. Lymphoid specific RAG1 and RAG2
proteins together form the “recombinase” that initiates the recombination event to rearrange the
dispersed gene segments into a contiguous V(D)J region encoding the variable portion of an
antigen receptor. In addition to its DNA binding and cleavage activities, RAG1 also harbors a
ubiquitin ligase (E3) activity. Mutations in RAG1 that abrogate its ubiquitin ligase activity have
been identified in patients with various immune deficiencies. Thus, RAG1-dependent
ubiquitylation(s) may be important in regulating V(D)J recombination. Other RAG1 independent
ubiquitylation events are also known to influence the regulation of V(D)J recombination.
This work demonstrates that 26S proteasome activity is required to promote an early step
in V(D)J recombination, while ubiquitylation(s) supported by the ubiquitin activating enzyme
(E1) is required throughout recombination, as assessed in cultured cells treated with 26S
proteasome and E1 inhibitors. Furthermore, the inhibitor treatments revealed that both 26S
proteasome and E1 activities were required prior to DNA cleavage. Treatment with stagespecific cell cycle inhibitors demonstrated that recombination did not require transit through cell
cycle, indicating that the recombination defects upon proteasome or E1 inhibition were not due
iii

to indirect effects on cell cycle progression. These data suggest that a ubiquitin-dependent
degradation event is a pre-requisite at an early stage, possibly for recombinase assembly or
activation, while other ubiquitylation events are required later in recombination.
This work also identifies two ubiquitin conjugating enzymes (E2s) namely, UBE2A and
CDC34, required for in vitro chromosomal recombination by using dominant negative forms of
these and other E2 enzymes. Thus, certain E2 enzymes are specifically important in promoting
robust recombination. Finally, ubiquitin ligase deficient mutants of RAG1 were found to be
impaired in supporting DNA cleavage. Taken together, the findings in this study are consistent
with the hypothesis that the degradation of a negative regulator is essential to enable efficient
V(D)J recombination.
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APC/C
BCR
BRCC
ChIP
CJ
Co-IP
CP
D segment
DAPI
DDR
DN
DNA-PK
DNA-PKcs
DSB
DSBR
DTT
DUB
E1
E2
E3
EGFP
FACS
FBS
H3K4me3
H-chain
HDAC
HECT
HR
Ig
J segment
K residue
KPNA
L-chain
LIF
lmPCR
mRAG1
NHEJ
OS
PBS
PCR
PHD
RAG
RING
RP

Anaphase promoting complex/cyclosome
B-cell receptor
Holoenzyme complex containing BRCA1, BRCA2, and RAD51
Chromatin immunoprecipitation
Coding joint
Co immunoprecipitation
Core particle
Diversity segment
4´, 6´ -diamidino-2-phenylindole
DNA damage response
Dominant negative
DNA-dependent protein kinase
DNA-dependent protein kinase catalytic subunit
Double strand break
Double strand break repair
Dithiothreitol
De-ubiquitylating enzymes
Ubiquitin activating enzyme
Ubiquitin conjugating enzyme
Ubiquitin ligase
Enhanced green fluorescence protein
Fluorescence activated cell sorting
Fetal bovine serum
Histone H3 tri-methylated on lysine 4
Heavy chain
Histone de-acetylase
Homologous to E6AP carboxy terminus
Homologous recombination
Immunoglobulin
Joining segment
Lysine residue
Karyopherin alpha
Light chain
Leukemia inhibitory factor
Ligation-mediated polymerase chain reaction
Murine RAG1
Non-homologous end-joining
Omenn syndrome
Phosphate buffered saline
Polymerase chain reaction
Plant homeodomain
Recombination activating gene
Really interesting new gene
Regulatory particle
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RSS
SDS
SJ
Suc-LLVY-AMC
TCR
TdT
U
UBD
UPS
V segment
WT

Recombination signal sequence
Sodium dodecyl sulfate
Signal joint
N-Succinyl-Leucine-Leucine-Valine-Tyrosine-7-amino-4methylcoumarin
T-cell receptor
Terminal deoxynucleotidyl transferase
Unit
Ubiquitin binding domain
Ubiquitin proteasome system
Variable segment
Wild type

Standard abbreviations were used for standard international units.
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1. INTRODUCTION

1.1. Adaptive Immunity and V(D)J recombination

1.1.1. Lymphocytes: Specialized cells of the adaptive immune system
The vertebrate immune system consists of a variety of cells called leukocytes or white
blood cells that play specific roles in different immune responses (Murphy et al., 2008). A key
development that occurred in the evolution of vertebrate immune system is the emergence of a
special lineage of white blood cells called lymphocytes that function to provide a high degree of
specificity in recognition and elimination of foreign antigens. Such specificity is also
accompanied by tremendous diversity in the ability of these cells to recognize billions of unique
structures on foreign antigens. These lymphocytes are components of the so called adaptive
immune system which is capable of recognizing and selectively eliminating foreign antigens.
Other features of the adaptive immune system include immunologic memory, which confers life
long immunity to previously encountered antigens, and self/ non-self recognition.
Lymphocytes are further categorized into two major populations: B lymphocytes (B
cells) and T lymphocytes (T cells) (Murphy et al., 2008). Both cell types arise from
hematopoietic stem cells via the common lymphoid progenitor but while B cells develop within
the bone marrow, T cell progenitors migrate to the thymus for maturation. B and T cells both
express antigen binding cell surface receptors (immunoglobulins on B cells and T-cell receptors
on T cells) which allow them to mediate the immunologic attributes of specificity, diversity,
memory and self/-non-self recognition.
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Figure 1. Schematic representation of the structure of antigen receptors. The antigen binding
units of immunoglobulins and T cell receptors share overall structural similarities. In
immunoglobulins (or B cell receptors), a disulfide-linked heterodimer of two chains, each
carrying one immunoglobulin constant (C) domain and one variable (V) domain, are aligned
such that the V domains of the two chains together form the antigen binding site. The T cell
receptor is also a disulfide-linked heterodimer, with each chain containing an immunoglobulinlike C domain and an immunoglobulin-like V domain. As in the immunoglobulins, the
juxtaposition of the V domains forms the antigen binding site in the T cell receptor. Thus a T cell
receptor has only one antigen binding site, whereas a B cell receptor has two.
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Immunoglobulins (Ig) are made both as transmembrane receptors (B-cell receptor or
BCR) and as secreted antibodies that elicit effector functions. The T cell receptors (TCR) on the
other hand, are made only as non-secretory cell surface receptors. Ig consist of two types of
protein chains termed heavy (H) chain and light (L) chain (Tonegawa, 1988). Two identical Hchains and two identical L-chains together form the Y-shaped immunoglobulin molecule bearing
two identical antigen binding sites (Figure 1). The TCR is a heterodimer of two different
polypeptide chains, called the TCR-α and TCR-β chains or the TCR-γ and TCR-δ chains
(Tonegawa, 1988). All Ig and TCR are structurally similar to one another but carry high
variability in the amino acid sequence of their antigen binding sites, which are thus, referred to as
the variable (V) domains. The adjacent constant (C) domains confer the overall structural
similarities (Figure 1).
Each lymphocyte originating from the lymphoid progenitor differs from another in
expressing a single type of antigen receptor with a unique specificity (Tonegawa, 1988). Hence
the total population of lymphocytes in the human body collectively carries billions of different
antigen receptor specificities. This diversity is generated in part during lymphocyte development
in the bone marrow and thymus by a distinct genetic mechanism involving a specialized DNA
rearrangement of the genes encoding antigen receptor molecules.

1.1.2. Antigen receptor diversity and V(D)J recombination
A finite number of antigen receptor genes give rise to the aforementioned vast range of
receptor specificities. This extraordinary feature is made possible in part by the underlying
germline structure of the loci for antigen receptor genes. The variable regions of these genes
reside as linear arrays of multiple coding segments separated by regions of non-coding DNA.
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These coding segments are arranged in groups called variable (V), diversity (D) and joining (J),
and there are tens to as many as several hundred segments of each type situated upstream of the
region encoding the constant domain (Tonegawa, 1988). There are seven antigen receptor loci
genes in mammals with this type of arrangement, including the α, β, γ and δ TCR genes, the Ig
heavy chain (IgH) gene, and the Ig light (IgL) chain genes κ and λ. All seven loci contain
multiple V and J segments but the Ig heavy chain, and TCR β and δ loci also contain a set of D
segments placed between the V and J segments. The V domain on the antigen receptors are
formed by the assembly of two (V and J in the case of Ig light chains, and TCR α and γ chains)
or three (V, D and J for Ig heavy chain, and TCR β and δ polypeptides) types of gene segments.
This assembly occurs in the developing lymphocytes by a complex and elegant somatic DNA
rearrangement process termed V(D)J recombination (reviewed in Gellert, 2002). V(D)J
recombination is thus far the only known site-specific somatic recombination event in
vertebrates.
Since the antigen receptor loci contain numerous gene segments of each type and the
selection of gene segments for each rearrangement is more or less random, the underlying
combinatorial possibilities are enormous and account for much of the diversity of the V domains
on antigen receptors. Furthermore, the joints between the gene segments undergo stochastic
addition and subtraction of nucleotides during the recombination process, which results in what
is termed junctional diversity thus increasing the total possible receptor repertoire beyond what is
encoded within the V, D and J segments (discussed in Gellert, 2002).
The developmental progression of lymphocytes requires the stepwise assembly and
expression of antigen receptor genes (Yancopoulos and Alt, 1986). This process is regulated in
the context of lymphocyte lineage specificity such that Ig loci are rearranged only in B cells and
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TCR loci only in T cells. Additional regulation is seen among the Ig and TCR genes wherein the
IgH genes are assembled before IgL genes in developing B cells; whereas in developing αβ T
cells, TCR β genes are assembled before TCRα genes. Finally, the variable region gene
rearrangements within each locus follows a strict temporal order, with D to J joining preceding V
to DJ joining during V(D)J recombination. In the case of the immunoglobulin H chain locus, one
of the many DH gene segments is first joined to one of several J H gene segments. This is followed
by a second rearrangement event that brings one of numerous VH gene segments together with
the previously joined DHJH segment to generate a contiguous V HDHJH sequence that encodes the
entire variable region of the Ig H chain (Figure 2). Similarly, TCR β genes are assembled via an
ordered process in which Dβ to Jβ rearrangements occur prior to the rearrangement of a Vβ
segment to a pre-existing DβJβ region. Rearrangements at the IgL and TCR α loci involve only
V to J recombination events.
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Figure 2. Schematic representation of the sequential assembly of V, D and J segments at
immunoglobulin H chain locus. The genomic sequence at the Ig H chain locus comprises of
multiple copies of variable (V), diversity (D) and joining (J) gene segments typically situated
upstream of a constant (C) region. The V domain of the H chain is encoded by the V (black
rectangles), D (blue squares) and J (red squares) gene segments. First, one of several D segments
(blue filled box) is joined with one of few J segments (red filled box), and then one of many V
segments (black filled rectangle) is joined to the previously combined DJ sequence. The H chain
C domain is encoded by several C region genes (grey rectangles) arranged in clusters, one of
which is spliced to a V domain (V-D-J) sequence during processing of the H chain transcript. To
follow the assembly of specific segments, the rearranging segments are filled with respective
colors.
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1.1.3. Mechanism of rearrangement and factors involved in V(D)J recombination
V(D)J recombination is guided by conserved non-coding DNA motifs called
recombination signal sequences (RSS) adjacent to each coding segment (Figure 3). An RSS
consists of conserved heptamer (5’-CACAGTG-3’) and nonamer (5’-ACAAAAACC-3’)
sequences separated by a non-conserved spacer (Tonegawa, 1983). The heptamer sequence
flanks the coding segment and recombination occurs at the heptamer/coding boundary. Although
the sequence of DNA in the spacers is not conserved, their lengths are; they correspond to one
turn (12 base pairs) or two turns (23 base pairs) of DNA double helix. This allows the
presentation of the heptamer and nonamer sequences on the same side of the DNA double helix,
thereby promoting the interaction with the protein complex that recognizes and mediates
recombination (Gellert, 2002). Efficient recombination occurs only between a gene segment
flanked by an RSS with a 12 base pair spacer (12 RSS) and a gene segment flanked by a 23 base
pair spacer RSS (23 RSS). This restriction is known as the 12/23 rule (Tonegawa, 1983). The
arrangement of the RSSs at the antigen receptor loci is such that recombination events based on
the 12/23 rule generate products that are functional. For instance, at the immunoglobulin H-chain
locus, rearrangement to produce a functional VHDHJH sequence is ensured by the presence of 12
RSSs on both sides of DH gene segments and the presence of 23 RSSs flanking both the V H and
JH gene segments (Figure 3).
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Figure 3. Recombination signal sequences. Recombination signal sequences (RSS) lie
immediately adjacent to each antigen receptor gene segment (represented as empty boxes) and
comprise of two conserved DNA elements; a heptamer (CACAGTG) and a nonamer
(ACAAAAACC). The coding gene segment is always flanked by the heptamer of an RSS. The
consensus heptamer and nonamer sequences are separated by a less conserved spacer sequence
of either 12 (light grey rectangle) or 23 (dark grey rectangle) base pairs. The RSS are thus termed
12RSS (light grey triangle) or 23 RSS (dark grey triangle) based on the length of the spacer
contained within. The length of the spacers are crucial for efficient V(D)J recombination as
rearrangement occurs between a gene segment flanked by a 12 RSS and one with a 23 RSS.
According to this 12/23 rule, the arrangement of 12 and 23 RSS along the immunoglobulin H
chain loci (bottom) prevents direct V to J joining.
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The molecular events of V(D)J recombination can be broadly divided into two distinct
stages: the introduction of double stranded DNA breaks adjacent to the gene segments intended
for rearrangement followed by their rejoining in a different configuration (Figure 4). The first
stage is thus referred to as the DNA cleavage phase, and produces broken DNA ends, and the
second is called the joining phase that produces various DNA joints. The ends are intermediates
in the reaction, while the joints are the products of recombination. The recombination loci are
arranged such that the joined coding regions (coding joints) are always retained on the
chromosome, while the joined RSS (signal joints) may be retained or lost from the cell (Gellert,
2002).

1.1.4. DNA cleavage step: Phase I of recombination
The complete recombination reaction involves both lymphoid specific and ubiquitously
expressed DNA binding and modifying enzymes. Recombination is initiated by the lymphoid
specific RAG1 and RAG2 proteins which together can recognize and cleave a 12/23 pair of RSS
(Figure 4). RAG1 and RAG2 are encoded by the recombination activating genes, RAG1 and
RAG2 (Schatz et al., 1989; Oettinger et al., 1990) and together form a complex called the
RAG1/2 recombinase. The recombinase has the ability to recognize both 12 and 23 RSSs
individually (Hiom and Gellert, 1997), align the RSSs into a synaptic complex (Figure 4), and
bring about coordinated cleavage of both RSSs within the complex (Hiom and Gellert, 1998;
Mundy et al., 2002). Some studies indicate that productive cleavage reaction occurs only when
the RAG1/2 complex first assembles on a single RSS (preferentially the 12 RSS) followed by the
recruitment of the second, suggesting a model in which ordered assembly of the V(D)J synaptic
complex ensures accurate recombination (Jones and Gellert, 2002; Curry et al., 2005).
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Figure 4. Schematic representation of the distinct phases of V(D)J recombination. The 12-RSS
and 23-RSS are represented as light grey and dark grey triangles, respectively; coding segments
as empty rectangles, and proteins as shaded ovals (grey shaded ovals represent the recombinase,
and blue/grey shaded ovals represent the joining machinery). Rearrangement is initiated by the
assembly of RAG1/2 recombinase at RSSs flanking the coding segments to be joined (for clarity
only one RAG1/2 complex is shown). This is accompanied by the alignment of the two RSSs in
a synaptic complex where DNA cleavage occurs, generating covalently sealed coding ends and
blunt signal ends. Subsequently, these two kinds of DNA ends are resolved by the NHEJ
machinery, using slightly different factors (as listed), to form diverse coding joints and precise
signal joints. Several aspects of the reaction are not depicted, including ordered assembly of the
recombinase at the RSS, nicking adjacent to the RSS, asymmetric opening of the hairpin coding
ends by Artemis to generate P-nucleotides, and nucleotide addition by TdT.
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DNA cleavage occurs in a two-step reaction (McBlane et al., 1995; van Gent et al.,
1995). First, the endonuclease activity of RAG1 makes two single-strand DNA breaks (nicks) at
sites just 5´ to each heptamer of the targeted RSSs, leaving a free 3´ -hydroxyl group at the end
of each coding segment and a 5´ -phosphoryl group on the RSS. Nicking can occur prior to
synaptic complex formation (Curry et al., 2005). In the second step, the 3´ -hydroxyl group
attacks the phosphodiester bond on the opposite strand joining the 3´ hydroxyl to the phosphoryl
group at the same nucleotide position on the opposite strand by direct trans-esterification (van
Gent et al., 1996b). This creates covalently sealed DNA hairpin structures at the ends of the
coding gene segments (coding ends), and signal sequences with blunt 5´ phosphorylated double
strand breaks (signal ends) (Roth et al., 1993; Schlissel et al., 1993; McBlane et al., 1995).
Subsequently, the structurally different coding and signal ends are resolved via overlapping but
distinct pathways (Figure 4).

1.1.5. Joining of DNA ends: Phase II of recombination
The joining phase shares many common aspects and ubiquitously expressed DNA
modifying factors involved in the repair of general DNA double-strand breaks (DSBs) (Taccioli
et al., 1993) by the non-homologous end-joining (NHEJ) pathway (reviewed in Rooney et al.,
2004). These general NHEJ DNA repair proteins join the RSS ends to form “signal” joints (SJs)
and ligate the ends at the coding gene segments to form “coding” joints (CJs). The major factors
involved in further processing of RAG1/2 generated DNA ends include the DNA binding Ku
protein (a heterodimer of Ku70 and Ku80), the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), the nuclease Artemis, Xrcc4, DNA ligase IV, and terminal deoxynucleotidyl
transferase (TdT). Chromatin modifications known to occur after non-programmed DNA
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cleavage, such as phosphorylation of histone H2AX, also play a role but are not strictly speaking
required for V(D)J recombination. Although H2AX null mice show a reduction in the number of
B and T cells, neither a specific block through the various stages of lymphocyte development,
nor any defect in the ability to form coding and signal joints are observed in these animals
(Celeste et al., 2002).
Coding joint formation is very rapid, and coding joints accumulate in cells undergoing
recombination with the same kinetics as signal ends (Ramsden and Gellert, 1995). The Ku
heterodimer together with the DNA-PKcs forms a multi-protein complex called the DNAdependent protein kinase (DNA-PK) that is activated by the DSBs generated by RAG1/2dependent cleavage. The hairpin ends must be re-opened before they are joined by the NHEJ
factors. DNA-PK phosphorylates Artemis endonuclease allowing it to open the hairpin ends (Ma
et al., 2002). The activated Artemis introduces a nick at a random site up to several nucleotides
away from the tip of the hairpin, often yielding a short 5´ or 3´ single-stranded overhang. This
asymmetric hairpin opening leads to the first example of junctional diversity. If the 5´ overhang
is filled by a DNA polymerase to make a blunt DNA end, a short region of palindromic DNA is
generated. Such sequences in recombined antigen receptor genes are thus referred to as P
nucleotides (Lafaille et al., 1989). Further junctional diversity occurs through the activity of the
lymphoid specific enzyme terminal deoxynucleotidyl transferase (TdT) which adds random, nontemplated (N) nucleotides to 3´ single-stranded overhangs (Komori et al., 1993; Gilfillan et al.,
1993). Finally, a complex of the DNA repair factors Xrcc4 and DNA ligase IV is recruited to the
DNA ends through interactions with the DNA-PK holoenzyme (Grawunder et al., 1997;
Grawunder et al., 1998; Rooney et al., 2004) and joins the processed ends together to form
coding joints (Figure 4).
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The formation of coding joint leaves behind a stable RAG1/2 associated signal end
complex (Hiom and Gellert, 1998; Agrawal and Schatz, 1997; Jones and Gellert, 2001). The
blunt cut signal ends do not require processing and are usually joined without the gain or loss of
nucleotides. They require only a subset of the factors involved in coding joint formation (Figure
4). The ends are bound by the Ku heterodimer which recruits the Xrcc4-DNA ligase IV complex
to mediate precise joining of the heptamer sequences (Nick McElhinny et al., 2000; Rooney et
al., 2004). Despite the relative simplicity of signal joint formation, this process has not yet been
reconstituted with purified proteins, as is the case for coding joints (Lu et al., 2008). The tightly
bound RAG1/2 proteins sequester the ends and block access by the repair complex (Jones and
Gellert, 2001). Additional cellular factors are apparently required to remodel this complex and
allow completion of recombination.

1.1.6. Recombination Activating Gene products
The lymphoid specific RAG1 and RAG2 proteins were initially identified based on their
ability to synergistically impart RSS-dependent recombination activity on extrachromosomal
substrates to non-lymphoid cells, where it would not normally occur (Oettinger et al., 1990).
Both proteins are absolutely essential to initiate V(D)J recombination, as is convincingly
demonstrated by a complete block in B and T lymphocyte development at the progenitor stage in
RAG1- or RAG2-knockout mice (Mombaerts et al., 1992; Shinkai et al., 1992). Despite the
absolute requirement for cooperative RAG1/2 action in recombination, the two proteins can be
substantially truncated without losing recombination activity in assays on extrachromosomal
substrates or integrated recombination substrates (Sadofsky et al., 1993; Sadofsky et al., 1994;
Silver et al., 1993; Cuomo and Oettinger, 1994; Kirch et al., 1996). The full length mouse RAG1
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protein is 1040 amino acids but the protein retains activity for plasmid recombination even after
deletion of its N-terminal 383 and C-terminal 32 residues (Sadofsky et al., 1993). Similarly,
murine RAG2 can be substantially truncated on its carboxyl end and still retain the ability to
support recombination of extra-chromosomal substrates (Sadofsky et al., 1994; Cuomo and
Oettinger, 1994). These “core” RAG proteins (amino acids 384-1008 for core RAG1, and amino
acids 1-387 for core RAG2) thus represent the minimal regions that are necessary and sufficient
to support the basic functions of DNA binding, cleavage and joining of RSS-containing
substrates in cultured cells. The core RAG proteins have also proven easier to express and purify
than their full length counterparts, and have been the primary source of information regarding the
mechanisms of RAG1/2 DNA binding and cleavage. However several lines of evidence point
toward essential roles of the so called “dispensable” or “non-core” regions of both RAG1 and
RAG2 in normal development of the vertebrate immune system, and these regions are
evolutionarily conserved (Sadofsky et al., 1993; Sadofsky et al., 1994; Jones and Simkus, 2009).
Analysis of recombination products isolated from core RAG1 and core RAG2 knock-in mice
revealed critical functions for the non-core regions of the RAG proteins in the proper assembly
and resolution of recombination intermediates during endogenous rearrangement of the antigen
receptor loci (Dudley et al., 2003; Akamatsu et al., 2003; Liang et al., 2002). Both core RAG1
and core RAG2 mice display a reduction in the total number of B and T cells with impaired
lymphocyte development at the progenitor stage. Although mice expressing core RAG2 show
more severe defects relative to core RAG1 mice, in both cases overall levels of V(D)J
recombination are reduced (Dudley et al., 2003; Akamatsu et al., 2003; Liang et al., 2002) and
aberrant recombination is increased (Talukder et al., 2004). In the developing B cells of the core
RAG1 mice, the absence of wild type RAG1 resulted in a developmentally altered pattern of IgH
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locus rearrangement in which VH to DJH rearrangements were found in cells that had not
completed DH to JH rearrangement on both alleles, as are seen in wild type mice (Dudley et al.,
2003). The core RAG2 mice revealed a more severe defect in V to DJ than D to J rearrangements
at both IgH and TCRβ loci, suggesting a role for the RAG2 C-terminus in promoting
accessibility of the VH and Vβ segments (Akamatsu et al., 2003). Several investigations from
different laboratories have identified multiple biochemical functions for the non-core regions of
both RAG proteins and implicated these activities in the direct or indirect regulation of
recombination (reviewed in Jones and Simkus, 2009).

1.1.7. Regulation of recombination
All antigen receptor loci use a common recombinase machinery that cuts at virtually
indistinguishable DNA recognition elements (RSS), yet V(D)J recombination proceeds with
strict B or T lineage specificity and a developmentally regulated order. This is achieved through
multiple layers of regulation that include selective RAG1/2 expression and differential
accessibility of the recombination loci (Hesslein and Schatz, 2001). Both lineages of developing
lymphocytes experience two distinct rounds of RAG1/2 expression. In the first window of
RAG1/2 expression, IgH and TCR β gene segments are rearranged in the pro-B and pro-T cells
respectively. The productive completion of D to J followed by V to DJ rearrangements at these
loci allows assembly of pre-receptors, which signal a down-regulation of RAG1/2 expression. In
the second round of RAG1/2 expression, pre-B cells undergo rearrangement at the IgL gene loci,
while pre-T cells rearrange the TCR α gene loci. In both B and T cells, V(D)J recombination is
terminated by the cessation of RAG expression. This pattern of RAG1/2 expression however
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cannot explain the features of lineage specificity, developmental stage specificity or the order of
events at the individual loci.
According to the accessibility hypothesis (Yancopoulos and Alt, 1986), selectivity
towards sequential assembly of antigen receptor gene segments is established by modulations in
chromatin configuration at the sites of recombination. This implies that targeted gene segments
would be packaged into an “open” configuration that is accessible to the recombinase while gene
segments not intended for recombination remain in a “closed” configuration refractory to RAG
binding or cleavage. Initial studies in cell free systems using purified core RAG proteins and
RSS containing substrates assembled into mono-nucleosomes, indicated that nucleosome
packaging limits recombinase accessibility and severely inhibits RSS cleavage (Kwon et al.,
1998; Golding et al., 1999; McBlane and Boyes, 2000). The authors suggested that actively
rearranging gene segments in vivo must undergo remodeling of chromatin structure through
different modifications. Since then several studies have shown that histone acetylation (McMurry
and Krangel, 2000; McBlane and Boyes, 2000; Cherry and Baltimore, 1999; Johnson et al.,
2003) and methylations (Perkins et al., 2004; Morshead et al., 2003; Goldmit et al., 2005) at
recombination loci modulate recombinase accessibility. The study by McMurry and Krangel
demonstrated that long range histone H3 hyperacetylations occur at the recombining loci prior to
specific rearrangements (McMurry and Krangel, 2000). Consistent with these findings, McBlane
and Boyes found that increasing histone acetylation in pre-B cells by chemical inhibition of
histone deacetylase (HDAC) activities enhanced V(D)J recombination at the Ig kappa locus but
did not allow recombination at the TCR β locus (McBlane and Boyes, 2000), thus maintaining
lymphocyte lineage specificity. Another study implicated acetylation of histone H4 in a highly
regulated manner, confined to rearranging gene segments, their flanking RSSs and promoters at
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the IgH locus in murine pro-B cells and suggested that histone acetylation is important for both
promotion and inhibition of V(D)J rearrangement during B cell development (Johnson et al.,
2003). Methylation of histone H3 at lysine 4 also marks genomic regions undergoing or poised to
undergo recombination (Perkins et al., 2004; Morshead et al., 2003; Goldmit et al., 2005). In this
context, the plant homeodomain (PHD) finger in the C-terminal region of RAG2 was shown to
mediate binding of RAG2 to histone H3 tri-methylated on lysine 4 (H3K4me3), and mutations
that disrupt binding of the RAG2 PHD finger to H3K4me3 impair recombination of
extrachromosomal substrates and at endogenous loci (Liu et al., 2007; Matthews et al., 2007;
Ramon-Maiques et al., 2007). Thus various chromatin modifications have been identified and
suggested to influence recombinase targeting to distinct gene segments at specific stages of
lymphocyte development. Accessibility has also been shown to be regulated by sub-nuclear
localization of the recombination loci, which are sequestered in heterochromatin at the nuclear
periphery until recombination is activated (Kosak et al., 2002), at which point they become
nucleo-centric and undergo chromatin modifications specifically recognized by RAG2.
Lymphoid cells employ the process of V(D)J recombination for the programmed
introduction of double strand breaks at specific locations in the genome in order to maximize the
diversity of their antigen receptor genes. However, such DSBs are one of the most deleterious
lesions which, unless properly repaired, can cause undesirable chromosome rearrangements or
chromosome loss that can finally lead to genomic instabilities and even cancer (Hoeijmakers,
2001). Such chromosomal translocations are common in lymphoid malignancies (Nowell, 1997;
Showe and Croce, 1987), and a large number of these appear to arise from aberrant V(D)J
recombination. Several early studies pointed out that such translocations occur in cells where
V(D)J recombination is active, and one breakpoint is usually in either an immunoglobulin or T
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cell receptor locus. The authors had proposed rare inter-chromosomal V(D)J recombination
using pseudo signals called cryptic RSS on a different chromosome as an explanation for these
events (Tsujimoto et al., 1985; Aplan et al., 1990). A later study indicated that cryptic RSSs can
serve as RAG targets and cause rare translocations of proto-oncogenes into highly expressed
antigen receptor loci (Raghavan et al., 2001). Additionally, improper joining of RAG generated
ends with other random lesions on another chromosome, like the translocations involving the Ig
H-chain locus and c-myc, may lead to oncogenic consequences of RAG-mediated DNA cleavage
and are consistent with a role for proper NHEJ activity (Difilippantonio et al., 2000; Gao et al.,
2000; Zhu et al., 2002). In mice, ectopic expression of RAG1 in all tissues results in early death
due to accumulation of unrepaired DNA breaks (Barreto et al., 2001). Hence the V(D)J reaction
is inherently hazardous, resulting in deleterious effects if misregulated. Nevertheless, antigen
receptor gene assembly has evolved to occur proficiently and successfully across vertebrates.
This clearly implies the existence of stringent regulatory mechanisms to prevent aberrant
recombination during antigen receptor gene assembly in lymphocytes.
One way, in which efficient recombination involving proper resolution of DNA breaks is
achieved, involves the periodic destruction of RAG2 during the G1/S transition of the cell cycle,
thereby restricting V(D)J recombination to the G0/G1 stage of the cell cycle (Lin and Desiderio,
1993; Lin and Desiderio, 1994; Li et al., 1996). Hence there is a concurrence of RAG2
accumulation and NHEJ activity since NHEJ predominates during the G1 and early S phases of
the cell cycle in mammalian cells (Takata et al., 1998). This allows cycling lymphocytes to
coordinate RAG-mediated DNA cleavage with NHEJ mediated completion of V(D)J
recombination.
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1.2. The ubiquitin proteasome system

1.2.1. The ubiquitylation machinery
Many cellular proteins are modified by ubiquitin, a highly conserved 76 amino acid
protein. Ubiquitylation plays myriad regulatory functions in cellular processes including protein
quality control, cell cycle progression, transcription regulation, vesicular trafficking, apoptosis,
immune response, signal transduction and DNA repair (topics individually reviewed in Reed,
2003; Muratani and Tansey, 2003; Hicke and Dunn, 2003; Jesenberger and Jentsch, 2002;
Kloetzel, 2001; Sun and Chen, 2004). Ubiquitin-protein ligation requires the sequential action of
three enzymes, the ubiquitin activating (E1) enzyme, one of several ubiquitin conjugating (E2)
enzymes, and a ubiquitin ligase (E3) (Hershko et al., 1982; Pickart, 2001) (Figure 5).
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Figure 5. The ubiquitylation cascade. Ubiquitin conjugation is a multi-step process that involves
the sequential action of three distinct factors: a ubiquitin-activating enzyme (E1), a ubiquitinconjugating enzyme (E2), and a ubiquitin ligase (E3). Following ATP-dependent activation by
the E1, the ubiquitin moiety is covalently attached to the active site cysteine of an E2 via a thiol
ester linkage. Depending on the type of E3 involved, the subsequent ubiquitylation of a target
protein can occur in two different ways. In the case of HECT domain E3s, the activated ubiquitin
is transferred to the E3 to form a covalent thiol-ester intermediate prior to its ultimate
conjugation to a substrate protein. On the other hand, RING finger E3s do not possess enzymatic
activity per se. Instead ubiquitin is attached to the substrate directly by the E2 in a reaction that is
facilitated by the E3.
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The E1 enzyme catalyzes the activation of the C-terminal glycine (Gly76) of ubiquitin
(Hershko et al., 1981) in a stepwise manner involving ATP hydrolysis (Haas and Rose, 1982).
Initially a tight enzyme-bound ubiquitin adenylate is formed with the concomitant release of PPi
from ATP. This intermediate is converted to E1-ubiquitin thiol-ester through release of AMP and
formation of a covalent linkage between Gly76 of ubiquitin and the sulfhydryl group at the active
site cysteine of the enzyme. The activated ubiquitin is then transferred to the active site cysteine
residue of one of the 30-40 known mammalian ubiquitin conjugating enzymes (E2s) to generate
an E2-thiol ester intermediate. Finally, a ubiquitin ligase (E3) transfers the activated ubiquitin
from the E2 to a specific substrate forming a stable isopeptide bond between the activated
carboxy-terminal Gly76 of ubiquitin and the side-chain epsilon amino group (NH2) group of an
internal lysine (K) residue on the substrate. Multiple rounds of this process can generate
polyubiquitin chains on the substrate by forming an isopeptide linkage between the activated
carboxy-terminal Gly76 of a newly activated ubiquitin and the NH2 group of one of several
lysine residues within the previous ubiquitin on the substrate.
E3 proteins, while numerous and diverse, can be divided into two major groups based on
the presence of a HECT (homologous to E6AP carboxy terminus (Huibregtse et al., 1995) or
RING (really interesting new gene) finger domain (Freemont et al., 1991; Lovering et al., 1993).
While both classes of E3 act to select the ultimate target of ubiquitylation (Laney and
Hochstrasser, 1999), they employ very different mechanisms (Figure 5). The HECT domain E3
includes an active site cysteine which transiently carries the ubiquitin prior to its transfer to a
lysine residue on the target. The RING finger E3, on the other hand, does not become covalently
attached to the ubiquitin prior to its transfer to the target. Instead it acts as a matchmaker that
brings together the target and E2 enzyme. The ubiquitin is then transferred directly from the E2
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to the target. Small RING proteins frequently act as part of large multi-protein complexes,
usually in conjunction with Skp, Cullin and F-box protein family members. Alternatively, the
RING domain can be found as a part of larger protein with multiple functions. Both classes of E3
may themselves become ubiquitylated on lysine residues, but it is usually not clear how this
modification is related to their roles as E3s (Pickart, 2001).
The diversity in the cellular signal generated through ubiquitin conjugation of proteins
results in part from the fact that there are seven lysine residues in the ubiquitin molecule (K6,
K11, K27, K29, K33, K48, K63) all of which can act as acceptor sites for self conjugation (Dikic
and Dotsch, 2009). This allows formation of a wide variety of ubiquitin structures on targeted
proteins that are recognized by a diverse set of ubiquitin receptors containing “ubiquitin binding
domains” (UBDs), thereby influencing the outcome of specific ubiquitylation events. UBDs are
diverse modules in proteins that can distinguish and bind different types of ubiquitin
modifications (Hicke et al., 2005). It is well established that K48-linked polyubiquitylated
substrates are targeted to the proteasome for degradation. Polyubiquitin chains linked through
other lysine residues have functions independent of proteolysis and may be involved in
activation of certain enzymes or provide a scaffold for the nucleation of diverse signaling
processes. For example, K63 linked polyubiquitin chains have been shown to regulate protein
kinase activation and DNA repair (Sun and Chen, 2004; Hoege et al., 2002). Likewise, monoubiquitylation may reveal a new binding domain on the modified protein for ubiquitin receptors
and enable interactions that alter certain structural and targeting properties of the monoubiquitylated protein. Mono-ubiquitylation is known to function as a signal for receptor
internalization, vesicle sorting, DNA repair and gene silencing (Johnson, 2002).

24

Ubiquitylation is a reversible modification. The ubiquityl moiety can be removed from
modified proteins by the action of a specific class of proteases called the de-ubiquitylating
enzymes (DUBs) (Komander et al., 2009). Thus the steady state ubiquitylation status of a given
target is subject to a variety of influences, including the rates of ubiquitylation, deubiquitylation
and degradation.
In addition to the K63 ubiquitin linkages involved in DNA repair (Hoege et al., 2002)
and ubiquitin-dependent degradation of RAG2 (Jiang et al., 2005; Mizuta et al., 2002), other
ubiquitylation events likely to be relevant to V(D)J recombination include modification of
histone H3 and H4 by the ubiquitin ligase complex CUL4-DDB-ROC1, which promotes
recruitment of DNA repair proteins to sites of DNA damage (Wang et al., 2006). In the past
decade, multiple E3 ligases have been implicated in the recruitment of various factors at the sites
of DNA lesions in a ubiquitin-dependent manner (reviewed in Panier and Durocher, 2009).

1.2.2. The proteasome
The 26S proteasome is a complex proteolytic machine of over 2.5 mega-daltons that
serves to degrade proteins that have been modified by ubiquitylation (reviewed in Finley, 2009).
It includes a 19-subunit regulatory particle (RP or 19S subunit) and a 28-subunit core particle
(CP or 20S subunit) together forming the 26S holoenzyme (Figure 6). The CP is a barrel-shaped
structure composed of subunits arranged as a stack of four heptameric rings and harbors several
protease activities within its internal chamber. The different proteases include caspase like,
trypsin like and chymotrypsin like activities and multiple active sites are thus capable of cleaving
a broad range of peptide sequences. The RP is further divided into lid and base subassemblies
which include subunits acting as ubiquitin receptors, ATPases, de-ubiquitylating enzymes and
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structural scaffolding proteins that serve critical processes of substrate recognition, unfolding,
translocation into the CP, and deubiquitylation. Proteins tagged with K-48 linked polyubiquitin
chains are recognized by the ubiquitin receptors of the RP and then actively translocated into the
internal chamber of the CP, where they are hydrolyzed by the action of the different proteases.
DUBs on the RP are involved in recycling ubiquitin that was conjugated to the protein targeted
to the proteasome thus maintaining the cellular pool of free ubiquitin.
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Figure 6. The multi-subunit structure of the 26S proteasome. The 20S core particle (CP) is
organized into four stacks of seven-membered rings. Two kinds of subunits form the CP rings; αsubunits (light grey ovals) and β-subunits (dark grey ovals). Two 19S regulatory particles (RP)
consisting of multiple subunits (black circles) assemble on either end of the 20S core particle to
organize the 26S holoenzyme.
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26S proteasome mediated degradation influences many cellular processes including
protein quality control, cell cycle progression (King et al., 1996), and regulation of various
protein complexes via selective disassembly (Kinyamu et al., 2005). More recently, certain
genetic, biochemical and cell biological data from different studies suggest the involvement of
degradation-associated K48 polyubiquitylation signal and the proteasome at the sites of DSBs
(Ben-Aroya et al., 2010; Krogan et al., 2004; Gudmundsdottir et al., 2007). In addition, several
non-proteolytic functions of the 26S proteasome have also been identified (discussed in Baker
and Grant, 2005). In yeast, certain biochemical and genetic experiments revealed a direct
involvement of some 19S components in transcription from the GAL1-10 promoter (Gonzalez et
al., 2002). Yeast strains lacking specific 19S subunits show defects in the elongation step. The
19S RP was shown to be recruited to promoter sequences with a distinct H2B monoubiquitylation and promote methylation of histone H3 at lysine 4 (Ezhkova and Tansey, 2000), a
modification associated with active chromatin and also identified at actively rearranging V(D)J
loci (see above). One study showed that certain ATPases of the RP target the SAGA histone
acetyltransferase complex to the GAL1-GAL10 promoter, which stimulates histone H3
acetylation, and promotes interactions between SAGA and other transcriptional activators (Lee et
al., 2005). A non-proteolytic role for the proteasome in DSB repair (DSBR) was suggested when
the 19S regulatory complex was found to co-purify with certain factors involved in yeast DSBR
pathway (Krogan et al., 2004). Hence there is accumulating evidence that components of the
proteasome are involved in regulation of chromatin structure in ways independent of proteolysis,
thereby modulating accessibility of various genetic loci.
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1.3. RAG1: A ubiquitin ligase
RAG1 is a member of the transib family of transposases that has evolved to play an
essential role in immune development (Kapitonov and Jurka, 2005), possibly through the
acquisition of regulatory capacities such as ubiquitin ligase (E3) activity and through its
interaction with RAG2 (Jones and Simkus, 2009). The non-core N-terminus of RAG1 harbors a
ubiquitin ligase activity in its RING finger domain (Yurchenko et al., 2003) making RAG1 a
unique multifunctional protein that exhibits both endonuclease and ubiquitin ligase activities in a
single polypeptide. The murine RAG1 RING finger together with an adjacent zinc finger spans
amino acids 264-389, and this motif is present in all known vertebrate RAG1 proteins. There is
an absolute conservation of a cluster of cysteine and histidine residues in this domain that
participate in zinc coordination (Sadofsky et al., 1993; Rodgers et al., 1996). In reconstituted
systems, a fragment of murine RAG1 containing the RING domain and a conserved upstream
basic region (amino acids 218-389) demonstrates auto-ubiquitylation at a single highly
conserved lysine residue (K233) upstream of the RING finger domain (Jones and Gellert, 2003).
RAG1 has also been shown to promote ubiquitylation of the nuclear import protein karyopherin
alpha 1 (KPNA1) in a cell free system (Simkus et al., 2009b). More recently, histone 3 (Grazini
et al., 2010) and acetylated, phosphorylated histone 3.3 (Jones et al., 2011) were also reported to
be targets of RAG1 ubiquitin ligase activity in crude extracts or cell free systems, respectively.
However the legitimate in vivo substrate(s) of RAG1 ubiquitin ligase activity are yet to be
identified and the quest to elucidate the biological role of this activity is on-going.
Despite the lack of complete information about the role(s) of RAG1’s ubiquitin ligase
activity in vivo, the importance of the RING domain in promoting V(D)J recombination is very
well appreciated in the field of immunology. Even prior to the discovery of this activity in RAG1
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RING domain, specific mutations or deletions in this region were found to diminish the ability of
these mutants to support recombination of model episomal substrates (Roman et al., 1997;
Sadofsky et al., 1993; Silver et al., 1993). An intact RING domain is required for recombination
by full length RAG1, as mutations that disrupt the structure of this domain severely abrogate
recombination despite being expressed and targeted correctly (Simkus et al., 2007). More
importantly, mutations in the ubiquitin ligase domain of RAG1 have been reported in human
patients with primary immune deficiencies. RAG1-C328Y (Villa et al., 2001) was identified in a
patient with Omenn syndrome (OS), a rare primary immunodeficiency characterized by a
complete absence of circulating B lymphocytes but variable levels of oligoclonal T lymphocytes
(reviewed in Aleman et al., 2001). OS clinical manifestations include erythroderma,
lymphadenopathy, and recurring severe infections, and the condition is fatal without drastic
interventions like bone marrow transplantation. A second patient, with a RAG1-R314W allele
presented a syndrome including limited maturation of B and T lymphocytes, granulomatous
disease, and diffuse large B cell lymphoma (Schuetz et al., 2008). mRAG1-C325Y, the murine
counterpart of human RAG1-C328Y, was found to be defective in ubiquitin ligase activity in
reconstituted systems and was unable to support recombination of extra-chromosomal V(D)J
substrates in cultured cells (Simkus et al., 2007).
In a cell free system of purified proteins, the RAG1 RING finger has been shown to
promote formation of poly-ubiquitin chains linked in an atypical manner through ubiquitin lysine
11 (K11) in addition to the much more typical K48 (Simkus et al., 2009a). The exact role of K11
linked ubiquitin chains is not clearly understood, although in some cases, they have been shown
to be recognized by the proteasome for degradation (Jin et al., 2008).
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2. THE UBIQUITIN PROTEASOME SYSTEM IN V(D)J RECOMBINATION: Rationale
for this study

V(D)J recombination is a highly complex DNA transaction and employs multi-faceted
regulatory mechanisms. The V(D)J recombinase protein RAG1 possesses ubiquitin ligase
activity, and the observation that an intact RING domain is important for efficient recombination
and proper immune development (see above) suggests the existence of vital ubiquitylation
event(s) in the regulation and promotion of V(D)J recombination. Auto-ubiquitylation of E3
ligases can play several important roles in determining the fate of the modified protein, including
its turnover, or affecting its affinity for substrate(s) (discussed in Pickart, 2001). RAG1 is
autoubiquitylated at a single highly conserved lysine residue (K233) in a cell-free system and
ectopically expressed full length RAG1 is polyubiquitylated in HeLa cells (Jones and Gellert,
2003) during the G1 phase of the cell cycle when V(D)J recombination occurs (Jones, JM;
unpublished results). These earlier findings together with more recent work identifying other
potential RAG1 substrates (see above) suggest that RAG1’s E3 activity may influence its
activities as a recombinase, thereby modulating V(D)J recombination. The identification of the
key physiological substrate(s) of RAG1 E3 ligase activity and elucidation of the exact role this
activity plays in arbitrating efficient recombination remains an important area of research with
many unresolved questions.
Other known ubiquitylation events vital for ensuring accurate recombination include
ubiquitylation of RAG2 by the Skp2-SCF ubiquitin ligase followed by its ubiquitin dependent
proteolysis in the S phase of the cell cycle (Jiang et al., 2005; Mizuta et al., 2002). The ubiquitin
proteasome system (UPS) thus executes the cell cycle-linked destruction of RAG2 and promotes
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the correct and timely repair of V(D)J recombination intermediates by the NHEJ pathway,
thereby preventing the activation of DNA-damage cell cycle checkpoint controls due to the
lingering presence of V(D)J associated DSBs.
Finally, there is ample evidence for the role of ubiquitylation in the regulation of DNA
repair (reviewed in Huang and D’Andrea, 2006). DNA damage response (DDR) is a highly
coordinated signaling pathway that is rapidly activated in cells upon the incidence of DNA
damage, irrespective of the type of DNA lesion. The components of DDR are regulated through
different post-translational modifications including ubiquitylation (see above). Following the
assembly of the DNA repair factors at the sites of damage, the completion of precisely
coordinated steps of the DDR involve the disassembly and removal of these factors, and a role
for proteasomal degradation has been suggested (see above). Since efficient DNA repair is an
integral process essential for productive V(D)J rearrangement, the evidence supporting a role of
the UPS in double strand break repair also raises the possibility of the UPS functioning in the
regulation of V(D)J recombination.
This study was therefore aimed at identifying components of the ubiquitylation cascade
and 26S proteasome essential for discrete steps in V(D)J recombination and deciphering their
roles in enabling the process.
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3. HYPOTHESIS

The compiled information from available literature implies an intimate link of ubiquitin
conjugation and proteolysis with the regulation and promotion of V(D)J recombination.
However, the intricacies underlying the regulation of V(D)J rearrangement mediated by
ubiquitin conjugation and the 26S proteasome system are far from clear. Thus in my project I set
about to explore the following specific hypothesis:

The ubiquitylation cascade and 26S proteasome play direct roles in the regulation and/or
promotion of V(D)J recombination.
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4. RESULTS

4.1. Requirement for ubiquitin conjugation and 26S proteasome activity at an early stage in
V(D)J recombination
The following were originally published in:
Bhattacharyya A and Jones JM. (2010) Requirement for ubiquitin conjugation and 26S
proteasome activity at an early stage in V(D)J recombination. Mol Immunol. 47(6): 1173-1180.
Sections 4.1.3, 4.1.4, 4.1.5, and 4.1.6 also include unpublished results.

The RAG1/2 recombinase activity is tightly regulated to restrict recombination to the
early stages of B- and T-cell development and to the correct loci (see introduction, section 1.1.7).
The RAG1 protein, in addition to its DNA binding and cleavage activities, includes a “RING
finger” ubiquitin ligase (E3) domain which is hypothesized to contribute to regulation (Jones and
Gellert, 2003; Yurchenko et al., 2003). RAG1 promotes its own ubiquitylation (Jones and
Gellert, 2003) but this auto-ubiquitylation does not appear to promote degradation of bulk RAG1
in the cell, as abrogation of E3 activity does not stabilize the protein and addition of 26S
proteasome inhibitor does not lead to accumulation of ubiquitylated RAG1 (Jones and Gellert,
2003; Simkus et al., 2007).
Here I set out to determine whether components of the ubiquitin conjugation machinery
and the 26S proteasome were required for V(D)J recombination. Using inhibitors of the 26S
proteasome and E1 enzyme, I found that on extra-chromosomal substrates both were required at
an early stage, but were dispensable once recombinase complexes had been assembled. There
was no effect on RAG1 expression, and recombination did not require transit through the cell
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cycle, confirming that inhibition was not due to an indirect effect on cell cycle progression or
protein expression. For chromosomal recombination at the Ig kappa locus, E1 activity was
required throughout recombination, but the 26S proteasome was again only required for an early
step. Both activities were further found to be essential for a step at or prior to cleavage of DNA
by the recombinase. These data suggest that ubiquitin-dependent degradation is an early step in
complex assembly or activation, and are consistent with a previous hypothesis that degradation
of a negative regulator is required to trigger recombination. Additional ubiquitylation event(s)
are required later, perhaps for disassembly or remodeling of the complex after it has cleaved the
DNA. This second step may be less critical for recombination on extra-chromosomal substrates.
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4.1.1. 26S proteasome activity is required for an early step in V(D)J recombination
(Bhattacharyya and Jones, 2010)
The requirement for proteasome activity in V(D)J recombination was studied using
clasto-lactacystin β-lactone (lactacystin), a chemical inhibitor of the 26S proteasome, in standard
recombination assays on both extrachromosomal substrates as well as chromosomal
recombination at the Ig light chain loci. These recombination assays have been standardized to
last for durations of 48 hours to enable efficient measurements of recombination. However the
cellular half life of lactacystin is known to be short (Dick et al., 1996; Dick et al., 1997), so
experimental conditions were optimized to ensure constant inhibition of the proteasome for the
entire duration of each assay (Refer materials and methods; inhibitors section). To test for
inhibition of proteasome activity, cells were harvested every 12 hours, and 26S proteasome
activity in the cell lysates for each time point was measured using the Suc-LLVY-AMC
substrate. In this way it was confirmed that treatment with lactacystin every 12 hours from the
time of first treatment effectively mediated constant inhibition of 26S proteasome activity in our
cell culture system (Figure 7A). Trypan blue exclusion cell viability assays performed on cells
treated with lactacystin every 12 hours for 48 hours revealed that a substantial percentage of cells
remained viable even after extended proteasome inhibition (Figure 7B). Treatment with
lactacystin did not affect transfection efficiency in these cells as was evident from the expression
of GFP from a reporter plasmid (data not shown) and did not interfere with exogenous RAG1
expression (Figure 7C and D). These experiments set the stage for the study of effects of
proteasome inhibition on recombination and ensured that any effects observed on recombination
were not due to indirect effects of the inhibitor on cell viability, transfection efficiency or protein
expression.
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Figure 7. Continuous 26S proteasome inhibition for 48 hours does not severely affect cell
viability or exogenous protein expression. (A) Cells were treated with lactacystin as described in
Materials and Methods (section 6.4), and 26S proteasome activity was determined at the times
indicated. (B) Cell viability was assessed by trypan blue exclusion before (0 hour) and 48 hours
after lactacystin treatment. (C) Exogenous RAG1 expression was analyzed by Western blot. A
representative gel is shown (upper panel); β-actin loading control (lower panel). (D) RAG1
protein levels were quantified as described in Materials and Methods (section 6.10) and
normalized to the β-actin loading control levels. The average and standard deviation of four
independent trials is shown.
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Once the lactacystin treatment conditions were standardized for maximum cell viability
with continued inhibition of 26S proteasome, a general scheme was designed for recombination
experiments in the presence of inhibitor. The scheme for all recombination experiments
(extrachromosomal or chromosomal) is depicted in Figure 8A. Initially, recombination was
examined on extrachromosomal substrates in the RAG1-negative murine pro-B cells. Plasmid
substrates that allow detection of either signal joints (pJH200) or coding joints (pJH299) were
transfected into the RAG1-negative cells along with a plasmid expressing full-length murine
RAG1, followed by treatment with lactacystin at various time points post transfection. When the
proteasome inhibitor was added 1 hour following transfection and maintained throughout the 48
hours incubation, both signal joint (SJ) and coding joint (CJ) formation were severely reduced
compared to vehicle treated control (Figure 8B and C; compare dark grey bar at 1 hour and white
bar at 48 hours). Control amplifications performed on serially diluted, DpnI-digested DNA from
pJH200 and pJH299 transfections indicated comparable recovery of replicated recombination
substrate in every sample (Figure 8D). This method amplifies only the fraction of transfected
DNA that has been replicated in the mammalian cells, as DpnI digests at the GATC sequence of
DAM-methylated DNA but not un-methylated or hemi-methylated DNA (Lieber et al., 1987).
The plasmid substrates used in these recombination assays were prepared in E. coli hosts and are
methylated by the DAM methylase in the adenine base of GATC sequences on both strands.
Subsequently, when these plasmids undergo one or more rounds of replication in the mammalian
cells they result in hemi-methylated or un-methylated DNA resistant to DpnI. The GATC
sequence occurs over 20 times in these recombination plasmid substrates (Lieber et al., 1987), so
DpnI sensitive molecules are extensively fragmented during the digestion preceding PCR
amplification. The control amplifications presented in figure 8D thus, also act as a marker of
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plasmid substrate entry into the cells since only the DNA that has entered the cell can be
replicated and rendered insensitive to DpnI.
In the presence of full length, wild type RAG1 and RAG2 proteins, V(D)J recombination
is confined to the G1 phase of the cell cycle (Desiderio et al., 1996), with CJs accumulating
throughout G1 and SJs appearing at the G1/S boundary (Ramsden and Gellert, 1995). Cell cycle
progression is regulated through degradation events mediated by the 26S proteasome (King et
al., 1996). Hence I considered the possibility that lactacystin treatment was interfering with the
progression of cell cycle. The initiation of recombination on the plasmid substrates may require
transit through the cell cycle after transfection, and treatment with a proteasome inhibitor may
prevent the entry of adequate number of cells into G1 to initiate recombination. This theory was
put to test using nocodazole, an inhibitor of microtubulin dynamics that arrests cells in G2
(Jordan et al., 1992). The working concentration of nocodazole for use in the recombination
experiments was standardized through FACS analysis, which indicated that the level of
nocodazole used for treatment was sufficient to completely arrest the treated cells in G2 (Figure
8E). This level of nocodazole had no significant effect on recombination (Figure 8B and C, light
grey bars). These nocodazole treatment experiments indicated that extra-chromosomal substrates
could undergo recombination immediately following transfection, and did not have to undergo
replication prior to recombination. Hence inhibition of recombination resulting from lactacystin
treatment was not due to an indirect effect of disruption of cell cycle progression.
To examine whether the proteasome was required throughout recombination, lactacystin
was added at various times following transfection and then maintained for the remaining
incubation time. When lactacystin was added 16 or 24 hours following transfection, no
significant inhibition of recombination was observed (Figure 8B and C; dark grey bars). The
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high levels of recombination detected in cells treated at 16 hours post transfection were not a
result of robust recombination occurring prior to treatment, as was evident from untreated
controls that were harvested at 16 hours after transfection. Cells treated with lactacystin at 16
hours post transfection and then allowed to incubate another 32 hours showed significantly
higher levels of both SJ and CJ formation compared to those harvested at 16 hours (Figure 8B
and C; dark grey and white bars at each time point). These time course experiments indicated
that 26S proteasome activity was required for an early step in plasmid recombination but was
expendable for later stages.
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Figure 8. Requirement for 26S proteasome activity for extra-chromosomal recombination. (A)
General scheme for all recombination experiments with inhibitor treatments. Cells were
transfected or induced to undergo recombination at time zero. For inhibitor treated samples
(filled bars), treatment was performed at the time indicated and DNA was harvested 48 hours
after transfection/induction. For control samples (white bars), DNA was harvested at the time
indicated. Recombination assays were carried out on pJH200 (B) or pJH299 (C) as described in
Materials and Methods in the absence of inhibitor (white bars), or in the presence of lactacystin
(dark grey bars) or nocodazole (light grey bars). (B and C) Average and standard deviation of at
least three independent trials are shown. (D) To confirm equivalent recovery of total template
DNA, DpnI-digested DNA recovered from recombination reactions were diluted as indicated and
amplified to generate a specific, recombination-independent product (Tem). Upper and lower
gels represent template quantification in experiments with pJH200 or pJH299 respectively. (E)
Cells were treated with nocodazole as indicated and DNA content was determined by FACS
analysis. Statistical analysis (B and C) was performed using paired Student’s t-test. (1) t = -9.99
[2], p = 0.01. (2) t = -16.6 [2], p = 0.004. (3) t = -5.08 [2], p = 0.037.

42

Similar observations were made when measuring recombination at the immunoglobulin
kappa locus in 103/Bcl-2/4 cells. These cells are infected with a temperature-sensitive Abelson
leukemia virus, and carry out high levels of CJ formation at the kappa locus when incubated at
the non-permissive temperature of 39.5°C (Chen et al., 1994). At the non-permissive
temperature these cells arrest in G1 phase of the cell cycle, so SJ formation does not occur until
transfer back to permissive temperature (34°C). In these cells, treatment with lactacystin 1 hour
after transition to 39.6°C substantially inhibited CJ formation at the kappa locus (Figure 9C and
D). The same was true for SJs resulting from recombination at the lambda locus detected after
return to 34°C (Figure 9A and B). Control amplifications on the same samples using primers that
sit across a sequence not affected by recombination, indicated use of equivalent genomic DNA
as template for the SJ and CJ assays (Figure 9A and C, lower panels). As with transiently
transfected RAG1, there was no difference in endogenous RAG1 protein levels in the inhibitorversus vehicle-treated 103/Bcl-2/4 samples when the treatment was performed 1 hour after
induction at 39.6°C (Figure 9E). To determine the window in which proteasome activity is
required, a more detailed time course experiment was performed in which lactacystin was added
at 5 hours intervals (Figure 9F). This experiment revealed a critical window of 10-15 hours,
beyond which proteasome activity was no longer required for efficient recombination. When the
cells were treated at 15 hours post induction at 39.6°C and then allowed to incubate for another
33 hours, the amount of CJ product detected was statistically indistinguishable from the product
formed in an uninhibited reaction (Figure 9F).
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Figure 9. Requirement for 26S proteasome activity for chromosomal recombination. (A) Upper
panel, SJ formation resulting from rearrangement at the lambda locus (Vλ1Jλ1) in 103/Bcl-2/4
cells was analyzed in samples treated with lactacystin or vehicle as described in Materials and
Methods (treatments performed 1 hour post induction at 39.6°C). Lower panel, Control
amplifications on genomic DNA using primers on a region not affected by recombination
(described in Materials and Methods) to show equivalent template across all samples. (B) SJ
products generated in (A) were quantified as described in Materials and Methods. (C) Upper
panel, same as (A, upper panel) except CJ recombination at the kappa locus (V→Jκ1) was
analyzed. Lower panel, same as (A, lower panel). (D) CJ products generated in (C) were
quantified as described in Materials and Methods. (B and D) Average and standard deviation of
three independent trials are shown. (E) RAG1 and β-actin expression were analyzed by Western
blot in induced (39.6°C) and un-induced (34°C) samples. Duplicate trials are shown. (F) CJ
formation at the kappa locus was analyzed in samples treated with lactacystin at various times
following induction at 39.6°C. Control samples were harvested after incubation at 39.6°C for the
time indicated (white bars). Test samples were incubated at 39.6°C for the indicated duration
followed by treatment with lactacystin and then incubated at 39.6°C for a total of 48 hours (grey
bars). Average and standard deviation of three independent trials are shown. Statistical analysis
(D) was performed using paired Student’s t-test. (1) t = -4.32 [2], p = 0.05. (2) t = -10.6 [2], p =
0.009. (3) t = 1.67 [2], p = 0.237.
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4.1.2. Active recombination complexes are formed in the first 16 hours following transfection
(Bhattacharyya and Jones, 2010)
The observation that treatment with proteasome inhibitor at 15-16 hours after transfection
(or induction) did not inhibit recombination instead resulted in comparable levels of
recombination to the uninhibited samples, prompted the design of an experiment to get an
indirect measure of recombinase complex assembly during this vital window of the first 16
hours.
RAG1 has a half-life of approximately 15 minutes (Sadofsky et al., 1993; Grawunder et
al., 1996), so cessation of protein synthesis should rapidly deplete RAG1 protein levels.
Cycloheximide, an inhibitor of global protein synthesis (Obrig et al., 1971), was used to
manipulate RAG1 expression patterns followed by analysis of extra-chromosomal recombination
in these cells. When cycloheximide was added 1 hour after transfection of RAG1-negative pro-B
cells, both RAG1 expression and SJ or CJ formation were inhibited (Figure 10A-C), thus
confirming that an adequate concentration of cycloheximide was used to inhibit production of
RAG1 from the RAG1 expression plasmid. When cycloheximide was added 16 hours following
transfection, synthesis and accumulation of RAG1 ceased but recombination was restored. SJ
formation under this condition was significantly higher than recombination levels seen in
samples that were harvested at 16 hours after transfection (Figure 10A).
Cycloheximide is non-specific in its mode of action and thus inhibits all protein
translation. This, together with the observed results of SJ or CJ formation suggests that all
proteins required for recombination must be present in adequate supply by 16 hours posttransfection such that ongoing protein synthesis is not required. This indicates that RAG1 protein
expressed in the first 16 hours was able to form an active complex that did not require additional
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protein synthesis to complete recombination. Thus many recombination-competent complexes
assemble within the first 16 hours of the assay, the phase during which 26S proteasome activity
is essential.
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Figure 10. Effect of protein synthesis inhibition on recombination. Recombination of pJH200
(A) or pJH299 (B) in RAG1-negative pro-B cells was assessed as described in Materials and
Methods. Untreated cells were harvested at the time indicated post transfection (white bars).
Cells were treated with cycloheximide at the time indicated post transfection, and harvested after
a total of 48 hours following transfection. Average and standard deviation of three independent
trials are shown. (C) Exogenous RAG1 and endogenous β-actin expression were analyzed by
Western blot. Results of triplicate trials are shown. Statistical analysis (A) was performed using
paired Student’s t-test. (1) t = -4.99 [2], p = 0.038.
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4.1.3. Ubiquitin conjugating activity is required at multiple steps in recombination
(Bhattacharyya and Jones, 2010 and unpublished data)
I employed several complementary approaches to examine the requirement for the
ubiquitin activating enzyme E1 during V(D)J recombination. First, recombination was performed
in a CHO cell line (E36ts20) with a temperature-sensitive E1 allele (Handley-Gearhart et al.,
1994). Second, the effects of the chemical E1 inhibitor Pyr-41 (Yang et al., 2007) on extrachromosomal and chromosomal (kappa and lambda loci) recombination were determined in a
manner similar to the 26S proteasome inhibition studies.
The growth of E36ts20 cells at the permissive (30°C) versus non-permissive (42°C)
temperature was compared using light microscopy (Figure 11A). The pattern of growth observed
for the cells at non-permissive temperature was comparable to those at permissive temperature
for the first 34 hours after shift to non-permissive conditions. Around 48 hours modest cell death
and/or growth arrest was observed for the cells at 42°C while the ones at 30°C appeared healthy.
These observations suggested that the E36ts20 cells can be used for extra-chromosomal
recombination assays that last 48 hours. To examine recombination in the E36ts20 cells, a
plasmid expressing RAG2 was also included as these cells do not express RAG2. SJ formation at
the permissive temperature of 30°C (when E1 is active) measured higher than in cells transferred
to non-permissive temperature (42°C) 1 hour following transfection (Figure 11B), much in
agreement with the E1-inhibitor data discussed below. Semi-quantitative PCR indicated that
recombination under non-permissive conditions was about 7-fold lower than that at the
permissive temperature (Figure 11C). Residual recombination may be due to a leaky phenotype,
as the complete inactivation of E1 at the non-permissive temperature was not confirmed.
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Figure 11. Requirement for ubiquitin activating enzyme (E1) for extra-chromosomal
recombination in E36ts20 CHO cells. (A) Light micrographs of E36ts20 cells grown for 48 hours
either at the permissive temperature of 30°C (upper panel) or the non-permissive temperature of
42°C (lower panel). Data was collected at the times indicated after shift to 42°C. (B)
Recombination of pJH200 in E36ts20 cells was assessed at permissive (30°C) and nonpermissive (42°C) temperature. SJ specific PCR product is indicated. (C) Semi-quantitative PCR
of recombination products shown in (B).
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Prior to studying the effects of E1-inhibitor (Pyr-41) on extra-chromosomal
recombination, cell viability assays were performed in R1-negative pro-B cells treated with Pyr41 to ensure that a substantial population of cells is alive at the end of 48 hours of E1 inhibition
(Figure 12A). Trypan blue exclusion assays revealed approximately 60% cell viability in Pyr-41
treated cells 48 hours after treatment. As with lactacystin, there was no effect of Pyr-41 on
transfection efficiency (data not shown) or exogenous RAG1 protein expression in these cells
(Figure 12B). The recombination assays using E1-inhibitor treatment were performed according
to the scheme described in Figure 8A. For extra-chromosomal recombination assays in RAG1negative pro-B cells, when E1 inhibitor was added 1 hour following transfection, there was a
significant reduction in SJ and CJ formation, but Pyr-41 added at 16 hours post-transfection was
far less inhibitory (Figure 12C and D). This indicated that similar to the requirement for 26S
proteasome activity, there was a requirement for ubiquitin conjugation at an early step in
recombination on extra-chromosomal substrates, but that this activity was less critical at
subsequent stages.
While studying chromosomal recombination in 103/Bcl-2/4 cells, Pyr-41 was found to
inhibit SJ formation resulting from rearrangement at the lambda locus as well as CJ formation at
the kappa locus (Figure 12E and F), when treatment was performed 1 hour post induction of
recombination at 39.6°C. In contrast to extra-chromosomal recombination, Pyr-41 was inhibitory
to CJ formation on the kappa locus regardless of when it was added (Figure 12F). This shows
that unlike 26S proteasome activity, ubiquitin conjugation was required for chromosomal
recombination at multiple stages.
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Figure 12. Requirement for ubiquitin activating enzyme (E1) for both extra-chromosomal and
chromosomal recombination. (A) Viability of RAG1-negative pro-B cells upon treatment with
E1-inhibitor (Pyr-41) was assessed at the indicated time points after treatment using trypan blue
exclusion assay. (B) Western blot of exogenously expressed RAG1 and endogenous β-actin
levels analyzed for samples treated with Pyr-41 or vehicle. Results of duplicate trials are shown.
(C) Recombination assays were carried out on pJH200 as described in Materials and Methods
(section 6.8) in the absence of inhibitor (white bars) or in the presence of Pyr-41 (grey bars).
Average and standard deviation of three independent trials are shown. (D) Same as (C) except
that pJH299 was used as the extra-chromosomal recombination substrate. (E) SJ recombination
at the lambda locus in 103/Bcl-2/4 cells was analyzed in the presence of Pyr-41 or vehicle in
samples treated 1 hour post induction at 39.6°C. (F) CJ formation at the kappa locus in 103/Bcl2/4 cells was assessed in un-inhibited (white bars) or Pyr-41 treated (grey bars) samples when
treatment was performed at the indicated time following induction at 39.6°C. Average and
standard deviation of three independent trials are shown.
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4.1.4. 26S proteasome and E1 activities are required at the pre-cleavage stage (unpublished
data)
The data from the lactacystin and Pyr-41 treatment experiments consistently pointed at a
requirement for ubiquitin conjugation and proteasome activities at an early step in
recombination. However these experiments were designed to look at recombination products
(joints) and did not indicate the exact stage of recombination where these activities were
essential. The inhibition of recombination assessed by the absence or reduced levels of joints did
not indicate whether the defect was in joining or at an earlier stage. In order to delineate the
exact stage in recombination where proteasome and E1 activities are required, the inhibitor
treatment experiments were expanded to look at recombination intermediates generated from
rearrangement at the kappa locus in 103/Bcl-2/4 cells. Cells were treated with either lactacystin
or the E1 inhibitor 1 hour after induction of recombination at 39.6°C and incubated at the nonpermissive temperature for a total 48 hours from the time of induction. DNA isolated from these
cells was analyzed for the presence of Jκ1 signal ends generated from recombination at the kappa
locus. Treatment with either inhibitor completely blocked production of signal ends indicating a
defect in a step prior to cleavage (Figure 13A and B). These data further corroborate the previous
findings for the prerequisite of both E1 and 26S proteasome activities at an early step in
recombination without negating the finding that E1 activity is also required later in chromosomal
recombination.
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Figure 13. 26S proteasome and E1 activities are required at a step prior to cleavage. (A) Jκ1
signal ends were detected as described in Materials and Methods (section 6.9), in 103/Bcl-2/4
cells treated with the indicated inhibitor or respective vehicle (ethanol for lactacystin and DMSO
for Pyr-41) 1 hour post induction at 39.6°C. A representative gel is shown. (B) The signal end
band from three independent trials was quantified as described in Materials and Methods.
Average and standard deviation of three independent trials are shown.
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4.1.5. CDC34 and UBE2A are potential candidates for E2s participating in ubiquitin
conjugation events required for recombination at the kappa locus (unpublished data)
The E1 inhibitor treatment experiments established a role for ubiquitin conjugation
event(s) important for both extra-chromosomal and chromosomal recombination. This led to the
obvious search for the E2 enzymes involved in ubiquitylations necessary for efficient
recombination in cell culture. The mutation of the active site cysteine and a highly conserved
nearby leucine on certain E2 enzymes has been shown to produce proteins that act in a dominant
negative fashion (Banerjee et al., 1995). These dominant negative E2 proteins remain capable of
interacting with E1 or E3 enzymes, but cannot accept or transfer activated ubiquitin molecules.
Based on the above model, I generated several dominant negative mutant E2s to study
their possible role in supporting V(D)J recombination. The E2s chosen for the study included
CDC34, UBE2A (Rad6 homolog) and UBE2D1 (Ubc5a homolog) based on their ability to
interact with RAG1 and support RAG1 dependent ubiquitylations in cell free systems (Jones and
Gellert, 2003; Simkus et al., 2009a; Simkus et al., 2009b). Additionally, substitutions of amino
acids in RAG1 predicted to be important for interactions with CDC34 caused partial reductions
in the E3 ligase activity of these RAG1 mutants in cell free ubiquitylation assays (Simkus et al.,
2009a).
Dominant negative E2s were transiently transfected into 103/Bcl-2/4 cells alongside
control samples transfected with the corresponding wild type E2s. Transfected cells were
incubated at permissive temperature of 34°C for 16 hours to allow expression of the transfected
E2s before induction of recombination at 39.6°C for 48 hours. All experiments were designed to
study effects of each dominant negative E2 compared to samples transfected with the
corresponding wild type E2. An initial experiment revealed comparable recombination in wild

56

type E2-transfected and untransfected cells induced at 39.6°C, ruling out possible negative
effects due to the presence of excess levels of the protein being studied (Figure 14A). Out of the
three E2s tested, dominant negative UBE2D1 did not show any significant effect on CJ
recombination at the kappa locus (Figure 14B). However, CDC34 and UBE2A dominant
negative mutants caused substantial reduction in CJ formation at the kappa locus compared to the
recombination levels observed for their respective wild type counterparts (Figure 14C and D).
These reductions in recombination at the kappa locus were found to be significant based on
unpaired Student’s t-test [CDC34-DN, t = 13.4 (P = 0.002); UBE2A-DN, t = 106 (P < 0.001)].
The transfection efficiencies for these experiments were in the range of 60-70%, as estimated
from control GFP transfections performed in parallel. Hence the residual recombination observed
in the dominant negative E2 transfected samples may be coming from cells that did not get
transfected but did induce recombination at 39.6°C. Many E2s (including CDC34) are involved
in ubiquitylations necessary for cell cycle progression, but this study shows that transit through
the cell cycle is not required for recombination (Figure 8B and C). Hence secondary effects of
dominant negative CDC34 on cell cycle progression should not interfere with this analysis.
These data suggest that CDC34 and UBE2A are likely contributors to the ubiquitylation events
critical for recombination in cell culture. Thus the activity of certain specific E2s is crucial in
facilitating chromosomal recombination, consistent with the observation that E1 and 26S
proteasome activity are also required for the process.
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Figure 14. CDC34 and UBE2A are E2s required for efficient chromosomal recombination. (A)
Upper panel, CJ formation at the kappa locus in 103/Bcl-2/4 cells was analyzed as described in
Materials and Methods, in cells transfected with wild type (WT) or dominant negative (DN)
forms of the indicated E2 enzymes. A representative gel is shown. Lower panel, Control
amplifications on genomic DNA using primers on a region not affected by recombination
(described in Materials and Methods) to show equivalent template across all samples. (B), (C),
and (D) Average and standard deviation of three independent trials comparing the effects of WT
and DN forms of UBE2D1, CDC34 and UBE2A, respectively, on V→Jκ1 CJ formation. The
significance of recombination impairment in DN E2 transfections relative to WT was assessed
(C and D) using unpaired Student’s t-test (* P = 0.002; *** P < 0.001).
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4.1.6. DNA replication is required for recombination on extra-chromosomal substrates only
(Bhattacharyya and Jones, 2010 and unpublished data)
The discrepancy in the requirement for E1 activity at multiple stages for chromosomal
recombination, but only for an early stage on extra-chromosomal substrates suggested that
resolution of recombination intermediates on the chromosome may differ from those generated
on plasmids. On the chromosome, CJs accumulate throughout G1, but SJs are not detected until
G1/S transition (Ramsden and Gellert, 1995). This raises the possibility of a requirement for
replication to promote SJ but probably not CJ formation. On extra-chromosomal substrates,
recombination was shown to be restricted to substrates that undergo replication (Lieber et al.,
1987; Lieber et al., 1988), but it was unclear whether replication acts simply as a marker for
plasmids that have entered the cells or whether it plays a more direct role in recombination or the
detection of recombined substrates. For instance, if replication is essential for the plasmid to
become accessible to the recombinase, it must precede assembly of the RAG1/2 complex, or it
may be required to disrupt the post-cleavage complex to allow joining of the cleavage reaction
products. Apart from these, replication may be necessary to amplify the recombined plasmids to
a level that can be detected by standardized assays in use. A pre-assembly role for replication can
be ruled out based on the observation that nocodazole does not inhibit recombination on extrachromosomal substrates (Figure 8B and C). If plasmids had to undergo replication prior to
recombination, they would also have to pass through G2 prior to assembly of the recombinase in
G1. Hence nocodazole, which arrests cells at G2/M, would be expected to be inhibitory, but that
is not the case.
Aphidicolin, an inhibitor of DNA polymerase alpha (Spadari et al., 1985), was used to
further investigate the role of DNA replication in recombination of extra-chromosomal substrates
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and chromosomal recombination at the kappa and lambda loci. Aphidicolin was inhibitory to
both SJ and CJ formation on episomal substrates irrespective of when it was added (Figure 15A
and B). The level of recombination observed for aphidicolin treatment at 16 hours following
transfection was indistinguishable from the level of recombination in control samples harvested
at 16 hours post-transfection; the same was true for samples treated at 24 hours post transfection.
These data along with the nocodazole treatment data indicate that DNA polymerase activity is
either required for recombination or for detection of recombination on plasmid substrates, but it
is not required to prepare the plasmid prior to assembly of the recombinase. These results are in
agreement with an earlier study showing that non-replicated extra-chromosomal substrates can
undergo V(D)J recombination and substrate replication is not an essential process for the
reaction (Hsieh et al., 1991).
In contrast to extra-chromosomal recombination, aphidicolin or nocodazole added 1 hour
post-induction to 103/Bcl-2/4 cells had only a mild effect on SJ formation or CJ formation at the
lambda or kappa locus, respectively (Figure 15C and D). The mild inhibitory effect that was
observed could be due to the use of an asynchronous culture wherein the addition of the cell
cycle inhibitors may have prevented a substantial fraction of the cycling lymphocytes from
entering G1. This may have resulted in an indirect effect reflected as a mild inhibition of
recombination. In order to test this theory, the 103/Bcl-2/4 cells were synchronized at G2/M
prior to induction at 39.6°C, followed by treatment with aphidicolin or nocodazole 1 hour after
induction. The levels of both SJ and CJ recombination in the synchronized, inhibitor treated
samples were comparable to the synchronized, vehicle treated controls (Figure 15E and F). Thus
the mild inhibition of recombination observed in the asynchronous cells (Figure 15C and D) was
alleviated in synchronous cultures wherein the cells were allowed to enter G1 prior to addition of
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either inhibitor. This is particularly significant in the case of SJs, which are formed only when
cells are returned to permissive temperature and are thus released from the G1 arrest to re-enter
the cell cycle. In the synchronized cells, aphidicolin had no significant effect on either SJ or CJ
formation. Hence these data demonstrate that DNA polymerase alpha activity is not required to
mediate recombination on the chromosome or SJ formation associated with chromosomal
recombination.

61

B
1.2

1.2

1

1

CJ (% Maximum)

SJ (% Maximum)

A
0.8
0.6
0.4
0.2
0

0.8
0.6
0.4
0.2
0

1h

16 h

24 h

48 h

1h

C

16 h

24 h

48 h

D

Vλ1Jλ1 SJ
% Maximum

1

1.2

Asynchronous

1

V→Jκ1 CJ
% Maximum

1.2

0.8
0.6
0.4

0.8
0.6
0.4

0.2
0
Induction (39.6 C)
Aphidicolin

Nocodazole
Vehicle

Asynchronous

0.2

–
–
–
–

+
+
–
–

+
–
+
–

0
Induction (39.6 C)

+
–
–
+

Aphidicolin

Nocodazole
Vehicle

E

–
–
–
–

+
+
–
–

+
–
+
–

+
–
–
+

+
–
+
–

+
–
–
+

F
1.2

1

0.8

V→Jκ1 CJ
% Maximum

Vλ1Jλ1 SJ
% Maximum

1

1.2

Synchronous

0.6
0.4
0.2

0
Induction (39.6 C)
Aphidicolin
Nocodazole

Vehicle

–
–
–
–

+
+
–
–

+
–
+
–

0.8
0.6
0.4
0.2

0
Induction (39.6 C)

+
–
–
+

Aphidicolin
Nocodazole

Vehicle

62

Synchronous

–
–
–
–

+
+
–
–

Figure 15. DNA replication is required for recombination on extra-chromosomal substrates.
Recombination assays were carried out on pJH200 (A) or pJH299 (B) as described in Materials
and Methods (section 6.8) in the absence of inhibitor (white bars) or in the presence of
aphidicolin (grey bars). Average and standard deviation of three separate trials are shown. (C-F)
SJ and CJ recombination in 103/Bcl-2/4 cells is shown. Inhibitor was added 1 hour after shift to
39.6°C. (C, E) For SJ (light grey bars) at the lambda locus, recombination was analyzed after 48
hours at 39.6°C followed by 24 hours at 34°C. (D, F) CJs (dark grey bars) on the kappa locus
were measured 48 hours after shift to 39.6°C. Effect of the inhibitors in asynchronous (C, D),
and synchronous (E, F) cultures. Recombination is shown as a percent of carrier control, ethanol
for aphidicolin and DMF for nocodazole. In each case the average and standard deviation of
three separate trials are shown.

63

4.2. Ubiquitin ligase activity of RAG1 V(D)J recombinase is required to support robust
recombination and acts prior to DNA cleavage

Results presented in sections 4.2.3 and 4.2.4, respectively, were originally published in:
Simkus C, Bhattacharyya A, Zhou M, Veenstra TD, Jones JM. (2009a) Correlation between
recombinase activating gene 1 ubiquitin ligase activity and V(D)J recombination. Immunology.
128(2):206-217.
Simkus C, Anand P, Bhattacharyya A, Jones JM. (2007) Biochemical and folding defects in a
RAG1 variant associated with Omenn syndrome. J Immunol. 179(12):8332-8340.

Results presented in sections 4.2.1, 4.2.2 and 4.2.5 are under submission.

It has been previously shown that RAG1 E3 activity is required for robust recombination
on extra-chromosomal substrates supported by full length RAG1, in cultured cells (Simkus et al.,
2007). In this study I characterized the recombination activity of the murine equivalent (mRAG1
R311W) of a RAG1 allele from a human patient (hRAG1 R314W) with a complex immune
phenotype including reduced levels of circulating B cells, granulomatous disease and diffuse
large B-cell lymphoma (Schuetz et al., 2008). This protein was shown to be deficient in
supporting either auto-ubiquitylation or ubiquitylation of the RAG1 E3 substrate karyopherin
alpha 1 in a purified system (Simkus CL data, under submission). I found that mRAG1 R311W
supports only marginal levels of recombination on extra-chromosomal substrates in RAG1deficient pro-B cells under conditions where RAG1 is limiting, as has been observed for other
E3-deficient alleles of mRAG1 (Simkus et al., 2007). Furthermore, mRAG1 R311W and two
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additional E3-deficient alleles that have been characterized previously (Simkus et al., 2007),
were deficient in generating cleaved DNA ends, an early intermediate in the recombination
process. This indicates that RAG1 E3 activity, like E1 and 26S proteasome activity, is required
for a step prior to DNA cleavage. The current data are consistent with a previous model that
RAG1 E3 activity promotes ubiquitylation and possibly degradation of a negative regulator of
V(D)J recombination. This does not rule out the possibility that RAG1 E3 activity promotes
ubiquitylation of additional substrates later in the recombination process.
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4.2.1. mRAG1 R311W supports only limited recombination on extrachromosomal substrates
(under submission)
mRAG1 R311W was found to be profoundly deficient in E3 ligase activity relative to
wild type RAG1 as assessed in reconstituted systems with purified proteins (Simkus CL data,
under submission). It has been previously demonstrated that full length RAG1 alleles with amino
acid substitutions abrogating E3 activity support only marginal recombination of extrachromosomal substrates (Simkus et al., 2007), particularly when RAG1 is expressed at limiting
concentrations. I found that this was also the case for mRAG1 R311W. The mutation leading to
the R311W substitution was shuttled into a vector expressing full length mRAG1. A RAG1negative murine pro-B cell line was transiently transfected with the extra-chromosomal
recombination substrates pJH200 or pJH299 along with a plasmid expressing either wild type or
R311W mRAG1. The pro-B cells provide all of the other components necessary to support
recombination, including RAG2 and non-homologous end-joining DNA repair factors. After 48
hours, recombination substrate DNA recovered from these transient transfections was subjected
to PCR analysis for the presence of signal joints (pJH200) or coding joints (pJH299). Initially,
experiments were carried out under conditions of RAG1 over-expression (6µg expression
construct), where other factors are expected to be limiting. Even when expressed at relatively
high levels mRAG1 R311W showed a moderate defect in signal joint formation compared to
wild type (Figure 16A and B). Semi quantitative PCR of signal joints generated on pJH200
revealed a nearly two fold reduction in recombination mediated by mRAG1 R311W relative to
the wild type protein (Figure 16C).
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Figure 16. mRAG1 R311W supports reduced signal joint formation on extra-chromosomal
substrates. (A) Recombination was performed as described in Materials and Methods (section
6.8) using the signal joint (SJ) recombination substrate pJH200 along with pJMJ071 wild type
(W.T.) or R311W as indicated. The SJ-specific PCR product is indicated. The (*) indicates a
non-specific PCR product which does not rely on recombination. (B) The intensity of the SJspecific PCR product was quantified as described in Materials and Methods; average and
standard deviation of three independent trials are shown. (C) DNA from recombination reactions
in (A) was diluted as indicated and subjected to PCR to generate the SJ-specific product;
intensity of the SJ-specific band is indicated. (D) To confirm equivalent recovery of total
template DNA, DpnI-digested DNA recovered from recombination reactions in (A), was diluted
as indicated and amplified to generate a specific, recombination-independent product (Tem).
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Control amplifications performed on serially diluted, DpnI-digested DNA indicated
equivalent recovery of replicated recombination substrate in each of the samples (Figure 16D).
DpnI digests DAM-methylated but not hemi-methylated or un-methylated DNA, so only DNA
that has been replicated in the mammalian cells will be amplified using this method (discussed in
section 4.1.1). While DNA replication is not required for recombination of plasmid substrates, it
is a useful indicator of plasmid uptake during transfection, as only a plasmid that actually enters
the cell can undergo recombination.
mRAG1 R311W was also defective in coding joint formation on the extra-chromosomal
substrate pJH299 (Figure 17A and B). The reduction in coding joint formation at these RAG1
concentrations appeared to be more severe than that for signal joints, as little to no coding joint
product was observed in these reactions. Again, control amplifications performed on serially
diluted, DpnI-digested DNA indicated equivalent recovery of replicated recombination substrate
across the samples tested (Figure 17C).
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Figure 17. mRAG1 R311W supports reduced coding joint formation on extra-chromosomal
substrates. (A) Recombination was performed as described in Materials and Methods (section
6.8) using the coding joint (CJ) recombination substrate pJH299 along with pJMJ071 wild type
(W.T.) or R311W as indicated. The CJ-specific PCR product is indicated. The (*) indicates two
non-specific PCR products which do not rely on recombination; these are both larger than the
CJ-specific band. (B) The intensity of the CJ-specific PCR product was quantified as described
in Materials and Methods; average and standard deviation of three independent trials are shown.
(C) To confirm equivalent recovery of total template DNA, DpnI-digested DNA recovered from
recombination reactions in (A), was diluted as indicated and amplified to generate a specific,
recombination-independent product (Tem).
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The next set of experiments employed previously developed transfection conditions using
decreased quantities of expression plasmid that produce only limiting levels of RAG1 (Simkus et
al., 2007). Under these conditions, recombination is dependent on RAG1 E3 activity. As
expected, we observed that recombination defects in mRAG1 R311W were more profound under
these conditions (Figure 18A and B). Transfections were carried out with decreasing amounts of
mRAG1 wild type or R311W expression plasmids (3, 2, or 1µg). Wild type RAG1 supported
robust levels of signal joint formation even at the lowest level of expression plasmid tested. The
signal joints produced from 1µg wild type RAG1 plasmid were higher than those produced from
three times that level of mRAG1 R311W plasmid (Figure 18A, cf. lanes 4 and 5). As was
observed above, mRAG1 R311W showed a stronger defect in coding joint formation, which was
barely detectable at all levels of expression plasmid tested (Figure 18B).
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Figure 18. The mRAG1 R311W recombination defect is exacerbated by reduced levels of
RAG1. Recombination was performed as described in Materials and Methods (section 6.8) using
the signal joint (SJ) recombination substrate pJH200 (A) or the coding joint (CJ) recombination
substrate pJH299 (B) and pJMJ071 wild type (W.T.) or R311W in the quantities indicated. SJand CJ-specific bands are indicated with arrows.
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4.2.2. mRAG1 R311W is expressed at comparable levels relative to wild type in pro-B cells
(under submission)
As RAG1 ubiquitin ligase activity is particularly important under conditions where
RAG1 is limiting (Simkus et al., 2007), I sought to determine whether mRAG1 R311W was
expressed at reduced levels relative to the wild type protein. Cells were transiently transfected
with RAG1 expression plasmids; after 24 hours, cells were harvested and probed by Western
blot for the presence of full length RAG1. mRAG1 R311W was expressed at comparable levels
relative to the wild type protein (Figure 19A). Another set of experiments used cycloheximide
treatment to approximate the half-life of the wild type and R311W proteins. Cells were treated
with cycloheximide 24 hours after transfection, and samples were collected at regular intervals.
The decay in mRAG1 signal relative to β actin was the same for both proteins, indicating that
there was no detectable change in half-life under these conditions (Figure 19B and C).
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Figure 19. mRAG1 W.T. and R311W exhibit similar steady state expression and stability in
cultured pro-B cells. (A) Exogenous RAG1 W.T. and R311W expression and detection was
carried out as described in Materials and Methods in RAG1-/-/λ5-/- pro-B cells (upper panel); βactin served as a loading control (lower panel). Results are representative of multiple trials. (B)
RAG1 W.T. and R311W protein half-life was determined by cycloheximide treatment as
described in Materials and Methods; cycloheximide was added at time 0. A representative gel is
shown (upper panel); -actin loading control (lower panel). (C) RAG1 protein was quantified as
described in Materials and Methods, and normalized to the β-actin loading control. The β-actin
normalized RAG1 levels at various time points are shown as a percent of RAG1 W.T. at time
zero. The average and standard deviation of three independent trials is shown.
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4.2.3. Reduced recombination by mRAG1 alleles that show partial defect in ubiquitin ligase
activity (Simkus et al., 2009a)
A fragment of RAG1 (amino acids 218-389) spanning the RING, a closely associated Zn
finger and an upstream basic region promotes auto-ubiquitylation in a reconstituted system of
purified proteins that includes CDC34 as the E2 (Jones and Gellert, 2003). Substitutions at
residues predicted to contribute to the RAG1 RING-CDC34 interface lead to reductions in
RAG1 E3 activity in reconstituted systems using CDC34 as the E2 (Simkus et al., 2009a). I
found that these mutants were unable to support robust recombination on extra-chromosomal
substrates under conditions where RAG1 is limiting (Figure 20A and B). The mutants analyzed
included mRAG1 H270A, E294A, N265A, I292A, S327F and the triple substitution mutant
I292A/C317A/S327F (or I/C/S). In the recombination assays to look at signal joint formation on
pJH200, the RAG1 substitution mutants were expressed from the low copy number expression
plasmid pJH548, and only 1 µg of expression plasmid (10-fold lower than the standard assay)
was used for transfections into RAG1-negative pro-B cells. The average and standard deviation
from at least three independent transfections are shown (Figure 20A). Each of the mutants that
demonstrated a significant reduction in E3 activity (Simkus et al., 2009a) also showed a partial
impairment in the ability to support signal joint formation relative to wild type RAG1 (Figure
20A). These reductions in recombination were significant based on unpaired Student’s t-test
[N265A, t = 19.8 (P < 0.001); H270A, t = 23.5 (P < 0.001); E294A, t = 7.48 (P = 0.002)].
Although the triple substitution mutant I/C/S did not show a significant defect in E3 ligase
activity (Simkus et al., 2009a), a significant partial recombination defect was detected for this
mutant in signal joint assays on pJH200 [I/C/S, t = 8.42 (P = 0.001)]. A similar trend in
recombination defects were observed for coding joint formation on pJH299 (Figure 20B).
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Figure 20. Recombination activity of mRAG1 mutants known to show partial defects in E3
activity. (A) Signal joint (SJ) and (B) coding joint (CJ) assays were performed as described in
Materials and Methods (section 6.8) with RAG1 wild type (WT), N265A, H270A, I292A,
E294A, S327F or I292A/C317A/S327F (I/C/S) as indicated. Recombination was analyzed by
PCR; the average and standard deviation were calculated from three independent trials. The
significance of recombination impairment relative to WT was assessed by unpaired Student’s ttest (*P < 0.05; ***P ≤ 0.001).
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4.2.4. The severe recombination defect exhibited by mRAG1 C325Y is not due to inappropriate
cellular distribution (Simkus et al., 2007 and unpublished data)
The consistent observation of severe to moderate recombination defects exhibited by
various RAG1 E3 mutants raised the possibility that the distribution of the mutants within the
cell was not analogous to the wild type. If true, such discrepancy in intracellular localization
could, at least in part, account for the reduced levels of recombination observed for these RAG1
mutants. I employed microscopy techniques to look at possible differences in the localization
patterns of wild type mRAG1 versus mRAG1 C325Y, a mutant that shows the most severe
defect in the ability to support extrachromosomal recombination in pro-B cells (Simkus et al.,
2007). An mRAG1-enhanced green fluorescent protein (EGFP) fusion protein was generated,
and demonstrated to have recombination activity comparable to wild type (Anand, P,
unpublished results).
Initially, experiments were performed in RAG1 negative pro-B cells (Figure 21A)
transiently transfected with mRAG1-EGFP wild type or C325Y, followed by examination of the
intracellular distribution of these proteins by confocal microscopy. However, 4´, 6´ -diamidino2-phenylindole staining indicated that the nucleus occupies a large percentage of the volume in
these cells (Figure 21A); therefore, the pattern of nuclear localization of RAG1 (Figure 21A,
middle and bottom panels) versus whole-cell distribution of EGFP (Figure 21A, top panel) was
more difficult to distinguish in these cells. This prompted the use of NIH3T3 cells for these
localization studies as the morphology of NIH3T3 cells should allow clear distinction between
nuclear, cytoplasmic or whole cell distributions.
EGFP alone or mRAG1-EGFP wild type or C325Y proteins were transiently expressed in
NIH3T3 cells and mRAG1 nuclear localization was confirmed by confocal microscopy
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(originally published in Simkus et al., 2007). The attachment of EGFP to the C-terminus of
mRAG1 had no impact on recombination (Anand P, unpublished results). When cells were
transfected with the control vector pEGFP-N1, EGFP fluorescence was dispersed throughout the
cell, localizing both to the nucleus and cytoplasm (Figure 21B, left). When EGFP was fused in
frame to the C-terminus of either mRAG1 or mRAG1 C325Y, the distribution of EGFP
fluorescence was entirely nuclear (Figure 21B, middle and right). This indicated that both the
mRAG1 wild type and mRAG1 C325Y proteins were confined to the nucleus. This data
indicates that inappropriate compartmentalization can not account for the severe defect in
recombination by mRAG1 C325Y observed in previous studies (Simkus et al., 2007). These
findings are further corroborated through experiments involving separation of cellular proteins
into cytoplasmic, nuclear, and insoluble fractions in pro-B cells that reveal similar pattern of
cellular distribution for the mRAG1 wild type and C325Y proteins (Simkus et al., 2007).
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Figure 21. The severe defect in recombination by mRAG1 C325Y is not due to improper intracellular localization of this mutant. (A) mRAG1 wild type (Middle panel) or C325Y (Bottom
panel) were expressed as EGFP fusion proteins in RAG1-negative pro-B cells and visualized by
confocal microscopy as described in Materials and Methods (section 6.11). Transfection with
EGFP (Top panel) was used as a control for comparison of localization to nucleus versus whole
cell distribution. Left, Differential interference contrast (DIC) images; Second from left, EGFP
fluorescence images; Third from left, Nuclear staining with 4´, 6´-diamidino-2-phenylindole
(DAPI); Right, EGFP fluorescence merged with DAPI images are shown. (B) mRAG1 wild type
(Middle) or C325Y (Right) were expressed as EGFP fusion proteins in NIH3T3 cells and
visualized by confocal microscopy as described in Materials and Methods. EGFP alone served as
a control (Left). EGFP fluorescence merged with differential interference contrast images are
shown.
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4.2.5. RAG1 E3-deficient mutants show a defect in the DNA cleavage stage of recombination
(under submission)
I have already demonstrated that the ubiquitin activating enzyme (E1) and 26S
proteasome are required to support V(D)J recombination on the chromosome during kappa and
lambda locus recombination and on extra-chromosomal substrates, with both being required at
an early stage of recombination, and the proteasome being dispensable for later stages (Section
4.1). This suggests that ubiquitylation may be required throughout the process. I extended the
study to determine the stage at which RAG1 E3 activity was required by specifically examining
the DNA cleavage stage of the reaction. Blunt-cut RSS-containing signal ends accumulate during
recombination in the cell and can be easily detected by ligation-mediated PCR (lmPCR)
(Ramsden and Gellert, 1995; Kriatchko et al., 2006; Steen et al., 1999). In order to examine the
generation of RAG1-dependent cleaved RSS signal ends, recombination was carried out in
NIH3T3 cells. It was found that RSS end detection was not efficient in the cultured pro-B cells
used in the other recombination assays described above.
I first confirmed that RAG1 E3-deficient mutants were defective in signal joint formation
in NIH3T3 cells (Figure 22A). Cells were transiently transfected with the recombination
substrate pJH200 along with both RAG1 and RAG2 expression constructs; NIH3T3 cells provide
the required DNA repair factors. DNA was harvested 48 hours later, and signal joint formation
was assessed by PCR. A catalytically inactive mutant of mRAG1 (D708A) acted as a negative
control for both signal joint (Figure 22) and signal end (Figure 23) assays; this mutant is known
to be completely inactive in DNA cleavage (Kim et al., 1999; McBlane et al., 1995). The levels
of signal joints formed by mRAG1 P326G and R311W were comparable to those formed by wild
type RAG1 under conditions where RAG1 was not likely to be limiting (Figure 22A, upper
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panel). More surprisingly, these assays revealed appreciable levels of signal joints formed by
mRAG1 C325Y (Figure 22A, upper panel) which is completely inactive in signal joint assays
carried out in RAG1-negative pro-B cells (Figure 22B and Simkus et al., 2007). All three
mutants demonstrated reduced levels of signal joints when RAG1 was present at reduced levels
in the NIH3T3 cells (Figure 22A, bottom panel) but the defect was not as severe as that seen in
the RAG1-negative pro-B cells (Figure 22B). These results suggested that conditions in NIH3T3
cells are somewhat more permissive for recombination supported by E3-deficient RAG1 alleles,
but nevertheless confirmed that the NIH3T3 system would be appropriate to understand
recombination defects of the RAG1 mutants.
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Figure 22. RAG1 E3 deficient mutants are defective in signal joint formation in NIH3T3 cells.
(A) Recombination was performed as described in Materials and Methods (section 6.8) in
NIH3T3 cells using the signal joint (SJ) recombination substrate pJH200, RAG2-expression
plasmid as indicated and RAG1-expression plasmid pJMJ071 W.T., C325Y, P326G, R311W or
D708A. The amount of pJMJ071 used was (1) 4µg, (2) 2µg, and (3) 1µg. (B) Recombination
was performed as described in Materials and Methods in RAG1 -/-/λ5-/- pro-B cells using the
signal joint (SJ) recombination substrate pJH200 and RAG1-expression plasmid (4µg) pJMJ071
W.T., C325Y, P326G, R311W or D708A.
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Accumulation of cleaved RSS signal ends generated from the pJH290 recombination
substrate was analyzed using an lmPCR strategy as described in Materials and Methods. These
experiments also included control amplifications using a ten-fold dilution of each ligation
reaction in order to confirm the use of comparable template levels across all ligations (Figure 23
A and C, lower panels). When higher levels of RAG1 expression plasmid were used, there was
only a mild reduction in the levels of cleaved RSS signal ends generated by RAG1 P326G and
R311W when compared to that of WT RAG1 (Figure 23A upper panel and B), consistent with
the comparable levels of signal joints produced under these conditions. The defect in cleaved
RSS signal end generation was more pronounced when RAG1 was limiting, with barely any ends
being detected (Figure 23C upper panel and D). Between the two mutants, R311W consistently
showed a more severe defect than P326G. Control amplifications performed on diluted ligation
reactions indicated consistent levels of recombination substrate across the samples (Figure 23A
and C, lower panels). Consistent with the observation that mRAG1 C325Y demonstrated
detectable activity in the signal joint assay in the NIH3T3 system (Figure 22A, upper panel), this
mutant also supported a limited level of RSS end formation at relatively high RAG1 expression
level (Figure 23A upper panel and B). At limiting amounts however, mRAG1 C325Y did not
generate any detectable cleaved RSS signal ends in the NIH3T3 cells (Figure 23C upper panel
and D). As expected, mRAG1 D708A was completely inactive in DNA cleavage and generated
no detectable RSS signal ends or joints (Figures 22 and 23).
Thus, with the assumption that the reduced levels of signal ends are due to a decrease in
the formation of cleaved ends, these results suggest that RAG1 E3 activity may be required to
enable an early step of recombination prior to DNA cleavage. However, the steady state levels of
signal ends depend on their rate of formation as well as their rate of consumption through joining
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or degradation. Hence the reduction in detectable signal ends with the RAG1 E3 mutants could
also suggest an increase in the rate at which the post-cleavage complex breaks down and the ends
are degraded.
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Figure 23. RAG1 E3 deficient mutants are defective at or before the DNA cleavage stage of
recombination. (A) Recombination was performed as described in Materials and Methods
(section 6.8) in NIH3T3 cells using recombination substrate pJH290, RAG2-expression plasmid
as indicated and RAG1-expression plasmid pJMJ071 (4µg) W.T., C325Y, P326G, R311W or
D708A. Signal ends (SE) were amplified by lmPCR (upper panel). Template for lmPCR was
amplified with control primers to confirm equivalent recovery (lower panel). (B). SE-dependent
lmPCR products generated in (A) were quantified as described in Materials and Methods.
Results are the average and standard deviation of three independent trials. Lanes 1-8 in (B)
equivalent to lanes 1-8 in (A). (C) Same as (A), except that 0.5µg RAG1 expression plasmid
pJMJ071 was used. (D) Same as (B); lanes 1-8 in (D) are equivalent to lanes 1-8 in (C).

86

5. DISCUSSION

V(D)J recombination is subjected to multiple layers of regulation and it has been
proposed that RAG1’s integral ubiquitin ligase activity contributes to this strict regulation.
RAG1 E3 activity may promote degradation of a negative regulator (Simkus et al., 2007), thus
promoting assembly of an active recombination complex. Here I demonstrate that ubiquitin
conjugation, RAG1 E3 activity, and degradation by 26S proteasome are required prior to DNA
cleavage. E1 activity is required at subsequent stages, and one can not rule out the possibility that
RAG1 E3 activity is required at later stages as well.

5.1. A role for proteolysis in V(D)J recombination
My analysis of recombination products (joints) revealed that 26S proteasome activity is
necessary during an early window but is dispensable after about 15 hours (Section 4.1.1). During
this period active recombination complexes are formed. This requirement is not due to indirect
effects of the proteasome inhibitor on transfection efficiency, protein expression or cell cycle
progression. If the reduction in recombination caused by inactive 26S proteasome was due to
inhibition of some other aspect of cellular functions, the effect would be expected to occur
regardless of when the proteasome inhibitor was added during the course of the recombination
assays. Instead, experiments in which RAG1 translation was blocked with cycloheximide after
16 hours of expression indicated that most of the active recombination complexes were formed
within this window, while recombination products continued to accumulate for 48 hours (Section
4.1.2). Thus, the protein synthesis inhibition data indicates formation of active recombination
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complexes in the first 16 hours, a period overlapping with the window when 26S proteasome
activity is essential.
Experiments to detect signal ends generated from recombination events at the kappa
locus in 103/Bcl-2/4 cells when 26S proteasome activity was inhibited early in the assays,
revealed a complete block at or prior to the cleavage step (Section 4.1.4). These data are
consistent with a model in which a negative regulator of recombination must be degraded in
order to assemble a recombination-competent complex. This suggests that a degradation event is
required either to activate the recombination locus, or promote binding of the recombinase at the
locus. Chromatin immunoprecipitation (ChIP) assays under conditions of proteasome inhibition
may help to ascertain whether RAG1 and RAG2 recruitment to recombination loci is preceded
by a necessary degradation event. Alternatively, a negative regulator could be present at the
recombination locus, which may be reflected as a requirement for 26S proteasome activity after
the binding of the recombinase to DNA. This may be explored through co-immunoprecipitation
(co-IP) experiments to identify additional proteins in the recombinase complex.
Although some studies have reported the presence of the proteasome at the sites of DSBs
(Krogan et al., 2004; Ben-Aroya et al., 2010), the proteasome inhibition data presented here does
not indicate a role for proteolysis in the later stages of recombination, when repair occurs on
V(D)J intermediates. In fact, my findings are in agreement with another study using proteasome
inhibitors showing that treatment with MG-132 or lactacystin had no significant effect on NHEJ
but reduced the efficiency of HR-mediated DSBR (Murakawa et al., 2007). V(D)J generated
DSBs are repaired by the NHEJ machinery (Taccioli et al., 1993) and do not require HR
functions.
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5.2. Components of the ubiquitylation cascade are required for V(D)J recombination
The role of E1 activity in recombination was more complicated. On extra-chromosomal
substrates, E1 activity was required only during the initial phase of the reaction, presumably to
promote ubiquitylation of the substrate to be degraded. For recombination on the kappa locus,
however, E1 activity was required throughout the reaction (Section 4.1.3). This indicates that
ubiquitylation is required at a step subsequent to recombinase assembly when recombination is
occurring on the chromosome, but not on extra-chromosomal substrates. Similar to the
requirement for 26S proteasome activity, an analysis of signal end production in 103/Bcl-2/4
cells also shows a requirement for E1 activity prior to cleavage (Section 4.1.4). Together with the
data on coding joint formation at the kappa locus, the signal end data implies that unlike the 26S
proteasome, the ubiquitin activating enzyme E1 was required both prior to cleavage and later in
recombination. Additional ChIP assays with E1 inhibition at later stages of recombination (at or
beyond 16 hours post induction of recombination in 103/Bcl-2/4 cells) may determine whether
there is requirement of ubiquitin conjugation for the recruitment of repair factors at the post
cleavage complexes of recombination.
It is also possible that the requirement for ubiquitin conjugation in SJ formation is
different from CJ formation on the chromosome, as the RSS containing signal ends are resolved
differently than the coding ends. Future studies could address this possibility as well.
Nevertheless, the 26S proteasome and E1 inhibition data together indicate that ubiquitindependent degradation is an early step in complex assembly (or activation), and degradationindependent ubiquitylation(s) is essential for post cleavage step(s) in chromosomal
recombination.
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Consistent with the E1 inhibition data, I have also identified two ubiquitin conjugating E2
enzymes, CDC34 and UBE2A (UbcH2 homolog), whose activities are required to promote
efficient chromosomal recombination in vitro (Section 4.1.5). Both of these E2 enzymes interact
with RAG1 in cell free ubiquitylation assays to target different substrates. RAG1 promotes its
auto-ubiquitylation in the presence of CDC34 (Jones and Gellert, 2003), and along with UbcH2
supports poly-ubiquitylation of KPNA1 (Simkus et al., 2009b) and mono-ubiquitylation of
heavily acetylated H3.3 S31p (Jones et al., 2011). UbcH2-dependent ubiquitylations are also
implicated in DNA repair (Hoege et al., 2002), thus it is not surprising that several E2s may be
required for V(D)J recombination. In the future, additional dominant negative E2s should be
tested, looking at both recombination products and intermediates. This will help demarcate the
precise stage in V(D)J recombination when each E2 activity is required. In the context of data
presented here, CDC34 and UbcH2 may be involved in ubiquitylation events required at distinct
stages of recombination (assembly, cleavage or joining).
It is important to note that the dominant negative activity of such E2 double mutants has
been confirmed only for CDC34 (Banerjee et al., 1995), and it is possible that all the E2
cysteine/leucine substitution mutants may not exert a dominant negative effect. If a putative
dominant negative E2 does not show appreciable effect on recombination, it still cannot be
deleted from the list of potential E2s involved in V(D)J recombination. In this study, UBE2D1
(Ubc5a homolog) did not show any significant effect on CJ recombination at the kappa locus
(Section 4.1.5) but the dominant negative effects of Ubc5a (C85A, L89S) were not confirmed in
these assays. In such cases, it will be prudent to use RNAi techniques to specifically knock-down
different E2s and study their effects on recombination.
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Finally, these studies with dominant negative E2s need to be extended to look at their
effects on formation of recombination intermediates, which may enable identification of E2(s)
required at different stages of recombination. The requirement of these E2s for SJ formation
resulting from chromosomal recombination may help delineate possible differences in
ubiquitylation events occurring towards the processing of signal ends versus coding ends.

5.3. Role of RAG1 ubiquitin ligase activity in recombination
The role of RAG1 E3 activity in promotion of V(D)J recombination and lymphocyte
development is still under investigation. It has been previously demonstrated that mutations that
abrogate ubiquitin ligase activity do not lead to over-accumulation of RAG1 (Jones and Gellert,
2003), suggesting that it is not primarily involved with regulating RAG1 expression levels.
Furthermore, these mutations lead to reductions in recombination activity under conditions
where RAG1 is limiting (Simkus et al., 2007). In this study, I demonstrate that a RAG1 allele
associated with immune deficiency in a human patient is defective in supporting recombination
of extrachromosomal substrates in cultured pro-B cells (section 4.2.1). Additionally, I show that
RAG1 mutants that do not support functional interaction of RAG1 with CDC34 in E3 ligase
assays (Simkus et al., 2009a), are also defective in mediating extrachromosomal recombination
(section 4.2.3). Furthermore, my analysis of several E3-deficient RAG1 alleles shows that they
are defective at or before the DNA cleavage step of plasmid recombination in NIH3T3 cells. I
also demonstrate that the previously characterized RAG1 E3 ligase deficient mutant, C325Y, is
severely defective in recombination (Simkus et al., 2007) despite proper nuclear localization like
the wild type protein (section 4.2.4). The results presented herein support a model in which
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RAG1 E3 activity is required to enable an early step in recombination, possibly the degradation
of a negative regulator, as has been suggested previously (Simkus et al., 2007).
The mRAG1 R311W allele is the equivalent of hRAG1 R314W, an allele from a patient
with reduced circulating B cells, granulomatous disease and diffuse large B-cell lymphoma
(Schuetz et al., 2008). The results described in section 4.2 suggest that the B cell deficiency may
stem from a reduced ability to support V(D)J recombination, a requisite step in B cell
development. This is likely to be the result of reduced E3 activity, although the possibility that
the R311W substitution affects interaction with other proteins in the cell cannot be ruled out.
Somewhat contrary to earlier findings that RAG1 E3 activity is important to support
recombination in cultured pro-B cells (Simkus et al., 2007), I demonstrate that the defect is less
severe in NIH3T3 fibroblasts (section 4.2.5). It is possible that this increased permissibility is
due to differences in the factors expressed in the two cells lines. For example, the pro-B cells
express RAG2 at physiologic levels, while transient expression of RAG2 in NIH3T3 may be
higher than normal. It is further noted that the higher values for the relative recombination levels
supported by various RAG1 mutants in NIH3T3 cells are consistent with previous reports
(Roman et al., 1997). The authors in this study analyzed plasmid recombination in NIH3T3 cells
by varying the levels of RAG1 and RAG2 and concluded that recombination activity was
limiting for RAG2 in 3T3 cells. There could also be subtle differences in the levels of repair
factors in the different cell types. In addition, developing lymphocytes such as pro-B cells may
contain factors that expressly limit and regulate recombinase activity, as these are the only cells
in which recombination occurs in vivo. It has been previously hypothesized that RAG1 activity is
limited by a negative regulator that must be ubiquitylated in order to enable recombination
(Simkus et al., 2007; Simkus et al., 2009b). This factor may not be expressed at high levels in
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NIH3T3 cells or other cell types. This finding highlights the contribution of cell background to in
vitro results.
I also demonstrate that the detection of cleaved RSS ends generated from an extrachromosomal substrate is substantially impaired in assays using RAG1 E3 mutants to the same
extent that they are defective in signal joint formation (section 4.2.5). The interpretation of the
results from these signal end detection assays have to take into consideration the factors affecting
the steady state levels of signal ends, which include their rate of formation, rate of utilization to
form joints, as well as their rate of degradation. Since the RAG1 E3 mutants also show reduced
levels of signal joints, an increased rate of consumption through joining cannot explain the
decreased levels of ends. If the rate of degradation of the ends is increased in the case of RAG1
E3 mutants, it may suggest that the post cleavage complex involving these mutants could be less
stable relative to wild type. However, if the decrease in the signal ends is due to a defect in the
rate of formation of ends by RAG1 E3 deficient mutants, it would suggest that these mutants are
incompetent for generation of cleaved RSS signal ends. This would indicate that the initial block
in recombination occurs at or before DNA cleavage.
The signal end data presented in section 4.2.5 is at odds with the published results of
Grazini et al, who found that cleaved signal ends accumulate in cells transfected with E3
defective alleles of mRAG1 (Grazini et al., 2010). One possible explanation for this difference is
that those experiments were performed in HEK 293 cells, a human embryonic kidney cell line,
and with a double mutant mRAG1 H307A, C325G. It is possible that the combination of murine
protein with a non-lymphocytic human cell line may have further exacerbated changes in normal
regulation. Furthermore, their inability to detect RSS ends generated by the wild type RAG1
allele is at odds with previous studies showing that RSS ends should be easily detectable under
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these conditions in many cells lines, including in HEK 293 and Chinese hamster ovary (CHO)
cells (Kriatchko et al., 2006; Steen et al., 1999). That said, the finding that the RSS ends
accumulate under the conditions described in the study by Grazini et al, does suggest a role for
RAG1 E3 activity after cleavage as well, and the results presented herein (section 4.2.5) certainly
do not rule that out.
Continuing with this theme, it is possible that RAG1 E3 activity contributes to multiple
phases of recombination. Recent evidence showing an interaction between RAG1 and VprBP
(component of a cullin E3 ligase complex including Cul4A, Roc1 (a.k.a Rbx1), and DDB1)
suggests that the RAG1 RING or other amino terminal domain could also act as part of a larger
ubiquitylation complex (Kassmeier et al., 2011). Since the Roc1/Cul4A/DDB1 complex has
previously been shown to facilitate DNA repair (Wang et al., 2006), the association of RAG1
with this E3 complex may imply a role for RAG1, as an E3 ligase or otherwise, in the later
stages of recombination. Future work should help to dissect RAG1 E3 contribution by
identifying ubiquitin conjugating (E2) enzymes required for various steps of recombination, as
RAG1 is known to interact with several E2s in ubiquitylation of different substrates (Jones and
Gellert, 2003; Yurchenko et al., 2003; Jones et al., 2011; Simkus et al., 2009b). The study
described here also demonstrates that substitution of residues in RAG1 that are important for
functional interactions with CDC34 (Simkus et al., 2009a), consistently resulted in partial
reduction of recombination activity on extra-chromosomal substrates by these RAG1 mutants
(section 4.2.3). Future experiments involving co-transfections of such RAG1 mutants and
dominant negative CDC34 may exacerbate the defects in extra-chromosomal recombination
observed with these RAG1 mutants alone. Such results will verify the putative role of RAG1 E3
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activity working in conjunction with CDC34 to carry out ubiquitylations essential for
recombination in cells.

5.4. Possible mechanisms
Based on the findings described in this study, a working model predicts that a RAG1 E3
ligase-dependent or independent ubiquitylation and degradation event is essential to promote
V(D)J recombination. The results from the 26S proteasome and E1 inhibitor studies and those
using limiting amounts of RAG1 suggest the involvement of a negative regulator of
recombination that should undergo proteasomal degradation to facilitate initiation of
recombination. It has been previously shown that RAG1 promotes ubiquitylation of the nuclear
import protein, karyopherin alpha 1 (KPNA1) in a reconstituted system (Simkus et al., 2009b),
and suggested that KPNA1 acts as a negative regulator of recombination. Based on earlier
studies of RAG1 sub-nuclear localization mediated by KPNA1 (Spanopoulou et al., 1995),
Simkus et al. hypothesized that RAG1 is sequestered at the nuclear periphery through its
interaction with KPNA1, and dissociation of this complex may require ubiquitin-dependent
degradation of KPNA1 to release RAG1 prior to initiation of recombination.
Other interesting findings emerging from this study suggest that apart from early
ubiquitin conjugation events, ubiquitylation of additional targets is required later in chromosomal
recombination, possibly to modify histones, recruit repair factors or mediate recombinase
disassembly. After a RAG1/2 complex cleaves the DNA, it remains tightly bound to the cleaved
RSS ends, and more loosely bound to the coding ends. The coding ends are rapidly and
specifically passed to the NHEJ repair proteins (Lu et al., 2008; Ramsden and Gellert, 1995),
while the RSS ends remain sequestered from the repair machinery (Jones and Gellert, 2001;
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Agrawal and Schatz, 1997; Hiom and Gellert, 1998). Hypothetically, remodeling of the postcleavage complex is required to mediate disassembly and the hand-off to the DNA repair
complex. Auto-ubiquitylation of RAG1 has been suggested to play a role in this (Jones and
Gellert, 2003), and the requirement of E1 activity throughout is consistent with this model. The
identification of CDC34 as a potential E2 required for efficient recombination in cell culture, and
its ability to support RAG1 auto-ubiquitylation in cell free systems, further substantiates this
idea.
RAG1 promotes ubiquitin chains linked both through ubiquitin K48 and K11 (Simkus et
al., 2009a). The physiological function of K11-linked ubiquitin chains is not completely clear,
although like K48 linkages they have also been shown to target proteins for proteasomal
degradation (Jin et al., 2008). Auto-ubiquitylation of RAG1 however does not appear to promote
degradation of bulk RAG1 in vitro, as inhibition of 26S proteasome does not lead to
accumulation of ubiquitylated RAG1 (Jones and Gellert, 2003) and loss of E3 activity does not
stabilize the protein (Simkus et al., 2007). Instead, like the K-63-linked chains seen in DNA
repair complexes (Hoege et al., 2002), the K11 linkages formed by RAG1 may serve as a
scaffolding structure to attract proteins to remodel the post-cleavage complex rather than act as a
signal for degradation. Alternatively, RAG1-independent ubiquitylation may be required at the
later stages of recombination.
If ubiquitylation is required for a late step in recombination such as post-cleavage
complex remodeling, why is it not required for recombination of extra-chromosomal substrates?
One possibility is that the complex of RAG1/2 with cleaved DNA ends is less stable on episomal
substrates. This is not likely as these complexes can be isolated from cells without chemical
cross-linking, and are active for subsequent biochemical reactions such as RAG1/2 mediated
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DNA transposition (Jiang et al., 2004). Another possibility is that RAG1/2 post-cleavage
complexes can be remodeled by an alternate pathway that does not normally occur on the
chromosome. This study demonstrates that on extra-chromosomal substrates DNA replication is
required for a step subsequent to complex assembly (section 4.1.6). Passage of a replisome or
altered replication-dependent supercoiling may be required to disrupt the post-cleavage complex
on the relatively small plasmid substrate, but play no role in remodeling of the complex on the
chromosome.

5.5. Physiologic relevance
The introduction of double strand breaks (DSBs) at site specific genomic locations by the
RAG1/2 endonuclease is essential for the development of adaptive immunity. Such DSBs are
dangerous cellular lesions since they can separate irreversibly or join erroneously to cause
genomic instability, and potentially drive malignant transformations (Hoeijmakers, 2001). The
idea of the existence of a negative regulator of recombination proposed in earlier studies (Simkus
et al., 2007; Simkus et al., 2009b), and further substantiated in the work presented here, adds the
understanding of a new layer of regulation to the already known tightly controlled mechanisms
of V(D)J recombination. The influence of KPNA1 on RAG1 sub-nuclear localization
(Spanopoulou et al., 1995), and the ability of RAG1 to ubiquitylate KPNA1 in a cell free system
(Simkus et al., 2009b) suggested that KPNA1 could be a negative regulator of recombination
acting by sequestering the recombinase. Earlier studies have shown sub-nuclear localization of
recombination loci as a mode of regulation for V(D)J recombination (Kosak et al., 2002), while
Simkus et al. suggest sequestration of the recombinase by KPNA1 at the nuclear periphery as an
additional regulatory mechanism. In this model, RAG1-dependent ubiquitylation of KPNA1
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would be required to relieve this interaction, perhaps through degradation of KPNA1 by the 26S
proteasome, thereby allowing RAG1 to access the recombination loci. The chances of untimely
or inappropriate activity of RAG1 could be prevented through such sequestration, especially if
the ubiquitylation and degradation of KPNA1, as proposed by Simkus et al., is a triggered event
occurring only when cells are primed to undergo recombination. Although suppressed by its C
terminal domain, the non specific cleavage activity on single-stranded DNA by the central
domain within RAG1 core (De et al., 2004) can be deleterious, particularly during S phase when
there is preponderance of single-stranded DNA. Since RAG2 is essential for directing RAG1dependent DNA cleavage (Akamatsu and Oettinger, 1998; De et al., 2004; Kirch et al., 1998;
Swanson and Desiderio, 1999), the absence of RAG2 during S and G2 phases (Desiderio et al.,
1996) is one way of ensuring that promiscuous RAG mediated DNA cleavage does not occur in
S phase. On the other hand, accumulation of RAG2 during G1 phase followed by its binding to
RAG1 might act as the proposed trigger for RAG1 mediated ubiquitylation of KPNA1, followed
by initiation of recombination in the appropriate phase of cell cycle.
The above mentioned sequestration theory of RAG1 by KPNA1 remains to be tested.
Microscopy techniques to study localization of the recombinase in the presence and absence of
proteasome inhibitor may help to test this theory. Additionally, examination of the requirements
for recombination in cells lacking KPNA1 and in the KPNA-/- mouse (Shmidt et al., 2007) will
be an important next step in determination of the potential role of KPNA1 in regulation of RAG1
activity as a recombinase. Studying the effects of proteasome inhibitor on recombination of
extra-chromosomal substrates in KPNA1-/- versus KPNA1+/+ cells, may shed light on the role of
KPNA1 as the negative regulator of recombination. If KPNA1 must undergo degradation to
promote recombination, then inhibition of 26S proteasome activity should not affect
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recombination in the KPNA1 deficient cells. However, if 26S proteasome inhibition in KPNA1
null cells causes recombination defects as seen in the RAG1 negative pro-B cells described in
this study (section 4.1.1), it would suggest that KPNA1 is not the negative regulator that needs to
be degraded, or, in addition to KPNA1, there is some other negative regulator that should be
degraded for efficient recombination. The role of RAG1 E3 activity in alleviating the alleged
inhibition by KPNA1 can also be studied through recombination assays using RAG1 E3 ligase
mutants in KPNA1+/+ and KPNA1-/- cells. Additionally, KPNA1 non-interacting mutants of
RAG1 can be combined with mutations that eliminate RAG1 E3 activity, and such double
mutants may be examined for their ability to support recombination in KPNA1 deficient or wild
type cells. Such experiments may help to verify a regulatory role for KPNA1-RAG1 interaction
with respect to recombination.
During the normal progression of V(D)J recombination in cells, signal ends are
eventually ligated end-to-end to form signal joints in a process that is dependent on the NHEJ
repair factors as well as the RAG proteins (Gellert, 2002). A study providing one of the first
evidence that signal ends have the potential to mediate transposition reactions (Hiom et al.,
1998) also suggested that a failure in timely repair of RAG generated ends may result in the
lingering presence of transposition-competent signal ends, leading to inter-chromosomal
translocations associated with lymphatic tumors. Since DNA cleavage by the RAG proteins is
indispensable to lymphocyte physiology, there must be ways to prevent the potential detrimental
consequences of the transposition activity of these proteins in vivo. Looking at the effect of E1
inhibitor on later stages of signal joint formation resulting from chromosomal rearrangement,
and the effect of various dominant negative E2s on signal joint formation, may provide insight
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into a possible involvement of the ubiquitylation machinery affecting the balance of the two
pathways (recombination versus transposition) in the cellular environment.
It is interesting to note that to date the anaphase-promoting complex (APC/C) is the only
E3 reported to support K11-linked ubiquitin chain formation in cells (Jin et al., 2008). These
K11 ubiquitin linkages are disassembled by deubiquitylating enzymes (DUBs) that interact with
the APC/C and thus modulate the fate of the ubiquitylated protein and the associated effector
function (Stegmeier et al., 2007). Similar interactions between various DUBs and E3s have
already been documented (Sowa et al., 2009), and such interactions might result in a dynamic
regulation of ubiquitylation mediated by these E3s. Identification of potential DUBs associating
with RAG1 in cells might reveal dynamic ubiquitylation events important for V(D)J
recombination. In sync with this idea, a DUB called BRCC36 has been identified in the BRCC
complex (containing BRCA1) at sites of DNA lesions and implicated in DNA repair (Dong et
al., 2003). Thus, a search for DUBs important in recombination or repair might identify dynamic
ubiquitylation events vital in modulating recombinase assembly, post-cleavage complex
disassembly, and/or recruitment of repair factors at the recombination loci.

5.6. Concluding remarks
In this work I present important contributions toward understanding the role of the
ubiquitin proteasome system in the regulation of V(D)J recombination. Several components of
the ubiquitin conjugation machinery and 26S proteasome involved in regulating and/or
promoting distinct stages of recombination are identified. Additional work will be required to
identify the putative negative regulator that must be degraded for assembly of the active
recombination complex, and the identity of the target(s) of ubiquitylation later in recombination.
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This work should inspire thorough research in the future to identify other components of the
ubiquitin proteasome system and their functional roles in V(D)J recombination. Such studies
may support or refute the wide spectrum of ideas/possibilities discussed above, or may very well
suggest completely new models for the role of ubiquitylation and proteolysis in the regulation of
V(D)J recombination.
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6. MATERIALS AND METHODS

6.1. Cell lines and culture techniques
RAG1-/-/λ5-/- pro-B cells (gift of Dr. Chris Roman, State University of New York,
Brooklyn, NY), which are devoid of functional RAG1 (Guloglu et al., 2005), were maintained at
37°C (5% CO2) in RPMI-1640 supplemented with 10% FBS, penicillin/streptomycin, Lglutamine, and β-mercapto-ethanol (50 µM). Abelson murine leukemia virus transformed
103/Bcl-2/4 pre-B cells (gift of Dr. Garnett Kelsoe, Duke University Medical Center, Durham,
NC) carry a temperature-sensitive variant of the abl protein (Chen et al., 1994). These cells were
maintained at the permissive temperature of 34°C (5% CO 2) in RPMI-1640 with same
supplements as used for the RAG1-/-/λ5-/- pro-B cells. E36ts20 CHO cells, which carry an E1
temperature-sensitive allele (Handley-Gearhart et al., 1994), were grown in MEMα (Invitrogen)
supplemented with 10% FBS, penicillin/streptomycin, L-glutamine, and β-mercapto-ethanol (50
µM), at the permissive temperature of 30°C (5% CO2). NIH-3T3 cells were purchased from the
American Type Culture Collection, and cultured in DMEM supplemented with 10% FBS,
penicillin/streptomycin, and L-glutamine. These cells were maintained at 37°C (5% CO 2). Media
(RPMI-1640 and DMEM) and supplements were purchased from Mediatech; fetal bovine serum
was purchased from Gibco Life Technologies.

6.2. Trypan blue exclusion cell viability assay
All inhibitor treatment experiments were performed using cells that were split 24 hours
prior to treatment. At time zero, cells were treated with various inhibitors as described in the next
section; after 48 hours cell viability was assessed by trypan blue permeability. Briefly, cell
102

suspensions were mixed with trypan blue (0.4% solution in PBS, MP Biomedical) at a 1:1 ratio,
and the number of total cells and dead cells were counted using a hemocytometer. Viability was
determined by calculating the percentage of live cells at the end of 48 hours in both inhibitor and
vehicle treated samples.

6.3. Inhibitors
The following inhibitors were used at the indicated working concentrations: clastolactacystin β-lactone or simply lactacystin (Boston Biochem) at 5 µM, nocodazole (Calbiochem)
at 100 ng/ml, aphidicolin (MP Biomedical) at 1.6 µg/ml, E1 inhibitor Pyr-41 (Biogenova) at 40
µM, and cycloheximide (Sigma-Aldrich) at 50 µg/ml. In order to maintain lactacystin at an
effective concentration, the inhibitor was boosted every 12 hours from the time of first treatment.

6.4. Proteasome activity assay
Cells were collected at time zero and every 12 hours just prior to re-treatment with
lactacystin to assess proteasome activity (section 4.1). Cell pellets were resuspended in lysis
buffer (5 mM Hepes pH 7.5, 1 mM DTT) and disrupted by shearing through a 25 gauge needle.
The protein concentration in each lysates was determined using BioRad Protein Assay dye
reagent following the manufacturer’s instructions. Lysates (equalized for protein content) were
incubated with proteasome substrate Suc-LLVY-AMC (Affiniti Biosystems, London, U.K.) in
20 mM Tris (pH 7.4) for 1 hour at 37°C. The test samples were then transferred to opaque 96well plate and read on a PerkinElmer Victor3 1420 Multilabel Counter using a 348 nm excitation
filter and a 440 nm emission filter.
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6.5. FACS analysis
Cells were treated with nocodazole or aphidicolin (section 4.1) and incubated 24 hours at
37°C. Treated cells were collected by centrifugation, resuspended in cold PBS and fixed with
75% ethanol prior to propidium iodide staining. Stained samples were counted on a Becton
Dickinson FACSort and analyzed using FCS Express Version 3.0 and ModFit LT.

6.6. E2 cloning and mutagenesis
The human CDC34 homolog ORF (clone ID IOH1870), human UBE2A (RAD6
homolog) ORF (clone ID IOH13983), and human UBE2D1 (UBC4/5 homolog) ORF (clone ID
IOH7482) were obtained from the Ultimate ORF Clones Collection, Invitrogen (ORF Gateway
™ Entry clones). All ORF DNA sequences were cloned from the entry clones in pENTR(tm)221
to a mammalian expression system, pcDNA3.2 (Invitrogen) using the Gateway® LR Clonase®
Enzyme Mix (Invitrogen) as per the manufacturer’s protocol. The pcDNA3.2-CDC34,
pcDNA3.2-UBE2A and pcDNA3.2-UBE2D1 thus encode human CDC34 homolog, UBE2A and
UBE2D1 respectively.
The QuickChange site directed mutagenesis kit (Stratagene) was used to introduce
mutations into each E2-encoding plasmid to generate dominant negative (DN) mutants of each
E2. Primers CDC34(C93A, L97S)Fwd and CDC34(C93A, L97S)Rev were used to generate
CDC34-DN, UbcH2(C88A, L92S)Fwd and UbcH2(C88A, L92S)Rev were used to generate
UBE2A-DN, and UbcH5a(C85A, L89S)Fwd and UbcH5a(C85A, L89S)Rev were used to
generate the UBE2D1-DN mutant. The mutations were confirmed by sequencing (Retrogen,
Inc.).
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6.7. Plasmids
pJH548 and pJH549 encode full-length murine RAG1 and RAG2 respectively (Sadofsky
et al., 1993). pJH200, pJH290 and pJH299 are extra-chromosomal recombination substrates in
which signal joints, coding joints, or both, respectively, are retained on the plasmid backbone
after recombination (Hesse et al., 1987; Hesse et al., 1989). pJMJ071 encodes full-length murine
RAG1 fused in frame with C-terminal myc and 6-histidine tags (Simkus et al., 2007). pJMJ072
encodes mRAG1 fused in frame on its C-terminus with enhanced green fluorescent protein
(EGFP) (Simkus et al., 2007). In experiments to study recombination mediated by mRAG1
ubiquitin ligase mutants (section 4.2), the mutants were expressed from pJH548 (H270A,
E294A, N265A, I292A, S327F or I292A/C317A/S327F) or pJMJ071 (C325Y, P326G or
R311W). The catalytically inactive mutant, mRAG1 D708A, was expressed from pJMJ071.

6.8. Extrachromosomal recombination assays
Extra-chromosomal V(D)J recombination assays in RAG1 -/-/λ-/- cells (5 X 106, unless
otherwise indicated) were performed using 10 µg (unless otherwise indicated) recombination
substrate plasmid and 10 µg (unless otherwise indicated) RAG1 expression plasmid pJH548 (or
pJMJ071 where indicated) transfected into the cells by electroporation. All transfection
experiments included a condition in which the RAG1 expression plasmid was replaced with
pEGFP-N1 (Clontech) thus acting as a negative control for recombination and also a measure of
transfection efficiency. Transfected cells were harvested 48 hours after electroporation and total
DNA was isolated using Qiagen DNeasy (inhibitor treatment experiments described in section
4.1) according to manufacturer’s instructions. In experiments to look at RAG1 ubiquitin ligase
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mutants (section 4.2), plasmid DNA was recovered from transfected cells using the QIAprep
Spin Miniprep Kit (Qiagen) according to manufacturer’s protocol.
In inhibitor treatment studies (section 4.1), recombination was analyzed using the
recovered DNA as template in PCR assays. Reactions (25 µl) included recovered DNA (1 µg), 1
U of Klentaq LA (Sigma-Aldrich), 0.1 mM of each dNTP, and 100 ng of each primer together in
buffer supplied by the manufacturer. To study recombination mediated by RAG1 ubiquitin ligase
mutants by PCR (section 4.2), recovered plasmid DNA (200 ng, unless otherwise indicated) was
combined with 50 ng of each primer plus 10 µl 2X DreamTaq™ DNA Polymerase mix
(Fermentas). Amplification of SJs on pJH200 was carried out with primers RA-14 and RA-CR2
using cycling parameters as described previously (Roman et al., 1997). For semi-quantitative
PCR of signal joints, recovered DNA was serially diluted prior to amplification. CJs on pJH299
were amplified using primers RA-CR3 (Roman et al., 1997) and pJH290F (Simkus et al., 2007)
and subjected to 30 cycles of 93°C (15 s), 67°C (30 s), and 72°C (30 s). Control amplifications
were performed as follows to confirm equivalent transfection efficiency and recovery. Recovered
DNA was digested with DpnI (2 h, 37°C) to eliminate plasmids that had not replicated in the
mammalian cells, then serially diluted and amplified using primers that anneal outside the
recombined region of the plasmid (pJH200-CF and pJH200-CR for pJH200, and pJH290F and
pJH290R for pJH299).
Extra-chromosomal V(D)J recombination assays in E36ts20 CHO cells were performed
by transfecting both RAG1 and RAG2 expression plasmids (pJH548 and pJH549) along with the
recombination substrate plasmid using the Profection Mammalian Transfection System-Calcium
Phosphate (Promega). Transfected cells were harvested after 48 hours incubation at permissive
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(30°C) or non-permissive (42°C) temperatures followed by DNA isolation and PCR analysis as
described above for experiments in section 4.1.
For plasmid recombination in NIH-3T3 cells (3 X 106) described in section 4.2, pJMJ071
and pJH549 were transfected along with the recombination substrate pJH200 using Profection
Mammalian Transfection System-Calcium Phosphate (Promega) following the manufacturer’s
protocol, and cells were incubated for 48 h (37°C, 5% CO2). Plasmid DNA was then harvested
using the QIAprep Spin Miniprep kit (Qiagen) and signal joint formation was assessed by PCR
as described above for experiments in section 4.2.
For analysis of RSS signal ends generated from recombination on extrachromosomal
substrates (section 4.2) by ligation-mediated PCR (lmPCR), NIH-3T3 cells (3 X 106) were cotransfected with pJMJ071, pJH549 and the recombination substrate pJH290 as described above.
The recovered plasmid DNA was ligated to a double-stranded linker assembled from equi-molar
concentrations of oligonucleotides DR19 and DR20 (Roth et al., 1993). Approximately 50 ng
DNA recovered from transfected cells was combined with 200 pmol of DR19/20 linker DNA
and one unit T4 DNA ligase (New England Biolabs) in manufacturer’s buffer (20 µl total
volume) and incubated for 16 hours at 16°C. One tenth of this ligation reaction was used as
template in a PCR reaction using primers DR20 and AB-002 (50 ng each) and 2X DreamTaq™
DNA Polymerase mix in a total reaction volume of 20 µl. Amplification was carried out for 30
cycles of 94°C (20 s), 64°C (30 s) and 72°C (20 s). Control amplifications to confirm
comparable template in all ligation reactions were performed using 1 µl of a 1:10 dilution of
each ligation reaction and primers pJH200-CF and pJH200-CR.

107

6.9. Chromosomal recombination at the immunoglobulin kappa and lambda loci
V→Jκ1 recombination was studied in 103/Bcl-2/4 cells (section 4.1) by inducing V(D)J
rearrangement at 39.6°C for 48 hours. All experiments included a negative control for
recombination that was incubated at 34°C for 48 hours. At the end of 48 hours, cells were
harvested and isolated DNA was amplified by PCR using primers DAR-14 and DAR-24
(Ramsden and Gellert, 1995) to detect the presence of V→Jκ1 CJs. PCR reactions (25 µl)
included recovered DNA (1 µg), 1 U Klentaq LA (Sigma-Aldrich), 0.1 mM of each dNTP, and
100 ng of each primer in buffer supplied by the manufacturer. Amplification was preceded by
incubation at 94°C for 5 min followed by 35 cycles each consisting of 30 s denaturation at 94°C,
15 s annealing at 62°C and primer extension for 30 s at 72°C. Control genomic amplifications to
confirm equalized template were carried out for the same samples using primers FabPi-200F and
FabPi-200R and the same cycling parameters. Vλ1Jλ1 SJ formation was studied by induction of
recombination at 39.6°C for 48 hours followed by return to 34°C for 24 hours. SJs were detected
by PCR using primers DAR-28 and DAR-29 as described previously (Ramsden and Gellert,
1995). Jκ1 signal ends were detected using ligation-mediated PCR (lmPCR) as described
previously (Ramsden and Gellert, 1995). Briefly, approximately 5 g recovered DNA was
ligated to a linker (pre-annealed oligos FM-11 and FM-25) in the presence 1 unit T4 DNA ligase
(New England Biolabs) and buffer supplied by the manufacturer. One fourth of the ligation
reaction (5 l) was used as template in a PCR reaction with primers FM-25 and DAR10
following the cycling parameters as described previously (Ramsden and Gellert, 1995).
To look at effects of dominant negative (DN) E2s on V→Jκ1 recombination (section
4.1), 103/Bcl-2/4 cells were transfected with different dominant negative E2 expressing plasmids
(CDC34-DN, UBE2A-DN or UBE2D1-DN) or their wild type counterparts by electroporation.
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The transfected cells were then incubated at 34°C for 16 hours to allow expression of the DN-E2
prior to induction of recombination at 39.6°C for 48 hours. At the end of 48 hours the cells were
harvested and isolated DNA was analyzed for the presence of V→Jκ1 CJs as mentioned above.

6.10. Protein expression
To look at effect of inhibitor treatment on RAG1 expression (section 4.1), RAG1 -/-λ5-/cells (2 X 107) were transfected with 20 µg pJMJ071 and treated with sodium butyrate (5 mM)
and forskolin (10 µM) followed by incubation for 24 hours (37°C, 5% CO2). Cells were collected
by centrifugation then lysed in 6 M urea buffer (pH 7.4). Lysates were subjected to
electrophoresis on 10% SDS-polyacrylamide gels and full length RAG1 protein was detected by
Western blot using anti-RAG1 antibody K20 (1:2000 dilution, Santa Cruz Biotechnology). Antiβ-actin antibody (1:2000 dilution, Cell Signaling Technologies) was used as a loading control.
To compare protein expression of mRAG1 wild type versus R311W (section 4.2), RAG1/-

λ5-/- cells (1 X 107) were transfected with pJMJ071 or pJMJ071-R311W (12 µg) and treated

with sodium butyrate (5 mM) and forskolin (10 µM) followed by incubation for 24 hours (37°C,
5% CO2). Urea solubilized whole cell lysates from these transfections were then analyzed by
Western blot as described above. To compare protein stability (section 4.2.2), transfected cells
were incubated for 24 hours then treated with cycloheximide (50 µg/ml). Cells were harvested
15, 30, 60 and 120 minutes after cycloheximide treatment and lysed in 6 M urea buffer (pH 7.4).
Lysates were analyzed by Western blot as described above.
RAG1 protein expression in 103/Bcl-2/4 cells (2 X 107) was induced at 39.6°C for 24
hours, whole cell lysates prepared in 6 M urea buffer (pH 7.4), and RAG1 protein detected by
Western blot as described above.
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6.11. Microscopy
To compare growth of E36ts20 cells at permissive (30°C) versus non-permissive (42°C)
temperatures (section 4.1), cells were seeded on 60 mm dishes and incubated overnight at 30°C.
One set of dishes was transferred to 42°C the following day and both sets of dishes were
incubated for 24 hours at respective temperatures. Phase contrast images of cells growing at
30°C and 42°C were taken at 24, 34 and 48 hours after the cells were transferred to the nonpermissive temperature. For RAG1 cellular distribution studies using confocal microscopy
(section 4.2), RAG1-/-λ5-/- cells were transfected with pEGFP-N1, pJMJ072 wild type, or
pJMJ072 C325Y (2 µg) by electroporation, and treated with sodium butyrate (5 mM) and
forskolin (10 µM) followed by incubation for 24 hours (37°C, 5% CO2). After 24 hours,
transfected cells were stained with DAPI for 15 minutes and then seeded (300 µL suspension)
onto chamber slides coated with 0.1 mg/ml poly-D-lysine (Millipore). The slides were then
placed in a cyto-spin and spun for 5 minutes to allow the cells to attach to the slide. Cells were
visualized using an Olympus BX61 confocal microscope and Fluoview software, version 4.3.
Images were taken at X10 magnification with an X4 digital zoom. For RAG1 cellular
distribution studies in NIH3T3 cells, the cells were seeded in chamber slides and transfected with
pEGFP-N1, pJMJ072 wild type, or pJMJ072 C325Y (1 µg) using Lipofectamine reagent
(Invitrogen) according to manufacturer’s instructions. After 24 hours, living cells were
visualized using an Olympus BX61 confocal microscope and Fluoview software, version 4.3.
Images were taken at X10 magnification with an X4 digital zoom.
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6.12. Quantification
All quantifications were performed using a Kodak Image Station 2000 mm and
Carestream Molecular Imaging software, version 5.0.2.30. Agarose gels stained with ethidium
bromide were exposed for 30 seconds with zero binning. Western blots treated with Pierce
SuperSignal West Dura extended duration substrate (Thermo Scientific) according to
manufacturer’s instructions and exposed for 3-5 min with zero binning. In all cases,
quantification was carried out using net pixel intensity values and in some cases “test” values
were normalized to “control” values. Average and standard deviation were calculated from three
or more independent trials. Statistical analysis was performed where indicated, using free
calculation tools available at http://www.physics.csbsju.edu/stats/.
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Table 1. Primers used in this study
Primer

Sequence

CDC34(C93A,

5’ GAGACGGGGGACGTGGCTATC

L97S) Fwd

TCCATCAGCCACCCGCCGGTG

CDC34(C93A,

5’ CACCGGCGGGTGGCTGATGGA

L97S) Rev

GATAGCCACGTCCCCCGTCTC

UBE2A(C88A,

5’ GCAGATGGTAGTATAGCTCTG

L92S) Fwd

GACATATCTCAGAACCGTTGG

UBE2A(C88A,

5’ CCAACGGTTCTGAGATATGTC

L92S) Rev

CAGAGCTATACTACCATCTGC

UBE2D1(C85A,

5’ AATGGAAGTATTGCTCTC

L89S) Fwd

GATATTTCGAGGTCACAATGG

UBE2D1(C85A,

5’ CCATTGTGACCTCGAAAT

L89S) Rev

ATCGAGAGCAATACTTCCATT

RA-14

5’ TCCAGCTGAACGGTCTGG

Roman and
Baltimore, 1996

RA-CR2

5’ TTTGTTCCAGTCTGTAGCACTGCGCAC

Roman and
Baltimore, 1996

RA-CR3

5’ ATTGGTGAGAATCGCAGCAACTTGT

Roman and
Baltimore, 1996

pJH290F

5’ CGCAACGCAATTAATGTGAGTTAGC

Simkus et al.,
2007

pJH290R

5’ TTTAAAAAGGCCGTAATATCCAGCTG

Simkus et al.,
2007

pJH200-CF

5’ GAAATAGACAGATCGCTGAGATAGGTGC

Simkus et al.,
2007

pJH200-CR

5’ CGAAAACTCACGTTAAGGGATTTTGG

Simkus et al.,
2007
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Reference

DR19

5’ CACGAATTCCC

Roth et al., 1993

DR20

5’ GCTATGTACTACCCGGGAATTCGTG

Roth et al., 1993

AB002

5’ GAGAACTTTGGAATCCAGTCCCTC

DAR-14

5’ GGCTGCAGCTTCAGTGGC
AGTGGATCAGGAAC

Ramsden &
Gellert, 1995

DAR-24

5’ CTTTGCCTTGGAGAGTGCCAGAATC

Ramsden &
Gellert, 1995

DAR-28

5’ GCTGCATACATCACAGATGC

Ramsden &
Gellert, 1995

DAR-29

5’ CAATGATTCTATGTTGTGCC

Ramsden &
Gellert, 1995

FM-11

5’ CACTTCAGATC

van Gent et al.,
1995

FM-25

5’ GCGGTGACTCGGGAGATCTGAAGTG

van Gent et al.,
1995

DAR-10

5’ CCACGCATGCTTGGAGAGGGGGTT

Ramsden &
Gellert, 1995

FabPi-200F

5’ TGGACAGGACTGGACCTCTGCTTTCCTAGA

FabPi-200R

5’ TAGAGCTTTGCCACATCACAGGTCATTCAG
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APPENDIX A
Role of nuclear import protein karyopherin alpha-1 in murine lymphocyte development

Introduction
The bidirectional trafficking of macromolecules across the nuclear envelope is facilitated
by a family of mobile targeting receptors called karyopherins that include both importins and
exportins (Goldfarb et al., 2004). Nuclear import of cargo carrying a classical nuclear
localization signal (cNLS) is initiated with the recognition of the cNLS by a karyopherin alpha
family member. This is followed by the formation of a ternary complex in which a
karyopherin/importin beta family member interacts with the target-bound karyopherin alpha.
Karyopherin beta mediates the docking and translocation of the complex through the nuclear
pore (Goldfarb et al., 2004), at which point the complex is disassembled through the binding of
Ran-GTP to karyopherin beta (Gilchrist et al., 2002; Gilchrist and Rexach, 2003) thus releasing
the cargo into the nucleus. Karyopherins can also bind cargo proteins in a Ran-GTP resistant
manner, causing the cargo to remain attached to the nuclear pore complex and influencing its
sub-nuclear localization (Panse et al., 2003). In addition to their role in nuclear import, both
karyopherin alpha and beta are shown to be involved in the regulation of other nuclear processes
(reviewed in Goldfarb et al., 2004; Mosammaparast and Pemberton, 2004).
RAG1 is a large protein with multiple domains (see introduction section 1.1.6) that allow
its interaction with a variety of partners. In addition to its interaction with RAG2 for DNA
binding and cleavage (van Gent et al., 1996a), RAG1 has been shown to bind the transport
proteins karyopherin alpha 1 (KPNA1, a.k.a. importin alpha 5, SRP1 or RAG cohort protein 2;
(Cortes et al., 1994) and karyopherin alpha 2 (KPNA2, a.k.a. RAG cohort protein 1; (Cuomo et
114

al., 1994). Both KPNA1 and KPNA2 belong to the karyopherin family of proteins involved in
nuclear trafficking (Fried and Kutay, 2003). RAG1 has a nuclear localization signal in the core
region that is bound by KPNA2, and this interaction is necessary and sufficient for the nuclear
import of RAG1 (Spanopoulou et al., 1995). KPNA1 binds to the basic region upstream of the
RAG1 RING but this interaction is not required for RAG1 import into the nucleus (Spanopoulou
et al., 1995). The role of RAG1-KPNA1 interaction is unclear. Since karyopherins are shown to
be mediators of nuclear functions other than import, it is possible that the interaction of RAG1
with KPNA1 has other regulatory functions.
Interestingly, KPNA1 was shown to influence the sub-nuclear localization of RAG1
(Spanopoulou et al., 1995). RAG1 protein with intact KPNA1 binding region formed multiple
punctate foci (speckled pattern) in the nucleus, whereas mutants unable to bind KPNA1 were
distributed diffusely throughout the nucleus (Spanopoulou et al., 1995). The speckled appearance
could not have represented active recombination complexes as they are generally confined to
only two per cell (Chen et al., 2000). Recently, KPNA1 was shown to be a substrate for RAG1
ubiquitin ligase activity in a reconstituted system (Simkus et al., 2009b). Another study proposed
that RAG1 ubiquitin ligase activity may be required to ubiquitylate a negative regulator of
recombination (Simkus et al., 2007). These findings about the pattern of KPNA1 interaction with
RAG1 in the nucleus and the ubiquitylation of KPNA1 by RAG1 in a cell free system, suggested
that KPNA1 could be a negative regulator of RAG1, acting by binding to and keeping RAG1 in
an inactive configuration, possibly tethered to the nuclear pore complex. RAG1-dependent
ubiquitylation of KPNA1 was suggested as a means to dissociate this complex, possibly through
the degradation of KPNA1 by the 26S proteasome (Simkus et al., 2009b). Once released from
KPNA1-mediated sequestration, RAG1 would be free to move to the site of recombination. The
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authors suggested that the RAG1 dependent ubiquitylation of KPNA1 may be a triggered event,
requiring the binding of RAG2 during G1 phase of the cell cycle when RAG2 accumulates. Thus
KPNA1 sequestration of RAG1 might represent one of several mechanisms for limiting
recombinase activity and ensure proper regulation of recombination.
The above mentioned findings placed KPNA1 as a new player in the regulation of V(D)J
recombination and the availability of Impα5-/- (KPNA1-/-) mice (Shmidt et al., 2007) created the
opportunity to analyze the role of KPNA1 in lymphocyte development. The KPNA1-/- mouse is
viable and fertile and shows no gross morphological, behavioral or neuronal defects (Shmidt et
al., 2007), but the immune development of these mice has remained unexplored. Hence, this
study was initiated to look at possible aberrations in lymphocyte development in the KPNA1-/mouse.

Results

KPNA1 deficient mice are under-represented in heterozygous crosses
In order to analyze wild type and knockout mice from the same litter, breeders were set
up using heterozygous KPNA1+/- mice. Genotyping the pups from several heterozygous crosses
revealed that the homozygous KPNA1 knockout mice did not follow a classical Mendelian ratio
of 1:2:1 for KPNA1+/+ wild type, KPNA1+/- heterozygous, KPNA1-/- homozygous knockout,
respectively. Instead, the progeny obtained from 24 heterozygous crosses exhibited a ratio of
1:1.86:0.48. This indicated that despite the lack of any severe post-natal defects in the knockout
mice, there must be some differences in normal in-utero development of the KPNA1 deficient
mice compared to the wild type or heterozygous littermates. Since the wild type to heterozygous
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ratio was not severely affected, it may be speculated that presence of KPNA1 in half the dosage
of wild type, may be sufficient to allow normal in-utero development.

KPNA1 deficient mice show normal B lymphocyte development
B cell development was studied in cell suspensions of bone marrow harvested from
young mice (5 weeks) by staining the cells for developmental stage-specific cell surface markers,
followed by FACS analysis. The bone marrow samples collected from KPNA1+/+ and KPNA1-/littermates were stained for surface B220, IgM and CD43, and dead cells were excluded from
analysis by staining with Live/Dead Yellow.
Live cells were gated as IgM-, B220+/IgM+ (immature B cells), and B220++/IgM+
(mature re-circulating B cells). The IgM- population was further gated as B220+/CD43- (pre B
cells) or B220+/CD43+ (pro B cells). This analysis did not reveal any defects in the progression
of B lymphocytes through the various stages of development in the KPNA1 knockout mice
compared to wild type controls (Figure A1.1 and A1.2).
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Figure A1. Normal B cell development in KPNA1 deficient mice. FACS analysis was
performed on RBC-free bone marrow cells isolated from both femurs of individual KPNA1+/+
and KPNA1-/- littermates. (A1.1) Representative FACS analysis of bone marrow cells from
KPNA1 wild type (+/+) and knockout (–/–) mice stained with Alexa Fluor 488-anti-B220, APCanti-IgM, and PE-CD43; dead cells were excluded using Live/Dead Yellow. Live cells were
gated as IgM negative (IgM Neg), B220+/IgM+ immature B cells (Imm B), B220++/IgM+
mature re-circulating B cells (Mat B). IgM negative cells were further gated as B220+/CD43pre-B cells (Pre B) and B220+/CD43+ pro-B cells (Pro B). (A1.2) Average and standard
deviation from two animals of each genotype are shown. White bars represent cells from wild
type and grey bars represent cells from mutant animals.
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Discussion
Although this preliminary analysis of the immune system in KPNA1 null mice suggested
normal development of B cells, there might be subtle differences not reflected in these
experiments. It is not surprising that the KPNA1 deficient mice do not show any severe immune
deficiency, as KPNA1 belongs to a multi-gene family of karyopherin alphas (Goldfarb et al.,
2004), one of which might be able to compensate for the lack of this single isoform. It will be
interesting to see if the speckled pattern of RAG1 nuclear localization is maintained in KPNA1
deficient cells. Such experiments may provide information about possible compensatory roles for
other karyopherin alpha isoforms in RAG1 localization and/or function. Some important
considerations are that the RAG1 core cannot bind to KPNA1, and that the RAG1 core knock-in
mouse shows subtle defects in lymphocyte development (Dudley et al., 2003). Thus further
comprehensive analysis of these KPNA1 knockout animals might divulge information about
finer defects missed in the above mentioned analysis. One of the first refinements over this
experiment should be the inclusion of more animals for each round of analysis to obtain
statistically significant data.
During the course of this study, spontaneously immortalized kidney cell lines were
established from KPNA1-/- and KPNA1+/+ control mice. These cell lines may be used to examine
effects of various RAG1 mutants on extrachromosomal recombination in the presence or absence
of KPNA1. Since the working model for this study suggests that the interaction of KPNA1 with
RAG1 imparts a negative regulation on recombination, the RAG1 mutants unable to bind
KPNA1 should be active in extrachromosomal recombination assays in both KPNA1 -/- and
KPNA1+/+ cell lines. If KPNA1 interaction with RAG1 keeps the latter in an inactive
configuration, and RAG1 dependent ubiquitylation can relieve this inhibition, then studying
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RAG1 E3 deficient mutants like the ones described in section 4.2, should show differences in
recombination levels in the two cells lines. Finally, RAG1 E3 deficient mutants combined with
mutations that eliminate KPNA1 binding may be analyzed for their ability to support
recombination in the KPNA1 null versus wild type backgrounds. Such experiments should help
to establish whether the effect of KPNA1 on recombination (if any) is due to a direct interaction
with RAG1.
The preliminary findings from the analysis of B cell development in the KPNA1
knockout mice (reported here) do not rule out a regulatory role for KPNA1 in immune
development. In the future, multiple approaches beyond ones listed above, may be used to study
the role(s) for KPNA1 in the regulation of V(D)J recombination.

Methods
Animals
KPNA1-/- (Impα5-/-) mice were obtained from Dr Michael Bader (Max-Delbruck-Center
for Molecular Medicine, Berlin, Germany) and C57Bl/6 controls were purchased from Jackson
Laboratories. All animals were housed in the centralized animal facility at Georgetown
University following protocol outlined in the NIH publication “Principles for use of animals”,
and the DHS publication “Guide for the care and treatment of laboratory animals”.

Genotyping
KPNA1-/- male were bred to C57Bl/6 females to obtain heterozygous KPNA1+/- mice.
Breeders were set up using heterozygous animals and pups were genotyped by PCR at 3 weeks
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after birth, using DNA from tail snips. The genotyping primers used were previously described
(Shmidt et al., 2007) and are listed as follows:
Primers for wild type allele:
IMPA5wt5: 5´-TAGCTTGTTTTGGGCTGGTG-3´
IMPA53: 5´-GGGTAAAGTTCTAGGCTAGC-3´

Primers for knockout allele:
BG5: 5´-CTCGAGGCTAGAACTAGTGG-3´
BG3: 5´-AGGCGATTAAGTTGGGTAACG-3´

FACS analysis
Animals (5 weeks old) used for analysis of B cell development were euthanized by CO 2
inhalation. Bone marrow isolated from femurs was subjected to standard procedures to eliminate
red blood cells and obtain cell suspensions, which were used for staining cell surface markers of
B cells. Approximately 2 X 106 cells from each sample were stained with AlexaFluor 488conjugated anti-B220, APC-conjugated anti-IgM and PE-conjugated anti-CD43. All fluorophore
conjugated antibodies were obtained from BD Biosciences. All antibody stained samples were
also stained with Live/Dead Yellow (Invitrogen) to eliminate dead cells during FACS analysis.
Stained samples were counted on a Becton Dickinson FACAria and analyzed using FCS Express
4.0 DeNovo Software.
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APPENDIX B
Generation of RAG1 ubiquitin ligase mutant knock-in mouse embryonic stem cells

Introduction
The V(D)J recombinase protein RAG1 harbors ubiquitin ligase activity in a RING
domain (Yurchenko et al., 2003; Jones and Gellert, 2003), mutations in which are associated
with human immune disorders. A mutation resulting in a C328Y substitution in RAG1 was
identified in a patient exhibiting Omenn syndrome (OS) (Villa et al., 2001). A second patient
with a Rag1 mutation leading to an R314W substitution displayed limited B and T cell
development coupled with granulomatous disease (Schuetz et al., 2008). This patient went on to
develop diffuse large B cell lymphoma. These observations suggest that RAG1 E3 activity is
required for normal lymphocyte development. However, in both cases the patients also had
mutations in the core coding region of the other Rag1 allele, rendering them partially or
completely inactive. Thus it is difficult to assess the exact contribution of the RAG1 E3 domain
mutations to the immune deficiency phenotype observed in these patients. Studies with
extrachromosomal substrates using the corresponding murine alleles (mRAG1-C325Y and
mRAG1-R311W) revealed defects in the ability of these mutants to support robust
recombination (Simkus et al., 2007 and section 4.2). Another mutation in RAG1 E3 domain,
mRAG1-P326G, also failed to support recombination under conditions where RAG1 is limiting
(Simkus et al., 2007). All three mutants were found to be defective in ubiquitin ligase activity as
demonstrated in reconstituted systems (Simkus et al., 2007 and Simkus unpublished results).
Thus the recombination studies in cultured cells, using variable levels of ectopically expressed
RAG1 indicate that RAG1 E3 activity is important for efficient recombination under
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physiological conditions, where RAG1 is present at very low levels (Leu and Schatz, 1995).
These findings may be further extended by generating and analyzing mice with mutations that
specifically disrupt RAG1 ubiquitin ligase activity but leave other RAG1 biochemical activities
intact. Such mouse models should help understand the role of RAG1 ubiquitin ligase activity in
lymphocyte development and V(D)J recombination in vivo. Although the RAG1 core knock-in
mouse displayed mild defects in lymphocyte development and an overall reduction in V(D)J
recombination (Dudley et al., 2003), it did not help understand exactly how the RAG1 non-core
region contributes to recombination. On the other hand, RAG1 knock-ins with specific mutations
in the non-core region in the context of an otherwise intact protein should be able to demarcate
the stages at which a specific activity residing in the non-core region is required for
recombination. Since such mouse models with mutations outside the RAG1 core will be the first
of their kind to mimic the mutations found in human OS patients, these animals should promote
better understanding of immune deficiencies like OS, and the overall development of the
immune system.
This project involved the generation of three mouse embryonic stem cell (mESC) lines,
each with the wild type RAG1 gene replaced with an allele deficient in ubiquitin ligase activity,
using a knock-in strategy. The RAG1 alleles chosen for introduction into the mESCs included
murine RAG1 C325Y, P326G and R311W. This work was thus the first step towards generating
mice with mutations that specifically disrupt RAG1 ubiquitin ligase activity, leaving other RAG1
activities intact.
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Strategy
A targeting vector, pRAGU3, was designed in a way to allow for the generation of full
length RAG1 alleles deficient in ubiquitin ligase activity at the endogenous Rag1 locus (Figure
B1). This strategy should allow the mutant protein to be expressed under regulatory mechanisms
similar to those existing for physiological RAG1 expression in vivo. The targeting vector carries
unique EspI and EcoRV sites (Figure B1) that allowed the shuttling of various mutations into the
RAG1 ubiquitin ligase domain. Upon successful introduction of mutation, the targeting
construct, carrying a neomycin resistance cassette (Figure B1), was transfected into mESCs
followed by antibiotic selection of the transfectants in G418. The analysis of antibiotic resistant
mESC clones employed PCR based strategies to look at products first by size, using primers as
indicated in Figure B1. The primers AB-N1 and N2, which extend from within either end of the
Neo cassette, and primers G1 and AB-G2, which bind in the genomic DNA flanking either end
of the targeting sequence, allowed to test for locus specific incorporation of the mutant allele.
The primer pairs AB-G2/N2 and G1/AB-N1 thus did not give amplification from pRAGU3 as
template. The NeoF/NeoR, AB-G2/N2 and AB-N1/G1 primer pairs generate products of 450 bp,
2.5 kbp, and 7.8 kbp, respectively. In clones that generated products of correct size, the ABN1/G1 product was sequenced to check for the presence of specific mutations using primer
RAGU3 (Figure B1) which covers the region that encodes the RAG1 RING.
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Figure B1. Strategy to test knock-in construction. The targeting vector design is shown with
unique EspI and EcoRV sites in the RAG1 coding sequence. The vector contains a LoxP flanked
(solid triangles) neomycin resistance cassette (Neo). Primer positions for amplification of Neo
cassette (NeoF and NeoR), short arm or SA (AB-G2 and N2), and long arm or LA (AB-N1 and
G1) are shown. The position of the sequencing primer RAGU3 is shown.
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Results

Generation of individual RAG1-C325Y, RAG1-P326G and RAG1-R311W targeting vectors.
pRAGU3 includes unique EspI and EcoRV restriction sites that were used to shuttle
various mutations into the RAG1 RING domain, thus sparing the use of PCR based mutagenesis.
Three mutations were individually shuttled into pRAGU3 to generate pRAGU3-C325Y,
pRAGU3-P326G and pRAGU3-R311W targeting constructs as described in methods. The
introduction of the mutations into the targeting vector was confirmed by sequencing. Generation
of targeting vectors carrying these mutations set the stage for targeted knock-in of each of these
mutations into mESCs to generate three different cell lines.

Locus-specific incorporation of mutant alleles is a rare event and requires exhaustive screening
of clones.
The targeting vectors carrying specific RAG1 mutations were linearized using the NotI
restriction site in the vector backbone. The linearized constructs were introduced into the E14
mESC line by electroporation in separate transfections. Transfected cells were subjected to
antibiotic selection for 10-12 days followed by selection of clones based on G418 resistance.
Antibiotic resistant colonies were expanded and analyzed by PCR using three distinct sets of
primers (see above) to confirm insertion into the Rag1 locus. The first step in the PCR based
screening of the clones involved testing for the presence of the Neomycin (Neo) resistance
cassette (Figure B1). The Neo positive clones were then tested for the presence of the short arm
of homology (SA), and the ones that gave amplification for the short arm were then tested for the
presence of the long arm of homology (LA).
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pRAGU3

Clone 32

Clone 32

Clone 31

7.8 kbp
2.5 kbp

Figure B2. Locus specific incorporation of targeting sequence in a clone. Amplification of the
2.5 kbp short arm (left) in a clone (#32) that had tested positive for the Neo cassette. Another
clone (#31) tested positive for the presence of the Neo cassette but failed to give amplification
for the short arm. Clone 32 was tested for the presence of the 7.8 kbp long arm (right) using
primers described in the methods. The knock-in vector (pRAGU3) acted as a negative control in
the long arm amplification.
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Figure B2 shows representative gels for PCR assays involving detection of short arm and
long arm in a clone that tested positive in PCR screening for the presence of Neo cassette. Many
colonies that were picked differentiated during the process of expansion and were not analyzed
by PCR.
More than 98% of the clones screened (representing all three mutations) were positive for
the Neo cassette (Table B1). However, only two clones from pRAGU-P326G transfections of
E14 cells gave amplification for the short arm of homology (Table B1). Both clones positive for
the short arm also gave amplification for the long arm of homology (Table B1). Thus the locusspecific incorporation using such knock-in strategy occurs at a very low frequency and requires
large scale screening of several hundred clones to obtain one or two with insertion at the targeted
locus.

Table B1: PCR screening of G418 resistant E14 clones to ascertain locus specific incorporation
of targeting sequence
Mutant

Colonies Screened

Neo +

Short Arm +

Long Arm +

P326G

326

299

2

2

C325Y

60

58

0

0

R311W

144

144

0

0

Sequencing the long arm amplification product from the two E14-P326G clones revealed
wild type sequences. Thus the mutation encoding RAG1 P326G did not incorporate into the
Rag1 locus in either clone.
129

Discussion
The work described here laid the foundation for generating mouse embryonic stem cells
with RAG1 ubiquitin ligase mutant knock-ins within the current laboratory setting. The PCR
based screenings standardized herein give a pattern of results that is expected in such
experiments involving generation of knock-ins. The insertion of homology arms into a targeted
locus occurs through the rare event of homologous recombination, and explains the low
frequency of obtaining clones carrying locus-specific insertion of the targeting sequence. In the
case of the E14-P326G clones that gave amplification for the long arm, the absence of the
mutation could be explained, at least in part, by the mode of homologous recombination that can
cause insertion at any site along the sequence of homology. In the particular case described
above, a recombination event occurring between the 5´ end of the neomycin resistance cassette
and the site of mutation in the RAG1 coding region, will still amplify the long arm using the
primers mentioned in the knock-in strategy, but it would not cause incorporation of the mutation
at the Rag1 locus. Alternatively, the mutation could have been incorporated and then repaired.
Although the work described here did not successfully generate mESCs with E3 ligase
mutant allele of RAG1, it helped to standardize the screening procedures for the knock-in
strategy employed in this particular scenario. Hence, future attempts to generate such knock-ins
may use the protocols standardized in this study.

Methods
Cloning
pRAGU3 is a targeting vector carrying the RAG1 coding sequence and a neomycin
resistance cassette for selection in mammalian cells. pJMJ029-C325Y, pJMJ029-P326G and
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pJMJ029-R311W encode the RAG1 RING (218-389) with C325Y, P326G and R311W
mutations, respectively. These mutations were individually shuttled from the pJMJ029 construct
into pRAGU3 using unique EspI and EcoRV sites in these vectors to yield pRAGU3-C325Y,
pRAGU3-P326G, and pRAGU3-R311W targeting constructs.

Cell culture and transfections
The E14 mouse embryonic stem cell line was a gift of Dr. G. I. Gallicano (Georgetown
University, Washington, DC). The cells were grown in Knockout™ DMEM (Invitrogen)
supplemented with 15% ES Cell Qualified FBS (Invitrogen), 1% penicillin/streptomycin, 1%
glutamine and 1% non-essential amino acids (Hyclone®, Thermo Scientific). Cells were grown
on 0.1% gelatin-coated plates and the culture medium was supplemented with 1000 U/ml LIF
(ESGRO®, Millipore International, Inc) and freshly prepared β-mercapto-ethanol (50 µM) every
other day.
2 X 107 cells were transfected with NotI-linearized targeting construct (20 µg) by
electroporation. Electroporated cells were incubated on ice for 10 minutes before plating onto 68 dishes in media supplemented with LIF and β-mercapto-ethanol. Cells were treated with 350
µg/ml G418 (Sigma Aldrich) 36 hours post transfection, and maintained in selection media for
10-12 days. During the course of antibiotic selection, media was changed and supplemented with
LIF and β-mercapto-ethanol every other day to keep the cells from differentiating. G418resistant clones were individually picked using a transmission light microscope (AmScope SM2BY Stereo Microscope) and seeded onto 0.1% gelatin-coated, 48 well plates. Each clone was
expanded in order to be able to isolate DNA for analysis and freeze for future use.
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Screening clones using PCR
DNA was isolated from the clones using Qiagen DNeasy (Qiagen) following the
manufacturer’s instructions. Isolated DNA was analyzed by PCR using distinct primer pairs.
Detection of Neo cassette was carried out using primers NeoF and NeoR (50 ng each) combined
with 1 µg DNA and 10 µl DreamTaq™ Green PCR Master Mix (Fermentas) in a total reaction
volume of 20 µl. The cycling parameters for Neo cassette detection included an initial
denaturation step of 2 min at 94°C followed by 30 cycles of 94°C (15 s), 68°C (30 s), and 72°C
(30s). The short arm was amplified on 1 µg template using primers AB-G2 and N2 (50 ng each),
and 10 µl DreamTaq™ Green PCR Master Mix (Fermentas) in a total reaction volume of 20 µl.
The cycling parameters for short arm amplification included an initial denaturation step at 94°C
(2 min) and 30 cycles of 94°C (15 s), 62°C (30 s), and 72°C (3 min). The long arm was amplified
in 50 µl reactions combining 1 µg template and primers G1 and AB-N1 with PrimeSTAR® GXL
DNA Polymerase (2.5 units) in buffer supplied by the manufacturer. The cycling parameters for
long arm amplification included an initial denaturation step at 94°C (1 min) and 25 cycles of
94°C (15 s), 65°C (30 s), and 72°C (7.5 min). The site of mutation in the long arm was
sequenced using primer RAGU3. The sequences of primers used in this screen are listed below:
NeoF: 5´-GGGCACAACAGACAATCGGC
NeoR: 5´-CCTGGCGAACAGTTCGGC
AB-G2: 5´-GCACTTGCTATTGTCATTTCTGC
N2: 5´-TTCCTCGTGCTTTACGGTATCG
AB-N1: 5´-CCTCCCCTACCCGGTAGAATCG
G1: 5´-GGGTAGCTCACTTTCTCCCGGTTC
RAGU3: 5´-ACCTAGAACAGTCTCCAGTAGTTCC
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