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1. Abbreviations
µg
µl
µM
7-AAD
ADA
Ag
Amp
APC
ATG
BHI
bp
BSA
CAT
CD
cDNA
CHO
CIITA
CIP
cm
CMV
ddATP
ddCTP
ddGTP
ddTTP
DMSO
DNA
DNA-PKcs
dNTPs
DSB
DTT
E. coli
EB
EBV
ECL
EDTA
EGFP
FACS
Fc
FCS
Fig.
FITC
FSC
g
GCG
GFP
GVHD
HA
HEPES
HLA

Microgramm
Microliter
Micromolar
7-Amino-actinomycin D
Adenosine deaminase
Antigen
Ampicillin
Antigen presenting cell
Codon for methionine
Brain-Heart-Infusion
Base pair
Bovine serum albumin
Chloramphenicol acetyl transferase
Cluster of differentiation
Complementary DNA
Chinese hamster ovary
MHC class II transactivator
Calf intestinal phosphatase
Centimetres
Cytomegalovirus
Deoxyadenosinetriphosphate
Deoxycytidinetriphosphate
Deoxyguanosinetriphosphate
Deoxythymidinetriphosphate
Dimethylsulphoxide
Deoxyribonucleicacid
DNA-dependent protein-kinase catalytic subunit
Deoxynuleosidetriphosphates
Double-strand breaks (DNA)
Dithiothreitol
Escherichia coli
Ethidium bromide
Epstein-Barr virus
Enhanced chemiluminescence
Ethylene-diaminetetraacetic acid
Enhanced green fluorescence protein
Fluorescence-activated cell sorter
Fragment of crystallizable (antibody)
Fetal calf serum
Figure
Fluorescein-5-isothiocyanate
Forward scatter
Gramm
Genetics computer group
Green-fluorescent protein
Graft-vs-host disease
Hemagglutinin A epitope
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid
Human histocompatibility antigen
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HMG
HRP
Ig
IR
Jak3
kb
KD
KV
l
LB
lck
LP
M
mA
mab
mg
MHC
ml
mM
M-MuLV
MW
NBD
ng
NHEJ
NK
nm
nt
O/N
OD
ORF
OS
PB
PBS
PC
PCR
PDGFR
PE
pg
phOx
pmol
PMSF
PNP
RAG
RFXANK
RFXAP
RNase
rpm
RSS
RS-SCID
SCID
SDS-PAGE

High mobility group protein
Horseradish peroxidase
Immunoglobulin
Ionizing radiation
Janus kinase 3
Kilobase
Kilodalton
Kilovolt
Liter
Luria-Broth
Lymphocyte-specific protein tyrosine kinase
Long pass
Molar
Milliampere
Monoclonal antibody
Milligramm
Major histocompatibility complex
Milliliter
Millimolar
Moloney murine leukemia virus
Molecular weight
Nonamer-binding domain
Nanogramm
Nonhomologous DNA end-joining
Natual killer
Nanometer
Nucleotide
Overnight
Optical density
Open reading frame
Omenn syndrome
Sodium phosphate buffer
Phosphate buffered saline
Paired complex
Polymerase chain reaction
Platelet derived growth factor receptor
Phycoerythrin
Picogramm
Hapten 4-ethoxy-methylene-2-phenyl-2-oxazolin-5-one
Picmol
Phenylmethylsulfonyl fluoride
Purine nucleoside phosphorylase
Recombinase activating gene
Regulatory factor x, ankyrin repeat-containing
Regulatory factor x-associated protein
Ribonuclease
Rounds per minute
Recombination signal sequence
Severe combined immunodeficiency associated with cellular radiosensitivity
Severe combined immunodeficiency
Sodium dodecylsulfate polyacrylamide gel electrophoresis
6

SSC
SV40
TAE
TAP
TBE
TCR
TdT
TE
TEMED
Tris
U
UTR
UV
V
XRCC
ZAP70

Side scatter
Simian virus 40
Tris-EDTA-acetate
Transporter associated with antigen processing
Tris-EDTA-borat
T-cell receptor
Terminal deoxynucleotidyl transferase
Tris-EDTA
N,N,N’,N’-Tetramethylethylene-diamine
Tris-(hydroxymethyl)aminomethane
Unit
Untranslated region
Ultraviolet
Volt
X-ray cross-complementation group
Zeta-associated protein
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2. Introduction
Immunity is the process of our responses to invading organisms. These invaders may include
viruses, bacteria, protozoa or parasites. Our first lines of defense against foreign organisms are
barrier tissues such as the skin that stop the entry of organism into our bodies.

The

polymorphonuclear neutrophils, macrophages, natural killer cells, eosinophils and the complement
system are involved in the non-specific defense. These systems form the innate immune system
that is continually ready to respond non-specifically to invasion. The second line of defense is the
adaptive immune system that may take days to respond to a primary invasion. In this specific
immune system, the immune responses end in the production of antibodies (proteins that bind to
soluble foreign antigens) through B cells and cell-mediated responses in which specific T-cells
recognize peptides of pathogens in human histocompatibility antigens (HLA) presented by antigen
presenting cells (APC). Naturally, occurring genetic disorders of affected organs or cell provide
many models for the study of the development and function of a physiologic system. Primary
immunodeficiencies are inherited defects of the immune system. These defects may affect the
specific or non-specific immune mechanisms. They are classified based on the site of lesion in the
development, in the differentiation and function pathways of the immune system.
Severe combined immunodeficiencies (SCID) represent the most severe form of primary
immunodeficiencies.

SCID is a heterogeneous group of inherited disorders characterized by

profound abnormalities in T, B, and sometimes natural killer cell development and function. They
arise from a variety of molecular defects and the deficits in both cell mediated and humoral
immunity lead almost to similar clinical presentations in all the defined conditions. Infectious
complications are the hallmark of the disease, with a high preponderance of opportunistic
infections. The clinical signs are characterized by chronic, persistent disease of the airways,
recurrent acute pneumonia, therapy-resistant mucocutaneous candidiasis, eczematous dermatitis
and systemic bacterial infections. Furthermore, intracellular parasites (e.g. Listeria) as well as
viruses (e.g. Epstein-Barr virus [EBV]) may cause lethal complications. Noninfectious clinical
characteristics may result from graft-vs-host disease (GVHD), due to materno-fetal transfusion or
the transfusion of non-irradiated blood components.
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Tab.1: Severe combined immunodeficiency (SCID) and associated molecular defects
Disease
1. Deficiencies of purine metabolism
a. ADA-deficiency
T cell (-), B cell (-), NK cell (-)
b. PNP-deficiency
T cell (-), B cell (+), NK cell (+)
2. V(D)J recombination defects
a. RAG- deficiency
T cell (-), B cell (-), NK cell (+)
b. Omenn syndrome
T cell (+), B cell (-), NK cell (+)

Proteins affected Genetic locus

Adenosine
deaminase

20q13.11

Enzyme of
metabolism

Purine
nucleoside
phosphorylase

14q13.1

Phosphorylase within
purine metabolism

RAG-1 and
RAG-2

11p13

Endonuclease activity in
V(D)J recombination

Partial RAG-1 or 11p13
RAG-2
deficiency

Endonuclease activity in
V(D)J recombination

10p15

c. SCID associated with increased Artemis
cellular radiosensitivity (RS-SCID)
T cell (-), B cell (-), NK cell (+)

3. Antigen presentation deficiencies
a. MHC class II antigen deficiency
T cell (?), B cell (+), NK cell (+)
b. MHC class I antigen deficiency
T cell (?), B cell (+), NK cell (+)

Function of the protein

RFXAP
CIITA
RFX5
RFXANK

13q14
16p13
1q21.1-21.3
19p12

TAP1 or TAP2

6p21.3

the

purine

the

Endonucleolytic activity on
5’ and 3’ overhangs and
hairpins in a complex with
DNA-PKcs
Regulation
of
the
transcription of all HLA class
II antigens

Antigen processing

4. Receptor deficiencies
a. X-linked SCID (?c-chain deficiency)
IL-2R ?c
IL-2RG
T cell (-), B cell (+), NK cell (-)

Subunit of the receptors for
Xq13.1-q13.3 IL-2, IL-4, IL-7, IL-9, IL-15,
IL-21 in signal transduction

b. IL-2 receptor a chain deficiency
T cell (+), B cell (+), NK cell (+)

IL-2R a chain

10p14-15

c. IL-7R deficiency
T cell (-), B cell (+), NK cell (+)

IL-7R a

5p13

CD3 ? or e

11q23

IL-2 receptor

IL-7 receptor a chain

Subunit of the T cell receptor

d. Defects of genes of the CD3 complex
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Tab.1: Severe combined immunodeficiency (SCID) and associated molecular defects
(Continued)
Disease

Proteins affected Genetic locus

5. Signal transduction defects
a. JAK3-deficiency
T cell (-), B cell (+), NK cell (-)

Function of the protein

JAK3

19p13.1

Lymphocyte-specific protein
tyrosine kinase

b. ZAP 70- deficiency
T cell (+), B cell (+), NK cell (+)

ZAP-70

2q12

Protein tyrosine kinase in the
T cell signal transduction
cascade

c. p56 lck deficiency
T cell (+), B cell (+), NK cell (+)

CD45 or p56

1p35-34.3

Lymphocyte-specific protein
tyrosine kinase

d. CD45 deficiency
T cell (+), B cell (+), NK cell (+)

CD45

1q31-q32

Protein tyrosine phosphatase

SCID denotes severe combined immunodeficiency; ADA adenosine deaminase; PNP purine nucleoside phosphorylase;
RAG-1 and RAG-2 recombinase activating gene 1 and 2, respectively; Jak3 Janus kinase 3; MHC major
histocompatibility complex; RFXAP regulatory factor x-associated protein; RFX5 regulatory factor x, 5; RFXANK
regulatory factor x, ankyrin repeat-containing; CIITA MHC class II transactivator; TAP1 and TAP2 transporter
associated with antigen processing 1 and 2, respectively; ZAP70 zeta-associated protein 70; lck lymphocyte-specific
protein tyrosine kinase;

A classification of the SCID patients may refer to their immunological phenotypes. The majority
of SCID cases have very low or absent numbers of T lymphocytes (T¯ SCID). Patients are then
grouped into those with B-lymphocytes (T¯B+ SCID) and those without B-lymphocytes (T¯B¯
SCID). In addition, there are two kinds of T+ SCID groups: T+B¯ SCID and T+B+ SCID. Further
subclassification can then be made according to the presence, absence, or function of natural killer
(NK) cells or according to the molecular defects (Tab.1) (Ochs et al., 1998).
A first hint of V(D)J recombination defects in B¯ SCID patients came from the evidence of an
unusual rearrangement at the IgH locus of a cell line which placed a DLR1 element 60 nucleotides
downstream from JH4 (Ichihara et al., 1988). A systematic search for the V(D)J recombination
potential of SCID patients was initiated by Schwarz et al (Schwarz et al., 1996; Schwarz et al.,
1991). PCR products of the IgH DHQ52-JH region and their recombination products were analyzed.
All B¯ SCID patients tested showed a total or partial absence of regular DHQ52-JH recombination
products and /or the presence of abnormal rearrangements, while B+ SCID patients had a normal
recombination pattern.

The altered rearrangements were caused by deletions surpassing the

boundaries of immunoglobulin coding elements. The results were confirmed by an independent
study on the V(D)J recombination capability of B¯SCID patients (Abe et al., 1994). These
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evidences strongly suggested that V(D)J recombination could be disturbed in human B¯SCID
patients.

2.1. The Principles of V(D)J Recombination
The specific immune system recognizes and responds to the virtually infinite number of antigens
through the interaction of immunoglobulin (Ig) molecules and T-cell receptors (TCR) expressed by
B and T lymphocytes respectively. Ig and TCR chains consist of two structural domains: (1) the
constant region which mediates effector functions, and (2) the variable domain which forms the
antigen binding pocket. By a site–specific recombination event, known as V(D)J recombination,
the variable domains of the antigen receptors are assembled at the genome–level during
lymphocyte development from a set of subgenic elements classified as V (variable), D (diversity),
and J (joining) families. Since each of the V elements, in principal, can join to any of the D and J
elements, a finite number of subgenes can establish an enormous antigen receptor gene diversity
(Fig. 1).

Fig. 1: Schematic diagram of the rearrangement process at the human IgH locus. D to J joining is
followed by V to DJ recombination. The intervening sequences are deleted. Each rectangle
represents V, D, or J modules.

Igs are complexes of two heavy and two light chains, TCRs are complexes of either a, ß chains or
?, d chains. Seven loci encoding the Ig heavy (IgH) and ? and ? light chains as well as the T-cell
receptor (TCR) a, ß, ?, or d chains undergo somatic DNA rearrangements during lymphocyte
development (Fig. 2).
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V(D)J recombination proceeds by joining one pair of gene segments of an antigen-receptor locus at
a time in a given order, in what appears to be a simple cut-and-paste type of the recombination
mechanism (Schwarz and Bartram, 1996).
Initially, in the germline there is a recombination signal sequence (RSS) at the 3' border of each V
segment, at both the 5' and 3' borders of every D, and at the 5' border of all J segments. These
conserved motifs provide all the necessary cis-signals for targeting the rearrangement machinery.
When two gene segments undergo recombination, a cut is made exactly at the boundary between
each coding segment and its respective RSS. The four DNA ends thus generated are reconnected
to form two products. The coding joint designates the union of the antigen-receptor gene coding
elements, whereas a signal joint refers to the reciprocal connection of the corresponding signal
ends. Due to the configuration of the elements at most loci, V(D)J joining is excisive, coding joints
are retained in the chromosome, and signal joints can be demonstrated on extrachromosomal
circular DNA molecules.

Fig. 2: Structural design of V, D, J segments at various antigen receptor gene loci. The yellow
boxes represent the coding elements, the 12mer spacer-RSS are sketched as open triangles. The
23mer spacers-RSS are drawn as filled triangles.

The conserved RSS-signals consist of a heptamer, a less conserved spacer sequence, and an ATrich nonamer (Max et al., 1979; Ramsden et al., 1994; Sakano et al., 1979) (Fig. 3A). A RSS,
even separated from its coding element, can be specifically targeted by the recombination
machinery (Akira et al., 1987; Hesse et al., 1987). There are two kinds of RSS distinguished only
by whether the spacer region is 12 or 23 residues in length. The V(D)J recombination is governed
by a mechanism termed the “12/23” rule (Early et al., 1980; Sakano et al., 1981). Accordingly,
12

segments with a 12-spacer can be joined with a 23-spacer signal, while those with like RSS are
incompatible.

For each of the V, D, J families, the RSS of all members carry the same

configuration of signals. The immediate effect of signal homogeneity is that V to V or D to D, or J
to J recombination is strongly inhibited and the possibilities of recombination are restricted
effectively to different segment joining. Although some 12/23-rule violations were observed
during lymphocyte differentiation, the 12/23 rule with its central importance provides the basic
assembly instruction for the antigen receptor gene rearrangement.

Fig. 3: Map of the sites of contact of the RAG (recombinase activating gene) proteins on a 12RSS (the spacer region is 12 residues in length). A. Linear model of the 12-RSS and coding DNA
of the flanking region. B. Three-dimensional depiction as standard B-form DNA. Colors: yellow,
the heptamer and nonamer; green, positions protected from cleavage in footprinting assays; light
purple (phosphates); and orange (bases), sites of ethylation/methylation interference; dark purple
and blue, sites of UV cross-linking to RAG1 only, or to both RAG1 and RAG2, respectively
(Fugmann et al., 2000).

The standard outcome of V(D)J recombination results in coding joint formation and signal joint
formation respectively.

Whether the recombination leads to the inversion or deletion of the

intervening DNA depends on the orientation of two RSS with respect to each other. The majority
of recombinations is associated with deletion. Inversions were observed at TCRß, TCRd and Ig?
loci (Feddersen and Van Ness, 1985; Malissen et al., 1986). V(D)J recombination can culminate in
the production of alternative or “nonstandard” junction products such as “hybrid” and “open and
shut” joints (Lewis, 1994) (Fig. 4). The distinctive feature of a hybrid joint is that the RSS-signal
13

end from one gene segment joins to the coding end of another. In an open and shut joint, the signal
and coding ends created by site-specific cleavage are religated to each other without any
recombination. The nonstandard joining products most likely are not useful physiologically, but
exemplify one of the less readily apparent problems of joining fidelity.

The signal ends,

incorporated into the three kinds of junction, are most often joined without any modification, while
the coding ends exhibit base deletions and/or additions of up to 10 to 15 nucleotides. This process
increases the diversity of the receptor repertoire but includes the risk of nonfunctional gene
production (Lieber et al., 1988).

Fig. 4: The outcomes of standard and “nonstandard” V(D)J recombinations. P- and N- elements
are two types of novel nucleotide addition: template-dependent palindromic and templateindependent N region nucleotides.

2.2.Components of the V(D)J Recombination Machinery
At present, the V(D)J recombination process is reasonably subdivided into four phases: initiation,
cleavage, postcleavage and joining.

In the initiation reaction, the proteins encoded by the

recombination activating genes RAG-1 and RAG-2 first recognize the 12mer RSS or 23mer RSS to
form 12- or 23-signal complex. These complexes generate the paired complex through a synapsis
reaction. The high-mobility group proteins HMG1 and HMG2 enhance the initiation reaction.
Two double-strand breaks are generated at the borders between two gene elements and their
flanking RSS through the cleavage reaction mediated by RAG proteins, by which two hairpinsealed coding ends and two blunt signal ends are formed. After cleavage, the two coding ends are
trimmed by DNA repair factors that are involved in the nonhomologous DNA end-joining pathway
(NHEJ). In addition, RAG proteins and terminal deoxynucleotidyl transferase (TdT) are involved
14

Fig. 5: Schematic model of the protein-DNA complexes in V(D)J recombination. Several aspects
of the reaction are not depicted, including nicking adjacent to RSSs (which may occur before or
after synapsis); asymmetric opening of the hairpin coding ends to generate P nucleotides, and
nucleotide addition by TdT.

in the processing of DNA-ends. Finally, a DNA end-joining phase results in the formation of
signal joints and coding joints. The signal joints are usually precise; in contrast, the coding joints
are often accompanied with nucleotide modifications. The DNA ligase IV and X-ray crosscomplementation group 4 (XRCC4) proteins are the critical factors in the process of DNA end
rejoining. Certainly, other factors may play a role in V(D)J recombination, such as, ARTEMIS or
Mre11/Rad50/Nbs1 complex for which the biological functions are controversial. However, the
investigation on such factors will add further clues in the knowledge about the mechanism of
V(D)J recombination. Fig. 5 shows a possible model of V(D)J recombination.
15

2.2.1. Lymphocyte Specific Factors

2.2.1.1.Recombinase Activating Genes 1 and 2 (RAG-1 and -2)

2.2.1.1.1. Structure and Function
The murine RAG-1 and RAG-2 genes were functionally cloned in a study with an integrated
artificial recombination substrate in 3T3 fibroblasts (Oettinger et al., 1990; Schatz et al., 1989).
RAG-1 and RAG-2 share no homology to each other or to any other known proteins. The human
RAG-1/2 genes map to chromosome 11p13 (Schwarz et al., 1994). The overall genomic RAG
organization is highly conserved throughout evolution from shark, paddlefish, axolotl, goldfish,
rabbit, chicken, mouse to human (Bernstein et al., 1994). The structures of the RAG-1 and RAG-2
genes are quite unique. The coding sequences and the 3' untranslated regions (UTR) of both genes
are located on one exon (Ichihara et al., 1992). The RAG-2 gene possesses at least two 5'UTR
exons, while the RAG-1 gene has one extra 5'UTR exon. The minimal promoter of RAG-1 has
been mapped (nucleotides –111 to +97 relative to the position of the major transcription start site)
(Brown et al., 1997). The promoter contains no initiator motif or functional TATA box. Several
potential recognition sites for E2A-, Ikaros-, and ETS-family transcription factors are present
within the RAG-1 promoter. The RAG genes are convergently transcribed in thymic and bone
marrow cells (B and T precursor cells) which have the capability for V(D)J recombination
(Oettinger et al., 1990; Schatz et al., 1989; Turka et al., 1991). Some mature B cells, characterized
by the reexpression of RAG-1 and RAG-2 proteins, share characteristics of immature lymphocytes,
leading to the possibility of secondary V(D)J recombination which modifies the peripheral
antibody repertoire (Hikida and Ohmori, 1998; Qin et al., 1999). The RAG-1/2 expression is
regulated at two levels: first, during the development of B and T cells, and second, in a cell-cycledependent manner.
The open reading frames of the human RAG-1 and RAG-2 genes are 6.6 kb and 2.2 kb in length,
coding for proteins of 1040 residues (119-KDa) and 527 residues (66-KDa), respectively. The
RAG-1 core region extends from amino acid 384 to 1008 out of 1040, while the RAG-2 core
region includes amino acids 1 to 387 out of 527 (Cuomo and Oettinger, 1994; Sadofsky et al.,
1994; Sadofsky et al., 1993; Silver et al., 1993). The wild type and core RAG proteins are
expressed in the cell nucleus (Silver et al., 1993). Site-directed mutagenesis has identified three
amino acid residues within RAG-1 involved in catalysis: Aspartates D600, D708 and glutamate
E962 (Kim et al., 1999). These active sites are absolutely required for the transesterification
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reaction. Similar motifs form the active site in retroviral integrases or bacterial transposases that
process similar functions as the RAG-1 protein. The region from residues 389-446 in RAG-1 is
termed the nonamer-binding domain (NBD) by which the RAG-1 proteins can specifically
recognize and bind to the nonamer of the RSS. As this region of RAG-1 is homologous to the
DNA-binding domain of Hin family of bacterial invertases and to homeodomain protein, it is also
called the RAG-1 homeodomain (Difilippantonio et al., 1996; Spanopoulou et al., 1996). This is
supported by footprinting and crosslinking assays. It is suggested that the N-terminus of the RAG1 core region including the NBD region bind to the conserved heptamer and nonamer sequences
with the spacer looping away from the RAG proteins (Sadofsky, 2001) (Fig. 3B). It is also
proposed that the N-terminus of the RAG-1 core region plays potential roles in DNA binding,
dimerization of RAG-1, interaction with RAG-2, HMG1/2 and partners of the NHEJ pathway
(Fugmann, 2001). The C-terminus of the RAG-1 core region contains the domain that binds to
coding end sequences adjacent to the heptamers (Sadofsky, 2001). The N-terminus of RAG-2
contains the core region that associates with the function of the RAG-1 protein. Threonine 490 of
RAG-2 is phosphorylated by the cyclin-dependent kinase at the G1/S boundary and thereby
induces the degradation of RAG-2. Mutating T490 increases the half-life of RAG-2 more than 20
folds with constant levels of RAG-2 throughout the cell cycle, leading to aberrant signal joints (Lee
and Desiderio, 1999; Li et al., 1996). Recent evidences show that the C-terminus of RAG-2 may
recruit some chromatin remodeling factors, which make the VH elements accessible for the
cleavage of RAG proteins during immunoglobulin heavy chain gene rearrangements (Kirch et al.,
1998). A secondary structure prediction supports that the C-terminus of RAG-2 folds similar to a
PHD domain which is related to chromatin remodeling complexes (Callebaut and Mornon, 1998).
V(D)J recombination proceeds through a series of protein: DNA complexes mediated by the RAG1 and RAG-2 proteins which are responsible for sequence-specific DNA recognition, DNA
cleavage, and multiple post-cleavage regulation (Fugmann et al., 2000).

Interference and

footprinting studies indicate that the RAG-RSS interaction may have two steps. In the first step,
the nonamer serves as an anchoring motif; and in the second step, the heptamer and RAG-2 both
make important contributions to signal complex (SC) formation. In the pre-cleavage step, termed
synapsis, two RSSs are held together by RAG proteins to generate the paired complex (PC) which
is critical for the cleavage. The RAG proteins mediate the nicking by introducing a single-strand
break on the top strand between the coding element and the first nucleotide of the heptamer. The
RAG proteins are also involved in the subsequent hairpin formation, in which through a
transesterification reaction the bottom strand is cleaved, creating a blunt, 5'-phosphorylated signal
end and the coding end with a hairpin structure. RAG proteins also catalyze the transesterification
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of the 3’OH groups at the signal end to the phosphodiester bonds of the opposite coding hairpin,
resulting in hybrid joints (Hiom and Gellert, 1997). Signal ends bound to RAG proteins can be
transposed into target DNA by attacking phosphodiester bonds of the recipient DNA on both
strands with their 3’OH groups in vitro. Alternatively, disintegration mediated by RAG proteins
removes transposed donor DNA from the intermediate (Melek and Gellert, 2000). Recent data
suggest that the complex of RAG proteins may eventually catalyze the hydrolytic opening of
hairpins at the coding ends (Shockett and Schatz, 1999). Interestingly, RAG proteins display a 3’
flap endonuclease activity in vitro, indicating that 3’ flap structures might be trimmed by RAG
proteins during coding end-joining (Santagata et al., 1999). Thus, a tetramer of RAG-1 and RAG-2
might be recognized as the fundamentally active enzyme unit in the V(D)J recombination process
(Bailin et al., 1999). These catalytic activities of the RAG-1/2 proteins are strictly dependent on
divalent metal ions (Mg2+) (Hiom and Gellert, 1997).

2.2.1.1.2. Mutation Analysis
In cases of null mutations of RAG on both alleles in humans, V(D)J recombination is defective. In
pre B and pre T cells, the heavy chain of the IgM and the TCRß chain are not synthesized,
respectively, and thus, are not available for incorporation in pre B/ pre T cell receptors. The
precursor lymphocytes receive no survival signal and eventually die resulting in T-B-SCID (Villa et
al., 2001). The patients with Omenn syndrome (OS) have missense mutations in either the RAG-1
or RAG-2 gene on at least one allele which result in partial activity of the two proteins, allowing
limited T-cell receptor gene rearrangements to occur in the thymus. In some OS patients, the DNA
binding activity of RAG-1 is decreased due to substitutions of two the amino acid within the RAG1 homeodomain. Other mutations lower the efficiency of the RAG-1/RAG-2 interaction. Each of
these mutations decreases the efficiency of V(D)J recombination, and partial V(D)J recombination
activity leads to OS (Villa et al., 1998). A novel homozygous RAG-1 gene mutation (631 del T)
was found in OS patients, leading to a premature stop codon in the N-terminus of RAG-1 with an
internal ATG codon being used as the initiator of the protein translation. This N-terminally
truncated human RAG-1 protein recombines TCR genes but not Ig genes (Noordzij et al., 2000).
This finding indicates that there may be additional regulatory functions of the RAG-1 protein
which are different in the B and T cells, despite the fundamental similarity of the recombination
machinery

18

2.2.1.2. Terminal Deoxynucleotidyl Transferase (TdT)
There are two types of novel nucleotide additions that occur during V(D)J recombination:
template-independent N regions (Alt and Baltimore, 1982) and template-dependent P (palindromic)
nucleotides (Lafaille et al., 1989). The N inserts, which are formed by template-independent
polymerization of deoxyribonucleoside triphosphates into initiator DNA with a preference for dG
incorporation, correlate well with the G/C richness of signal, coding, and hybrid joints (Lewis et
al., 1988; Lieber et al., 1988).

The frequency of N inserts in recombination products also

correlates with in vivo TdT levels (Lieber et al., 1988). TdT is expressed only in cortical immature
thymocytes and bone marrow cells (Bogue et al., 1992). The expression pattern of TdT closely
follows RAG-1 expression: immature T and B cells exhibit functional TdT, while mature T and B
cells do not (Bogue et al., 1992). TdT seems to be associated with the nuclear matrix (Pandey and
Modak, 1989). However, TdT expression and N nucleotide addition are not required for V(D)J
recombination. When artificial V(D)J substrates in conjunction with RAG-1/2 expression vectors
were introduced into fibroblastoid cells as well as other non-lymphocytes which don’t express TdT
activity, V(D)J recombination efficiency and fidelity were not hindered.

Introduction of a

germline-transmitted TdT defect dramatically lowered the occurrence of junctional N regions, and
a fetal-like repertoire of IgH and TCR junctions mediated by homologous end joining was
expressed. Thus, TdT constitutes an integral but not obligate component of the V(D)J recombinase
machinery. If expressed, TdT may diversify the antigen-binding pocket substantially by N region
addition, and seems to block homology-directed recombination even in the absence of end
modifications.
P nucleotides are found in coding joints where they most likely constitute very short, inverted
repeats of the untrimmed coding ends after asymmetric hairpin opening. In contrast, P insertions
are not detected next to signal end joints (Lafaille et al., 1989; Lieber, 1991; Meier and Lewis,
1993).

2.2.2. The High Mobility Group Proteins-1 and –2 (HMG1/2)
HMG1/2 are ubiquitous DNA-binding and bending proteins which contain two HMG boxes and an
acidic C-terminal tail. The HMG boxes are involved in both protein: DNA and protein: protein
interactions. Interestingly the protein: protein interactions invariably involve the DNA-binding
domain of the partner protein as well. It is the nonamer-binding-domain (NBD) of RAG-1 that
interacts with HMG1, and both HMG boxes are required for binding.

HMG1/2 display no

sequence-specific DNA-binding properties. Instead, they recognize unusual structure such as DNA
bends, and can induce sharp bends (80º) in the helix upon binding. Although many transcription
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factors are able to bind their target sequence without cofactors, addition of HMG proteins typically
greatly strengthens their binding. The RAG proteins are able to recognize the 12-RSS and 23-RSS.
HMG1/2 enhance the binding and cleavage functions of the RAG proteins. Their effect, however,
is different with each of the two types of RSSs. Formation of the 23-SC is stimulated over ten
folds by HMG1/2. In contrast, formation of the 12-SC is only slightly improved by the addition of
HMG1/2. A recent study has shown that the HMG1/2 proteins incorporated into the RAG-1RAG2-RSS complex most likely behave like a clamp to ensure a durable and favorable bending of
the 23-RSS rather than act directly to bend the DNA in the spacer region. HMG1/2 may stabilize
the RAG1-RAG2-RSS complex by providing minor groove DNA contacts in the vicinity of the
heptamer (Fugmann et al., 2000).
2.2.3. Proteins Shared in the Nonhomologous DNA End Joining Pathway and V(D)J
Recombination
Ubiquitously expressed DNA repair factors that are involved in the repair of DNA double-strand
breaks (DSB) are very important for the later stages of V(D)J recombination. This peculiar DSB
repair process is called the nonhomologous DNA end-joining pathway (NHEJ) (Grawunder and
Harfst, 2001; Grawunder et al., 1998a; Lieber, 1996).
There are nine X-ray cross-complementation groups (XRCC) that are involved in the cellular
response to ionizing radiation among X-ray-sensitive rodent cell mutants (Jeggo et al., 1991).
These X-ray sensitive rodent cell groups were found not only deficient in repairing irradiationinduced DSBs, but also defective in the V(D)J recombination.

Several genes that encode

components of the NHEJ-DNA repair pathway have been identified within the XRCC group
proteins, including XRCC4, Ku86 (XRCC5), Ku70 (XRCC6) and DNA-PKcs (DNA-dependent
protein-kinase catalytic subunit, XRCC7).

2.2.3.1. DNA-PKcs (DNA-Dependent Protein-Kinase Catalytic Subunit)
DNA-PK is a mammalian protein Ser/Thr kinase that binds directly to DNA and its gene maps to
human chromosome 8q11. The catalytic subunit is an approximately 460-KDa protein which is
targeted to DNA by the human autoimmune antigen KU (Hartley et al., 1995). DNA-PKcs must be
bound to DNA to express its catalytic properties.
In immature lymphocytes of the scid (severe combined immunodeficiency) mouse carrying a
truncating mutation of DNA-PKcs, V(D)J coding joint formation is severely affected, signal joint
formation is in general hardly influenced (Kulesza and Lieber, 1998). The V-3 Chinese hamster
ovary (CHO) mutant cell line which has a complete null mutation of the DNA-PKcs is not only
20

defective in coding-end joining, but also has a hampered radioresistance. Moreover, a yeast
artificial chromosome clone spanning the DNA-PKcs locus complements the V-3 defects of
radioresistance and coding joint formation. The artificial introduction of complete null mutations
of DNA-PKcs in mice leads to the inhibition of coding joint formation whereas signal joints are
still observed to some extent (Gao et al., 1998; Taccioli et al., 1998). Thus, DNA-PKcs (XRCC7)
represents a strong candidate for processing the DNA coding end joints during V(D)J
recombination and NHEJ.
It was recently observed that unresolved hairpins of coding ends accumulated in the homozygous
scid mice and lymphocytes with the DNA-PKcs null mutation. Therefore, it is reasonable to
speculate that DNA-PKcs is involved in activation of an endonuclease that opens up hairpin
intermediates or in disassembling the parts of the recombination machinery. Thereby, DNA-PKcs
could make hairpins suitable for further processing (Blunt et al., 1995).

2.2.3.2. KU 70/86
The KU 70 gene is located on human chromosome 22q13 and encodes a 70-KDa protein, the KU
86 gene is localized to 2q33-35 and encodes a 86-KDa protein (Cai et al., 1994). The KU 70/86
heterodimeric complex binds directly to the termini of duplex DNAs, and then several copies slide
along the termini like beads on a string, with a 25-bp periodicity (Blier et al., 1993; May et al.,
1991; Mimori and Hardin, 1986). The DNA–dependent ATPase activity of KU provides energy
for the DNA sliding mechanism. KU recruits DNA-PKcs to the DNA template, where the kinase
activity of DNA-PKcs is stimulated (Hammarsten and Chu, 1998; West et al., 1998). One direct
consequence of a KU defect is a decreased kinase activity of DNA-PKcs, indicating that KU/DNAPKcs forms a complex (Gottlieb and Jackson, 1993). KU/DNA-PKcs binds to DNA termini and
protects them from nuclease digestion in mammalian cells (Liang and Jasin, 1996). Additionally,
the complex can assist in the alignment of free DNA ends by several mechanisms, including the
activation and phosphorylation of other components involved in the NHEJ pathway, and a role as
DNA free-end-sensor signal of cells with DNA damage. Beside DNA-PKcs, Ku proteins may
recruit TdT.

This hypothesis has been confirmed by the evidence of absence of N-region

sequences in rare coding joints from Ku-86 deficient mice (Bogue et al., 1997).

Further

experiments indicate that the interaction between TdT and Ku is independent of DNA (Mahajan et
al., 1999). Ku70 or Ku 86 knockout mice are defective in both signal and coding joint formation
during V(D)J recombination and exhibit the same phenotypes as scid mice (Nussenzweig et al.,
1996; Zhu et al., 1996). The accumulations of imprecise end joinings and junctions at sites of short
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homologies in cells without a functional Ku protein indicate that the Ku proteins play a role in
precise end joint (Boulton and Jackson, 1996).

2.2.3.3. XRCC4 and DNA-ligase IV
Joining of both coding and signal ends in V(D)J recombination requires ubiquitously expressed
ligation proteins (XRCC4, ligase IV), which also are involved in general DNA double stand break
repair via the NHEJ reaction (Jeggo, 1998). The DNA ligase IV gene is located on human
chromosome 13q33-q34, the XRCC4 gene is located on human chromosome 5q13-q14. The DNA
ligase IV and its dimerization partner XRCC4 gene were inactivated in mice via gene-targeted
mutations to characterize the in vivo roles of DNA ligase IV / XRCC4 respectively (Gao et al.,
1998). The DNA ligase IV or XRCC4 deficiency in primary murine cells causes growth defects,
premature senescence, ionizing radiation (IR) sensitivity, and inability to support V(D)J
recombination. The specific deletion of either one of the genes encoding DNA ligase IV or
XRCC4 was found to result in late embryonic lethality accompanied by defective lymphogenesis
and neurogenesis manifested by extensive apoptotic death of newly generated postmitotic neuronal
cells. These findings provide the first clear evidence that V(D)J recombination and neuronal
development strictly require the XRCC4 and DNA ligase IV end-joining proteins. It is reasonable
to speculate that immunological and neurobiological mechanisms in normal development have
instructive similarity (Chun and Schatz, 1999).
XRCC4 binds to DNA in a cooperative manner, significantly better as the DNA gets longer.
XRCC4 binds to nicked DNA much better than to the linear or supercoiled form. In vitro, the
DNA binding is abolished by phosphorylation of XRCC4, but restored by its dephosphorylation.
The phosphorylation of XRCC4 is mediated by DNA-PK (Critchlow et al., 1997; Grawunder et al.,
1998b). XRCC4 increases the rate of the covalent transfer of the adenylyl group of ATP to ligase
IV at the first step of the ligase reaction (Gellert et al., 1999). A recent study from the XRCC4
crystal structure suggests that the C-terminus comprising a single alpha helix (>120Å in length) is
partly incorporated into a four –helix bundle as XRCC4 tetramer and partly involved in interacting
with ligase IV (Junop et al., 2000). DNA ligase IV and XRCC4 form a stable mixed tetramer that
bridges the two ends of the broken DNA and catalyzes the responding ligation of the two DNA
stands in a cell free end-joining system (Lee et al., 2000).
Ku proteins may recruit the DNA-ligase-IV-XRCC4 complex to DNA ends, thereby stimulating
the DNA end ligation. This ligation can’t be carried out by the DNA-ligase-IV-XRCC4 complex
on its own (Nick McElhinny et al., 2000). Interestingly, DNA-PKCS stimulates the intermolecular
ligation by the DNA-ligase-IV-XRCC4 complex (Chen et al., 2000). Genetic evidence proved that
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the involvement of DNA ligase IV is dependent on DNA-PKcs in the NHEJ pathway. The
phenotypes of primary human fibroblasts with a null mutation in DNA ligase IV are similar to cells
deficient in DNA-PKcs, or wild type cells treated with wortmannin which is used to inactivate
DNA-PKcs (Wang et al., 2001).

2.2.3.4.

Artemis

Human T-B- severe combined immunodeficiency associated with cellular radiosensitivity (RSSCID) is characterized by a profound defect in V(D)J recombination. All previously presented
NHEJ-pathway genes involved in V(D)J recombination were excluded as likely possibility of
defects in V(D)J recombination of RS-SCID patients. However, the observation of an increased
sensitivity to ionizing radiation of both bone marrow cells and primary skin fibroblasts from RSSCID (Cavazzana-Calvo et al., 1993) gave a hint for the existence of another yet unknown
component of the V(D)J recombination / DNA repair machinery. A novel gene, ARTEMIS, has
recently been cloned and localized on the short arm of Chromosome 10. ARTEMIS mutations
from RS-SCID patients are highly correlated with the defect of V(D)J recombination.

The

defective V(D)J recombination can be complemented in functional assays by an introduction of a
wild type ARTEMIS cDNA in RS-SCID patients’ fibroblasts. ARTEMIS belongs to the metalloß-lactamase superfamily (Moshous et al., 2001). ARTEMIS is believed to be a component in the
NHEJ pathway, but details are still under investigation.

2.2.4. Accessibility Regulation at Ig and TCR Loci
The expression of either RAG or DNA repair proteins cannot completely account for the regulation
of the Ig and TCR variable-region gene assembly during lymphocyte development.

The

accessibility of RSS of a particular variable-region gene as substrate for the V(D)J machinery is
interpreted to determine by chromatin structure remodeling (Yancopoulos and Alt, 1985).
Transcriptional promoters, enhancers and silencers may regulate this kind of accessibility
(Sleckman et al., 1996). Currently, evidences show that the accessibility of a RSS at the TCR a/d
locus is highly related to histone acetylation. The TCR a/d enhancers regulate the accessibility for
V(D)J recombination through H3 hyperacetylation (McMurry and Krangel, 2000). The human
hSWI/SNF chromatin remodeling factor plays a similar role in enhancing the efficiency of RAG
mediated cleavage on nucleosomal RSS substrates (Kwon et al., 2000).
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2.3. In vitro and in vivo V(D)J Recombination Assays

2.3.1. The Classical V(D)J Recombination Assay (in vitro)
To evaluate the efficiency of V(D)J recombination, a classic in vitro assay involving
extrachromosomal substrates has been applied (Fig. 6). This kind of artificial plasmid substrate
contains an SV40 or Polyoma origin of replication and a large T antigen cassette. Thus, the
plasmids are able to be maintained extrachromosomally after transfection (Hesse et al., 1987;
Hsieh et al., 1993; Kallenbach et al., 1992; Lieber et al., 1987; Petrini et al., 1994; Ramsden and
Wu, 1991). A bacterial transcriptional stop signal is integrated between a 5’ and a 3’ RSS. The
chloramphenicol acetyl transferase (CAT) which modifies and inactivates chloramphenicol by
mono- and diacetylation confers resistance to chloramphenicol.

The CAT gene is located

downstream of the 3’ RSS. Without V(D)J recombination the CAT gene is not activated due to the
bacterial transcriptional stop signal, while the ampicillin resistance gene is constitutively active.
After a transient transfection into cells together with RAG-1 and RAG-2 expression plasmids, these
shuttle plasmids are isolated, introduced into Escherichia coli, maintained by the virtue of a
prokaryotic origin of replication and selected by ampicillin and chloramphenicol.

When the

essential V(D)J recombination components RAG-1/2 function during the eukaryotic transfection
part of the assay, the intervening sequence between the 5’ and the 3’ RSS inverses, which leads to
the inactivation of the bacterial transcriptional stop signal after V(D)J recombination is completed.
Thus, the prokaryotic selectable marker (CAT) is activated, and the transformants can be isolated
and quantified on that basis.

24

Fig. 6: Schematic model of the in vitro extrachromosomal V(D)J recombination assay, in which
CAT is the activated and selectable marker. Activation occurs after an intervening prokaryotic
transcriptional stop cassette is inverted during the V(D)J recombination process (In this case,
inversional recombination). 12-RSS and 23-RSS are represented as black and white triangles;
coding segments as red and black rectangles, respectively.
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2.3.2. Development of a Novel V(D)J Recombination Assay (in vivo)
The green-fluorescent protein (GFP) from the jellyfish Aequorea victoria is used as a fluorescent
marker for gene expression in a variety of organisms ranging from bacteria to higher plants and
animals (Chalfie et al., 1994). The cloning of the gene for GFP (Prasher et al., 1992) and its
subsequent expression in heterologous systems (Chalfie et al., 1994; Wang and Hazelrigg, 1994)
has established GFP as a unique genetic reporter system. It has become useful for monitoring gene
expression in vivo, in situ, and in real time. Purified GFP (from either native or recombinant
sources) is a 27-KDa monomer consisting of 238 amino acids (Prasher et al., 1992). New mutants
of GFP have been developed including EGFP (enhanced GFP). As compared to the wild type
GFP, EGFP contains 2 amino acid substitutions low the background of a mammalian codon usage
adjustment and its fluorescence is 35-fold brighter when excited by blue light (Cormack et al.,
1996). Its excitation maximum is shifted to 488 nm, which is less toxic to living cells than
excitation at 395 nm as original performed with GFP (Cubitt et al., 1995). Normalized emission
curves of EGFP demonstrate a maximum emission at 509 nm. Unlike other bioluminescent
reporters, GFP fluoresces in the absence of any other intrinsic or extrinsic proteins, substrates, or
cofactors, is stable, species-independent, and can be monitored non invasively in living cells and
whole animals, such as in the case of transparent organisms (Chalfie et al., 1994).

The purpose of this thesis was to develop and evaluate a novel V(D)J recombination assay by
introducing EGFP as a reporter gene. The inverted reading frame of EGFP was integrated into a
substrate between the 5’ RSS and the 3’ RSS. If the essential V(D)J recombination components
RAG-1/2 proteins are present, the sequence between the 5’ and the 3’ RSS is inverted after the
occurrence of the V(D)J recombination. Thus, EGFP can be expressed in cells that can undergo
the V(D)J recombination and thereby this assay can be used to quantify the efficiency of the V(D)J
recombination in vivo (Fig. 7). The novel marker-hemagglutinin A epitope (HA) is employed to
monitor the efficiency of transfection by binding to its antibody.
As a consequence, this novel in vivo V(D)J recombination assay can be applied for many purposes.
First, to appraise the essential components of V(D)J recombination, second, to identify the
biological function of novel factors involved in V(D)J recombination, third, to compare different
cell lines for their efficiency of V(D)J recombination and fourth, to evaluate a defective V(D)J
recombination in bone marrow cells of SCID patients.
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Fig. 7: Schematic model of the in vivo V(D)J recombination assay. A hemagglutinin A epitope
(HA) cassette is integrated into the in vivo V(D)J substrate to serve as a marker for the transfection
efficiency. Green color represents EGFP excited by blue light under the fluorescence microscope
or during flow cytometry.
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3.

Objectives

The objectives of this thesis were:
1. To construct novel V(D)J recombination reporter plasmids in which one copy of EGFP reporter
gene was introduced. After V(D)J recombination, this reporter is activated and indicates successful
rearrangement.
2. To establish the conditions for an in vivo V(D)J recombination assay.
3. To compare the in vitro and in vivo V(D)J recombination assays in cell lines.
4. To evaluate the role of ARTEMIS overexpression in V(D)J Recombination.
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4. Materials and Methods
4.1. Materials

4.1.1. Bacterial strains
E. coli XL2-Blue
E. coli XL10-Gold
E. coli NM522
Top10/P3
4.1.2. Cells and Cell lines
293

Human embryonic kidney cells

293T Human embryonic kidney cells containing simian virus 40 (SV40) large T antigen
M12

Murine pre-B lymphoma cell

4.1.3. Plasmids
pCDM8

(Invitrogen)

pEGFP-C1

(Clontech)

pUC 18

(Stratagene)

pHOOK-1

(Invitrogen)

pGG123

(Prof. Lieber, University of Southern California)

pWTRAG1

(Dr. Schwarz, University of Ulm)

pWTRAG2

(Dr. Schwarz)

pEFBPOLY

(Dr. Radecke, University of Ulm)

pEFB11/19

(Dr. Radecke)

pE19HK
pE50HK
pCDNA6-hu ASCID/myc-His

(Dr. Pannicke, University of Ulm)

4.1.4. Antibodies
Anti-HA-biotin, high affinity (3F10), monoclonal antibody (mab) (Fab)

(Boehringer)

Anti-SV40 T Ag (Pab 101): sc-147, mab

(SantaCruz)

Mouse anti-human RAG-1, mab

(Pharmingen)

Mouse anti-human RAG-2, mab

(Pharmingen)
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Rat anti-mouse CD16/CD32 (Fc?III/II receptor), (Fc block), mab

(Pharmingen)

Rabbit anti-human EGFP, polyclonal ab

(Clontech)

Goat anti-mouse IgG, horseradish peroxidase conjugate

(Amersham)

Goat anti-rabbit IgG, horseradish peroxidase conjugate

(Amersham)

Streptavidin-horseradish peroxidase conjugate

(GibcoBRL)

B-phycoerythrin-conjugated streptavidin

(Jackson ImmunoResearch Laboratories)

4.1.5. Oligonucleotides
Sequencing primers for plasmid pGG123
pGG123 testing 1

5 ‘-CAACGGTGGTATATCCAGTG-3’

pGG123 testing 2

5 ‘-GGCCGTAATATCCAGCTGAA-3’

Primers for amplification and cloning of the pHOOK-1 cassette into the pEFB11/19 vector
PPhookf (5’phosphorylation)

5 ‘-GCGCGCGTTGACATTGATTATTG-3’

PPhookr (5’phosphorylation)

5 ‘-CATCCCCAGCATGCCTGCTATTG-3’

4.1.6. Enzymes
AmpliTaq-DNA Polymerase

(Perkin Elmer)

Calf Intestinal Phosphatase

(Boehringer)

Expand High Fidelity PCR-System

(Boehringer)

T4-DNA-Ligase

(New England Biolabs)

T4-DNA-Polymerase

(Pharmacia)

Restriction enzymes

(Pharmacia and New England Biolabs)

RNase A

(Boehringer)

4.1.7. Markers
Standard markers for DNA and protein were purchased from Pharmacia, GibcoBRL and Sigma.

4.1.8. Chemicals
All chemicals were purchased from Sigma and Merck. The media for cell culture were obtained
from GibcoBRL.
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4.1.9. Computer programs
Sequence analyses were performed on the ABI PRISM 310 Genetic Analyzer (Applied
Biosystems). The analysis of DNA sequences, restriction maps, alignment of sequences, primer
selection were operated through LASERGENE 99 or GCG sequence analysis software package
from Wisconsin Package Version 10.2, Genetics Computer Group (GCG), Madison, Wisc. All
data acquisition, storage and analysis by FACS were accomplished with Cell Quest software,
version 1.0.

4.1.10. Statistical Methods and Presentation
All data were analyzed by the Wilcoxon rank sum test and presented as box plots. The box
stretches from the low hinge (defined as the 25th percentile) to the upper hinge (the 75th
percentile) and therefore contains the middle half of the scores in the distribution. The median is
show as a line across the box. The ‘H-spread’is defined as the difference between the hinges and a
step is defined as 1.5 times the H-spread. Inner fences are 1 step beyond the hinges. Maximum
value and minimum value are depicted as a black dot. If the largest value is larger than the inner
fence, a line is drawn to the upper inner fence. If the largest value is less than the higher inner
fence, a line is drawn from the upper hinge to the largest value. Similarly, a line is drawn from the
lower hinge to either the lower inner fence or the minimum value, which is closer to the lower
hinge (http://davidmlane.com/hyperstat/A37797.html).

4.1.11. Solutions

7-AAD (1 mg/ml) stock solution
5 mg

7-AAD

5 ml

PBS

Vortex well, store at 4°C

Acrylamide solution (30%)
145 g

Acrylamide

5g

N, N’-methylene-bis-acrylamide

Add ddH2O to 500 ml, sterilize by filtration, store at 4°C in dark bottles

Ampicillin-solution (50mg/ml)
1000 mg

Ampicillin (Sodium salt)
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Add ddH2O to 20 ml, sterilize by filtration (0.22 µm), store at –20°C

10 % Ammonium persulfate
1g

Ammonium persulfate

Add ddH2O to 10 ml, store at 4°C for several weeks

BHI-Medium
37.5 g

Brain-Heart-Infusion

Add ddH2O to 1 L, sterilize by autoclaving, store at 4°C for several months

Blocking solution (for Western blots)
5g

Nonfat dried milk

100 ml

1 X TBST

10 % Bovine Serum Albumin (BSA)
10 g

BSA

100 ml ddH2O, vortex well, store at 4°C for several weeks

1 M Calcium chloride (CaCl2) (for calcium phosphate mediated transfection)
14.702 g

CaCl2·2H2O

Add ddH2O to 100 ml
Sterilize by filtration (0.22 µm), dispense into 10-ml aliquots and store at -20°C

Chloramphenicol stock solution (34 mg/ml)
680 mg

Chloramphenicol

Add ethanol to 20 ml, vortex and store at –20°

Coomassie staining solution
0.625 g

Coomassie blue R 250

112.5 ml

Methanol

25.0 ml

Acetic acid

112.5 ml

ddH2O

Store at room temperature
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Coomassie destaining solution
450 ml

Methanol

100 ml

Acetic acid

450 ml

ddH2O

Store at room temperature

Deoxyribonucleoside triphosphates (dNTP) mixture
Mix equal volume of 100 mM stock solutions of each dNTP (Pharmacia) to a final
concentration of 25 mM of each dNTP, dispense into aliquots and store at -20°C

1 M Dithiothreitol (DTT)
3.09 g

DTT

20 ml

0.01 M Sodium acetate pH 5.2

Sterilize by filtration, dispense into aliquots and store at -20°C

Dilution solution for antibodies
0.9 ml

1 % Sodium azide

1.0 ml

10 % BSA

8.1 ml

PBS (without Ca2+ and Mg2+)

Store at 4°C for several weeks

0.5 M EDTA (pH 8.0)
186.1 g

Disodium ethylenediaminetetraacetate·2H2O

Add ddH2O to 800 ml, stir vigorously on a magnetic stirrer
Adjust the pH to 8.0 with NaOH (~20g of NaOH pellets)
Dispense into aliquots and sterilize by autoclaving, store at room temperature

Ethidium bromide (10 mg/ml)
1g

Ethidium bromide

Add ddH2O to 100 ml, stir vigorously on a magnetic stirrer for several hours
Wrap the container in aluminum foil, store at room temperature

6 X Gel-loading buffer
0.25% Bromophenol blue
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0.25% Xylene cyanol FF
15% Ficoll (Type 400, Pharmacia)
In ddH2O, store at room temperature

1 M Glucose solution
19.8 g

Glucose

Add ddH2O to final volume of 100 ml, sterilize by filtration (0.22 µm), store at 4°C

1 X HEPES (for calcium phosphate mediated transfection)
8.006 g

NaCl

0.370 g

KCl

0.125 g

Na2HPO4·2H2O

1.090 g

Dextrose·H2O

5.004 g

HEPES

Add ddH2O to 800 ml, adjust pH to 7.03 with 10 N NaOH
Adjust the volume to 1 L with ddH2O
Sterilize by filtration (0.22µm), dispense into aliquots and store at -20°C

Kanamycin stock solution (30 mg/ml)
600 mg

Kanamycin

Add ddH2O to 20 ml, sterilize by filtration (0.22 µm), store at –20°C

LB-Agar
10 g

Tryptone

5g

Yeast extract

10 g

NaCl

20 g

Agarose

Adjust pH to 7.0 with 5 N NaOH
Add ddH2O to final volume of l L, sterilize by autoclaving,
Pour into petri dishes (~25 ml/100-mm plate)

LB-Ampicillin Agar
1L

LB agar

Autoclave
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Cool to 55°C
Add 100 mg filter-sterilized Ampicillin
Pour into petri dishes (~25 ml/100-mm plate)

LB-Ampicillin + Chloramphenicol Agar
1L

LB agar

Autoclave
Cool to 55°C
Add 100 mg filter-sterilized Ampicillin and 100 mg Chloramphenicol
Pour into petri dishes (~25 ml/100-mm plate)

LB-Kanamycin Agar
1L

LB agar

Autoclave
Cool to 55°C
Add 30 mg filter-sterilized kanamycin
Pour into petri dishes (~25 ml/100-mm plate)

LB-Medium
10 g

Tryptone

5g

Yeast extract

10 g

NaCl

Add ddH2O to final volume of l L, sterilize by autoclaving,
Store at 4°C for several months

1 X Lysis Buffer (for cell lysis)
10 ml

0.5 M Tris-HCl pH 8.0

12.5 ml

0.5M EDTA

1g

NP-40

0.4 g

Sodium deoxy cholate

pH 8.0

Add ddH2O to final volume of 100 ml
Supplement just prior to use with 100 µg PMSF/ml and 1 µg aprotinin/ml
Store at room temperature
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1 M Magnesium chloride (MgCl2)
203.3 g

MgCl2·6H2O

Add ddH2O to 1 L, dispense into aliquots and sterilize by autoclaving
Store at room temperature

1 M Magnesium sulfate (MgSO4)
246.47 g

MgSO4

Add ddH2O to 1 L, dispense into aliquots and sterilize by autoclaving
Store at 4°C

Maxiprep-Solution I
0.2 %

Glucose

25 mM
10 mM

Tris

pH 8.0

EDTA pH 8.0

Sterilize by filtration, store at 4°C

Maxiprep-Solution II
50 ml

0.4 M NaOH solution

50 ml

2% SDS solution

Fresh preparation prior to use

Maxiprep-Solution III
60 ml

5 M Potassium acetate

11.5 ml

Glacial acetic acid

28.5 ml

ddH2O

Keep on ice

ß-Mercaptoethanol
14.4 M solution
Store in a dark bottle at 4°C

NZY Broth (modified)
10 g

NaCl

10 g

Tryptone
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5 g

Yeast extract

Adjust the pH to 7.5 with NaOH, add ddH2O to 1 L, autoclave
Add the following supplements before use
12.5 ml 1 M MgCl2 and 12.5 ml 1 M MgSO4
20 ml 1 M filter-sterilized Glucose solution
Filter sterilize

PB-Sucrose solution (for electroporation)
2.72 ml

1 M D+ sucrose

0.70 ml

0.1 M Sodium phosphate buffer pH 7.4

0.01 ml

1 M MgCl2

6.57 ml

ddH2O

Sterilize by filtration (0.22µm), store at 4°C for several months

Phenol-Chloroform
50 ml

Phenol

48 ml

Chloroform

2 ml

Isoamyl alcohol

Equilibrate to pH 8.0 by extracting with TE-buffer pH 8.0
Store under an equal volume of TE-buffer pH 8.0 in dark bottle (4°C)
Phosphate buffered saline (PBS) (without Ca2+ and Mg 2+)
8g

NaCl

0.2 g

KCl

1.44 g

Na2HPO4·2H2O

0.24 g

KH2PO4

Add ddH2O to 800 ml, adjust pH to 7.4 with HCl
Adjust the volume to 1 L with ddH2O, sterilize by autoclaving and store at room
temperature

Phenylmethylsulfonyl fluoride (PMSF) (10 mg/ml)
Dissolve PMSF in isopropanol at a concentration of 10 mg/ml
Dispense into aliquots and store at -20°C
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50% Polyethylenglycol 6000
25 g

Polyethylenglycol 6000

50 ml

ddH20

Heat to 68°C to assist dissolution, stir vigorously on a magnetic stirrer, store at 4°C

5 M Potassium Acetate
294.5 g

Potassium acetate

Add 450 ml ddH2O, heat to 68°C to assist dissolution
Adjust the volume to 600 ml with ddH2O, store at room temperature

Resuspension solution (for shuttle vector isolation)
50 mM

Tris-HCl

10 mM

EDTA pH 8.0

100 µg/ml

RNase A

Store at 4°C

10 mg/ml

RNase A

10 mM

Tris-HCl pH 7.5

15 mM

NaCl

Heat at 95°C for 15 minutes to inactivate DNase, store at -20°C

10 X Running buffer for SDS-PAGE
30.3 g

Tris base

150.1 g

Glycine

10 g

SDS

Add ddH2O to 1 L, store at room temperature

2 X Sample dye (SDS-gel loading buffer)
13 ml

1 M Tris-HCl pH 6.8

20 ml

Glycerol

10 g

SDS

0.2 g

Bromophenol blue

Add ddH2O to final volume of 90 ml, store at room temperature
(Supplementing the 10% remaining volume with ß-mercaptoethanol prior to use)
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1 % Sodium azide
0.1 g

Sodium azide

Add ddH2O to final volume of 10 ml, store at room temperature

3 M Sodium acetate (pH 5.2)
408.1 g

Sodium acetate·3H2O

Add ddH2O to 800 ml, adjust the pH to 5.2 by glacial acetic acid
Adjust the volume to 1 L with ddH2O
Dispense into aliquots and sterilize by autoclaving, store at room temperature

5 M Sodium chloride (NaCl)
292.2 g

NaCl

Adjust the volume to 1 L with ddH2O
Dispense into aliquots and sterilize by autoclaving, store at room temperature

20 % Sodium dodecyl sulfate (SDS)
200 g

Electrophoresis-grade SDS

Add ddH2O to 900 ml, heat to 68°C to assist dissolution
Adjust the pH to 7.2 by adding a few drops of concentrated HCl
Adjust the volume to 1 L with ddH2O, dispense into aliquots
Store at room temperature

5 M Sodium hydroxide (NaOH)
100 g

Sodium hydroxide

Add ddH2O to final volume of 500 ml, dispense into aliquots,
Store at room temperature

1 M Sodium phosphate, monobasic, monohydrate (NaH2PO4·H2O)
68.99 g

NaH2PO4·H2O

Add 400 ml ddH2O, stir vigorously on a magnetic stirrer
Adjust the volume to 500 ml, sterilize by filtration and store at room temperature
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1 M Sodium phosphate, dibasic, dihydrate (Na2HPO4·2H2O)
88.99 g

Na2HPO4·2H2O

Add 300 ml ddH2O, heat to 70°C, stir vigorously on a magnetic stirrer
Adjust the volume to 500 ml, sterilize by filtration and store at room temperature

0.1 M Sodium phosphate buffer (PB) at 25°C
7.74 ml

1 M Na2HPO4·2H2O

2.26 ml

1 M NaH2PO4·H2O

Dilute the 1 M stock solutions to 100 ml with ddH2O
Store at room temperature

1M

D+ Sucrose
34.23 g

D+ Sucrose

Add ddH2O to 80 ml, stir on a magnetic stirrer
Adjust the volume to 100 ml, sterilize by filtration, store at 4°C

10 X TBST
200 ml

0.5 M Tris-HCl pH 8.0

87.66 g

NaCl

5.0 g

Tween 20

Adjust the volume to 1 L with ddH2O, store at room temperature

TE Buffer (10T, 1E) (for DNA-experiments)
10 mM
1 mM

Tris-HCl
EDTA

Adjust pH to 7.5-8.0 with HCl, autoclave, store at room temperature

Tetracycline stock solution (5 mg/ml)
100 mg

Tetracycline

Add ethanol to 20 ml, store at –20°C

10 X Transfer buffer for Western Blots
58.13 g

Tris base

29.29 g

Glycine
40

Adjust the volume to 1 L with ddH2O, store at room temperature

50 X Tris-acetate (TAE)
242 g

Tris base

57.1 ml

Glacial acetic acid

100 ml

0.5 M EDTA pH 8.0

Adjust the volume to 1 L with ddH2O, store at room temperature

5 X Tris-borate (TBE)
54 g

Tris base

27.5 g

Boric acid

20 ml

0.5 M EDTA pH 8.0

Adjust the volume to 1 L with ddH2O, store at room temperature

1 M Tris-HCl pH 8.8 and pH 6.8
121.1 g

Tris base

Add ddH2O to 800 ml, adjust the pH to 8.8 or 6.8 by adding concentrated HCl
Adjust the volume to 1 L with ddH2O
Dispense into aliquots and sterilize by autoclaving, store at room temperature

0.4% Trypan blue
0.4 g

Trypan blue

100 ml

ddH2O

Mix up, store at room temperature.

TSB-Medium
50 ml

2x LB-Medium pH 6.1

20 ml

50% Polyethylenglycol 6000 solution

1 ml

1M MgSO4 solution

1 ml

1M MgCl2 solution

Adjust the volume to 95 ml with ddH2O, sterilize by filtration
Add 5 ml DMSO and store at 4°C
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Washing solution for cell analysis on FACS
0.1% Sodium azide
PBS (without Ca2+ and Mg2+)

4.2. Methods

4.2.1. DNA-Technology

4.2.1.1. Determination of the DNA Concentration
The DNA solutions were diluted from 1:10 to 1:200 (Readings should be taken at the wavelengths
of 260 nm and 280 nm). The reading at 260 nm allowed the calculation of the concentration of
nucleic acids in the samples (Beckman DU 640 spectrophotometer).
The concentration of DNA was calculated as follows:
[DNA] =OD260 x dilution factor x 50 µg/ml
The ratio between the reading at 260 nm and 280 nm (OD260/ OD280) provides an estimate of the
purity of the nucleic acid. Pure preparations of DNA have OD260/ OD280 values of 1.8. If there is a
contamination with protein, the OD260/ OD280 will be significantly less than the value given above.
If there is contamination with RNA, the OD260/ OD280 is close to 2.0.

4.2.1.2. Restriction Enzyme Digestion
Restriction endonucleases are capable of cleaving defined DNA-recognition sequences.

The

reaction volume of the digests varied according to the amount of DNA and the concentration of the
enzyme. Appropriate reaction buffers and temperatures were used according to the suppliers. 1-5
units of enzyme were used to digest 1 µg DNA. Enzyme digestions were typically performed for
1-2 hours at 37°C. However, quantitative digestion was sometimes only achieved after extended
incubation (i.e. overnight).

4.2.1.3. Filling-in of 5’Overhang Cohesive-DNA-Ends
5’ overhanging DNA ends may be filled in by the 5’? 3’ polymerase activity of the T4 DNA
polymerase in the presence of the appropriate dNTPs and template.
Up to 10 µg DNA were diluted in 10 µl 10 x NEB Buffer II (NEB), 8 µl 2.5 mM dNTPs
(Pharmacia) and ddH2O were added to a final volume of 98 µl. 2 µl (14.6 U) T4 DNA polymerase
were added and the reaction mixture was incubated at 37°C for 15 minutes. T4 DNA polymerase
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was inactivated at 75°C for 10 minutes. DNA was extracted with phenol-chloroform, precipitated
with ethanol and dissolved in TE buffer pH 8.0.

4.2.1.4. 5’-Dephosphorylation of DNA Ends
Calf intestinal phosphatase (CIP) (Boehringer) catalyzes the removal of 5' phosphate groups from
DNA.

CIP-treated duplexes of DNA cannot self ligate thus this treatment decreases the

background of vector recircularization in cloning experiments.
8 µl DNA solution (max. 1 µg) were mixed with 1 µl 10 x CIP buffer (Boehringer), vortexed and
incubated with 1 µl CIP (1U) at 37°C for one hour. The CIP was inactivated at 85°C for 15
minutes in 0.5 mM EDTA. DNA was extracted with phenol-chloroform, recovered by ethanol
precipitation and dissolved in TE buffer pH 8.0.

4.2.1.5. DNA Ligation
This protocol is suitable for the ligation of inserted DNA with blunt ends and plasmid vectors with
like ends. T4 DNA ligase catalyzes the formation of phosphodiester bonds between juxaposed 5’
phosphate and 3’hydroxyl termini in duplex DNA.
Ligation of insert DNA with blunt ends was done with Fast-Link™ DNA Ligation and Screening
Kits (Epicentre Technologies). The reaction conditions were as follows:
1.5 µl 10X Fast-Link Ligation Buffer, 0.75 µl 10 mM ATP, 3 µl vector DNA, 5 µl insert DNA
(Vector DNA: inserted DNA in moles = 1:5) or 5 µl sterile water as control, 3.75 µl sterile water
and 1 µl Fast-Link DNA Ligase (2 U) for 15 µl of total reaction volume.
The reaction mixture was incubated at room temperature for 15 minutes. The Fast-Link DNA
ligase was inactivated at 70ºC for 15 minutes. The reaction mixture was briefly centrifuged.

4.2.1.6. Extraction of DNA with Phenol-Chloroform
Phenol-chloroform extraction is a common technique used to purify a DNA sample from protein
contamination.
An equal volume of phenol-chloroform was added to the DNA sample contained in a 1.5-ml
microcentrifuge tub. The mixture was vortexed vigorously for 15-30 seconds until an emulsion
formed and centrifuged (14000 rpm) at room temperature for 5 minutes to separate the phases.
About 90% of the upper, aqueous layer were removed to a clean tube, carefully avoiding the
protein precipitates of the aqueous: phenol interface. At this stage, the aqueous phase could be
extracted a second time with an equal volume of phenol-chloroform, but this additional extraction
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usually was not necessary if care was taken during the first phenol extraction. After the extraction
was repeated, the DNA was concentrated by ethanol precipitation.

4.2.1.7. DNA Precipitation with Ethanol
Most nucleic acids may be precipitated by addition of monovalent cations, recovered by
centrifugation and dissolved in an appropriate buffer at a desired concentration.
2.5 volumes of ethanol and 1/10 volume 3 M sodium acetate were added to the DNA sample
contained in a 1.5 ml microcentrifuge tube. The mixture was inverted several times and incubated
in an ice-water bath for at least 10 minutes. It is possible to place the sample at -20°C overnight at
this stage. The mixture was centrifuged at 4°C, 12,000 rpm for 15 minutes and the supernatant was
decanted by inverting the tube on a paper towel. 70% ethanol (corresponding to about two
volumes of the original sample) was added, the mixture was incubated at room temperature for 510 minutes and centrifuged again for 10 minutes. The supernatant was decanted as above. The
DNA pellet was dried in a Savant Speed-Vac and dissolved in 10 mM Tris-HCl, pH 7.6-8.0, 0.1
mM EDTA (termed 10:0.1 TE buffer).

4.2.1.8. Agarose Gel Electrophoresis
Agarose gel electrophoresis is employed for example to check the progression of a restriction
enzyme digestion, as well as to quickly determine the yield and purity of DNA isolations or PCR
reactions. Electrophoresis is used to separate molecules based on their size and charge. DNA has a
negative charge in an appropriate buffer solution, so it migrates to the positive pole in an electric
field. In an agarose gel electrophoresis, the DNA is forced to move through a sieve of molecular
proportion that is made of agarose. The result is that the large pieces of DNA move slower than
small pieces of DNA. Ethidium bromide is included in the gel matrix to enable fluorescent
visualization of the DNA fragments under UV light (?=302 nm). Ethidium bromide molecules
intercalate into double stands of DNA and emit orange fluorescence light (?=590 nm) upon
excitation by UV light.
Dried agarose was dissolved in the appropriate volume of 1 x TBE (or 1 x TAE) buffer by heating
and 1/10000 volume of ethidium bromide (10 mg/ml) was added to the warm gel solution (60°C).
Then the gel was poured into a mold, which was fitted with a well-forming comb. The percentage
of agarose in the gel could vary. 0.5% to 2.5% agarose gels were prepared, depending on the
expected size of the DNA fragments to be separated.

The agarose gel was submerged in

electrophoresis buffer within a horizontal electrophoresis apparatus. The DNA samples were
mixed with loading buffer and loaded into the sample wells.
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Electrophoresis usually was

performed at 1-5 V/cm at room temperature, depending on the desired separation. Size markers
were also loaded with DNA samples to aid in fragment size determination. Two types of size
markers were used, 1-kb ladder markers (Pharmacia) and 100 bp-ladder markers (GibcoBRL).
After electrophoresis, the gel was placed on an UV light box and pictures of the fluorescent
ethidium bromide-stained DNA separation pattern were taken with a video camera.

4.2.1.9. Elution of DNA Fragments from Agarose Gels
The QIAquick (Qiagen) purification procedure removes primers, nucleotides, enzymes, mineral oil,
salts, agarose, polyacrylamide, ethidium bromide, dyes, detergents and other impurities from DNA
samples.
The QIAquick system uses a simple bind-wash-elute procedure. DNA fragments were purified
using low-melting temperature agarose gels and the band of interest was excised with a scalpel
under UV illumination. The gel slices were mixed with the appropriate binding buffer and then
applied to the spin columns where the DNA bound to the silica-gel membrane. The impurities
were washed away and the pure DNA was eluted in a small volume of the low-salt elution buffer.
The purified DNA was ready for use in any subsequent application (Modified from Qiagen gel
extraction kits).

4.2.1.10. Polymerase-Chain-Reaction (PCR)
PCR is an in vitro technique for the amplification of a region of DNA that lies between two regions
of known sequence (Mullis et al., 1986). PCR amplification is achieved by using oligonucleotide
primers complementary to the outer regions of the known sequence. The denatured strands of the
large DNA fragment serve as the template. This results in the synthesis of new DNA strands,
which are complementary to the parent template strands. The oligonucleotide directed synthesis of
daughter DNA strands can be repeated. Template denaturation, primer annealing and primer
extensions comprise a single "cycle" in the PCR amplification methodology.
The ExpandTM High Fidelity PCR System (Boehringer) is especially optimized to amplify most
efficiently DNA fragments up to 5 kb and designed to give PCR products with high fidelity
because of the thermostable Taq DNA and Pwo DNA Polymerase.
Two master mixes were set up as follows: 49 µl master mix 1 were pipetted together on ice as
follows: 8 µl 2.5 mM dNTP mixture, 3 µl forward and reverse primers (10 pmol/l) respectively, 35
µl ddH2O. 50 µl master mix 2 were pipetted together on ice as stated: 10 µl 10 x Expand HF buffer
with 15 mM MgCL2, 0.75 µl (2.6 U) Expand and High Fidelity system enzyme mix, 39.25 µl
ddH2O. The master mixes 1 and 2 were mixed well in a thin-walled PCR tube. 1 µl template DNA
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was added. Samples were placed in a Perkin Elmer GenAmp 9700. Thermocycler and PCR was
performed with the following conditions: Denaturation at 94°C for 15s, annealing at 62°C for 30 s,
elongation at 72°C for 1 min 30 s, elongation time was increased by 1s for each cycle. After 35
cycles, the reaction was held at 72°C for 7 min to increase the yield of completely elongated
products.

4.2.1.11. Cycle-Sequencing
The sequences of PCR products and plasmids are obtained by the cycle sequencing method
(Rosenthal and Charnock-Jones, 1992) with a ABI PRISM Big Dye terminator cycle sequencing
ready reaction kit (PE Biosystems). In the ready reaction format, thermally stable AmpliTaq DNA
polymerase, modified deoxynuleoside triphosphates (dNTP) and a set of dye terminators labeled
with high-sensitivity dyes are provided.

Once a sequence-specific primer is designed, the

sequencing can be carried out using this kit.
The cycle-sequencing reaction system was set up as follows: 1 µl template DNA (Less than 1 µg),
6 µl terminator ready reaction mix; 1 µl (5 pmol/µl) primer; 12 µl ddH2O, 20 µl total volume in a
thin-wall tube. The cycle sequencing was performed in the GeneAmp PCR systems 9700 (Perkin
Elmer).
The sequencing program was as follows: 96°C for 2 minutes, 25 cycles with: 96°C for 10 seconds,
50°C for 5 seconds, 60°C for 4 minutes.
The reaction mixture was transferred to a microcentrifuge tube, 2µl 3M sodium acetate (pH 4.6)
and 55µl 100% ethanol were added. The solution was kept at room temperature for 15 minutes and
centrifuged at 14000 rpm for 20 minutes. The supernatants were discarded, 150 µl 70% ethanol
were added, the mixture was centrifuged at full speed for 10 minutes, the 70% ethanol washing was
repeated once, then the DNA pellet was dried in a vacuum centrifuge for 15 minutes. Capillary
electrophoresis and data collections were performed on the ABI PRISM 310 Genetic Analyzer (PE
Biosystems).

4.2.1.12. Transfection

4.2.1.12.1. Transient Transfection of 293 and 293T Cells Mediated by Superfect Transfection
Reagent
The SuperFect reagent (Qiagen) consists of activated-dendrimer molecules with a defined spherical
architecture. Branches radiate from a central core and terminate at charged amino groups that can
then interact with negatively charged phosphate groups of nucleic acids. SuperFect reagent
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assembles DNA into compact structures, optimizing entry of DNA into cells. Once inside the cell,
SuperFect reagent buffers lysosomes after fusion with the endosomes, leading to pH inhibition of
lysosomal nucleases and stability of SuperFect–DNA complexes.

Due to highly controlled

chemical synthesis the activated-dendrimer molecules in the SuperFect reagent have a precise size
and a defined shape. This ensures consistent transfection complex formation and reproducibility in
transfection.
The day before transfection, 1 x 105 or 4 x 105 cells / well were seeded with appropriate growth
media in 24-well or 6-well dishes (Falcon) and incubated at 37°C, 7.5% CO2 overnight. 1 or 2 µg
of DNA were diluted in cell growth media containing no serum, proteins or antibiotics to a total
volume of 60 or 100 µl. 5 or 10 µl of SuperFect transfection reagent were added to the DNA
solution, the SuperFect reaction mixture was vortexed for 10 seconds and incubated for 10 min at
room temperature to allow complex formation. The media were discarded from the dish, 0.35 or
0.70 ml of cell growth media / well were supplied to the SuperFect reaction tube, the total solution
was pipetted up and down twice, and immediately transferred to the cells.

Incubation was

overnight at 37°C, 7.5% CO2. After incubation overnight, the media containing the remaining
complexes were removed from the cells by gentle aspiration, fresh cell growth media were added.
The cells were harvested and assayed for gene expression after 48 hours of incubation.
For the extrachromosomal V(D)J recombination assay, the V(D)J recombination substrate
pGG123, pWTRAG1 and pWTRAG2 were co-transfected into cells to mimic the process of V(D)J
recombination, substrate and pWTRAG1 were co-transfected as a negative control. The optimized
dosages of different components were as follows (6-well dish):
pGG123+pWTRAG1+pWTRAG2+PCDM.8

pGG123+pWTRAG1+pCDM.8

1.28 µg

0.28 µg

0.24µg

0.4 µg

0.08 µg

0.24µg

0.48µg

For the In vivo V(D)J recombination assay, the V(D)J recombination substrate pE19HK,
pWTRAG1 and pWTRAG2 were co-transfected into cells to mimic the process of V(D)J
recombination. The substrate and pWTRAG1 were co-transfected as a negative control. The
optimized dosages of different components were as shown (24-well dish):
pE19HK+ pWTRAG1+ pWTRAG2+ pCDM.8

pE19HK+ pWTRAG1+ pCDM.8

0.4 µg

0.4 µg

0.12 µg

0.2 µg

0.28 µg

0.12µg

0.48 µg

4.2.1.12.2. Transient Transfection of 293 and 293T Cells Mediated by Calcium Phosphate
Calcium phosphate mediates DNA coprecipitation for the transfer of foreign DNA into cells. The
appearance of calcium phosphate crystals strongly depends on the pH and the total amount of DNA
(Graham and van der Eb, 1973).
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The day before the transfection, 4 x 105 cells / well were seeded in 6-well dishes to reach 50% to
70% confluence before transfection. 3 to 8 hours before transfection, the media were replaced with
3 ml of DMEM containing 10% FCS. 5 µg plasmid DNA and 300 µl of 1 x transfection buffer
were added to a 4-ml polystyrene tube. While vortexing (not too vigorously) the tube, 43 µl of 1 M
aqueous CaCl2 were added. The mixture was incubated at 20ºC under the laminar air flow cabinet
for 30 minutes. Afterwards, the mixture was added to the cultured cells. As a result, the media
will turn a little yellowish.

The cells were incubated overnight at 37ºC, 7.5 % CO2.

The

transfection media were replaced with 3 ml of DMEM containing 10% FCS. The cells were
harvested and assayed for gene expression after 48 hours of incubation.

4.2.1.12.3. Transient Transfection by Electroporation
Electroporation is a physical process that transiently permeabilizes prokaryotic and eukaryotic cell
membranes with an electrical pulse, permitting cell uptake of a variety of biological molecules.
The Gene pulser II system (BIO-RAD) was applied for our studies. The delivered pulse is
characterized by two pulse parameters, the field strength (KV/cm) and the time constant (t ). The
field strength is set by the voltage (KV) that is pulsed across the cuvette gap (cm), while the time
constant is determined by the resistance and capacitance in the complete circuit.

The

electroporation must be optimized for each cell type since the pulse must disrupt the membrane of
cells which differ in diameter, in membrane composition and in the medium needed to support
membrane integrity during electroporation.
The cells were routinely subdivided 24 hours prior to electroporation to make sure that the cells at
harvest are in the log growth-phase. 3 x 106 cells were collected for each sample by centrifugation
(1000 rpm) and the media were replaced with fresh growth media (4 ml/sample) 6 to 8 hours prior
to electroporation. The cells were incubated at 37°C, 7.5 % CO2 until the media were slightly
yellowish. The transfection buffer was prepared as follows: PBS: PB-sucrose (1:1) was kept on
ice. The cells were centrifuged (1000 rpm) for 10 min. The media were discarded completely,
then the cells were resuspended in PBS: PB-sucrose (3 x106 cells / 0.4 ml). 0.4 ml cell suspension
was transferred into 4-ml polystyrene tubes which contained 5 µg plasmid. The solution was
vortexed, then the DNA-cell suspension was transferred into 0.4 cm cuvettes (Peqlab). The cells
were electroporated with the Gene pulser II system as follows: Voltage: 380 V; capacitor: 250 µF.
The time constant per sample was recorded. The electroporated cells were left under the laminar
air flow cabinet at room temperature for 10 minutes, then 0.5 ml fresh growth media were added to
the cuvette. The transfected cells were pipetted into a T25 flask which contained 7 ml growth
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medium and they were incubated at 37°C, 7.5 % CO2. The cells were harvested and assayed for
gene expression after 48 hours of incubation.

4.2.1.13. Isolation of Plasmid-DNA from Transfected Eukaryotic Cells
The plasmid DNA was harvested from 2.4 x 106 transfected eukaryotic cells by a modified alkaline
lysis procedure.
The transfected cells were detached, washed and suspended in 100 µl of resuspension solution. An
equal volume of cell lysis solution (0.2 M NaOH, 1% sodium dodecyl sulfate) was added, followed
by 100 µl of neutralization solution (3 M potassium acetate pH 5.5). After incubation at room
temperature for 15 minutes, the lysed cells were centrifuged at 14000 rpm for 10 minutes. The
supernatants were extracted once with an equal volume of phenol-chloroform (1:1); the DNA was
precipitated with 2.5 volumes of ethanol at –70ºC for 10 minutes. The DNA was collected by
centrifugation (14000 rpm) for 10 minutes, washed with 70% ethanol once, air dried for 5 minutes
at room temperature and then dissolved in 50 µl TE buffer pH 8.0.

4.2.2. Protein-Technology

4.2.2.1. Cell Lysates for Western Blots
5 x105 cells were spun down and washed with phosphate buffered saline (PBS). The cells were
resuspended in 300µl lysis buffer with protease inhibitors (3 µl PMSF, 0.3 µl aprotinin), vortexed
and incubated at room temperature for 5-10 minutes. Afterwards, the cell lysates were centrifuged
(7000 rpm) for 5 minutes. The supernatants were aliquoted and stored at -20°C until required.

4.2.2.2. Measurement of Protein Concentration
The measurement of protein concentrations followed the DC protein assay (Bio-Rad), which is
based on the reaction of protein with an alkaline copper tartrate solution and folin reagent
according to Lowry et al (Lowry et al., 1951)

4.2.2.3. SDS-PAGE Electrophoresis
Denatured polypeptides bind SDS and the polypeptides become negatively charged. The SDS
treated proteins tend to have identical charge-to-mass ratios and similar shapes. Consequently,
electrophoresis of proteins in a SDS-containing gel allows separation based on their molecular
masses because of gel filtration effects. The relative mobility of proteins on such gels is linear with
the logarithm of their molecular masses (Laemmli et al., 1970).
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Appropriate separating and stacking gels were prepared and polymerized completely at room
temperature (normally for 1 hour). The samples were prepared by mixing equal parts of the
samples with 2X sample dye (Supplementing the 10% remaining volume with ß-mercaptoethanol
prior to use) and heated at 95°C for 5 minutes. The samples were loaded to the bottom of the
sample-wells with a micropipette. The gels were mounted in the electrophoresis apparatus. The
gels were run at 10 mA constant current overnight at 4°C until the tracking dye reached the bottom
of the separating gel layer. The gel apparatus was disassembled and the glass sandwich containing
the gel was removed. The gels were transferred into an appropriate container filled with either
transfer buffer for western blots or staining solution.

4.2.2.4. Coomasie Blue Staining of Protein Gels
A protein gel was placed in at least 10 volumes of Coomasie Blue staining solution for 2-4 hours
and rocked gently to distribute the dye evenly over the gel. At the conclusion of the staining, the
gel was washed with several changes of water. The gel was placed into a solution of Coomasie
Blue destaining solution for at least 1 hour. If the background was still deeply stained at the end of
the hour, the gel was moved to fresh Coomasie Blue destaining solution as often as necessary. The
gel was dried onto Whatman paper at 80ºC for 1 hour.

4.2.2.5. Western Blots
The proteins were transferred to a PVDF membrane (Millopore) using a semi-dry transfer
apparatus (Pharmacia) by the Western Blot procedure (Burnette, 1981). The pre-stained molecular
weight (MW) standards served as indication for a successful transfer. Prior to blotting, the stacking
gel was equilibrated in transfer buffer for 15 minutes. Three pieces of filter paper (wetted in
transfer buffer) were placed on the anode plate of the blotter. The gel was placed on top of the
transfer membrane that was previously soaked in methanol for several seconds, followed by
cleaning in water for 30 seconds and transfer buffer for 5 minutes. Three pieces of wetted filter
paper were placed on top of the gel. Air bubbles were rolled out with a clean plastic test tube. This
sandwich was blotted at a constant current (1.0 mA per cm2 of gel area) for 60 minutes. The
transfer membrane was removed and the upper left corner of the membrane was cut to mark the
orientation of the gel.
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4.2.2.6. Immunostaining Procedure
The unoccupied protein binding sites on the membranes were saturated with blocking buffer. For
that purpose, the transferred membrane was incubated on a rocker/shaker at room temperature for 1
hour.
The blocking solution was poured off and the membrane was incubated in 5 ml of the primary
antibody dilution buffer (1:200-1:2000) on the rocker/shaker at 4°C overnight.

The primary

antibody solution was discarded and the membrane was washed for 5 minutes in 1 x TBST. The
washing was repeated twice. Afterwards, the membrane was incubated in 5 ml of the secondary
antibody dilution buffer (1:2,000) on the rocker/shaker at room temperature for 1 hour followed by
several washes with 1 x TBST.
ECL (Enhanced chemiluminescence) detection is a light emitting non-radioactive method. Light
emission is achieved by performing the oxidation of luminol by the horseradish peroxidase (HRP)
in the presence of chemical enhancers such as phenol. For the preparation of ECL (Amersham)
solution, an equal volume of ECL reagent 1 and 2 (1:1) was mixed to a final volume corresponding
to 0.125 ml/cm2 (for a mini gel 4 ml of each reagent). Excess buffer was removed from the
membrane. The membrane was incubated in ECL solution for 1 minute. The excess of substrate
was drained. The membrane was placed on saran wrap and wrapped completely after the air
bubbles were removed. The membrane was taped inside a film cassette. Films were exposed to the
membrane. It was often necessary to do several different exposures to find out the optimal
exposure time.

4.2.3. Bacterial Technology

4.2.3.1. Transformation of Bacteria
Treatment with DMSO induces a transient state of “competence” in recipient bacteria, during
which the bacteria possess the capacity of taking up foreign DNA (Chung and Miller, 1988).
A bacterial colony was incubated in 5 ml LB medium at 37°C with shaking (225 rpm) overnight
(O/N).

A fresh O/N culture of bacteria (1:100) was diluted into pre-warmed LB broth and

incubated with shaking (225 rpm) to an OD600 of 0.5-0.6. The culture was spun at 3000 rpm, 4°C
for 10 minutes and the supernatant was discarded. The cell pellet was resuspended in 5 ml ice-cold
TSB-medium. For long-term storage, cells were frozen immediately in a dry ice/ethanol bath and
stored at -70°C.

For transformation, a 0.2-ml aliquot of the cells was incubated in a cold

polypropylene tube (Falcon 2059) on ice for 10 minutes. 1 µl (100 pg) plasmid DNA solution was
added to the chilled cells and the cell/DNA suspension was gently mixed. When frozen cells were
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used, cells were thawed slowly on ice and used immediately. The cell/DNA mixture was incubated
for 30-60 min at 4°C. After addition of a 0.9 ml aliquot of TSB and 20 mM glucose, the cells were
incubated at 37°C with shaking (225 rpm) for 45 minutes to 1 hour. Transformants were selected
by plating 100-300 µl transformation mixture on the appropriate antibiotic plates using a sterile
spreader. The plates were incubated overnight at 37°C.
In addition, Epicurian coli XL-2 blue ultracompetent cells (Stratagene) were used.

The

ultracompetent cells were thawed on ice. 100µl ultracompetent cells were aliquoted into a cold
Falcon 2059 tube. 2 µl ß-mercaptoethanol were added to the aliquot, the cells were incubated on
ice for 10 minutes and swirled gently every 2 minutes. 0.1-50 ng of target DNA was added and
swirled gently. The cell/DNA mixture was incubated on ice for 30 minutes, heated-pulsed in a
42°C water bath for 30 seconds and incubated on ice for 2 minutes. After 0.9 ml preheated (37°C)
NZY broth was added, the cell/DNA mixture was incubated at 37°C for 1 hour with shaking at 225
rpm. Transformants were selected as described above.
The PUC 18 plasmid was used as a positive control. The transformation efficiency was calculated
by dividing the number of colonies by the amount of plasmid used (µg).
For the extrachromosomal V(D)J recombination assay, after digestion of the isolated plasmids by
DpnI (30 U) at 37°C for 2 h, the digestion mixture was extracted by phenol-chloroform, the DNA
pellets were dissolved in 10 µl TE pH8.0. 5 µl DNA solutions were transformed into 100 µl
ultracompetent E coli XL-2 blue, 100µl transformants were plated onto the ampicillin (100 µg/ml)
and chloramphenicol (100 µg/ml) double-selective plates, while 20 µl transformants were seeded
onto the ampicillin (100 µg/ml) plates.

4.2.3.2. Plasmid Preparation from Bacteria
The isolation of small amounts of DNA (less than 10 µg) can be completed by using the Qiaprep 8
miniprep-kit (Qiagen). E. coli cells containing plasmids are lysed with alkali. The cell debris and
chromosomal DNA are precipitated with SDS and potassium acetate. After precipitating the
debris, the plasmid DNA is applied to the spin columns where the DNA binds to the silica-gel
membrane. Impurities are washed away, and the purified DNA is eluted in a small volume of the
low-salt elution buffer. The expected yields from a 5 ml culture are 5-10 µg for plasmid DNA.
This alkaline lysis method was first described by Birnboim and Doly (Birnboim and Doly, 1979).
In addition, the recovery of highly purified recombinant plasmid DNA was carried out by a CsCl2
gradient centrifugation.
A single bacterial colony was picked and incubated into 5-ml medium (BHI- or LB-medium with
appropriate antibiotics) at 37°C with shaking (225 rpm) overnight. An overnight culture of the
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desired plasmid-containing bacteria was inoculated in 500 ml BHI-medium containing the
appropriate antibiotic (for ampicillin a final concentration of 100 µg/ml) at 37ºC for 16-20 hours.
The cells were centrifuged at 5000 rpm for 15 minutes at 4ºC. The supernatant was decanted. The
pellets were resuspended by pipetting in 20 ml solution I at 4ºC. The bacterial solution achieved
uniform consistence before continuing. After adding 20 ml of solution II, the mixture was swirled
gently and incubated at room temperature for 5 minutes. Following the addition of 20 ml ice-cold
solution III, the mixture was swirled gently but thoroughly and incubated on ice for 15 minutes.
The lysate was spun at 5000 rpm for 30 minutes at 4ºC and the supernatant was decanted into
another centrifuge bottle using a kimwipe filter to avoid transfer of the pellet. The supernatant was
mixed with 35 ml isopropanol and kept on ice for 10 minutes. The mixture was spun at 5000 rpm
for 10 minutes and the supernatant was discarded. The DNA pellets were washed with 70%
ethanol once, dried at room temperature for 5 minutes and dissolved in 10 ml ddH2O with 11.5 g
cesium chloride and 1 ml EB solution (5 mg/ml).

The DNA/CSCl2/EB mixture was

ultracentrifuged with the Ti50 rotor (Beckmann) at 40000 rpm, 25ºC for 48 hours. The plasmid/
CSCl2/EB-band was slowly drawn off by a syringe with a large needle. The DNA/CSCl2/EB
mixture was mixed well with an equal volume of autoclaved ddH2O and 2-3 volumes of –20ºC
chilled 100% ethanol, and immediately centrifuged at 5000 rpm for 30 minutes at 4ºC. The
supernatant was discarded. The DNA pellets were rinsed briefly with 70% ethanol, air dried at
room temperature, resuspended in 200 µl TE pH 8.0, quantified on the spectrophotometer and
verified by digestion with an appropriate restriction enzyme. If contaminated with RNA, the DNA
solution was treated with RNase and then extracted with phenol/ chloroform.
As an alternative, the Qiagen plasmid Maxi-kits was used for large scales plasmid isolation with
high quality.

4.2.3.3. Preservation of Bacteria
5 ml bacteria cultures were incubated in appropriate media with antibiotics at 37°C, with shaking at
225 rpm overnight. 800 µl bacteria cultures were mixed with 200 µl glycerol, swirled well and
stored at –80°C.

4.2.4. Cell Culture Methods

4.2.4.1. Culture of 293 and 293T Cells
Adherent 293 cells were maintained in Dulbecco’s modified Eagle’s media (DMEM) (GibcoBRL),
with 10% fetal calf serum (FCS), 1 x glutamine (GibcoBRL) and incubated at 37°C, 7.5% CO2.
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Every third day, the cells were washed carefully with 5 ml 1 x PBS (without Ca2+ and Mg2+).
Afterwards, the cells were incubated in 0.5 ml 1 x PBS (without Ca2+ and Mg2+) at room
temperature until the cells began to detach. The detached cells were supplied with 4.5 ml of fresh
293 growth medium and suspended by pipetting. Usually the cells were passaged with a 1:10
medium-dilution.
In addition, the 293T cells were cultured in DMEM, supplemented with 10 % FCS, 1 x glutamine,
1 x penicillin-streptomycin (GibcoBRL) (option) and incubated at 37°C, 7.5% CO2. Every third
day, the cells were passaged with a 1:10 medium-dilution as stated above.

4.2.4.2. Recovery and Preservation of Cells
Cell aliquots were preserved in liquid nitrogen (-196°C). The cell aliquots were removed from
liquid nitrogen, thawed, transferred to a 15-ml tube filled with 14 ml PBS and centrifuged at 1000
rpm for 10 minutes. The supernatant was removed completely and the cells were transferred into a
T25 flask filled with 7 ml growth medium and incubated at 37°C, 7.5% CO2.
Before freezing the cells, the cells were counted and 1 x 106 to 1 x 107 viable cells per vial were
used for storage. The corresponding dilutions of cells were centrifuged at 1000 rpm for 10 minutes
and the supernatant was discarded as completely as possible. The cells were resuspended in 1 ml
of ice-cold freezing medium (10% DMSO/ 10% FCS/ DMEM) and transferred to a cryotube,
which was wrapped with a plastic foil. The cells were frozen first at -80°C overnight, and then
transferred to liquid nitrogen.

4.2.5. Identification of Replicated Plasmids in 293 or 293T Cells
293T cells can produce large T antigen while 293 cells don’t. If plasmids that contain the SV40
replication origin are transfected into 293T cells, these plasmids can replicate.

During this

procedure the eukayrotically replicated plasmids lose their prokayrotic dam methylation pattern
and as consequence get resistant to the dam methylation-dependent endonuclease, DpnI. When
replicated plasmids after DpnI digestion are transformed into bacteria, the number of transformants
can be used to calculate the efficiency of replication mediated by large T antigen.
The day before transfection, 4 x 105 293 or 293T cells / wells were seeded in 6-well dishes. 2 µg
DNA (pEGFP-C1) containing solutions were transfected into cells using the Superfect transfection
reagent (Qiagen). 48 hours after transfection, the shuttle plasmids were harvested from transfected
cells by alkaline lysis and the plasmid DNA pellets were dissolved into 50 µl TE pH 8.0. The
isolated plasmids were digested with DpnI. The reaction mixture was set up as follows: 20 µl
DNA solution, 5 µl 10 x NEB buffer III, 0.5 µl RNase (10 µg/ml), 3 µl (30 U) DpnI or 3 µl ddH2O
54

as control and 21.5 µl ddH2O were added to a final reaction volume of 50 µl. The reaction mixture
was incubated at 37°C for 2 hours, inactivated at 80°C for 20 minutes and extracted with phenolchloroform. The DNA pellets were dissolved into 30 µl TE pH 8.0. 3 µl DNA solutions were
transformed into 100 µl ultracompetent E coli XL2 Blue. 100 µl transformants were plated onto
kanamycin plates (30 µg/ml) (5 µl undigested plasmids were used as a positive control). The plates
were incubated at 37°C overnight when colony numbers were counted.

4.2.6. Identification of Transfected Cells with Capture-Tec Beads
The Capture-Tec ™ Kit (Invitrogen) allows the rapid identification and isolation of transiently
transfected cells within a population of transfected and untransfected cells (Fig. 8).
pHOOK ™ -1 encodes a single-chain antibody (sFv) directed toward the hapten 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (phOx) (Griffiths GM, et al., 1984; Hoogenboom HR, et al.,
1991). The expression of this antibody chain is controlled by the CMV promoter. The signal
peptide from the murine Ig ? -chain V-J2-C region is fused in front of the coding region of the sFv
to direct the antibody to the plasma membrane (Coloma MJ, et al., 1992; Akolkar PN, et al., 1987).
The antibody is fused at the C-terminus to the transmembrane domain of the platelet derived
growth factor receptor (PDGFR), allowing the antibody to be anchored and displayed on the
extracellular side of the plasma membrane (Gronwald et al., 1988) Transfected cells expressing the
sFv can be identified and isolated from whole cultures by using magnetic beads coated with phOx
and a strong magnet. 48 hours after transfection, single-cell suspensions were prepared in PBS/3
mM EDTA. The magnetic beads (1.5 x 106 beads) were washed with cell culture medium in a
microcentrifuge tube. 1 ml cell suspension was added to a tube that contained washed Capture-Tec
™ beads. The cells/beads mixtures were incubated at 37°C on a slow rotator (5-10 revolutions per
minute) for 30 minutes. The behaviors of transfected cells bound to magnetic beads were observed
under the microscope. These transfected cells also can be isolated for analysis.
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Fig. 8: Method to identify the transiently transfected cells with magnetic beads. The transfected
cells express sFv, which can be recognized by phOx conjugated magnetic beads.

4.2.7. Flow Cytometry
Flow cytometry is a method for distinguishing different cell types and for quantitating structural
features of cells primarily by optical means. Cells in single cell suspensions are passed single-file
through a laser beam by continuous flow of a fine stream of the suspension. FACSort (Beckton
Dickinson immunocytometer system) utilizes a 488 nm argon-ion laser as an energy source for
excitation. Three optical filters are applied: FL1, 530 nm/30 nm; FL2, 585 nm/42 nm; FL3, 650
nm LP. Flow rates: 12±3 µl/minute to 60±7µl/minute; sort rates: Maximum 300 cells/second.
FACS parameters for 293 and 293T cells are shown:
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1. Detectors/Amps:
Param

Detector

Voltage

AmpGain

Mode

P1

FSC

E-1

4.40

Lin

P2

SSC

330

1.00

Lin

P3

FL1

448

1.00

Log

P4

FL2

350

1.00

Log

P5

FL3

411

1.00

Log

2. Threshold:

3. Compensation:
FL1 - 3.9 % FL2

Parameter: FSC

FL2 - 27.2 % FL1
FL2 - 21.7 % FL3

Value :
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FL3 - 22.1 % FL2

48 hours after transfection, 5 x 105 cells were harvested, washed with PBS once, resuspended in
50µl anti-HA-Biotin (1:100 dilution) and incubated on ice for 30 minutes. The cells were washed
with 0.5 ml washing solution and centrifuged at 2600rpm for 10 minutes. The supernatant was
discarded. The cells were resuspended in 50 µl B-PE-Streptavidin solution (1:50 dilution) and
incubated on ice for 30 minutes (in the dark). The cells were washed with washing solution again,
resuspended in 0.5 ml washing solution and kept on ice until detection. Before FACS detection 5
µl 7-AAD stock solution (1 mg/ml) was added to the samples.
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5. Results
Co-transfection of the RAG-1 and RAG-2 expression plasmids together with a recombination
substrate into cultured fibroblasts results in recombination of the substrate (Oettinger et al., 1990).
Wild type RAG proteins are capable of rearranging extrachromosomal recombination substrates
generally with higher efficiency than RAG-1 or RAG-2 truncated proteins (Santagata et al., 2000;
Steen et al., 1999). Therefore, we chose wild type RAG-1 and RAG-2 as components for cell lines
without internal expression of RAG proteins to mimic the V(D)J recombination process. The
classical assay used to measure the levels of V(D)J recombination activity and to recover V(D)J
recombination reaction products has been described previously (Hesse et al., 1987). Briefly, the
substrate molecules contain recombination signal sequences (RSSs) as well as genes conferring
antibiotic resistance. After transfection into eukaryotic cells, the substrate DNA is recovered 44 to
48 hours later, and introduced into E.coli by transformation. All plasmid DNA confers ampicillin
resistance (Ampr) on E.coli. Because recombination inverts the transcriptional stop sequence
upstream of a CAT (chloramphenicol acetyl transferase) gene in the plasmid, recombined
molecules also confer chloramphenicol resistance (Camr). The ratio of doubly resistant (Ampr
Camr ) colonies to Ampr colonies reflects the fraction of DNA that has rearranged (Fig. 6).
In this thesis, an inverted EGFP (enhanced green-fluorescent protein) gene is introduced between
two RSSs into a plasmid substrate to generate a novel V(D)J recombination substrate. This V(D)J
recombination plasmid substrate DNA also confers the HA epitope (hemagglutinin A epitope).
This substrate DNA is co-transfected with RAG expression vectors, pWTRAG1/2 into the
eukaryotic cells. 48 hours later, transfected cells are stained with anti-HA-biotin (Boehringer) and
B-phycoerythrin-conjugated streptavidin (Jackson ImmunoResearch Laboratories).

Because

recombination reverses the inverted EGFP gene in the plasmid, recombined molecules express
EGFP. Thus, the ratio of doubly positive signals (EGFP and HA epitope) to signals solely for the
HA epitope reflects the fraction of DNA that has rearranged (Fig. 7). Therefore, introduction of
EGFP and the HA epitope into a V(D)J recombination substrate provides novel possibilities to
observe and analyse positive cells for V(D)J recombination in vivo.
293 cells, a human embryonic kidney cell line, were used as recipients suitable for the in vivo
V(D)J recombination experiments (Pear et al., 1993) because this cell line can be transfected with
artificial substrates with very high efficiency and because it does not express detectable, intrinsic
RAG-1 and RAG-2 proteins. 293T cells are identical to 293 cells except for the expression of
SV40 large T antigen, by which artificial substrates with a SV40 origin of replication can replicate
in these cells. Subsequently, the replication of our respective vectors results in over-expression of
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RAG-1/2 and the V(D)J recombination substrate plasmids in 293T cells as all of them contain the
SV40 origin of replication. Comparison of both 293 cell lines for V(D)J recombination with the
classical and the novel V(D)J recombination assay will help in the understanding of the
mechanisms of V(D)J recombination and comprehension of the characteristics of both V(D)J
recombination assays.

Obviously, it was initially necessary to identify the expression and replication competence
mediated by the SV40 large T antigen in 293T cells.

5.1. Quality Check of 293T SV40 Large T Antigen Expressing Cells

5.1.1. Expression of the SV40 Large T Antigen
When tested by Western blotting the SV40 large T antigen is expressed in 293T cells as compared
to 293 cells. This is indicated by the size of the SV40 large T antigen band in 293T cells with 94
KD, as predicted by databases (Fig. 9). Equal loading of both lanes was confirmed by a nonspecific reaction.

Fig. 9: Control of the expression of the SV40 large T antigen in 293 and 293T cells by Western
blotting. The SV40 large T antigen (94 KD) was expressed in 293T cells as compared to 293 cells.

5.1.2. Confirmation of the Replication Competence of 293T Cells Mediated by the SV40
Large T Antigen
The SV40 large T antigen is an essential component for the replication of plasmids with an SV40
origin of replication. As shown, 293T cells were designed to stably express the SV40 large T
antigen. If plasmids with an SV40 origin are transfected into 293T cells, these plasmids replicate
extrachromosomally. In our case, the pEGFP-C1 plasmid was used as a test plasmid because it
contains an SV40 replication origin. In addition, it confers kanamycin resistance. When the
pEGFP-C1 plasmid is transfected into 293 cells, it cannot replicate owing to the lack of the SV40
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large T antigen in these cells. The pEGFP-C1 plasmid DNA was purified from a dam+ (dam
methylase) bacterial strain. Thus, after transient transfection in 293 cells and re-isolation, the
pEGFP-C1 plasmid could be digested by Dpn I, because Dpn I cleaves only when its recognition
site is methylated (i.e. these plasmids did not replicate and kept the bacterial methylation status).
In contrast, if the same amount of pEGFP-C1 plasmid is transfected into 293T cells in which the
SV40 large T antigen functions, these plasmids replicate, thereby losing the E coli specific
methylation pattern. Subsequently, these plasmids acquire resistance to cleavage by Dpn I. This
difference due to the plasmid replication can be revealed by a following transformation assay.
After transient transfection (Superfect Reagent), the pEGFP-C1 plasmid DNA was harvested from
293 and 293T cells, and was digested by Dpn I. The plasmid was transformed into the E. coli
XL2-Blue strain, and colonies were selected by kanamycin. Many small colonies were observed in
the 293T cell group. Only few colonies were obtained from the 293 cell group. Thus, the majority
of recovered plasmids without replication was digested by Dpn I, only a minority was left after
Dpn I digestion (Fig. 10). If the recovered plasmid DNA was not digested by Dpn I prior to the
transformation, colony numbers were nearly equal in the 293 and 293T cell groups after
transformation. After Dpn I digestion, the colony number observed in 293T cells was 100-150 fold
293 Cells

293T Cells

Fig. 10: The transformation results showed the difference of the replication competence of 293
versus 293T cells mediated by the SV40 large T antigen. A: The LB-Kanamycin agar plate
showed a few transformants, when the pEGFP-C1 plasmid DNA was harvested from transfected
293 cells; B: The LB-Kanamycin agar plate showed a lot of small transformants, when the pEGFPC1 plasmid DNA was harvested from transfected 293T cells. Prior to transformation all recovered
pEGFP-C1 plasmid DNA was digested by Dpn I.
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higher than in 293 cells, this was statistically, significant different (P<0.01) (Tab. 2). These results
together indicate that 293T cells express a replication competent SV40 large T antigen.

Tab. 2: Numbers of transformants showing the different replication competence in 293 and 293T
cells mediated by the SV40 large T antigen
Without Dpn I
digestion
293T Cell

293T Cells
Kanamycinr1
6012
6700
6300

293T cells
Calculated number
15030000
16750000
15750000

293 Cells
Kanamycinr1
6660
6848
6972

293 Cells
Calculated number
16650000
17120000
17430000

Experiment 2

3024
3680
3256

15120000
18400000
16280000

3608
2800
2992

18040000
14000000
14960000

Experiment 3

4400
5520
4800

22000000
27600000
24000000

4820
4080
4860

24100000
20400000
24300000

Kanamycinr2
2824
2204
2615

Calculated number
706000
551000
653750

Kanamycinr2
21
14
20

Calculated number
5250
3500
5000

Experiment 2

1573
1676
1475

393250
419000
368750

7
10
11

1750
2500
2750

Experiment 3

2288
2096
2200

572000
524000
550000

20
28
21

5000
7000
5250

Experiment 1

With Dpn I
digestion
Experiment 1

Kanamycinr1, Kanamycinr2 represent the counted number of transformants; calculated number means the total possible
number of transformants by calculation in the total fraction of harvested pEGFP-C1 plasmid after transfection.

5.1.3. Analysis of the Restriction Enzyme Digestion Pattern of the Plasmids Replicated by
the SV40 Large T Antigen
We wanted to check the gross fidelity of the replication by SV40 large T antigen through
comparing a restriction enzyme digestion pattern of the input plasmid pEGFP-C1 to plasmids
isolated from 293T cells. Seven colonies were randomly picked from LB-Kanamycin agar plates
from 293T cells (Fig. 10B). Plasmid DNA from the 7 colonies was digested into the predicted
3.099 kb, 1.632kb fragments by the enzyme Bsu36I. This pattern was identical to the control,
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pEGFP-C1 plasmid (Fig. 11). This indicated that the 293T cells not only support the replication of
plasmids but also the plasmid structure with high fidelity.

Fig.

11:

Analysis of the restriction enzyme digestion pattern of replicated plasmids.

The

replication was mediated by the SV40 large T antigen in 293T cells. After Bsu36I digestion, the
replicated plasmids showed the same pattern as the original pEGFP-C1 plasmid, the 4.731 bp
bands resulted from an incomplete digestion of the plasmids.

This result indicated that the

plasmids keep their structural integrity during replication.

5.2. In vitro V(D)J Recombination Assay
A V(D)J recombination assay has been employed for evaluating the level of V(D)J recombination
activity in a number of cells derived from lymphoid and non-lymphoid lineages (Hesse et al.,
1987). As this assay requires lysis of the test cells, moreover, since during this test most of the
procedures are carried out in vitro, we call it the in vitro V(D)J recombination assay. The process
of the in vitro V(D)J recombination assay is shown in Fig. 12.
The day before transfection, 293 or 293T cells were seeded. DNA was transfected into cells using
the SuperFect transfection reagent (Qiagen) or electroporation. The V(D)J recombination substrate
pGG123, pWTRAG1 and pWTRAG2 were co-transfected into cells to mimic the process of V(D)J
recombination; the substrate and pWTRAG1 were co-transfected as a negative control. 44 to 48
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hours later, the plasmid DNA was recovered and introduced into E.coli by transformation. All
plasmid DNA confers ampicillin resistance (Ampr) on E.coli. Because recombination inverts the

Fig. 12: Flow chart of the in vitro V(D)J recombination assay
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transcriptional stop sequence upstream of the CAT (chloramphenicol acetyl transferase) gene in the
plasmid, recombinant molecules also confer chloramphenicol resistance (Camr). Thus, the ratio of
doubly resistant (Ampr Camr ) colonies to Ampr colonies reflects the fraction of DNA that has
rearranged.

5.2.1. In vitro V(D)J Recombination Substrate
The plasmid pGG123 is an inversion V(D)J recombination substrate (Prof. Lieber, University of
Southern California).

The features of the vectors are as follows: Two recombination signal

sequences (RSS) were constructed into the pGG123 plasmid. The 5’ RSS (12-mer) is 28 base pairs
in length from bases 74 to 101, the 3’ RSS (23-mer) is 39 base pairs in length from bases 404 to
442. A bacterial transcriptional stop sequence is inserted between the 5’ RSS and the 3’ RSS,
extending from bases 170 to 375. The chloramphenicol acetyl transferase (CAT) open reading
frame is located downstream of the 3’ RSS from bases 498 to 1157 and its expression is inhibited
by the bacterial transcriptional stop signal. The CAT gene can be activated by inversion of the
intervening double strand DNA between the 5’ and 3’ RSS which results in the dysfunction of the
bacterial transcription stop signal during the V(D)J recombination process. Besides the CAT gene,
there is another prokaryotic selection marker- the ampicillin resistance gene (bases 9841 to 8981)
which is constitutively expressed. In addition, the SV40 origin of replication extends from base
8601 to 8524. The SV40 large T antigen open reading frame locates from bases 8486 to 6014.
Thereby, this kind of plasmid can replicate in transfected eukaryotic cells. The structural map of
pGG123 plasmid is as indicated in Fig. 13 and the quality of the pGG123 plasmid was confirmed
by restriction enzyme digestions.
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A

B

Fig. 13: A. The structural map of the inversion V(D)J recombination substrate, pGG123. B.
Restriction enzyme digestion analysis of the inversion V(D)J recombination substrate, pGG123.
When pGG123 was digested by Spe I, a linear fragment (10.049Kb) was generated. For Xmn I,
pGG123 was digested into 3.289 kb and 6.760 kb fragments. Hpa I digestion of pGG123 revealed
1.067 kb, 3.035 kb and 5.947 Kb fragments. Hind III digestion of pGG123 generated 0.526 kb,
1.169 kb, 3.150 kb, and 5.204 kb fragments. All bands confirm to their predicted sizes.
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5.2.2. Time Course of RAG-1 and SV40 Large T Antigen Expression in 293 and 293T Cells
(In vitro V(D)J Recombination Assay)
In order to monitor the expression level of RAG-1 and SV40 large T antigen and to gain insight

Fig. 14: Expression of RAG-1 protein and SV40 large T antigen in 293 and 293T cells at different
time points after transient transfection. The membranes were incubated seperately with mouse
anti-human RAG-1, anti-HA-biotin and anti-SV40 large T antigen, respectively and each time with
the corresponding goat anti-mouse IgG-HRP conjugate or streptavidin-HRP conjugate. Films were
developed after each incubation by ECL detection. The upper parts indicate the exposure of films
after three antibody incubations, the lower parts showed the exposure of the films only after antihuman RAG-1 antibody incubation. The membranes were not stripped after the incubations in
order to observe the RAG-1 and SV40 large T antigen expression in one film. Expression of RAG1 and SV40 large T antigen was detected in 293 and 293T cells at (6), 12, 24, 48, 72 hours after
transient transfection with plasmid pGG123 and pWTRAG1/2.
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into the time course of their expression, we performed Western blotting at different time points
after transient transfection of the respective expression vectors (Fig. 14). The plasmid substrate
(pGG123) and pWTRAG1/2 were co-transfected into 293 and 293T cells respectively and the
proteins were harvested at the indicated time points. The pEFBPOLY transfected 293 cells served
as a negative control for RAG-1 and the SV40 large T antigen expression (Fig. 14A/B lane 1 and
2). The pEFBPOLY transfected 293 and 293T cells served as a negative control for RAG-1 and a
positive control for the SV40 large T antigen expression (Fig. 14A lane 2 or Fig. 14B lane 1).
Both 293 and 293T cells, which were transfected with the substrate plasmid (pGG123) and
pWTRAG1 served as positive controls for RAG-1 and the SV40 large T antigen expression (48
hours after transfection) (Fig. 14A lane 3 or Fig. 14B lane 3). Equal loading of each lane was
confirmed by the detection of a non-specific band.
In 293 cells, the RAG-1 and SV40 large T antigen started to be clearly expressed at 12 hours after
transfection. The estimated amount of RGA-1 expression increased about 2-3 fold up to 48-72
hours. The amount of stained SV40 large T antigen increased only slightly between 12-72 hours.
In 293T cells, the SV40 large T antigen was detected in a high and equal amount at all time points,
while RAG-1 was started to be expressed at 6 hours after transfection. The estimated amount of
RGA-1 expression increased about 3-5 fold up to 48-72 hours, most likely due to an increased
pWTRAG1 copy number caused by ongoing replication of the RAG-1 expression vector. We
concluded that in 293 and 293T cells RAG-1 expression apparently increases with time. The
amount of SV40 large T antigen produced with time seems to support plasmid replication in such a
way that an increase in copy number of plasmid pWTRAG1 may allow a higher steady-state level
of RAG-1 expression.

5.2.3. Evaluation of the V(D)J Recombination Efficiency in Different Cell Lines by the in
vitro V(D)J Recombination Assay
The in vitro V(D)J recombination assay was employed to evaluate the efficiency of V(D)J
recombination in 293 and 293T cells. The substrate molecule (pGG123) contains recombination
signal sequences (RSSs) as well as a gene conferring antibiotic resistance after V(D)J
recombination. The substrate DNA transfected into the eukaryotic cells, is recovered 48 hours
later, and introduced into E.coli by transformation. All plasmid substrate DNAs bear ampicillin
resistance (Ampr). Because recombination inverts the transcriptional stop sequence upstream of
the CAT (chloramphenicol acetyl transferase) gene in the plasmid, recombinant molecules also
confer chloramphenicol resistance (Camr). The ratio of doubly resistant (Ampr Camr ) colonies to
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Tab. 3:

Analysis of the efficiency of V(D)J recombination in 293 and 293T cells by in vitro
V(D)J recombination assay

Calculation of the true efficiency of V(D)J recombination : Ampr Camr colonies /Ampr colonies x
100% x Fidelity (%) *
SF
293
Exp 1
Exp 2
Exp3
Exp 4
Exp 5
Exp 6
Exp 7

Counted
Ampr1
Plasmids
pWTRAG1/2 700

Calculated
Ampr2
140000

Counted
AmprCamr3
5

Calculated
AmprCamr4
200

AmprCamr4/ Fidelity
Ampr2 (%)
(%)
0,143
100

pWTRAG1

147600

0

0

0

0

pWTRAG1/2 512
pWTRAG1 736
pWTRAG1/2 150
pWTRAG1 191
pWTRAG1/2 1168
pWTRAG1 367
pWTRAG1/2 1124
pWTRAG1 392
pWTRAG1/2 200
pWTRAG1 34
pWTRAG1/2 201
pWTRAG1 31

738

102400
147200
30000
38200
233600
73400
224800
76400
40000
6800
40200
6200

5
0
1
0
10
0
9
0
1
0
1
0

200
0
40
0
400
0
360
0
40
0
40
0

0,195
0
0,133
0
0,171
0
0,16
0
0,100
0
0,100
0

80
0
100
0
80
0
81,8
0
100
0
100
0

pWTRAG1/2 760
pWTRAG1 149
pWTRAG1/2 1020
pWTRAG1 736
pWTRAG1/2 582
pWTRAG1 96
pWTRAG1/2 562
pWTRAG1 86

152000
29800
204000
147200
116400
19200
112400
19200

15
0
15
0
1
0
7
0

600
0
600
0
40
0
280
0

0,395
0
0,294
0
0,034
0
0,249
0

0
0
0
0
100
0
0
0

pWTRAG1/2 135
pWTRAG1 34
pWTRAG1/2 111
pWTRAG1 35
pWTRAG1/2 80
pWTRAG1 127
pWTRAG1/2 70
pWTRAG1 160
pWTRAG1/2 137
pWTRAG1 165
pWTRAG1/2 104
pWTRAG1 189

27000
6800
22200
7000
16000
25400
14000
32000
27400
30000
20800
37800

1
0
0
0
1
0
0
0
3
0
0
0

40
0
0
0
40
0
0
0
120
0
0
0

0,148
0
0
0
0,250
0
0
0
0,438
0
0
0

100
0
0
0
100
0
0
0
100
0
0

SF
293T
Exp 1
Exp 2
Exp 3
Exp 4

Elpor
293
Exp 1
Exp 2
Exp 3
Exp 4
Exp 5
Exp 6

Ampr1

The counted number of ampicillin-resistant colonies

Ampr2

The calculated number of ampicillin-resistant colonies reflects the total harvested plasmid substrates

AmprCamr3

The counted number of ampicillin- and chloramphenicol resistant colonies

AmprCamr4

The calculated number of ampicillin and chloramphenicol resistant colonies reflects the total substrates with
inversional V(D)J recombination

SF

SuperFect transfection (Qiagen);

Elpor

*The fidelity was confirmed as shown in paragraph 5.2.4 and 5.2.5.
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Electroporation

Ampr colonies reflect the fraction of DNA that is rearranged at the RSSs. The fidelity of V(D)J
recombination was tested as outlined in paragraph 5.2.4. and 5.2.5.
Those V(D) recombination plasmid substrates with a correct, complete inversion were used for the
calculation of the true V(D)J recombination efficiency. The 293 and 293T cells, which were
transfected with plasmid substrate (pGG123) and pWTRAG1 alone served as negative control
because without participation of RAG-2, V(D)J recombination cannot be executed.

In 7

independent experiments with the pGG123 inversional substrate and pWTRAG1/2 (Superfect
transfection), 293 cells showed a true V(D)J recombination efficiency of 0.1% - 0.16% (Tab. 3).
The assay was not reliable when the plasmids were co-transfected by electroporation, since only
50% of the experiments yielded V(D)J recombinants.

This was due most likely to a lower

transfection efficiency. When counting only the 3 positive electroporation experiments, the true
V(D)J recombination efficiency in 293 cells was between 0.15% to 0.44% (P >0.05: statistically
not significantly different compared to the experiment with Superfect transfection). Surprisingly,
when we performed Superfect transfection of all the plasmids into the SV40 large T antigen
expressing 293T cells, we obtained equal or higher numbers of AmpRCamR recombinants (Tab. 3).
Yet, most of these AmpRCamR plasmids either were false positives (regrowth not possible) or had a
low V(D)J recombination fidelity. Thus, the true V(D)J recombination efficiency was close to
zero. We conclude that the V(D)J inversional recombination can be faithfully repeated in 293 cells
after Superfect transfection, yet 293T cells appear not suitable in this assay in our hands.

5.2.4. Fidelity Analysis of the Inversional V(D)J Recombination Revealed by ApaLI
Restriction Enzyme Digestion of the Recombined pGG123 Substrates
After inversional V(D)J recombination the inverted 5’RSS will be joined to the 3’RSS, creating a
new recognition site for the ApaLI restriction enzyme (G?TGCAC) in the in vitro V(D)J
recombination substrate molecule pGG123 (Fig. 15A). The recombined molecule will generate
four fragments by complete ApaLI restriction enzyme digestion: 4.315kb, 2.697kb, 2.305kb and
0.732kb, respectively. The original in vitro V(D)J recombination substrate can be digested only
into 3 fragments of 4.315kb, 3.037kb and 2.697kb. The fragment patterns on agarose gels after
complete ApaLI restriction enzyme digestion can be used to distinguish the structure between the
recombined and original V(D)J recombination substrates. As an example, plasmid DNAs from 6
colonies, which were obtained by the in vitro V(D)J recombination assay, were cleaved by ApaLI
and analyzed on an agarose gel. All 6 colonies were recombined in vitro V(D)J recombination
substrates and had generated, ApaLI cleavable signal joints without loss or addition of nucleotides
(Fig. 15B).
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Fig. 15: Identification of the recombined in vitro V(D)J recombination pGG123 substrates by
ApaLI restriction enzyme digestion. The original inversional plasmid substrate pGG123 was used
as a control for the ApaLI restriction enzyme digestion.

5.2.5. Sequences of the in vitro V(D)J Recombination Substrates after V(D)J Recombination
Through analysis of the ApaLI restriction enzyme digestion, the recombined molecules were
distinguishable from the original in vitro V(D)J recombination plasmid substrate. However, to
obtain more details about the recombined molecules, we sequenced isolated plasmids at the signal
and coding joints (Tab. 4).
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Tab. 4: Substrate-sequences of coding and signal joints after V(D)J recombination
pGG123 Plasmid
5'RSS

3'RSS

GCTGCAGGTCGACCACAGT

GAGAGGATCCCACAGTG

Coding end

Coding end3'Heptamer

5’Heptamer

Complete Inversion
Coding joint

Signal joint

GCTGCAGGTCGACGGATCCTCTC
Coding end

Coding end

293 SF
Sequence
Sequence
Sequence
Sequence
Sequence
Sequence

CACTGTGCACAGTG
5’Heptamer3’Heptamer

Inversional Recombinants
1
2
3
4
5
6

(1)*
(2)
(1)
(1)
(4)
(7)

GCTGCAGGTCGAC•GATCCTCTC
GCTGCAGGTC•••GGATCCTCTC
GCTGCAGGTCG•••••••CTCTC
GCTGCAG••••••GGATCCTCTC
GCTGCA•••••••GGATCCTCTC
GCTGCAGGTC••••GATCCTCTC

CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG

(1)
(1)
(1)
(1)
(1)

GCTGCAG••••••GGATCCTCTC
GCTGCAGGTCGACG••TCCTCTC
GCTGCAGGTC•••GGATCCTCTC
GCTGCAGG•••••••••••••••
GCTGCAGGTCG•••••TCCTCTC

CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG
CACTGTGCACAGTG

293 Elpor
Sequence
Sequence
Sequence
Sequence
Sequence

10
11
12
13
14

Complete Hybrid Joint
GCTGCAGGTCGAC

CACAGTG

Coding end

3’Heptamer

293 SF

Hybrid Joint Recombinants

Sequence 7 (1)
Sequence 8 (1)
Sequence 9 (1)

GCTGCAG••••••
GCTGCAGGTCG••
GCTGCAGGTC•••

CACAGTG
CACAGTG
CACAGTG

•

missing bases from coding end adjacent to 5' Heptamer

•

missing bases from coding end adjacent to 3' Heptamer

G

P-nucleotide is exhibited as magenta letter

*

Sequence obtained from (n) independent colonies

SF

Superfect transfection
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Elpor

Electroporation

21 out of 24 V(D)J recombination products stemming from 293 cells were inversional, with the
signal joints always recombined precisely. Joining of the coding ends was generally imprecise
with nucleotide deletions in the expected range of up to 15 nucleotides. We detected one sequence
with P nucleotide addition (Sequence 11, Tab. 4). Since TdT is not expressed in 293 cells, we did
not observe matrix independent nucleotide addition at the coding end joints. 3 of 24 V(D)J
recombination product sequences were hybrid joints (Sequence 7, 8, 9, Tab. 4).
Of 38 AmpR CamR colonies obtained from 293T cells, 32 colonies did not regrow in liquid media
containing ampicillin and chloramphenicol. Two colonies did not show any difference in sequence
to the original pGG123 inversional substrate, these 34 colonies were considered false positive
colonies.

One colony showed a correct inversion (data not shown).

One colony was not

sequencable with the sequence primers used. Two colonies were identified with an identical
integration of E.coli genomic DNA about 60 bp downstream of the 3' RSS nick-site, leaving the
CAT coding region intact.

5.3. In vivo V(D)J Recombination Assay
So far, there has no in vivo V(D)J recombination substrate been used for the evaluation of the
efficiency of V(D)J recombination. Enhanced green-fluorescence protein (EGFP) is becoming a
popular live marker for many applications. It generates a green fluorescence that can be employed
for monitoring gene expression in real time. In order to appraise V(D)J recombination efficiency,
an EGFP open reading frame (ORF) was integrated into an artificial substrate between the 5’ and
3’recombination signal sequences (RSSs) with opposite orientation to the EF1a (human elongation
factor-1 alpha) promoter to generate a novel in vivo V(D)J recombination substrate, pE19HK. In
addition, the hemagglutinin A epitope (HA) coding sequence was introduced into these in vivo
V(D)J recombination substrate molecules for monitoring the transfection efficiency. This substrate
DNA was co-transfected with pWTRAG1/2 into the eukaryotic cells.

48 hours later, the

transfected cells were stained with anti-HA-biotin (Boehringer) and B-phycoerythrin-conjugated
streptavidin (Jackson ImmunoResearch Laboratories) for the detection of the HA epitope
expression. As the 5’ and 3’ RSS had the same orientation, V(D)J recombination resulted in
inversion of the DNA between RSSs in the plasmid, subsequently the EGFP was activated (Fig. 6).
Therefore, a green fluorescence could be observed in the living eukaryotic cells under the FITC
channel either of the fluorescence microscope or of the FACS. The recombinant molecules confer
EGFP expression as well as the HA epitope expression. Thus, the ratio of doubly positive signals
(EGFP and HA epitope) to signals solely for the HA epitope reflect the fraction of cells that
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rearranged (after debris and dead cells subtraction) . Cells which were co-transfected with these
plasmid substrates and pWTRAG1 served as negative control, as without participation of RAG-2
V(D)J recombination could not proceed. These cells expressed only the HA epitope. Prior to their
detection, all cells were incubated with 7-AAD to distinguish the living cells from the dead cells
(Fig. 16).

Fig. 16: Flow chart of the in vivo V(D)J recombination assay
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5.3.1. In vivo V(D)J Recombination Substrate
The structure of the in vivo V(D)J recombination substrate is indicated in Fig. 17. The cassette of
the SV40 origin of replication is located upstream of the human EF-1 a promoter. The 5’ RSS (12mer) is 28 base pairs in length from bases 1788 to 1815, the 3’ RSS (23-mer) is 39 base pairs in
length from bases 3159 to 3197. The EGFP open reading frame (ORF) and the SV40 PolyA box
are inserted between the 5’ RSS and the 3’ RSS. The EGFP ORF is in an inverted orientation as
related to its EF-1a promoter and 798 base pairs in length from bases 3128 to 2331. When the
V(D)J recombination process leads to inversion of the EGFP expression cassette, the joined RSSs
are located downstream of the EGFP expression cassette. In order to monitor the transfection
efficiency in vivo, the pHOOK-1 plasmid (Invitrogen) fragment (2026 base pairs) amplified by
PCR, which contains the CMV promoter (bases 1-596), the T7 promoter (bases 638-657), the
hemagglutinin A epitope (bases 800-826), the single chain antibody sFv of the hapten 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (phOx) (bases 842-1555) and the platelet derived growth
factor receptor (PDGFR) transmembrane domain (bases 1643-1792), is also cloned into the in vivo
V(D)J recombination substrate. This structure allows the sFv and the hemagglutinin A epitope to
be anchored and displayed on the extracellular side of the plasma membrane. By an antibody
recognition of the hemagglutinin A epitope, it is possible to determine transfected cells. It is also
possible to select transfected cells by magnetic beads coated with the phOx hapten. Due to the
insertion of the pHOOK-1 amplified fragment through blunt end ligation, two plasmids were
generated with opposite orientations of the pHOOK-1 fragment.

A

B

Fig. 17: The novel in vivo V(D)J recombination plasmid structural maps indicate the two possible
orientations of the inserted pHOOK-1 fragment in pE19HK.
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A restriction enzyme digestion was employed to verify the cloning strategy (Fig. 18). When
pE19HK-N and pE19HK-2 were digested by Kpn I, linear fragments (8.389Kb) were produced.
For Xmn I, pE19HK-N was digested into 2.468 kb, 2.604 kb, and 3.317 kb fragments; pE19HK-2
was digested into1.962 kb, 2.468 kb, and 3.959 kb fragments. For Sph I, pE19HK-N was digested
into 3.223 kb and 5.166 kb fragments; pE19HK-2 was digested into 3.162 kb and 5.227 kb
fragments. For Hind III, pE19HK-N was digested into 0.232 kb, 1.918 kb, 2.454 kb, and 3.785 kb
fragments; pE19HK-2 was digested into 0.232 kb, 1.760 kb, 1.918 kb, and 4.479 kb fragments.
The correct patterns after restriction enzyme digestion indicates a successful cloning.

Fig.

18:

Analysis of the restriction enzyme digestion pattern of the novel in vivo V(D)J

recombination substrates pE19HK-N and pE19HK-2. The left agarose gel was run for about 45
minutes while the right one was photographed after a run of about 2 hours.

5.3.2. In vivo V(D)J Recombination Control Substrate
Because recombination reverses the inverted EGFP in the pE19HK plasmid substrate and the
recombined molecules confer EGFP expression, we set up pE50HK vectors as in vivo V(D)J
recombination control substrates. They are identical to the pE19HK plasmids except that the EGFP
ORF is in the ‘correct’ orientation as related to its EF1a promoter. These plasmids differ from the
pE19HK plasmid substrate in that they constitutively express EGFP in the transfected eukaryotic
cells. The pE50HK plasmid molecules also contain the HA cassette. The HA epitope expression
can also be monitored through the reaction of the HA epitope with its corresponding antibody. Due
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to the insertion of the pHOOK-1 amplified fragments through blunt end ligation, there are also two
types of plasmids with opposite orientations of the pHOOK-1 fragments: pE50HK-1 and pE50HK19 (Fig. 19).

A

B

Fig. 19: The in vivo V(D)J recombination control plasmid structural maps with two possible
orientations of the inserted pHOOK-1 fragment.

These plasmids were also verified by their restriction enzyme digestion pattern (Fig. 20). The

Fig.

20:

Analysis of the restriction enzyme digestion pattern of the novel in vivo V(D)J

recombination control substrates pE50HK-1 and pE50HK-19. The right part of this figure shows a
2 hours run of the agarose gel, the left one exhibits a 45-minute run of the agarose gel.
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pE50HK-1 and pE50HK-19 vectors linearized by Kpn I, produced a 8.389 Kb fragment. For
XmnI, pE50HK-1 was digested into 2.468 kb, 2.604 kb, and 3.317 kb fragments; pE50HK-19 was
digested into 1.962 kb, 2.468 kb, and 3.959 kb fragments. For Sph I, pE50HK-1 was digested into
3.223 kb and 5.166 Kb fragments; pE50HK-19 was digested into 3.162 kb and 5.227 kb fragments.
For Hind III, pE50HK-1 was digested into 0.232 kb, 2.124 kb, 2.248 kb, and 3.785 kb fragments;
pE50HK-19 was digested into 0.232 kb, 1.554 kb, 2.124 kb, and 4.479 kb fragments. The correct
sizes of the digested fragments illustrates the success of cloning.

5.3.3. Background Fluorescence of the in vivo V(D)J Recombination Plasmids in the FITC
Channel of the FACS
In order to achieve an efficient in vivo read-out system to evaluate V(D)J recombination, the signal
to noise ratio of our assay was tested. Background fluorescence of the cells after transfection with
the respective plasmids must be kept at a minimum in order to minimize its influence on the results

Fig. 21: Comparison of the percentages of EGFP positive signals with different substrates. 48
hours after Superfect transfection of 293 cells, measurements were done in the FITC channel of the
FACS without compensation.
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of the in vivo recombination assay. Therefore, we transfected the novel substrate plasmids as well
as the controls into 293 cells.

RAG expression plasmids were not transfected, thus, V(D)J

recombination was not initiated. The pEFBPOLY plasmid served as a negative control, since it
does not express EGFP. The pEGFP-C1 plasmid (Clontech) was used as a EGFP positive control
vector. 48 hours after transfection, the cells were analysed in the FITC channel of the FACS
omitting any electronic compensation. Since pE19HK-N contributed less background in this
system than pE19HK-2, we used pE19HK-N in the future studies. As expected, the in vivo V(D)J
recombination control plasmids pE50HK expressed EGFP positive signals in the FITC channel
(Fig. 21).

5.3.4. Identification of the Expression of the sFv Cassette by Magnetic Beads
According to the cloning strategy of the novel in vivo V(D)J recombination substrates (Fig. 17,
Fig. 19), the sFv cassette of the pHOOK-1 plasmid is expressed on the surface of transfected cells.
As the sFv is a specific single-chain antibody against the phOx hapten, magnetic beads coated with
phOx can be used to identify the sFv expression on the surface of the cellular membrane and
therefore provide an independent mean to verify successful cloning. 293 cells were transfected
with pEFBPOLY, pHOOK-1, pE19HK-N or pE50HK-1, respectively (Superfect reagent); 48 hours
later, the cells were incubated with magnetic beads coated with phOx. The pEFBPOLY plasmid
served as negative control because it does not contain the sFv cassette. In contrast, the pHOOK-1
plasmid with the sFv cassette was used as positive control for this experiment. Observed under a

Fig. 22: The magnetic beads binding experiment showed the interaction between the transfected
293 cells with sFv and magnetic beads conjugated with hapten-phOx (phase contrast). Arrows
indicate bound beads.

78

phase-contrast microscope, the magnetic beads scattered loosely in the solution around the
pEFBPOLY transfected cells.

However, after pHOOK-1 transfection, many magnetic beads

adhered to the sFv on the surface of the transfected cells. The same holds true for 293 cells that
were transfected with the pE19HK-N and pE50HK-1 plasmids, respectively (Fig. 22). The cells
adherent to the magnetic beads can be moved around following the movement of a magnet held
below the culture dish (data no shown). These experiments indirectly proved that the selected
pHOOK-1 fragment including the sFv expression cassette has been cloned properly in the novel in
vivo V(D)J recombination substrate and its control plasmid.

5.3.5. Identification of HA Epitope, RAG-1/2, SV40 Large T Antigen, and EGFP Expression
in the in vivo V(D)J Recombination Assay

5.3.5.1. Time Course of RAG-1 and HA Epitope Expression in 293 Cell Lines after Transient
Transfection
In order to determine an optimal time point for the detection of high levels of V(D)J recombination
activity, we confirmed the expression of RAG-1 and the HA epitope in our setting at different time
points by Western blotting.

The plasmid substrate (pE19HK-N) and pWTRAG1/2 were co-

transfected into 293 and 239T cells to mimic the process of V(D)J recombination. pEFBPOLY
transfected 293 and 293T cells served as negative control because they did neither express RAG-1
nor the HA epitope. The 293 and 293T cells which were co-transfected with pE19HK-N and
pWTRAG1 served as positive control as RAG-1 and the HA epitope were expressed. Proteins
were harvested at different time points after transfection. The RAG-1 protein was detected in 293
cells as early as 6 hours after transfection, but the expression of the HA epitope which started at 6
hours was only observed clearly 12 hours after transfection. Both signals increased about 2-3 fold
up to 24-48 hours after transfection. For the 293T cells, the RAG-1 protein was detectable 12
hours after transfection; the HA epitope as early as 12 hours but clearly only 24 hours after
transfection. Both expression levels increased with time about 2-4 fold. Note, that in these as well
as in the experiments depicted in Fig. 14 we detected with the RAG-1 antibody bands that were
smaller than the wild-type signal. These bands will be referred to in paragraph 5.3.10. This result
indicated that 293T cells expressed the RAG-1 protein and the HA epitope later than 293 cells.
The successful expression of the HA epitope indicated that the selected pHOOK-1 fragment had
been correctly cloned into the novel in vivo V(D)J recombination substrate (Fig. 23).
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Fig. 23: Expression of the RAG-1 protein and the HA epitope in 293 and 293T cells transfected
with pE19HK-N and pWTRAG1/2 at different time points as revealed by Western blotting

5.3.5.2. Time Course of the SV40 Large T Antigen Expression in Cell Lines
The SV40 large T antigen is a crucial component for the replication of plasmids with a SV40 origin
of replication in transfected eukaryotic cells. To mimic the process of V(D)J recombination, the
plasmid substrate pE19HK and pWTRAG1/2 were co-transfected into 293 and 293T cells.
Proteins were harvested at different time points after transfection. The SV40 large T antigen and
the HA epitope were detected by Western blotting. As expected for 293 cells, the SV40 large T
antigen was undetectable at all time points. In contrast, 293T cells expressed SV40 large T antigen
continuously. This result indicated that the in vivo V(D)J recombination substrate, pE19HK-N and
pWTRAG1/2 plasmids which contained a SV40 origin of replication should be able to multiply in
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transfected 293T cells but not in transfected 293 cells (Fig. 24). The HA cassette expression was
comparable with the result shown in paragraph 5.3.5.1.

Fig. 24: Time course of the expression of the SV40 large T antigen in 293 and 293T cells after
transfection of the pE19HK-N and pWTRAG1/2 plasmids by Western blotting. For 293 cells, no
SV40 large T antigen was expressed. In contrast, SV40 large T antigen was detected at all time
points in 293T cells after transfection.

5.3.5.3. RAG-2 Expression
RAG-2 plays an essential role in the process of V(D)J recombination. Thus we also confirmed the
RAG-2 expression in our experimental setting.

The plasmid substrate pE19HK-N and

pWTRAG1/2 were co-transfected into 293 and 293T cells. The pEFBPOLY vector and plasmid
substrate pE19HK-N plus pWTRAG1 were used as negative control for RAG-2. The plasmid
substrate pE19HK-N plus pWTRAG2 served as positive control for RAG-2.
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48 hours after

transient transfection, the proteins were harvested to detect the expression of RAG-2 by Western
blotting.

Although the anti-RAG-2 antibody available was not highly specific in the

immunoblotting, we still could draw the conclusion that the original 293 and 293T cells did not
express RAG-2 protein. Instead, the RAG-2 protein was detected in 293 and 293T cells, which
were transfected by plasmid substrate pE19HK-N and pWTRAG1/2 (Fig. 25).

Fig. 25: Identification of the RAG-2 expression in transfected 293 and 293T cells by Western
blotting. 48 hours after transfection, RAG-2 was expressed in the 293 and 293T cells transfected
with the pE19HK plus pWTRAG1/2 plasmids.

5.3.5.4. EGFP and HA Epitope Expression in Cell Lines
According to the strategy of the in vivo V(D)J recombination assay, the EGFP cassette can be
activated in the recombined molecules after V(D)J recombination. Therefore, we wanted to detect
the EGFP by Western blots. For this purpose, we co-transfected the in vivo V(D)J recombination
substrate pE19HK-N and pWTRAG1/2 plasmids in 293 and 293T cells, 48 hours later, the proteins
were harvested to detect EGFP and the HA epitope expression by Western blotting. However,
EGFP could not be detected consistently and the expression level was most of the times below the
threshold of our assay, while the HA epitope was always stainable. This result exhibited that the
Western blotting procedure is not as sensitive for the detection of EGFP after V(D)J recombination
as the FACS analysis (Paragraph 5.3.6.). The in vivo V(D)J recombination substrate control
plasmids pE50HK-1 and pEGFP-C1 generated EGFP in both transfected cell lines because the
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EGFP cassettes were constitutively expressed. The pEFBPOLY plasmid served as negative control
for the expression of EGFP and the HA epitope. The pHOOK-1 plasmid was the positive control
for the HA epitope expression (Fig. 26).

Fig. 26: Identification of the EGFP and the HA epitope expression in transiently transfected 293
and 293 T cells 48 hours after transfection by Western blotting. EGFP was not detectable in 293
and 293T cells transfected with pE19HK-N plus pWTRAG1/2.

5.3.6. Analysis of V(D)J Recombination Events in the 293 and 293T Cells by Fluorescence
Microscopy and FACS

5.3.6.1 Analysis of V(D)J Recombination Events in 293 and 293T Cells by Fluorescence
Microscopy
According to the strategy of the in vivo V(D)J recombination assay, the EGFP cassette should be
expressed after an inversional V(D)J recombination provided that the in vivo V(D)J recombination
substrate and pWTRAG1/2 were furnished to the cells. To gain a first insight, if this process really
happened we observed the result of the V(D)J recombination in the phase contrast and FITC
channel of the fluorescence microscope.

Most of the cells appeared healthy 48 hours after

transfection. pEFBPOLY transfected cells were not found positive in the FITC channel because
they did not encode EGFP. For the pE50HK-1 + pWTRAG1/2 transfected cells, many EGFP
positive cells were observed because the EGFP cassette continuously functioned.

For the

pE19HK-N + pWTRAG1 transfected cells faintly EGFP-positive cells were defined very
occasionally. For the pE19HK-N + pWTRAG1/2 transfected cells, a few EGFP positive (green)
cells were detectable 48 hours after transient transfection.

This result disclosed that V(D)J

recombination events occurred in these transfected cells with low probability (Fig. 27).
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5.3.6.2. Analysis of V(D)J Recombination Events in 293 and 293T Cells by FACS
Since microscopy exhibited only very rarely EGFP positive cells at the selected detection level, we
introduced FACS analysis especially in order to quantify the efficiency of in vivo V(D)J
recombination. The novel plasmid substrate pE19HK-N was co-transfected with pWTRAG1/2 into
the eukaryotic cells by the Superfect reagent. 48 hours later, the transfected cells were stained with
anti-HA-biotin and B-phycoerythrin-conjugated streptavidin and analysed in the FACS machine.
As this new plasmid substrate DNA bears the HA cassette, transfected cells should be positive for
the HA epitope and can be recognized by the corresponding antibody. The percentage of HA (Bphycoerythrin) positive cells accounts for the minimum fraction of cells that have been transfected
with the substrate, thus it allows the calculation of the transfection efficiency with this plasmid
substrate. Because recombination reverses the inverted EGFP gene in the plasmid, recombined
molecules also confer EGFP expression. Therefore, the ratio of doubly positive signals (EGFP and
HA) to signals solely for the HA epitope reflects the fraction of cells that have rearranged the
plasmid substrates.
EGFP and the HA epitope were detected in the FITC and PE channel of the FACS, respectively.
Prior to the detection of the in vivo V(D)J recombination activity, the debris and the dead cells
were excluded according to their smaller size and based on their ability to stain positive with 7AAD (Fig. 28 A, first row, left and right pictogram). For further experiments we therefore used
the region R2 (Fig. 28 A, first row, right pictogram) as live gate. After gating for living cells and
setting appropriate instrument parameters, the auto fluorescence of the blank and pEFBPOLY
transfected 293 cells were defined to set the baseline for EGFP and the HA epitope expression.
The pE50HK-1 transfected cells served as positive control because they exhibited very strong
signals in the FITC and PE channels due to their EGFP and HA epitope expression. In addition,
the cells transfected with the pHOOK-1 plasmid provided strong signals only in the PE channel.
The cells transfected with pEGFP-C1 were used to monitor the EGFP expression because they
continuously expressed EGFP.
When pE19HK-N and pWTRAG1 plasmids were co-transfected in the 293 cells, just a few low
intensity doubly positive signals (0.76 %) were observed (Fig 28 B, last row, left pictogram), in
addition to 82.38 % transfection efficiency (i.e. HA epitope positivity). Since we opted to use this
later transfection procedure as our background controls, the background was quantified to be: 0.76
% ÷ 82.38 % ×100 % = 0.92 %. In contrast, after the in vivo V(D)J recombination substrate
pE19HK-N and pWTRAG1/2 plasmids were co-transfected into 293 cells to mimic the process of
V(D)J recombination, more doubly positive signals (1.92 %) were detected (Fig 28 B, last row,
right pictogram; upper, right quadrant), with a transfection efficiency of 81.99 %. The efficiency
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of V(D)J recombination was calculated for this experiment as follows: 1.92 % ÷ 81.99 % ×100 % =
2.34 %.

Considering the background from the pE19HK-N plus pWTRAG1 transfection,

accordingly, the accurate efficiency of V(D)J recombination for this experiment was obtained by
subtraction of the background, namely 2.34 % – 0.92 % = 1.42 %.

A 293

Fig. 28 A: FACS analysis of the in vivo V(D)J recombination events in 293 cells, exhibiting
positive and negative transfection controls.
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B 293

Fig. 28 B: FACS analysis of the in vivo V(D)J recombination events in 293 cells: control and
V(D)J recombination settings.

The in vivo V(D)J recombination assay was also tested in 293T cells. The same method was used
to distinguish the dead and living cells as well as to set the gate for auto fluorescence. 293T cells
transfected with pHOOK-1, pEGFP-C1 and pE50HK-1 served as HA epitope and EGFP positive
controls, respectively. The pE19HK-N plus pWTRAG1 transfection served as a useful negative
control for the V(D)J recombination and was calculated as: 3.33 % ÷ 82.64 % ×100 % = 4.03 % in
this experiment. When the in vivo V(D)J recombination substrate pE19HK-N and pWTRAG1/2
plasmids were co-transfected into 293T cells, 5.31 % of the cells were doubly positive for EGFP
and HA epitope expression, while 82.84 % positive signals for HA epitope expression indicated the
transfection efficiency. The efficiency of V(D)J recombination were calculated as: 5.31 % ÷ 82.84
% ×100 % = 6.41 %. Accordingly, the accurate ratio of V(D)J recombination was obtained by
subtracting the background obtained from the pE19HK-N plus pWTRAG1 transfection from
6.41%, namely, 6.41 % - 4.03 % = 2.38 % (Fig. 29).
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A 293T

Fig. 29 A: FACS analysis of the in vivo V(D)J recombination events in 293T cells, exhibiting
positive and negative controls
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B 293T

Fig. 29 B: FACS analysis of the in vivo V(D)J recombination event in 293T cells: further controls
and V(D)J recombination settings

5.3.7. Time Course of the in vivo V(D)J Recombination Efficiency in 293 and 293T Cells
We characterized the in vivo V(D)J recombination efficiencies following time variations; plasmids
from transiently transfected cells were harvested at the time points indicated in Fig. 30. Data were
obtained as exhibited in paragraph 5.3.6.2.

There was a substantial increase of the V(D)J

recombination efficiency between 24 hours and 48 hours. The rise of the efficiency of V(D)J
recombination in 293 and 293T cells between 48 hours and 72 hours was marginal. Although the
efficiencies of V(D)J recombination were much higher at 96 hours after transfection, the possibility
of chromosomal integration of the artificial substrate and its activation resulted in difficulties for
appraising the level of the V(D)J recombination activity at 96 hours. Therefore these findings
suggested that 48-72 hours after transfection was the ideal period to evaluate the efficiency of in
vivo V(D)J recombination.
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Fig. 30: Time course of the efficiency of V(D)J recombination in 293 and 293T cells. This
experiment was repeated at least 2 times in triplicates.

5.3.8. Analysis of the in vivo V(D)J Recombination Efficiency in 293 and 293T Cells
To evaluate a potential difference regarding the efficiency of V(D)J recombination between 293
and 293T cells by the in vivo V(D)J recombination assay, we transfected 293 and 293T cells with

Efficiency of V(D)J Recombination (%)

the in vivo V(D)J recombination plasmid substrate pE19HK-N and pWTRAG1/2. The accurate

2

1

pE19HK-N+
pWTRAG1/2
0

293

293T

Cell lines

Fig. 31: Comparison of the in vivo V(D)J recombination efficiency between 293 and 293T cells.
All values have been obtained after subtraction of their negative control values (pE19HK-N +
pWTRAG1 transfection). This experiment was repeated at least 3 times in triplicates.
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efficiency of V(D)J recombination was calculated by subtracting the background from transfected
cells as exemplified in paragraph 5.3.6.2. The median for 293 cells was 0.555 %, the median for
the 293T cells was 1.055 %. No significant difference was observed between 293 and 293 T cells
in the efficiency of V(D)J recombination (P>0.05) in our assay (Fig. 31).

5.3.9. Influence of Dosage Variations of pWTRAG1 and pWTRAG2 Plasmids on the
Efficiency of the in vivo V(D)J Recombination
In order to determine the dependence of the in vivo V(D)J recombination efficiency on dosage
variations of pWTRAG1 and pWTRAG2, different compositions of the pE19HK-N substrate and
pWTRAG1/2 were transfected into 293 and 293T cells with a constant total amount of 2 µg of
DNA being used for transfection. Each experiment was done at least twice in triplicates. 48 hours
after transient transfection, cells were detected by FACS analysis, the data were evaluated by the
Wilcoxon rank sum test (see Materials and Methods).
In all the transfections we used for comparison equimolar concentrations of RAG-1 and RAG-2
vectors. Therefore a N- fold rise in one of the components indicates a N- fold surplus of the
respective molar vector concentration as compared with the basic transfection.
As depicted in Fig. 32 A, there was a significant difference of the in vivo recombination efficiency
between the 1-fold and 5-fold pWTRAG1 or the 1-fold and 10-fold pWTRAG1 group in 293 cells
(P<0.05), however, no increase of the efficiency was seen when pWTRAG1 was increased from 5to 10- fold (P>0.05). No differences were observed between any of the evaluated groups in 293T
cells.
If the pWTRAG1 vector was kept constant, a 5- fold increase of the concentration of pWTRAG2
inhibited the V(D)J recombination dramatically in 293 cells, with no V(D)J recombination
detectable at all (P<0.01) (Fig. 32 B). However, this behavior was not observed in 293T cells
transfected with a 5- fold amount of pWTRAG2. There was no difference between the 1xR2 and
5xR2 group (P>0.05) (Fig. 32 B).
To evaluate whether the deleterious effect of the pWTRAG2 increase was due to a concomitant
lack of pWTRAG1, we increased pWTRAG1 and pWTRAG2 simultaneously 5- fold (Fig. 32 C).
A 5- fold increase of only pWTRAG1 exhibited the same increase of the in vivo V(D)J
recombination efficiency as previously depicted for 293 cells (P<0.05) (Fig. 32 A). Increasing
additionally pWTRAG2 5- fold again grossly reduced the in vivo V(D)J recombination efficiency
(p<0.05) (Fig. 32 C). This indicates that the in vivo V(D)J recombination efficiency decreases
with higher pWTRAG2 concentration.

This decrease is independent of the pWTRAG1

concentration. Curiously, this behavior was not obvious in 293T cells. A 5-fold rise of pWTRAG1
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Fig. 32.A: FACS analysis of the dependence of the in vivo efficiency of V(D)J recombination on
the dosage variations of pWTRAG1 and pWTRAG2. For 293 cells the median for each group is
0.38%, 1.02% and 0.92%, respectively. For 293T cells, the corresponding medians are 1.53%,
2.36% and 2.13%. All values were obtained after subtraction of their control transfection (R2
alone). R1 and R2 represent pWTRAG1 and 2, respectively.
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Fig. 32 B: FACS analysis of the dependence of the in vivo efficiency of V(D)J recombination on
the dosage variation of pWTRAG2. The medians for R1+R2 and R1+5xR2 are 0.475% and 0% in
293 cells. For 293T cells, the corresponding medians are 1.195% and 0.445%. All data were
obtained after subtraction of the R1 alone controls. R1, R2 represent pWTRAG1, 2 , respectively.
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Fig. 32 C: FACS analysis of the dependence of the in vivo efficiency of V(D)J recombination on
the dosage variation of pWTRAG1 and pWTRAG2. The medians for the R1+R2, 5xR1+R2 and
5xR1+5xR2 groups are 0.585%, 1.365% and 0.27% in 293 cells, respectively. The corresponding
medians in 293T cells are 0.94%, 1.315% and 2.425%. Values are reported after the subtraction of
the respective controls. R1 and R2 represent pWTRAG1 and 2.

alone did not heighten the in vivo V(D)J recombination efficiency in these cells statistically
(P>0.05). Yet, when both pWTRAG1 and pWTRAG2 were increased 5- fold at the same time, the
medians of the in vivo V(D)J recombination efficiency increased about 2.5- fold (P<0.05) as
compared with the pWTRAG1 + pWTRAG2 transfection.

5.3.10. Alternative RAG-1 Protein Products
In our previous experiments (see paragraph 5.2.2; 5.3.5.1), we have noted that the RAG-1 antibody
detected bands in Western blots which are smaller than the predicted apparent size of RAG-1 (120
KD). These 2-3 bands had estimated sizes of about 90 KD, 100 KD and 115 KD. We considered
the possibility that these smaller bands of RAG-1 are created during the V(D)J recombination
process and may depend on the presence of other components (e.g. RAG-2 or RSS) in this process.
Therefore, we transfected 293 or 293T cells with pWTRAG1 alone (Fig. 33, lane 2) or with other
components of the V(D)J recombination reactions (Fig. 33, lane 3-8). As shown in Fig. 33, lane 2
transfection of the RAG-1 expression plasmid itself allows for the presence of WT and alternative
RAG-1 bands in Western blotting. We conclude that the presence of alternative RAG-1 bands is
not caused by other V(D)J recombination components. In addition, this result indicates that there
are at present some unknown factors involved in the processing of RAG-1 in non-lymphocytes.
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Fig. 33: Influence of the RSS and pWTRAG2 on the expression of alternative RAG-1 proteins in
293 and 293T cells

5.3.11. An Increase of ARTEMIS Dosage does not Improve the V(D)J Recombination
Efficiency in 293 Cells
A novel gene, ARTEMIS, has recently been cloned and localized on the short arm of chromosome
10 (Moshous et al., 2001). ARTEMIS is believed to be a component of the NHEJ pathway, but
details are still under investigation.

Since we have seen previously that, given a constant

concentration of substrate offered, a 10- fold increase in RAG-1 does not cause a linear increase
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Fig. 34: FACS analysis testing the influence of ARTEMIS in V(D)J recombination (293 cells).
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in V(D)J recombination efficiency, we reasoned that a factor operating downstream from the
hairpin opening step in V(D)J recombination may be limiting. Therefore, different amounts of an
ARTEMIS expression plasmid was employed into our in vivo V(D)J recombination assay. The
ARTEMIS expression plasmid was proved to be expressed by Western blotting (data not shown).
As exhibited in Fig.

34, over-expression of ARTEMIS did not increase in vivo V(D)J

recombination efficiency in 293 cells.
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6.

Discussion

A single cell in vivo green fluorescence assay was successfully developed to monitor effectively
V(D)J recombination efficiency. Our results show that the in vivo V(D)J recombination efficiency
is essentially low (~1%) in 293 cells even though the transfection efficiency reached 60% to 90%.
This in vivo V(D)J recombination efficiency correlated well with that achieved by the classical in
vitro V(D)J recombination assay. The in vivo V(D)J recombination efficiency depended on the
relative RAG-1 and RAG-2 expression vector concentrations used in co-transfection but was
independent of relative Artemis expression vector concentrations.
6.1. Summary of the V(D)J Recombination
A distinct characteristic of vertebrates is a system conferring antigen-specific immunity in addition
to their innate immunity. To achieve this extraordinary task, vertebrates are able to generate up to
about 1012 different Ig receptors and TCRs in B and T cells, respectively. In order to obtain
complete antigen receptor genes, V(D)J recombination causes the rearrangement of gene segments
and thus generates the diversity of Ig receptors and TCRs during the development of B and T cells
(Fig. 1). In the germline there is a recombination signal sequence (RSS) that flanks the 3' border
of each V segment, both the 5' and 3' borders of every D segment, and the 5' border of all J
segments (Fig. 2). The RSS consists of a conserved palindromic heptamer, a non-conserved
spacer region of either 12 or 23 base pairs, and a conserved A/T rich nonamer (Fig. 3). These
conserved motifs provide all the necessary cis-signals for targeting the rearrangement machinery.
For each of the V, D and J families, the RSS of all members carry the same configuration of
signals.

The immediate effect of signal homogeneity is that V to V or D to D, or J to J

recombinations are strongly inhibited and the recombination possibilities are restricted effectively
according to the 12/23 rule. The standard results of V(D)J recombination are the formation of
coding joints and deleted signal joints, respectively.
The mechanistic steps in V(D)J recombination have been described: 1) locus accessibility and RSS
recognition must be achieved; 2) RSS endonucleolysis and hairpin formation are initiated; 3)
recruitment of DNA double strand break (DSB) repair factors and trimming of the coding ends
occur; 4) DNA ligation ends the process (Fig. 5). The N-terminus of the RAG-1 core region
including the highly conserved nonamer-binding domain (NBD) region recognizes and binds to the
conserved heptamer and nonamer sequences with the spacer looping away from the RAG proteins
(Sadofsky, 2001). This process is especially enhanced on 12 or 23mer RSS by the participation of
RAG-2 and HMG1/2. At least a trimer of RAG-1 and a dimer of RAG-2 are recognized as the
fundamentally active enzyme unit in the V(D)J recombination process (Bailin et al., 1999; Mundy
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et al., 2002). When only one signal is present in the reaction, RAG-1/2 form a stable complex on
this RSS, termed the signal complex (SC). When a second complementary signal is provided, the
RAG-1/2 are bound to a pair of complementary signals through the synapsis reaction and build a
DNA/Protein structure, termed the paired complex (PC).

The lymphocyte-specific RAG-1/2

proteins introduce the coupled single-strand breaks of the coding DNA at the 5’ borders of the
specific RSS by direct hydrolysis of phosphodiester bonds. Afterwards, the opposite DNA strand
is attached in a direct transesterification reaction by which the previously formed 3’-OH group
becomes covalently linked to the phosphate group in the opposite strand. This creates a hairpin
structure at the coding ends and 5’ phosphorylated blunt signal ends. An Artemis / DNA-PKcs
complex is involved in catalyzing the hydrolytic opening of the hairpin structures at the coding
ends (Ma et al., 2002). Proteins which are involved in the DNA double strand break repair of the
nonhomologous end joining (NHEJ) pathway are required for the signal and coding joint formation
(Fig. 5).

6.2. Low V(D)J Recombination Efficiency Achieved in 293 and 293T Cells by Both Assays
In this study, we successfully designed and established a novel in vivo V(D)J recombination assay.
This assay uses for the first time a single cell in vivo green fluorescence as read-out for a completed
V(D)J recombination event. This assay revealed that only a minority of 0.6% 293 cells or 1.1%
293T cells underwent inversional V(D)J recombination although transfection efficiencies were
from 60% to 90%. This low percentage of positive cells was rather surprising, since we knew from
different targeting experiments that a single integrated EGFP gene cassette with an identical
promotor as used in our assay plasmid, produces enough EGFP for easy detection by the FACS
(data not shown). Therefore we can assume that we are able to detect all cells in which at least one
assay plasmid was rearranged. Thus, the number of green cells detected reflects the maximum
number of cells with at least one single V(D)J recombination event.
The magnitude of this in vivo V(D)J recombination efficiency correlated very well with that
achieved by the classical in vitro V(D)J recombination assay. In 7 independent experiments
conducted under identical reaction conditions with the pGG123 inversional substrate and
pWTRAG1/2 (Superfect transfection), 293 cells showed a true V(D)J recombination efficiency of
0.1% - 0.16% (Tab. 3).

The in vitro V(D)J recombination assay uses a cell-independent

integrational count of successful V(D)J recombination events. By its design, the in vitro assay is
unable to record single cell events. Theoretically, in that assay all recorded V(D)J recombination
products may either stem from a single rearrangement competent cell, or every event may be
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generated in a different cell. The results of the in vivo V(D)J recombination assay demonstrate that
V(D)J rearrangements take place in more than one cell within a given cell population.

6.3. Structure of the Recombined Molecules as Revealed by the in vitro V(D)J
Recombination Assay
21 out of 24 V(D)J recombined products were inversional. The signal joints were precise as
predicted. The majority of the coding joints was imprecise and accompanied by deletions of up to
15 nucleotide bases. Most of the V(D)J recombination junctions show nucleotide loss at both
coding ends (Gellert, 1997; Lieber, 1998). An explanation for the nucleotide loss could be deduced
from the recent discovery of the Artemis/DNA-PKcs complex in hairpin opening. The binding of
Ku and other NHEJ proteins may lead to greater lengths of hairpin melting, and this might allow
Artemis/DNA-PKcs to cleave more internally, hence, resulting in nucleotide deletions deeper into
the coding ends (Ma et al., 2002). The presence of nucleotide losses may therefore argue in favour
of the presence of at least some functional NHEJ factors such as Ku70 and Ku86.
experiments one P nucleotide addition to recombined product was found.

In our

P nucleotides are

explained by hairpin opening at positions other than the precise tip (McCormack et al., 1989). N
nucleotide addition was not found. This is due to the lack of terminal deoxynucleotidyl transferase
(TdT) in 293 and 293T cells, which is only expressed in cortical immature thymocytes and bone
marrow cells (Bogue et al., 1992).
Interestingly, 3 out of 24 V(D)J recombination products obtained from the in vitro V(D)J
recombination assay were hybrid joints. These hybrid joints were formed by joining an RSS to the
coding end of the partner RSS with the deletion of the intervening DNA sequence. In our
experiments the hybrid joint formation occurred at a 12.5% frequency of inversions. This result
was similar to that of hybrid joint formation reported by Lieber et al (15%) (Lieber et al., 1987). In
the 3 hybrid joints detected, only the 23mer RSS and the coding ends flanked by the 12mer RSS
were maintained with a deletion of 2 to 6 nucleotide bases.
However, the hybrid joints can not be detected in our in vivo V(D)J recombination assay since the
hybrid joints lead to the deletion of the intervening DNA sequence in our assay plasmid, thus,
resulting in the loss of the EGFP coding cassette as an indicator for V(D)J recombination.

6.4. RAG-1/2 Dosage Dependence of the V(D)J Recombination Efficiency Revealed by the in
vivo Assay
The in vivo V(D)J recombination assay was used to determine the influence of the relative ratios of
pWTRAG1 and pWTRAG2 plasmids on the efficiency of V(D)J recombination. In 293 cells, the
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V(D)J recombination efficiency was dosage dependent. A 5- and a 10- fold increase of pWTRAG1
in the transfection solution enhances the efficiency of V(D)J recombination each time about 3 fold.
This might be explained with one of the present models of synaptic complexes formation. In this
model, the synaptic complex is thought to consist of at least a trimer of RAG-1, and a dimer of
RAG-2 (Mundy et al., 2002) (Fig. 35). This indicates that an excess of RAG-1 is required in the
process of V(D)J recombination, and might be an explanation for the higher efficiency of V(D)J
recombination with an increased dosage of RAG-1. However, once all the RSSs are occupied by
RAG-1/2 complexes, a further excess of RAG-1 does not additionally enhance the efficiency of
V(D)J recombination.

Fig. 35: Schematic model of the predicted paired complex. The synaptic complex is thought to
consist of at least a trimer of RAG-1, and a dimer of RAG-2 (Mundy et al., 2002)

A 5- fold increase of the transfection concentration of pWTRAG2 inhibited the V(D)J
recombination dramatically in 293 cells, with no V(D)J recombination being detectable at all.
Interestingly, if 5-fold pWTRAG1 was applied and the amount of pWTRAG2 was also increased
up to 5-fold, the efficiency of V(D)J recombination was again inhibited in 293 cells. This indicates
that the in vivo V(D)J recombination efficiency decreases with higher pWTRAG2 concentrations.
Even the presence of a higher pWTRAG1 (5- fold) concentration can not compensate this effect.
These results are in strong contrast to those observed in 293T cells. Especially, when both
pWTRAG1 and pWTRAG2 concentrations were increased 5- fold at the same time, the medians of
the in vivo V(D)J recombination efficiency increased about 2.5- fold (P<0.05) as compared with
the 1xR1+1xR2 transfection in 293T cells. There is no obvious, easy answer to reconcile these
observations.

One possible speculation could be based on eventually different cell cycle
100

behaviours and phosphorylation states in the 293 and 293T cell lines. RAG-2 is phosphorylated at
threonine 490 by p34cdc2 kinase in a cell cycle dependent manner (Lin and Desiderio, 1993). In
the G1 phase RAG-2 protein is unphosphorylated and not degraded, therefore can exert V(D)J
recombination together with RAG-1. At the end of the G1 phase, RAG-2 is phosphorylationdependently, degraded and not available for the rearrangement process (Lin and Desiderio, 1993).
In the S/G2/M phase of the cell cycle we may speculate that the phosphorylation and degradation
process may be incomplete resulting in an excess of RAG-2 in 293 cells when RAG-2 is heavily
overexpressed. This initiates V(D)J recombination in the S/G2/M phase, in which the presence of
any DNA double-strand breaks may be deleterious to the survival of cells. All cells attempting
V(D)J recombination may die with the netto result of no EGFP positive cells.
Since the SV40 large T antigen influences cell cycle behaviour as well as phosphorylation states
and competence of several protein pathways (Krynska et al., 1998), RAG-2 may be phosphorylated
and degraded efficiently and thus may not be present in the S/G2/M phase. Therefore, the V(D)J
recombination may be retained only to the G1 phase. This hypothesis may be tested through the
cell cycle-dependent analysis of the phosphorylation and degradation products of RAG-2 in 293
and 293T cells.

6.5 Comparison of the in vitro and the in vivo V(D)J Recombination Assay
In Tab. 4 we compare the differences of the in vivo and the in vitro V(D)J recombination assay.

Tab. 4: Comparison of the in vitro and the in vivo V(D)J recombination assay

Reporter genes
SV40 large T antigen
SV40 origin of replication
Inversion substrate
Deletion substrate
Hybrid joint detection
Dpn I digestion necessary
Reculture of positive cells
possible
Isolation of the recombined
molecules
Sequencing of the recombined
molecules
FACS/Fluorescence microscope
Read-out
Evaluation in real time
Transfection efficiency

In vitro V(D)J Recombination assay
In vivo V(D)J Recombination assay
Chloramphenicol acetyl transferase (CAT) Enhanced green-fluorescent protein (EGFP)
Ampicillin resistance gene
Hemagglutinin A epitope (HA)

+
+
+
+
+
+
-

+
+
-/+
+

+

+

easy

difficult

-

+

Single molecule

-

Single cell in vivo green fluorescence

+

Ampicillin resistant colony number
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Percentage of cells positive for HA

Comparing both the in vitro and the in vivo V(D)J recombination assay, it reveals that both assays
possess their unique advantages. The application of both assays is therefore completely dependent
on the purpose of their usage.

6.6. Possible Explanations for the Lower V(D)J Recombination Efficiency in 293 and 293T
Cells.
In 293 and 293T cells, in vivo only about 0.5% V(D)J recombination efficiency was achieved at the
cellular level even though the V(D)J recombination substrate and RAG-1/2 expression vectors
were supplied. These findings raise the very interesting question, “Why are so few cells positive
for V(D)J recombination despite providing the cells with the essential V(D)J recombination
plasmid substrate and RAG-1 and RAG-2 ? ” Several reasons may be considered:
First, the transfection efficiency might have been low during the experiment. However, a highly
efficient plasmid transfection was obtained when using the Superfect reagent transfection (Qiagen)
as monitored via the interaction of the HA epitope and its corresponding antibody (Fig. 17). Up to
90 % of cells were transfected with the novel V(D)J recombination plasmid substrate. Since the
cDNA of the EGFP reporter gene and the HA epitope are on a single plasmid, this implies that up
to 90% of cells had received the reporter. Although the in vivo analysis of the RAG-1/2 protein
expression in the transfected single cells was prevented by the poor binding activity of the selected,
corresponding antibodies (data not shown), the western blots implicate that RAG-1 as well as
RAG-2 were expressed in reasonable amounts.
Second, the ratios of all the plasmid substrates was inadequate. We addressed this problem by the
variation of the respective plasmids. Although we optimised the concentration of RAG-1 (5-fold),
the overall efficiency of the in vivo V(D)J recombination still stayed as low as about 1%.
Third, other factors which are involved in V(D)J recombination may be crucial and rate-limiting
for an efficient V(D)J recombination. Although we did not test all NHEJ factors, the application of
an excess dosage of Artemis, which is critical for hairpin opening does not enhance the efficiency
of V(D)J recombination.

Surprisingly, in addition to the wild type RAG-1 protein (approximately 120 KD), at least three
additional RAG-1 products were detected on SDS-gel, with apparent molecular weights of 115,
100 and 90 KD. The presence of these RAG-1 products didn't depend on the presence of RSSs or
RAG-2 (Fig. 34). This phenomenon could not be explained by protein degradation on domain
bands during the purification procedure as we did see this phenomenon although we used a
complete set of proteinase inhibitors during our experiments. In addition to 293 and 293T cells we
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did observe these smaller products in M12 cells (data not show), which may have a completely
different set of proteinases. Therefore, we favor the following explanations.
Previous work has shown that truncated (core) versions of the RAG proteins can effectively
perform a broad array of DNA recognition and cleavage functions as assessed in vitro (Sawchuk et
al., 1997; van Gent et al., 1995) and could also mediate recombination of both episomal plasmid
substrates and endogenous antigen receptor loci in vivo (McMahan et al., 1997; Roman et al.,
1997; Sadofsky et al., 1994).

The importance of the RAG-1 N terminus for enhancing the

efficiency of the recombination reaction, particularly of endogenous loci, has also been highlighted
(McMahan et al., 1997; Roman et al., 1997). Recent discoveries from Omenn syndrome patients
lend some insight to the appearance of the smaller RAG-1 proteins. One Omenn syndrome patient
is carrying a nt 631 delT RAG-1 gene mutation, resulting in a premature stop codon in the 5’ part
of the RAG-1 gene (Noordzij et al., 2000). Theoretically, this results in a C-terminally truncated
RAG-1 protein. Noordzij et al. observed in this case that an internal methionine downstream of the
mutation was selected as the translational start site. This de novo N-terminally truncated RAG-1
protein is approximately 100 KD when compared with the wild type RAG-1 (119 KD).
Interestingly, the same size of a protein (100 KD) band was also detected after the wild type RAG1 transfection by Western blots in our experiments. In addition, several other protein bands with
even smaller sizes were found. We speculate that internal methionines could also be used as
alternative translational start sites after the wild type RAG-1 cDNA transfection in our assays. The
mechanism of the internal methionine usage is still elusive, but most likely there is a competition
among the initial translation start site and others in the RAG-1. This phenomenon has for example
also been found in Becker muscular dystrophy (Malhotra et al., 1988).
Another group has elucidated the capacity of truncated RAG-1 proteins due to internal methionine
usage regarding to V(D)J recombination efficiency (Santagata et al., 2000). In principal, the RAG1 cDNA contains 5 internal methionine amino acids at positions 183, 202, 263, 324, and 355. With
the deletion and inversional substrates tested by the in vitro V(D)J recombination assay, one
truncated protein (methionine amino acid 183) demonstrated essentially wild-type levels of activity
for recombination, whereas the capacity of the other truncated RAG-1 protein (methionine amino
acid 263) was only about 10 % of the wild type RAG-1. Thus, partially active, truncated RAG-1
proteins lead to Omenn phenotypes of SCID patients. Genetic evidence is consistent with the
model that the RAG-1 N terminus is dispensable for limited recombinase activity, but not for
efficient recombination.
Taken altogether, we speculate that the wild type RAG-1 expression vector produces both the fulllength and N-terminally truncated RAG-1 protein at different levels via the mechanism of internal
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methionine usage. Given this assumption, we suppose that there is a RAG-1 protein pool, which
contains the wild type and N-terminally truncated RAG-1 proteins in the 293 and 293T cells
transfected with pWTRAG1 plasmid. If this is the case, the WT and N-terminally truncated RAG1 are incorporated in the V(D)J recombination complexes and the N-terminally truncated RAG-1 is
less efficient or even dominant negatively reactive. We present consequences of these assumptions
on several present models of V(D)J recombination.
Influence on the Generation of the Paired Complex
Mundy et al (2002) find that the full complement of RAG proteins required for synapsis of two
signals and coupled cleavage can assemble on a single RSS. This complex, composed of a dimer
of RAG-2 and at least a trimer of RAG-1, remains inactive for double-strand break formation until
a second complementary signal is provided. Thus, binding of the second signal activates the
complex, possibly by inducing a conformational change. The N-terminus of RAG-1 may contain
information, which is responsible for the DNA conformation change (Mundy et al., 2002). These
results indicate that the N-terminally truncated RAG-1 protein might lose essential information for
remodeling chromatin configuration and fail in the paired complex formation. If this holds true,
coupled double strand breaks can't be introduced and eventually the ensuring process of V(D)J
recombination is blocked (Fig. 36).
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Fig. 36: Models of the wild type (WT) (A) and N-terminally truncated RAG-1 (B) in V(D)J
recombination. The N-terminally truncated RAG-1 protein might lose essential information for
remodeling chromatin configuration and might block the paired complex formation.
Resolution of Signal Ends
Recent work from Martin Gellert's Lab demonstrated in vitro that all of the cleaved signal ends
remain associated with core RAG-1 (amino acid 384-1008) and core RAG-2 (amino acid 1-387) in
stable complexes (Jones and Gellert, 2001). The maintenance of signal sequences within the signal
end complex with truncated RAG-1/2 blocked access to the DNA ends and prevented their joining

105

Fig. 37: Models of the wild type (WT) (A) and N-terminally truncated RAG-1 (B) in V(D)J
recombination. The N-terminally truncated RAG-1 protein might be bound tightly to the signal
ends after cleavage and eventually block the signal joints for NHEJ factors.

by proteins including purified Ku70/86, XRCC4, and DNA ligase IV, which consist of the
mammalian joining apparatus sufficient for joining cleaved ends. The tightly bound recombinase
may thus lead to an accumulation of signal ends. Evidence suggested that regions outside the core
domains used in these cited experiments contribute to efficient signal joint formation in the cell.
For instance, the N-terminus of RAG-1 accompanied with RAG-2 might contain the specific
signals that assist in removal of the RAG proteins from the signal ends. However, this study did
not illuminate the potential role of wild type RAG-1 protein in the binding reaction to the signal
ends in vivo.

Steen reported that a N-terminally truncated RAG-1 leads to a significant
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accumulation of signal ends (Steen et al., 1999). These date suggest that the wild type RAG-1
protein (accompanied with RAG-2) might be more efficient than the core RAG-1 in releasing from
the signal ends complexes and might allow signal joint formation.

For the deletion V(D)J

recombination substrate, this process might be not very important for the coding joints. However,
for the inversional V(D)J recombination substrate, if the truncated RAG-1/2 protein complexes still
combine with the signal end complexes after cleavage in vivo, this process could inhibit the signal
joint formation in the inversional substrate and eventually lower the efficiency of the inversional
V(D)J recombination.
Accumulation of Hybrid Joints
Interestingly, the core RAG and wild type RAG lead to accumulation of ‘hybrid’ joints in wildtype cells. However, in NHEJ-deficient cells, hybrid joints do not accumulate if wild type RAG1/2 were expressed, they do accumulate if core RAG-1/2 were expressed. These results suggest a
potential role for the non-core regions in repressing the hybrid in vivo (Sekiguchi et al., 2001).
Together these results indicate that the N-terminally truncated RAG-1 protein might increase the
frequency of hybrid joints. Since our assay can not score hybrid joint (see page 102), we may lose
a certain amount of V(D)J recombination events in our efficiency calculations and may present
lower results than expected (Fig. 38).
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Fig. 38: Two pathways to hybrid joint formation in WT cells. Formation of the N-terminally
truncated RAG-1 protein might enhance the frequency of hybrid joint. Accumulation of ‘hybrid’
might influence the quantitative or qualitative alteration in V(D)J recombination.

Our assumption that internal methionine usage might reduce overall V(D)J recombination
efficiency was evaluated on models of V(D)J recombination. Even though the wild type RAG-1
may play the key role in efficient V(D)J recombination, an N-terminally truncated RAG-1 might
influence the quantitative and qualitative results of rearrangement and eventually lower the
efficiency of V(D)J recombination.

Further investigations for support or dismissal of our

hypothesis on the alternative products of RAG-1 and their potential roles can be tested. First, by
detecting RAG-1 expression in different pre-B and pre-T cell lines as well as primary cells and
comparing their molecular weights with those in 293 and 293T cells. Second, by knocking out one
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or all internal ATGs, by predicting the sizes of each mutant and comparing with the alternative
products of WT RAG-1. These Met-mutations should not disturb the overall RAG-1 structure
since they are phylogenetically not on the conserved amino acid residues. Furthermore, by an
evaluation of the efficiency of V(D)J recombination of such mutants with the in vivo V(D)J
recombination assay, our hypothesis can be substantiated. In addition, agents that may be involved
in the inactivation of the N-terminus of RAG proteins should be considered.

6.7 Application of the in vivo V(D)J Recombination Assay: Does Overexpression of Artemis
Influence V(D)J Recombination Efficiency?
Artemis is a component in the NHEJ pathway. Artemis mutations in RS-SCID patients are highly
correlated with defective V(D)J recombination in lymphocytes (Moshous et al., 2001). Artemis
gains endonucleolytic activity on 5’ and 3’ overhangs and hairpins through phosphorylation
mediated by DNA-PKcs within an Artemis/DNA-PKcs complex (Ma et al., 2002). As a first
application, the in vivo V(D)J recombination assay was employed to evaluate the potential role of
Artemis overexpression in 293 cells. Although the dosages of Artemis expression vectors were
varied 5 fold, the efficiency of V(D)J recombination was not improved (Fig. 34). We showed that
V(D)J recombination efficiency was independent of relative Artemis expression vector
concentrations. If other known or unknown factors of the NHEJ pathway are rate limiting or
missing in 293 cells, these factors can be elucidated by cotransfection with a respective expression
plasmid or expression libraries and can easily be identified in our novel in vivo V(D)J
recombination assay.
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7. Summary
A single cell in vivo green fluorescence assay was successfully developed to monitor effectively
V(D)J recombination efficiency. Our results show that the in vivo V(D)J recombination efficiency
is essentially low (~1%) in 293 cells even though the transfection efficiency reached 60% to 90%.
This in vivo V(D)J recombination efficiency correlated well with that achieved by the classical in
vitro V(D)J recombination assay. The in vivo V(D)J recombination efficiency depended on the
relative RAG-1 and RAG-2 expression vector concentrations used in co-transfection but was
independent of relative Artemis expression vector concentrations.
The novel in vivo EGFP V(D)J recombination assay has been successfully set up and can in the
future be applied for testing the efficiency of V(D)J recombination in cell lines, for evaluating roles
of components in V(D)J recombination, for searching for novel factors involved in the V(D)J
recombination process and for diagnosing SCID patients.
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