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Preface 

The vertebrate immune system is distinctive among defense 
systems of multicellular organisms. In addition to nonspecific 
immunity, it generates a randomized array of millions of 
antigen receptors (immunoglobulins and T-cell receptors). A 
subset of these receptors are critical for binding to invading 
microbes or biochemicals from them to tag the microbes for 
elimination. Three site-directed DNA modification processes 
are critical to this process in vertebrates. V(D)J recombination 
generates the array of exons that encode the antigen binding 
pockets. Recent work summarized in this volume describes 
the dissection of this process at the biochemical level. The 
mechanism of the reaction is now understood in considerable 
detail. The proteins that catalyze many steps of the process 
have now been identified by biochemical and genetic recon
stitution and by analysis of genetic mutants defective in V(D)J 
recombination. 

Class switch recombination is the process by which the 
variable domain exon of the heavy chain is changed from IgM 
to IgG, IgA. or IgE. Recent progress is described in the de
velopment of an extrachromosomal substrate assay system. 
Molecular genetic analysis of the process in transgenics is 
defining some of the cis sequence requirements. Biochemical 
assays for defining enzymatic components are also described. 

In addition to exciting progress in V(D)J recombination and 
class switch recombination, one chapter describes recent pro
gress in somatic hypermutation. This is the process by which 
affinity maturation is achieved, and it involves generation of 
point mutations within and downstream of the variable domain 
exons of the heavy and light chain genes of immunoglobulins. 

All three of these systems are intriguing because of their 
site-directed nature. How is targeting achieved, how are the 
reactions carried out. what are the enzymes that catalyze 
them, and how are these enzymes regulated? These are 
among the questions examined in this monograph. 

Basel 
St. Louis, Montana 

R. JESSBERGER 

M.R. LIEBER 
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1 Introduction 

Mature T cell receptor (TCR) and immunoglobulin (lg) genes are assembled 
from separate gene segments, which are flanked by recombination signal 
sequences (RSS), consisting of conserved heptamer and nonamer motifs sep
arated by a spacer region of 12 or 23 base pairs (bp). V(D)J recombination 
results in a precise head-to-head ligation of two signal sequences in a signal 
joint, and the imprecise joining of two coding segments in a coding joint, 
which may contain additions or deletions of a few bp. The imprecise nature 
of coding joints led to the hypothesis that double strand breaks (DSB) might 
be intermediates in the recombination pathway. These DSB can then be pro
cessed by an exonuclease and/or by terminal deoxynucleotidyl transferase 
(TdT) before formation of a coding joint. 

Such broken molecules have indeed been found in lymphoid cells (RoTH 
et al. 1992a). Signal ends are blunt, 5'-phosphorylated, and contain the complete 
signal sequence (SCHLISSEL et al. 1993; ROTH et al. 1993). Coding ends were 
initially found only in mice harboring the severe combined immunodeficiency 
(scid) mutation. They terminated in a hairpin structure in which both strands 
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were covalently coupled (RoTH et al. 1992b). These hairpin coding ends have 
since also been found in a non-scid pre-B cell line, albeit at a very low level 
(RAMSDEN and GELLERT 1995). They were hypothesized to be intermediates in 
normal V(D)J recombination, since this would provide a plausible explanation 
for the frequent observation of self-complementary (P) nucleotides: opening 
of the hairpin away from the tip could produce such a sequence. Additional 
evidence that broken molecules are indeed intermediates in V(D)J recombi
nation was obtained from studies on the 103/BCL-2 cell line, which contains 
a temperature sensitive v-abl gene. Upon shift from the permissive (low) to 
the non permissive (high) temperature, the v-abl protein is inactivated, ex
pression of RAG proteins is upregulated, and a very high level of recombination 
is induced (CHEN et al. 1994). Under the non permissive conditions, coding 
joints are formed readily, but DSB persist at the signal ends. When the cells 
are shifted back to the permissive temperature, these signal ends go on to 
form signal joints, showing that signal ends are really intermediates leading 
to signal joints (RAMSDEN and GELLERT 1995). 

Expression of two novel genes, RAG1 and RAG2, was found to be necess
ary and sufficient to confer V(D)J recombination activity on nonlymphoid cells 
(SCHATZ et al. 1989; OETIINGER et al. 1990). Most evidence pointed toward a 
role of RAG1 and RAG2 in initiation of V(D)J recombination; mice that do not 
express both of these proteins do not make DSB (SCHLISSEL et al. 1993). More
over, a mutant form of RAG1 was found with highly increased sensitivity to 
mutations in the heptamer and flanking coding sequence, consistent with the 
hypothesis that RAG 1 protein interacts with this region (SADOFSKY et al. 1995). 

Attempts to reconstitute complete recombination in a cell-free system 
have not yielded any positive results, perhaps because of the large number 
of proteins involved. The initial cleavage reaction was expected to require at 
least the presence of the two RAG proteins, but the joining of these broken 
molecules to form signal and coding joints requires at least several other 
proteins involved in DSB repair (ROTH et al. 1995). It therefore seemed more 
practical to reproduce only the initial step of V(D)J recombination (formation 
of DSB) in a cell-free system. 

2 Development of a Cell-Free System 

2.1 Generation of Double Strand Breaks 
in Pre-B Cell Nuclear Extracts 

In order to develop a cell-free system for generation of DSB at RSS, we 
searched for a very active source of recombination factors, and an efficient 
technique for detection of broken DNA molecules. As the source of recom
bination factors we used the pre-B cell line 1 03/BCL-2, which had been induced 
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to very high levels of recombination (by shifting it to the nonpermissive tem
perature). Nuclear extracts were prepared from these cells, and tested for 
cleavage activity. Broken DNA molecules were detected by the ligation-medi
ated polymerase chain reaction (LMPCR), in which a linker is ligated onto 
blunt DNA ends, followed by PCR using a locus-specific and a linker-specific 
primer. Since the RAG proteins had been implicated in V(D)J recombination 
by genetic methods, we also added these proteins (produced in recombinant 
expression systems) to the extracts. 

We found that the extracts alone generate a very low level of DSB at the 
border of signal sequences, and the efficiency of this reaction can be greatly 
enhanced by addition of recombinant RAG1 protein. Moreover, nuclear extracts 
from RAG 1 (-/-)pre-B cells (which are not active in the cleavage assay by them
selves) can be complemented by recombinant RAG1 protein, indicating that 
RAG1 is directly involved in the cleavage reaction. The cleavage activity from 
nuclear extracts was partially purified, and shown to co-fractionate with RAG2 
protein, suggesting that the RAG2 protein is also directly involved in generating 
DSB. The same products were generated as observed previously in vivo: full 
length, blunt. 5'-phosphorylated signal ends, and coding ends with a hairpin 
structure, suggesting that hairpins are the direct result of the cleavage reaction 
(VAN GENT et al. 1995). In recombination substrates with two RSS (one with a 
12 bp spacer and one with a 23 bp spacer) only one signal was cut. and 
substrates with one signal sequence were cleaved as efficiently as substrates 
with two, indicating that a single signal is recognized in the cleavage reaction. 

2.2 Cleavage by RAG 1 and RAG2 Proteins 

Although these results showed that RAG1 and probably also RAG2 were in
volved in the cleavage reaction, we could not exclude the possibility that 
other factors from the extract were involved as well. We therefore investigated 
whether cleavage could be accomplished by RAG1 and RAG2 alone. In col
laboration with the laboratory of M. Oettinger, we found that the pre-B cell 
nuclear extract could be replaced by recombinant RAG2 protein, showing that 
RAG1 and RAG2 are both necessary and sufficient for DSB formation (McBLANE 
et al. 1995). (This replacement had previously failed because not all preparations 
of recombinant RAG2 protein are active.) The frequency of DSB observed in 
reactions with purified RAG proteins was much higher than observed previously 
in nuclear extracts: up to 10% of input recombination substrate could be 
cleaved, as estimated from Southern blot analysis. Cleavage took place at a 
single signal only, suggesting that oligonucleotides with only one signal se
quence might be good substrates. Indeed, a double-stranded 50-mer oligo
nucleotide substrate containing either a 12-signal or a 23-signal sequence was 
cut efficiently (Fig. 1). Cleavage again resulted in blunt. 5'-phosphorylated signal 
ends and hairpins at the coding ends. 
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Fig. 1. Cleavage of a recombination signal sequence 
by purified RAG1 and RAG2 proteins. A 50 bp oligo
nucleotide substrate containing a signal sequence with 
a 12 bp spacer was incubated without proteins (lane 
1). with RAG1 only (lane 2), RAG2 only (lane 3), or 
RAG1 + RAG2 (lane 4). A 32P label was included at 
the 5' end on the coding side; products were separated 
on a 12.5% TBE/urea gel, and visualized by autoradio
graphy. (M marker lane, containing a 16 nucleotide 
marker - the position of the nicked intermediate - and 
a hairpin marker; N, DNA species nicked at the border 
of the signal sequence and the flanking coding DNA; 
HP, hairpin formed on the coding end) 

In addition to these DSB we found a DNA species containing a nick at 
the 5' end of the signal sequence (Fig. 1), Moreover, an oligonucleotide sub
strate with a pre-existing nick at this position is a good substrate for hairpin 
formation at the coding end, showing that this nicked species is an intermediate 
on the pathway to DSB formation. Both nicking and hairpin formation require 
RAG 1 as well as RAG2, and an RSS. 

3 Outline of the V(D)J Cleavage Reaction 

The data presented above lead to the following model for initiation of V(D)J 
recombination (Fig . 2). After RAG1 and RAG2 recognize a signal sequence, 
they hydrolyze the phosphodiester bond at the 5' end of the heptamer, resulting 
in a 3'-OH on the coding side, and a 5'-phosphate on the signal side. This 
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coding end signal end 
Fig. 2. Model for V(D)J cleavage. After the recombination signal sequence is recognized by the 
RAG1 and/or RAG2 proteins, a nick is introduced at the 5' end of the signal sequence heptamer 
(producing a 3' hydroxyl and a 5' phosphoryl group). The 3' hydroxyl is then coupled to the 
phosphate in the opposite strand, forming a hairpin structure on the coding end side. Both these 
reactions require RAG1 as well as RAG2. The recombination signal sequence is represented by a 
triangle 

3'-OH is then coupled to the phosphate in the opposite strand, creating a 
hairpin structure at the coding end, and a blunt signal end. 

Conversion of a nicked DNA species to a hairpin coding end and a blunt 
signal end involves breakage of one phosphodiester bond, and formation of 
a new one (at the tip of the hairpin). Formation of a phosphodiester bond 
requires energy, but no ATP or other high-energy cofactor was added to the 
cleavage reactions. Thus the energy of the broken phosphodiester bond is 
most probably conserved for the formation of the new one. The energy could 
be conserved by either a covalent protein-DNA intermediate (as in topoisome
rases), or by direct trans-esterification. In the first case, the phosphodiester 
bond opposite the nick would be broken by the RAG proteins, resulting in 
covalent attachment of RAG1 or RAG2 to the 5' phosphoryl group, probably 
by coupling of a serine, threonine or tyrosine residue. Subsequently, the 3' 
hydroxyl produced in the initial nicking step could be used as the nucleophile 
to break this phospho-protein linkage, thereby releasing the protein and pro
ducing a hairpin structure on the DNA. A similar reaction has been found with 
several DNA recombination systems, such as bacteriophage lambda integration 
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and the reactions catalyzed by bacterial invertases and resolvases. In the direct 
trans-esterification model, the 3' hydroxyl produced in the initial nicking reaction 
would be used directly to attack the phosphodiester bond in the opposite 
strand, simultaneously breaking this bond and making the new one to form 
a hairpin. Bacteriophage Mu transposition and retroviral integration have been 
found to proceed through such a mechanism: the 3'-OH produced in the 
initial nicking step is used as the nucleophile to break a phosphodiester bond 
in the acceptor DNA. Recent stereochemical experiments have shown that 
cleavage by the RAG proteins falls into this second class, indicating that the 
RAG system strongly resembles transposable elements in its chemical mech
anism (VAN GENT et al. 1996). 

4 Recognition of Recombination Signal Sequences 

Recombination substrates with a signal sequence are cut by purified RAG1 
and RAG2 proteins, showing that one or both of these proteins must be able 
to recognize such sequences. Several lines of evidence indicate that both 
RAG proteins bind to signal sequences. As mentioned above, we recently 
found a mutant form of RAG1 which is extremely sensitive to mutations in 
and around the heptamer, suggesting that RAGl interacts with the DNA in 
that region. We have also found that both RAG1 and RAG2 protein have 
affinity for DNA with a moderate specificity for signal sequences (M. SADOFSKY 
et al. unpublished results). 

These results raise the question of how the two RAG proteins co-operate 
in recognition and cleavage of signal sequences. The simple model, in which 
one binds specifically and the other one is the catalytic subunit, does not 
seem to be very likely, since both have affinity for signal sequences. It seems 
more likely that both proteins contribute to the binding specificity. Although 
we do not have any evidence for co-operative binding, some data indicate 
that RAGl and RAG2 proteins may form a specific complex. For example, 
RAG2 protein expressed in insect cells has a very low activity unless RAG 1 
is expressed in the same cells, suggesting that RAG1 can stabilize RAG2 in 
this environment (McBLANE et al. 1995). Furthermore, RAG2 has been found 
to co-immunoprecipitate with RAG1 from cells expressing both proteins (LEU 
and SCHATZ 1995). 

RAG proteins recognize signal sequences with a 12 bp spacer or a 23 bp 
spacer between the conserved heptamer and nona mer sequences. The fact 
that both types of signal sequences are recognized by the same proteins is 
in agreement with our earlier findings that mutations introduced into either 
type of signal sequence have similar effects on recombination in transfection 
assays (HESSE et al. 1989). The two types of signal sequences could be rec
ognized by different numbers of RAG protein molecules or a different con-
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formation of the cleavage complex. It should be noted that the difference in 
the preferred spacer lengths is 11 bp, amounting to approximately one turn 
of the double helix. In other words, in both types of signals the nona mer 
would be located on the same face of the helix with respect to the heptamer. 

Although RAG1 and RAG2 bind with some specificity to signal sequences 
in vitro, this binding does not seem to be specific and tight enough to explain 
how the RAG proteins would be able to find them in a whole genome. Spe
cificity and affinity might be improved by formation of a specific synaptic 
complex (which has probably not been reproduced yet in vitro), or other factors 
might be involved in recruiting the RAG proteins to Ig and TCR loci. 

5 Regulation of Cleavage 

5.1 Coupled Cleavage at Two Signal Sequences 

The cleavage reaction described here faithfully reproduces cleavage observed 
in vivo; the same signal and coding ends are produced. However, cleavage 
and recombination in vivo must be regulated at several levels which are missing 
in this reaction with purified proteins. 

V(D)J recombination in cells requires the presence of two types of signal 
sequences: a signal with a 12 bp spacer always recombines with one with 
a 23 bp spacer (ToNEGAWA 1983). The requirement for two different types of 
signals suggests that both may need to be present in the same synaptic 
complex before recombination starts. In accordance with that view, it was 
found that all DNA molecules broken at the TCRo locus of new-born mice 
were cut at both signal sequences (RoTH et al. 1992a), and recent results with 
chromosomal test substrates indicate that cleavage is greatly depressed unless 
both a 12 and a 23 signal are present (D. B. ROTH, personal communication). 
However, in vitro a single signal sequence is cleaved, and even when two 
signals are present in one substrate, cleavages are detected predominantly 
at one signal sequence only. 

A possible explanation for the lack of coordinated cleavage is that one 
or more factors may be missing from the cell-free reaction. Such a hypothetical 
factor could inhibit cleavage at a signal sequence by RAG1 and RAG2, unless 
the other signal is also present in the same cleavage complex. Alternatively, 
cleavage by RAG1 and RAG2 might be increased dramatically when a specific 
synaptic complex is formed. Such a complex could contain additional factors, 
required for regulation of its formation or involved in later steps of V(D)J 
recombination. Factors that might be present in such a complex include Ku 
(which binds to DNA ends and was found to be important for V(D)J recom
bination), the catalytic subunit of DNA dependent protein kinase (which has 
been identified as the scid factor), and several other proteins involved in DSB 
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repair. Although we have not yet been able to form a synaptic complex in 
vitro in which cleavage is coordinated, we cannot exclude the possibility that 
RAG1 and RAG2 may be sufficient to form such a complex. More favorable 
reaction conditions or specific post-translational modifications of the RAG pro
teins might be required for such a reaction. 

5.2 Regulation of Cleavage Activity 

Because the basic cleavage reaction requires nothing beyond RAG1 and RAG2, 
cells must be able to avoid having them make potentially harmful DSB through
out the genome. It is to be expected that there will be extensive control of 
the RAG genes and proteins in vivo. One important layer of control is of 
course at the level of RAG gene transcription: they are transcribed in only a 
small subset of all cells, and their expression is tightly regulated in development 
(the combination of these two genes is only expressed in pre-B and pre-T 
cells). The fact that both RAG1 and RAG2 are required for cleavage greatly 
reduces the chance of accidental activity in cells that express only one of the 
two RAG genes but are not supposed to rearrange their Ig or TCR loci, such 
as in the brain (CHUN et al. 1991). 

A second layer of control is at the level of stability and post-translational 
modification of these proteins. Both RAG1 and RAG2 have short half lives 
(SADOFSKY et al. 1993; LIN and DESIDERIO 1995), indicating that regulation at the 
level of transcription is quickly reflected at the protein level, and that cleavage 
activity in these cells will therefore also follow. There is evidence that the 
level and stability of RAG2 protein is regulated in the cell cycle, with maximal 
amounts being present in G 1 phase (LIN and DESIDERIO 1995). This parallels 
formation of DSB, which are also most abundant in G1 phase (SCHLISSEL et al. 
1993). Different phosphorylation forms of the RAG2 protein have been reported 
to have different stability or activity. Availability of the cell-free system should 
facilitate studies of these modified proteins. 

Even in cells that are recombinationally active, only a small fraction of 
the RSS (or RSS-like) sequences is available at any time. This regulation, at 
the level of the target DNA accessibility, may also be approachable in the 
biochemically defined system. Access to Ig and TCR loci may be limited by 
their incorporation into chromatin, or by other bound protein factors. In addition 
to the suggested roles of transcription or DNA methylation in regulation of 
V(D}J recombination, some of the proteins with affinity for heptamers, or non
amers, or both (reviewed in LEWIS 1994) might also be involved in control of 
cleavage, acting either as activators or inhibitors. Initiation of V(D}J recombi
nation may be further modulated by factors that bind to the RAG proteins 
themselves. Proteins that bind to RAG 1 have been described (CUOMO et al. 
1994; CORTES et al. 1994). although little evidence for a regulatory function has 
yet been found. Attempts to reconstitute some of these processes in vitro 
should now be possible. 
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All considerations about regulation of cleavage activity mentioned thus 
far depend on the assumption that RAG1 and RAG2 by themselves can make 
DSB in vivo. Although cleavage by these proteins appears to be reasonably 
efficient in vitro, this activity might not be sufficient to produce DSB in vivo 
without stimulatory factors. It should be noted here that efficient cleavage in 
the cell-free reaction requires Mn2+, whereas Mg2+ is the predominant divalent 
cation in cells. With the purified proteins, cleavage in Mg2+ produces mainly 
nicked DNA. suggesting that DSB formation may require additional factor(s) 
with this cation. 

6 A Possible Role for RAG Proteins in the Completion 
of the Recombination Reaction 

Completion of the V(D)J recombination reaction requires opening of the coding 
end hairpins, addition or deletion of a few nucleotides, and formation of signal 
and coding joints. TdT has been shown to be required for addition of non
templated (N) nucleotides, and several DSB repair proteins are necessary for 
formation of signal and coding joints. It is not yet clear whether the RAG 
proteins only catalyze cleavage at signal sequences, or whether they might 
also be involved in these later stages of the reaction. One could imagine that 
they may be involved in opening of the hairpins or recruitment of TdT and 
DSB repair factors. 
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Note Added in Proof. More recent work has shown that the RAG1 and RAG2 proteins produce 
coupled cleavage at a pair of signal sequences if the cation is changed from Mn2+ to Mg2+ The 
signal pair with 12-bp and 23-bp spacers is most favored. and single-signal cleavage is strongly 
suppressed. Thus the RAG1 and RAG2 proteins alone are responsible for establishing the 12/23 
rule in V(D)J recombination (VAN GENT DC. RAMSDEN DA. GELLERT M (1996) Cell 85:107-113). 
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1 Introduction 

The process of V(D)J recombination is the defining characteristic of lymphocyte 
development. This site-specific recombination reaction assembles the genes 
that encode immunoglobulin tlg) and T cell receptor proteins, and in many 
species is the source of much of the diversity in these gene products. The 
reaction is complex and almost certainly requires the coordinated activity of 
a large number of proteins. Most components of the V(D)J recombination 
enzymatic machinery (hereafter referred to as the V(D)J recombinase) are ubi
quitously expressed, with only three lymphocyte-specific factors thus far 
identified: the products of the recombination activating genes (RAG-l and 
RAG-2). and terminal deoxynucleotidyl transferase (TdT). TdT is not required 
for V(D)J recombination, but when present it functions to add nongermline-

1 Howard Hughes Medical Institute. Section of Immunobiology. Yale University School of Medicine. 
310 Cedar Street. P. O. Box 208011. New Haven. CT 06520-8011. USA 

2 Universitat Zurich Irchel. Institut fur Veterinarbiochemie. Winterthurerstrasse 190. 8057 Zurich. 
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encoded nucleotides (N regions) to coding junctions and thereby greatly in
creases the diversity of the products of the reaction. The rag-1 and rag-2 
proteins are central to the process of V(D)J recombination, and their biochemi
cal properties and protein-protein interactions are the focus of this chapter. 

RAG-1 and RAG-2 were isolated by combining a sensitive assay for V(D)J 
recombination with serial transfections of genomic DNA: in essence, searching 
for genes able to activate the V(D)J recombinase when transferred into non
lymphoid cells (SCHATZ and BALTIMORE 1988). RAG-1 was identified first. and 
presented the curious puzzle that RAG-1 cDNA clones functioned very poorly 
in the complementation assay that had allowed the isolation of the gene 
(SCHATZ et al. 1989). The puzzle was solved by the discovery of RAG-2, which 
was found to reside only a few kilobases away from RAG-1 (OETIINGER et al. 
1990). In retrospect. it is clear that neither gene could have been isolated by 
the approach used had they not resided so close to one another in the genome. 
While RAG-1 and RAG-2 have no sequence similarity to one another, they 
share the same general genomic organization: the coding region is contained 
in a single large exon, upstream of which are one (for RAG-1; SILVER 1993) or 
two (for RAG-2; C. M. THOMPSON and D. G. SCHATZ, unpublished data) small 
exons containing portions of the 5' untranslated region. The close juxtaposition 
and relative orientation (convergent transcription) of the two RAG genes has 
been conserved in all vertebrate species from which they have been isolated 
and characterized (CARLSON et al. 1991; FUSCHIOTII et al. 1993; GREENHALGH et al. 
1993; ICHIHARA et al. 1992; OETIINGER et al. 1990). RAG-1 (and presumably also 
RAG-2) is present in all vertebrate species thus far examined (BERNSTEIN et al. 
1994), but the evolutionary origin of the two genes remains unknown. It is 
tempting to think, based on the close proximity and simple structure of the 
RAG genes, that the rag proteins once functioned in a fungal or viral recom
bination reaction and coevolved to play their present roles in V(D)J recombi
nation. 

In keeping with the close proximity of their genes, the rag proteins co
operate closely during V(D)J recombination. Both rag-1 and rag-2 are absolutely 
essential for V(D)J recombination, a point first suggested by transfection 
studies (OETIINGER et al. 1990) and then demonstrated conclusively by targeted 
disruption of either RAG-lor RAG-2 in mice (MOMBAERTS et al. 1992; SHINKAI et 
al. 1992). In these RAG knockout mice, lymphocyte development is arrested 
and those immature lymphocytes that do exist show no evidence for broken
ended molecules resulting from cleavage adjacent to recombination signal 
sequences (RSS), suggesting that V(D)J recombination is disrupted at a very 
early stage (SCHLISSEL et al. 1993; YOUNG et al. 1994). The reason for this has 
just been elucidated: rag-1 and rag-2 are necessary and sufficient for RSS
dependent cleavage of DNA in vitro (see chapter by D.C.VAN GENT et aI., this 
volume). Consistent with this, we provide evidence here that rag-1 and rag-2 
are components of the same large, heterogeneously-sized, protein complexes. 

Little else is known about the protein interactions of rag-l and rag-2. Use 
of the yeast two-hybrid system has identified two related proteins that interact 
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with rag-1, Rch-1 (CUOMO et al. 1994) and SRP-1 (CORTES et al. 1994). These 
proteins likely playa role in nuclear transport of rag-1 (GORLICH et al. 1994), 
and their role, if any, in V(D)J recombination is unclear. It is curious that the 
yeast two-hybrid system failed to detect any proteins interacting with rag-2, 
including rag-1 (CUOMO et al. 1994). While rag-1 and rag-2 are sufficient for 
the early steps of V(D)J recombination (site-specific DNA binding and cleavage), 
it is clear that the later steps of the reaction require the direct or indirect 
participation of a series of DNA repair factors (see chapters by Z. LI and F. ALT, 
G. CHU, S.E. LEE et aI., P.A. JEGGO et aI., and C.W ANDERSON and TH. CARTER, 
this volume), including the components of the DNA dependent protein kinase 
(Ku70, Ku80 and DNA-PKcs) and the XRCC4 gene product. It is as yet unclear 
whether any of these factors interact with rag-lor rag-2, nor is it known if 
the rag proteins playa role in V(D)J recombination after the completion of 
DNA cleavage. 

We have expressed the murine rag proteins at high levels in a lymphocyte 
cell line and compared their biochemical properties to that of rag proteins 
from the thymus, their richest natural source. We find that rag-1 is tightly 
bound in the nucleus, insoluble at physiological pH and salt concentrations, 
and a component of heterogeneously-sized complexes. rag-2 adopts many of 
these same properties when expressed in the presence of rag-1. We have 
developed polyclonal antibodies specific for rag-lor rag-2, and used them to 
demonstrate that the rag proteins coimmunoprecipitate, thus confirming that 
they are components of the same complex. We also provide evidence that 
rag-1 (in the absence of rag-2) interacts very tightly with DNA. and that rag-1 
is capable of dimerizing. The implications of the data for rag protein function 
and the mechanism of V(D)J recombination are discussed. 

2 Expression and Biochemical Characterization 
of the rag Proteins 

2.1 An Inducible, High Level Mammalian Expression System 
for rag-1 and rag-2 

We chose to express the murine rag-1 and rag-2 proteins in the murine B 
lymphoma cell line M12 for several reasons: first, a mammalian lymphocyte 
cell line should provide a close physiological approximation of the normal 
environment of the rag proteins; second, the ability of the expressed rag 
proteins to perform V(D)J recombination could be determined easily by the 
introduction of recombination substrates into the cells; and third, the M 12 
cell line has been used by others to express the rag proteins using a similar 
expression strategy (OLTZ et al. 1993). The expression vector (LEU and SCHATZ 
1995) contained a Drosophila heat shock protein 70 promoter to drive inducible 
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rag expression. and a linked cassette for expression of the dihydrofolate re
ductase (DHFR) gene. to allow for methotrexate (MTX) selection of cells con
taining the vector. The full-length murine rag proteins. with a 15 amino acid 
N-terminal addition containing a stretch of six histidine residues. were ex
pressed. The rag-1 and rag-2 expression vectors were transfected into M12 
and the cells were subjected to several rounds of selection in increasing 
concentrations of MTX (intended to select for those cells with the highest 
DHFR expression levels. and therefore presumably the highest vector copy 
number and rag expression levels). Three clonal cell lines with high rag ex
pression levels were analyzed extensively: Sr1. expressing rag-1 only; Sr2. 
expressing rag-2 only; and Dr3. expressing both rag-1 and rag-2 (LEU and 
SCHATZ 1995). 

The levels of expression of the rag proteins in these cell lines. both before 
and after heat shock induction. were determined by Western blotting with 
rag-specific polyclonal antibodies (LEU and SCHATZ 1995). and by Coomassie 
blue staining in the case of rag-1. In addition. the absolute levels of rag-1 and 
rag-2 expression were estimated by immunoprecipitation followed by silver 
staining (LEU and SCHATZ 1995). Comparison of the rag protein expression levels 
with that observed in thymus (Table 1) reveals several significant points: first. 
expression levels in the transfectants before heat shock induction are higher 
than in thymus (even when taking into account the five- to tenfold larger 
volume of an M 12 cell compared with a thymocyte); second. heat shock 
induction resulted in a 50-fold increase in rag-1 and a fivefold increase in rag-2 
protein levels; and third. while the rag-1: rag-2 ratio is significantly less than 
1 in the thymus. it is significantly greater than 1 in the heat shock induced 
Dr3 double expresser. We estimate that an average thymocyte contains ap
proximately 104 molecules of rag-1. and about five times this number of rag-2 
molecules. This in turn means that the transfected cell lines are expressing 
very substantial quantities of the rag proteins. making them useful for bio
chemical and enzymatic analyses of the rag proteins. 

Table 1. Relative levels of the rag proteins in transfected cells and thymus 

Srl na Srli Sr2n Sr2i Dr3n Dr3i Thymus 

rag~ 1 50 2500 NA NA 50 2500 1 b 

rag~2 NA NA 100 500 100 500 5 
rag~ 1 • rag~2 NA NA NA NA 0.5 5 0.2 

NA, not applicable. 
a Srl n, Sr2n and Dr3n refer to the uninduced cell lines, and Srl i, Sr2i and Dr3i refer to the heat 
shock induced cell lines. 

b All values in the table are stated relative to the number of rag~ 1 molecules estimated to be 
present, on average, in a thymocyte. This value (104 molecules per cell) is arbitrarily set to 1 
Therefore, for example, a thymocyte is estimated to contain, on average, 5 x 104 molecules of 
rag~2, while a Dr3i cell is estimated to contain 5 x 106 molecules of rag~2 and 2.5 x 107 molecules 
of rag~ 1. It is worth noting that the stably transfected M 12 expresser cells are bigger than thy~ 
mocytes by a (volume) factor of 5-10. Data derived from LEU and SCHATZ 1995. 
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The Dr3 cell line was able to perform V(D)J recombination rapidly and at 
high efficiency, consistent with its high rag expression levels. Transient trans
fection of V(D)J recombination substrates into Dr3 resulted in a recombination 
frequency of between 10% and 20% (LEU and SCHATZ 1995), with the first 
recombination products detected 7 h after transfection using a sensitive peR 
assay (D.G. SCHATZ and T.M.J. LEU, unpublished data). Therefore, the rag proteins 
expressed from these expression vectors are biologically active. Interestingly, 
heat shock induction of Dr3 did not substantially increase the recombination 
frequency (less than twofold), despite the substantial increase in rag protein 
levels (Table 1). Several, not mutually exclusive, explanations for this result 
seem possible: first. the rag proteins induced by heat shock may have a lower 
specific activity than those expressed before induction; second, the altered 
ratio of rag-1: rag-2 may result in the formation of nonproductive complexes; 
and third, the rate of recombination may become limited by the levels of 
some other factor(s) at very high rag expression levels. 

2.2 The Subcellular Localization of the rag Proteins 

As would be expected for proteins involved in recombination, immunofluo
rescent staining of cells with anti-rag antibodies revealed that rag-1 and rag-2 
are predominantly located in the nucleus in both thymocytes and the trans
fected cell lines (LEU and SCHATZ 1995). Both punctate and diffuse staining 
were seen for both rag-1 and rag-2. In thymus, in the single rag-1 expresser 
Sr1, and particularly in the double expresser Dr3, anti-rag-1 antibodies yielded 
relatively intense staining of a small number of discrete regions of the nucleus 
in some cells. These regions stained poorly with propidium iodide, and sub
sequent double immunofluorescent staining with anti-rag-1 and anti-fibrillarin 
antibodies identified these regions as nucleoli (M. J. DIFILIPPANTONIO and D. G. 
SCHATZ, unpublished data). Interestingly, rag-2 is relatively excluded from nucleoli 
in the absence of rag-1 (in Sr2 cells), but is easily detected in nucleoli when 
coexpressed with large quantities of rag-1 in induced Dr3 cells. Therefore, 
rag-2 does not have any intrinsic affinity for the nucleolus, but can be localized 
there in a rag-1 dependent manner. The functional significance of nucleolar 
localization of a portion of the rag proteins is unclear, but these results provide 
evidence in support of an interaction in vivo between rag-1 and rag-2. 

2.3 Extraction of the rag Proteins from the Nucleus 

Are the rag proteins freely diffusible in and easily extracted from the nucleus, 
or are they tightly bound to nuclear structures? Simple nuclear extraction 
procedures demonstrated that the latter is the case for both rag proteins, but 
again, the presence of rag-1 affects the behavior of rag-2 (LEU and SCHATZ 
1995). Very little rag-1 or rag-2 was found in a low salt cytoplasmic extract. 
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Table 2. Extraction of rag proteins from transfected cells' 

150 mM NaClb 2 M NaCI 2 M + set Residual pellet 
(%) (%) (%) (%) 

rag-, from: 
5d Sr1 or Dr3c 45 15 35 

rag-2 from: 
Sr2 10 80 10 0 
Dr3 5 60 20 15 

"The numbers represent the percentage of the indicated rag protein obtained in the supernatant 
after the indicated extraction procedure, or, for the last column, the amount of protein found in 
the residual pellet. Data derived from LEU and SCHATZ 1995 

brhe extractions performed were, in this order. 150 mM NaCI cytoplasmic extract, 2 M NaCI nuclear 
extract, and re-extraction of pelleted nuclear material in the presence of 2 M NaCI combined with 
ultrasonic treatment (2 M + set). The residual pellet represents the insoluble material after the 
last extraction. For further details, see LEU and SCHATZ 1995 

crag-1 behaves similarly when extracted from Sr1 or Dr3. 
dYield strongly dependent on speed and duration of centrifugation. 

and less than half of the rag-1 protein could be extracted with 2 M NaCI 
(Table 2). Subsequent sonication in the presence of 2 M NaCI failed to extract 
all of the remaining rag-1, leaving significant quantities in the insoluble pellet 
(Table 2). Resistance to extraction with high salt is a characteristic of compo
nents of the nuclear matrix, and it is likely that a portion of rag-1 is tightly 
bound to the matrix. rag-2 from Dr3 cells behaved much like rag-1, but the 
rag-2 from Sr2 cells behaved differently, with a substantial increase in the 
fraction of the protein extracted by 2 M NaCI, and with virtually none left in 
the residual pellet (Table 2). Thus the behavior of rag-2 was altered by the 
presence of rag-1, again arguing for an interaction between the proteins. The 
behavior of rag-1 (and of rag-2 in the presence of rag-1) was heterogeneous 
rather than discrete: one population was extracted at 2 M NaCI. another re
quired sonication and high salt, and yet a third remained tightly bound to 
residual nuclear components. 

2.4 The Solubility of the rag-1 Is Strongly Influenced 
by Salt and pH 

The difficulty in extracting rag-1 from the nucleus, as well as numerous attempts 
to purify rag-1, strongly suggested that the protein was poorly soluble at 
physiological pH and salt concentrations. This was confirmed to be the case 
by diluting high salt extracts containing rag-1 into buffers at different pH values, 
at either 100 mM or 600 mM NaCI (LEU and SCHATZ 1995). At the lower salt 
concentration, the pH had to be raised to a value of 8 before even small 
quantities of rag-1 remained soluble, and only at pH 11 was the majority of 
rag-1 soluble (Fig. 1 j. In contrast. rag-1 was soluble at all pH values in 600 mM 
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Fig. 1. Solubility of the rag-1 protein as a function of salt concentration and pH. Nuclear extract 
from induced rag-1 single expresser cells (Sr1 i) was prepared using ultrasonication in the presence 
of 600 mM NaCI. pH 6.8. The nuclear extract was diluted into various buffers to obtain the indicated 
salt (600 mM or 100 mM NaCI) and pH (from 5 to 11) conditions. The samples were spun (15 min 
at 14000 g) and the amount of rag-1 protein remaining in the supernatant was determined by 
Western blotting and is plotted against pH. Data derived from LEU and SCHATZ (1995) 

salt. The poor solubility of the full-length rag-1 protein under physiological 
conditions complicates attempts to purify the protein and to perform assays 
with it. We and others (VAN GENT et al. 1995) have found that a smaller fragment 
of rag-1 (the "core" region, defined as the minimal region required for recom
bination activity-see Sect. 4) is more readily soluble and is considerably easier 
to manipulate. It is worth noting that the nuclear extraction and solubility 
properties of the rag proteins are the same regardless of whether the proteins 
are obtained from the thymus, or from uninduced or induced transfected 
cells. Therefore, these results are not an artifact of overexpression or heat 
shock induction. 

2.5 The rag Proteins Are Components of Large, 
Heterogeneously Sized Complexes 

The results described above demonstrate that the rag proteins are difficult to 
extract from the nucleus and (for rag-1) poorly soluble under physiological 
conditions. We wished to determine if the rag proteins, extracted and main
tained in high salt (600 mM NaCI), were in complexes or behaved as protein 
monomers. Protein extracts from heat shock induced Sr1, Sr2, and Dr3 cells 
were fractionated on 15%-50% glycerol gradients in the presence of 2 M 
NaCI and the fractions assayed by Western blot for the presence of the rag 
proteins (LE U and SCHATZ 1995). A minority of rag-1 (expected molecular mass 
120 kDa) cofractionated with the 160-kDa marker protein, with a relatively 
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Fig. 2. Fractionation of the rag proteins on high salt glycerol density gradients. Nuclear extracts 
from induced double expresser cells (Dr3i). single rag-1 expresser celis (Sr1 i), or single rag-2 ex
presser celis (Sr2i) were prepared in the presence of 2 M NaCI without ultrasonication. The extracts 
were centrifuged (14 h, 166000 g , 4°C) through 15%- 50% linear glycerol gradients in the presence 
of 2 M NaCI, and the gradients were separated into five fractions and the residual pellet at the 
bottom of the gradient. The amount of the rag proteins in each fraction was determined by Western 
blotting. Ovalbumin (44 kDa), gamma globulin (158 kDa) and thyroglobulin (670 kDa) were mixed 
into the extracts prior to loading on the glycerol gradients. Ovalbumin (Ova) was found predominantly 
in fraction 2, immunoglobulin (lgG) in fraction 3 and thyroglobulin (Thyr) in fraction 4. Data derived 
from LEU and SCHATZ (1995) 

large amount of the protein found in the 670-kDa marker fraction as well as 
the late fraction and small amounts in the pellet at the bottom of the gradient 
(Fig. 2), Similar behavior was seen for rag-2 in the presence of rag-1 : only 
about half of rag-2 (expected molecular mass 60 kDa) was found in the fraction 
with the 44-kDa marker and clearly detectable amounts were found in the 
subsequent fractions (with very little in the pellet), In the absence of rag-1, 
however, there was a substantial increase in the amount of rag-2 in the 44-kDa 
fraction (Fig, 2). Therefore, rag-1 is a component of large complexes of hete
rogeneous size, and rag-2 adopts this behavior in the presence of rag-1, In 
the absence of rag-l, much of rag-2 fractionates as expected for a monomer, 
This behavior was also observed for rag proteins extracted from thymus or 
uninduced Dr3 cells, arguing that it is not a consequence of overexpression 
or heat shock induction , It is also worth noting that if an extract from Dr3 
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cells was heated in the presence of sodium dodecyl (SOS) to denature the 
complexes, both rag-1 and rag-2 fractionated as expected for monomeric pro
teins, demonstrating that the complexes are not irreversible aggregates. 

3 Associations of the rag Proteins 

The data above demonstrate that rag-1 influences the behavior of rag-2 in 
several respects: nuclear localization, ease of extraction from the nucleus, 
and participation in large complexes in cellular extracts. This, together with 
their intimate functional association, suggested that the rag proteins might 
well be components of the same protein complex or complexes. We were 
able to test this directly using the anti-rag antibodies to immunoprecipitate 
the rag proteins. These experiments confirmed that rag-1 and rag-2 are com
ponents of the same complex, provided some insight into the relative stoi
chiometry of the association, and revealed two distinct populations of rag-1 
molecules (LEU and SCHATZ 1995). 

3.1 Coimmunoprecipitation of the rag Proteins 

High salt detergent extracts were prepared from uninduced and induced trans
fected cell lines, and from thymus, and subjected to immunoprecipitation with 
either anti-rag-1, anti-rag-2, or control rabbit IgG antibodies (Fig. 3). Each anti-rag 
antibody is able to precipitate its cognate rag protein. In addition, anti-rag-1 
antibodies were able to coprecipitate rag-2 from thymus or Or3 extracts but 
not from Sr2 cells (Fig. 3a, compare lanes 2, 11 and 14 with lane 8), demon
strating the specificity of the antibodies. In contrast, anti-rag-2 antibodies failed 
to precipitate detectable quantities of rag-1 from thymus, and precipitated 
only small amounts from uninduced or induced Or3 cells (Fig. 3a, lanes 3, 
12, and 15). Therefore, a salt- and detergent-stable complex or complexes 
exist containing both rag-1 and rag-2, and there is a sharp asymmetry in the 
ability of the anti-rag antibodies to coimmunoprecipitate the opposite rag pro
tein. 

Several possible explanations for this asymmetry exist: first, the anti-rag-2 
antibodies might disrupt the rag-1 :rag-2 complex; second, the anti-rag-2 anti
bodies might bind to a portion(or portions) of rag-2 that is obscured in the 
complex; and third, the complexes might contain multiple molecules of rag-2 
for each molecule of rag-1. The first possibility is unlikely because multiple, 
sequential immunoprecipitations with anti-rag-2 antibodies leave substantial 
amounts of the rag-containing complex behind in the extract (as detected by 
immunoprecipitation with anti-rag-1 antibodies). This result supports the sec
ond possibility by demonstrating that the anti-rag-2 antibodies immunoprecipi-
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Fig. 3 a,b. Immunoprecipitation of rag-l and rag-2 from thymus and rag-expressing cell lines. West
ern blots are shown. a Total extracts of thymic tissue (Th ) and cells were prepared in the presence 
of 1 M NaCI and uSing ultrasonication(Sr7n. non induced rag-l single expresser cells; Sr2n. non 
induced rag-2 single expresser cells; Dr3n, non induced double expresser cells ; Dr3i. induced 
double expresser cells) . The extracts were precieared with rabbit immunoglobulin (lgG. coupled 
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IgG. ax rag-l or ax rag-2. all coupled to agarose beads). The antibody beads were washed and 
bound material was eluted with sample buffer (also eluting off some of the coupled antibodies, 
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(Th ). 2 x 106 cells (Srl n. Sr2n and Dr3n) or 2 x 105 cells (Dr3i) w ere separated in each lane of a 
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tate free rag-2 more efficiently than rag-2 in the complex. Evidence presented 
in the next section supports the third possibility, namely, that the ratio of rag-1 
to rag-2 in the complex is less than 1. Therefore we believe that the asymmetry 
of coimmunoprecipitation is explained by a combination of the second and 
third possibilities. 

3.2 Two Distinct Populations of rag-1 

As described in Sect. 2.3 and shown in Table 2, rag-1 is only efficiently ex
tracted from nuclei following sonication, and most of our experiments were 
performed with extracts made with sonication. One consequence of this is 
that the extracts contained large amounts of DNA and RNA and this might 
substantially influence the behavior of the rag proteins. To investigate this, 
extracts from thymus, or uninduced or induced Dr3 cells were treated with 
polyethylenimine (PEl), a polycation that efficiently binds to and precipitates 
nucleic acids. In an attempt to ensure that the PEl treatment removed only 
nucleic acids, it was performed in the presence of 1.2 M NaCI, a sufficiently 
high salt concentration to prevent direct interaction of PEl with proteins and 
of most proteins with DNA (BURGESS 1991). After removal of the PEI:nucleic 
acids precipitate by centrifugation, the supernatant was directly analyzed by 
Western blot (Fig. 3b, lanes 1, 4, and 7) or subjected to immunoprecipitation 
with the anti-rag antibodies (remainder of Fig. 3b) (LEU and SCHATZ 1995). PEl 
precipitation removed roughly 10% of the rag-1 protein from the thymus extract 
and 50%-70% from the Dr3 extracts, but had no effect on the amount of 
rag-2 (Fig. 3b, lanes 1, 4, and 7; and see LEU and SCHATZ 1995). Therefore, 
even at 1.2 M NaCI, some rag-1, but no rag-2, is associated with nucleic 
acids. Strikingly, anti-rag-1 antibodies precipitated as much rag-2, but substan
tially less rag-1, as compared with extracts that had not been treated with 
PEl (Fig. 3b, lanes 2, 5, and 8; compare with Fig. 3a, lanes 2, 11, and 14). 
The amount of immunoprecipitated rag-1 was below the level of detection 
for thymus and uninduced Dr3 cell extracts despite the clear signal for rag-2 
(Fig. 3b, lanes 2 and 5). We emphasize that coimmunoprecipitation of rag-2 
with anti-rag-1 antibodies is strictly dependent on the presence of rag-1 and 

Fig. 3 b Total extracts (without IgG preclearing) were supplemented to 1.2 M NaCI and 0.5% 
polyethylenimine (PEl). The PEl-treated supernatants (extract) were used for IF? performed as de
scribed in a. An equivalent of either 0.04 rng tissue (Th extract), 4 rng tissue (Th IP ax rag-1 and 
Th IP ax rag-2). 2 x 104 cells (Dr3n extract and Dr3i extract), 2 x 106 cells (Dr3n IP ax rag-1 and 
Dr3n IP ax rag-2) or 2 x 105 cells (Dr3i IP ax rag-1 and Dr3i IP ax rag-2) were analyzed an a 6.5% 
SDS-PAG. Reprinted by permission of the Arnerican Society for Microbiology from LEU and SCHATZ 
1995 
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is not due to antibody cross reactivity or nonspecific precipitation. These results 
strongly support the contention that the ratio of rag-1 to rag-2 in the complexes 
is less than 1. It appears therefore that two distinct populations of rag-1 exist 
in these extracts, and perhaps in living cells as well: the first is extremely 
tightly associated (salt stable but SDS labile) with nucleic acids but not with 
rag-2, and the second is in a complex with rag-2 but is not tightly associated 
(salt and SDS labile) with nucleic acids. This is discussed further below. 

3.3 rag-1 Dimers? 

In addition to the expected band at approximately 120 kDa, the rag-1 specific 
antibodies typically detected a variety of other molecular weight species in 
Western blots of extracts from induced expresser cells and when rag-1 was 
enriched by immunoprecipitation from either thymus or expresser cells (LEU 
and SCHATZ 1995). Two groups of bands were seen above 120 kDa: several 
bands above 200 kDa, referred to as rag-1 m, and a ladder of 3-5 bands 
between 120 and 160 kDa, referred to as rag-1 n. In addition, a predominant 
breakdown product of approximately 90 kDa, referred to as rag-1 b, was often 
seen. These bands were only detected in extracts containing rag-1, and there
fore do not represent cross-reactivity with other proteins. 

Western blotting of immunoprecipitations using the anti-rag-1 antibodies 
and Iysates from Dr3n cells, containing substantial quantities of the 90-kDa 
rag-1 b breakdown band, revealed two new rag-1 m bands of apparent molecular 
weight of 180 kDa and 210 kDa, as well as the band at approximately 240 
kDa (Fig. 4, lane 3). Two features of these bands suggest that they represent 
rag-1 dimers. First, they are of the expected sizes for the possible dimers 
that could form between full-length rag-1 and rag-1 b (90+90, 90+ 120, and 
120+ 120 kDa). Second, they are in the expected relative amounts (240 kDa 
210 kDa 180 kDa), given that the amount of full-length rag-1 is greater than 
the amount of rag-1 b (Fig. 4, lane 4). Additional support for rag-1 dimerization 
comes from a comparison of the sizes of the rag-1 m signals between thymus 
and Dr3 cells (Fig. 4, lanes 1 and 2). The N-terminal addition to rag-1 in the 
Dr3 cells gives a slight increase in the apparent molecular mass such that 
thymic rag-1 migrates slightly faster, and this difference is seen both in the 
rag-1 monomers and in the rag-1 m bands. We do not know as yet whether 
the dimer subunits associate covalently or noncovalently; in either case, at 
least part of the association is able to survive boiling in SDS under reducing 
conditions, followed by standard SDS polyacrylamide gel electrophoresis 
(SDS/PAGE). Given the results of glycerol gradient fractionation (Sect. 2.5 and 
Fig. 2). it is possible that a majority of rag-1 protein molecules exist in the 
form of dimers (or higher order multimers). 

Because the anti-rag-1 antibodies used in this experiment recognize rag-1 b 
and are specific for a region near the N-terminus of rag-1 (amino acids 56-123). 
the degradation that gives rise to rag-1 b must occur predominantly at the 
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Fig. 4. Evidence for the formation of rag-1 dimers. Extracts from 5 mg thymus (Th) tissue. or the 
indicated number of uninduced (Dr3n) or induced (Dr3;) double expresser cells was subjected to 
immunoprecipitation with the anti-rag-1 antibodies. and the immunoprecipitated rag proteins de
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expression vector 
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C-terminus, and the putative dimerization domain must reside in the N-terminal 
two-thirds of rag-1. The N-terminal one-third of rag-1 contains a domain that 
forms stable dimers when expressed in and purified from bacteria (K. K. RODGERS 
and J. E. COLEMAN, personal communication) providing additional support for 
the existence of rag-1 dimers. 

4 Discussion 

In the first few years after the isolation of their genes, relatively little was 
learned about the physical and enzymatic properties of the rag proteins, due 
to a considerable extent to difficulties in their purification. The results described 
here underscore the challenges of working with the full-length rag proteins: 
they are difficult to extract from cells, they are relatively insoluble under physi
ological conditions (particularly rag-1). and they are components of large com
plexes of heterogeneous size. We have had particular difficulty in finding con
ditions that allow column fractionation of rag-1: even under conditions of high 
salt, the protein appears to bind irreversibly to the column material. 

An important step forward in our ability to manipulate the rag proteins 
came as a result of mutagenesis studies which defined the minimal. or "core", 
regions of rag-1 (SADOFSKY et al. 1994b; SILVER et al. 1993) and rag-2 (CUOMO 
and OETIINGER 1994; SADOFSKY et al. 1994a) required for enzymatic activity. Nearly 
40% of rag-1 (amino acids 1-383 and 1009-1040) and 25% of rag-2 (amino 
acids 383-527) can be deleted, and the remaining proteins are able to carry 
out V(D)J recombination of transiently transfected substrates. The core rag 
proteins are substantially more soluble under physiological conditions than 
the full-length rag proteins (Q. EASTMAN and D. G. SCHATZ, unpublished data), 
and hence are more amenable to purification. The use of core rag-1 purified 
from insect cells contributed to the recent major breakthrough in the study 
of V(D)J recombination: site-specific, in vitro cleavage of DNA adjacent to 
RSSs (VAN GENT et al. 1995). The Gellert and Oettinger laboratories have gone 
on to demonstrate that a mixture of pure core rag-1 and pure core rag-2 is 
highly active in this cleavage assay (see chapter by D.C.VAN GENT et aI., this 
volume). It seems clear that a great deal will be learned about the enzymatic 
properties of the rag proteins and the mechanism of V(D)J recombination in 
the near future. 

4.1 Useful Reagents for the Study of the rag Proteins 

We have developed murine B lymphoma cell lines that express high levels of 
rag-1 and/or rag-2, and in which expression can be induced by a factor of 
5-100 by heat shock. Expression levels, both uninduced and induced, have 
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remained stable even after many months of continuous culture, and the pro
teins expressed are active in performing V(D)J recombination. This inducible 
expression system has also been used to express the core rag-1 and core 
rag-2 proteins, with equal success. The core rag proteins from these cells 
perform site-specific cleavage of DNA in vitro at high efficiency (Q. EASTMAN, 
T.M.J. LEU and D.G. SCHATZ). While more labor intensive than some other ex
pression methods, this system has certain advantages, including stable, high 
level, reproducible expression in murine lymphocytes. We have also developed 
polyclonal antibodies specific for rag-1 or rag-2. These antibodies are specific, 
high affinity reagents that are effective for detection of the rag proteins by 
Western blotting, immunoprecipitation and immunostaining of cells and 
tissues. 

4.2 The Composition of rag Protein Complexes 

We have shown that rag-1 affects the properties of rag-2 in several regards, 
altering its ease of extraction from the nucleus, its nuclear localization and 
its glycerol gradient fractionation properties. The existence of complexes con
taining rag-1 and rag-2 was confirmed by immunoprecipitation experiments, 
in the course of which there arose two pieces of evidence to suggest that 
rag-2 is more abundant in these complexes than rag-1. First. anti-rag-1 anti
bodies much more efficiently coimmunoprecipitate rag-2 than anti-rag-2 anti
bodies coimmunoprecipitate rag-1 (Fig. 3a). Second, after removal of nucleic 
acids (and some rag-1 protein) by precipitation with PEl, anti-rag-1 antibodies 
precipitate perhaps 3-5 times more rag-2 molecules than rag-1 molecules. 
Interestingly, thymocytes contain about this same fivefold excess of rag-2 over 
rag-1 (Table 1). Taken together with data supporting the existence of rag-1 
dimers (Fig. 4), these results lead us to hypothesize that in vivo, the biologically 
active rag protein complex consists of (at minimum) two molecules of rag-1 
and perhaps six or more molecules of rag-2. Our data do not allow us to 
determine whether the interaction between rag-1 and rag-2 is direct or indirect, 
but the result from the Gellert and Oettinger laboratories that rag-1 and rag-2 
are sufficient for site-specific DNA cleavage argues that the interaction is 
direct. 

Substantial evidence (summarized by LEWIS 1994) suggests that V(D)J rec
ombination occurs in two distinct phases: (1) RSS-recognition, synapsis and 
cleavage; and (2) modification, repair and ligation of the broken DNA ends. 
The two phases may be mediated by quite distinct protein complexes: the 
first, by rag-1 and rag-2, and the second, by components of the double-strand 
break repair machinery, likely including Ku70, Ku80, DNA-PKcs, and the product 
of the XRCC4 gene, as well as TdT when it is present. It is not known if rag-1 
and/or rag-2 perform any function during phase 2 of the reaction. If they do 
not, then the "V(D)J recombinase" is likely to be two completely distinct enzy
matic entities that act sequentially. If the rag proteins do participate in the 
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second phase, then they may associate with components of the DNA repair 
machinery, particularly in the presence of the cleaved DNA substrate. Such 
protein complexes may be difficult to identify in vivo because developing 
lymphocytes contain only small numbers of rag-generated broken DNA ends 
per cell. The existence of an efficient in vitro system for substrate cleavage 
should facilitate the search for these interactions. 

4.3 What Might the "Nonessential" Regions of rag-1 Do? 

The core of rag-1 (defined here as amino acids 383-1008 of murine rag-1), is 
biologically active for recombination of episomal recombination substrates in 
vivo (SADOFSKY et al. 1994b; SILVER et al. 1993) and for site-specific cleavage in 
vitro (VAN GENT et al. 1995). Furthermore, it contains the regions of rag-1 necess
ary for interaction with rag-2 (C. McMAHAN, M. SADOFSKY and D.G. SCHATZ, un
published data). It has not, however, been tested for its ability to recombine 
endogenous V. D, and J gene segments or to support normal lymphocyte 
development. It seems unlikely that the large portions of rag-1 deleted to 
produce the core have no function. While the core represents the most highly 
conserved region of the rag-1 protein, the N-terminus contains several well 
conserved areas. In support of a function for the N-terminus of rag-1, we 
have found that core rag-1 is quantitatively less active than a nearly full-length 
version of rag-1 containing amino acids 1-1008 (referred to as R1A) in the 
standard in vivo recombination assay. This is true despite the fact that core 
rag-1 is expressed at substantially higher levels than R1A (C. McMAHAN and 
D.G.SCHATZ, unpublished data). Therefore, addition of amino acids 1-382 in
creases recombination activity and decreases expression levels, resulting in 
a protein with a substantially higher specific activity. 

The N-terminal 382 amino acid domain of rag-1 contains a putative nuclear 
localization signal (amino acids 141-146) and includes the region of rag-1 
(amino acids 1-288) that interacts with SRP-1 (CORTES et al. 1994). a protein 
involved in nuclear transport. Failure to localize to the nucleus is unlikely to 
account fully for the lower specific activity of the rag-1 core, however, because 
mutation of the putative nuclear localization signal does not interfere with 
nuclear accumulation of rag-1 (SILVER et al. 1993). and the rag-1 core and R1 A 
accumulate equally efficiently in the nucleus (SADOFSKY et al. 1994b). The N
terminal region also contains a ring finger domain (amino acids 286-334; LOVER
ING et al. 1993). the function of which has not been reported, but which has 
been speculated to be involved in protein-DNA interactions. Finally, the N-ter
minal region of rag-1 contains a presumptive dimerization domain (K.K. RODGERS 
and J.E. COLEMAN, personal communication) Therefore it is conceivable that 
the rag-1 core interacts with the DNA substrate or forms protein complexes 
in a manner sub optimal for catalysis. Further mutagenesis and functional 
studies should help resolve this issue. 
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4.4 DNA Binding and Populations of rag-1 

Precipitation of nucleic acids with PEl precipitates a portion of rag-1 but does 
not reduce the amount of rag-2 that can subsequently be coimmunoprecipi
tated with rag-1 (Fig. 3b). The simplest explanation for this is that rag-1 mole
cules that do not interact with rag-2 instead bind to DNA very tightly and are 
therefore precipitated with the DNA by PEl. Full-length rag-1 binds nonspeci
fically to DNA in vitro (unpublished results), as do small portions of the protein 
when expressed in bacteria (K.K. RODGERS, Q. EASTMAN, T.M.J. LEU, D.G. SCHATZ 
and J.E. COLEMAN, unpublished data). As might be expected, much less rag-1 
is precipitated by PEl in thymic extracts, where the ratio of rag-2:rag-1 is high 
(and presumably most of the rag-1 is bound to rag-2). than in extracts of the 
double-expresser cell line Dr3, where the ratio of rag-2:rag-1 is low and much 
of the rag-1 cannot bind to rag-2 (see Table 1). We speculate that binding of 
rag-2 to rag-1 not only leads to the formation of an enzymatically active complex, 
but also functions to sequester or protect rag-1 from tight, nonspecific binding 
to DNA Interestingly, rag-2 also causes a substantial decrease in the half-life 
of rag-1 (U. GRAWUNDER, D.G. SCHATZ, T.M.J. LEU, AG. ROLlNK, and F. MELCHERS, 
unpublished data), a mechanism that may have evolved to ensure that immature 
lymphocytes maintain an excess of rag-2 despite having significantly more 
RAG-1 mRNA than RAG-2 mRNA 

As discussed in the chapter by D.C. VAN GENT et aI., this volume, rag-1 
and rag-2 must be responsible for sequence-specific recognition of the RSS. 
After performing DNA cleavage, do rag-1 and rag-2 release from the RSS? In 
at least some cases, the answer may be no. Broken DNA molecules terminating 
in RSSs (referred to as signal-end molecules) accumulate to significant levels 
in normal thymocytes (ROTH et al. 1992). Interestingly, signal-end molecules 
disappear from thymocytes in the same developmental transition as do rag-1 
and rag-2 (F. LIVAK and D.G. SCHATZ, unpublished data). The data are consistent 
with the idea that the rag proteins form a fairly stable association with the 
signal ends and thereby stabilize the broken DNA molecules. It is interesting 
to note that developing thymocytes contain vastly more molecules of rag-1 
and rag-2 (104-105 per cell) than the number of recombination events that 
occur in the lifetime of a cell. While there are numerous possible explanations 
for this, it makes conceivable the idea that individual molecules of rag-1 and 
rag-2 are not in fact capable of participating in multiple recombination reactions, 
but rather are consumed in the reaction. 
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The variable domains of immunoglobulin (Ig) and T cell receptor (TCR) protein 
chains are encoded by a variety of V (variable), D (diversity - only occurring 
within IgH and TCR ~ and () gene loci) and J (joining) gene segments that are 
separated in the germline and become assembled by site-specific recombi
nation during early Band T cell differentiation (TONEGAWA 1983). The rearrange
ments of V. D, and J segments are mediated by the products of two genes, 
Rag-7 and -2, (OErrINGER et al. 1990; SCHATZ and BALTIMORE 1988; SCHATZ et al. 
1989). Rag expression is regulated both on the transcriptional as well as on 
the post-transcriptional level during the cell cycle and during lymphocyte de
velopment. 

Mice carrying a disrupted Rag-7 or Rag-2 gene are unable to initiate V(D)J 
recombination, which locks their Ig and TCR gene loci in germ line configuration 
and, as a consequence, renders them unable to develop peripheral Band T 
lymphocytes (MOMBAERTS et al. 1992; SHINKAI et al. 1992). 

Although V. D and J gene segments within the immunoglobulin and the 
T cell receptor loci share identical structures of recombination signal sequences 
(RSS) flanking the segments, Ig gene rearrangements are only completed in 
B cells and TCR rearrangements only in the T lineage indicating that Rag 

1 Basel Institute for Immunology. Grenzacherstr. 487. 4005 Basel. Switzerland 
2 Present address: Division of Molecular Oncology. Departments of Pathology. Medicine and Bio

chemistry. Washington University School of Medicine. 660 South Euclid Avenue. St. Louis. MO 
63119. USA 
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expression alone is not sufficient to mediate rearrangement of endogenous 
Ig and TCR gene loci. Rearrangements of endogenous Ig or TCR gene loci 
are further regulated by transcription factors that are expressed stage- and 
tissue-specifically, which act on various enhancers within Ig and TCR gene 
loci (FERRIER et al. 1989; YANCOPOULOS and ALI 1986). Rearrangements within 
the Ig and TCR genes occur usually in an ordered fashion, with OJ (on IgH 
or TCR a. or B) rearrangements preceding V to OJ rearrangements, which in 
turn are completed before the IgL or TCR a. and y gene segments are assembled 
(ALLISON 1993; ALI et al. 1984, 1986; KRUISBEEK 1993). These stepwise rearrange
ments are preceded by an activation of transcription of the corresponding 
gene loci. If either the transcription factors or the enhancer elements involved 
in the regulation of this transcription are deleted by targeted mutation, rear
rangements are inhibited at the various stages (BAIN et al. 1994; OORSHKIND 
1994; HAGMAN and GROSSCHEDL 1994; SERWE and SABLlIZKY 1993; TAKEDA et a!. 
1993; URBANEK et al. 1994; Zou et al. 1993). This suggests that the transcription 
of the Ig or TCR gene locus is a prerequisite for its capacity to be rearranged. 

We first give an overview of the different stages of B cell development 
in mouse bone marrow. We then describe how the expression of the Rag-1 
and Rag-2 genes changes during this development on the mRNA and protein 
level. Finally, we present evidence that RAG-1 and RAG-2 protein influence 
each other so that. in the absence of RAG-2, the half life of RAG-1 is prolonged. 

2 Regulation of Rag Gene Expression 
During Early Mouse B Cell Differentiation 

2.1 Early B Cell Differentiation in Mouse Bone Marrow 

B lymphopoiesis in adult mice occurs in the bone marrow and follows a 
program of differentiation that includes successive rearrangements on first 
the Ig heavy and later the Ig light chain gene loci (ALl et a!. 1984). The expression 
of Ig proteins expressed from productively rearranged Ig gene loci is crucial 
for the selection of developing lymphocytes into various preB- and B cell 
compartments and thus for the generation of normally sized precursor and 
mature B cell pools (for a recent review see MELCHERS et al. 1995). Stages of 
early B cell differentiation can therefore be defined on the basis of the rear
rangement status of their endogenous Ig gene loci. Cells that are committed 
to the B-lineage, but carrying all their Ig gene loci in germline configuration 
are designated progenitor (pro-) B cells (Fig. 1). Precursor B cells of type I 
(preB-1 cells) are generated from these cells if at least one OJ-rearrangement 
has occurred on either of the two heavy chain alleles. Further V to OJ rear
rangement leads to the stages of preB-11 cells that can differentiate into im
mature, surface IgM bearing B cells after completion of a productive L chain 
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gene rearrangement. Selection into the peripheral. mature lymphocyte pool 
changes these cells to longer-lived antigen-reactive cells which coexpress IgM 
and IgO on their surface. 

All early B cell differentiation stages. from proB cells up to the antigen 
responsive B cells are characterized by the expression of the pan-B cell markers 
B220 (or C045R) (COFFMAN 1982) and C019 (ROLINK et al. 1996). which are 
expressed on 40%-50% of all nucleated cells in the bone marrow (ROLINK and 
MELCHERS 1993). With additional surface markers. early B cell differentiation 
stages can further be subdivided into subpopulations that either correlate in 
large part with the rearrangement status of Ig Hand/or L chain gene loci. or 
that can be discriminated in functional terms (ROLINK et al. 1994. 1995). 

One of the earliest surface markers known to be co-expressed on 
C019+ /B220+ B-lineage cells is encoded by the proto-oncogene c-kit (OGAWA 
et al. 1991). which is also found on pluripotent stem cells (IKUlA and WEISSMAN 
1992) and the earliest extrathymic T-lineage committed progenitor T cells (RODE
WALD et al. 1994). Most B220+/c-kit+ cells in the bone marrow of wild type 
mice are OJH-rearranged preB-1 cells (ROLINK et al. 1993b). However. in Rag-l 
or Rag-2 deficient mice. which are unable to initiate V(O)J rearrangements. or 
in JH T mice (CHEN et al. 1993; EHLlcH et al. 1993) which are unable to rearrange 
the H chain loci B220+ /c-kit+ cells are present in normal. or even slightly 
elevated numbers (GRAWUNDER et al. 1995b). These cells probably represent 
lineage committed proB cells. They are likely to be present as a small part 
of the B220+/c-kit+ compartment in wild type mice (ROLINK et al. 1993b). In 
young animals (3-6 weeks of age) the population of proB and preB-1 cells 
accounts for 5%-10% of total B220+ cells in the bone marrow. declining with 
age (ROLINK et al. 1993b). 

Virtually all of these cells are clonable on stromal cells in the presence 
of interleukin-7 (IL-7). While proliferating. these cells keep their differentiation 
stage. Removal of IL-7 from the culture induce VH to OHJH rearrangements 
and a differentiation without proliferation to slg+ and slg- immature B cells 
(ROLINK et al. 1991). 

In order to generate a large compartment of VOJ-rearranged preB-11 cells 
in bone marrow. expression and membrane deposition of a /-LH chain is required. 
These preB-11 cells usually account for 50%-60% of all B220+ cells in normal 
mouse bone marrow (ROLINK and MELCHERS 1993) and are characterized by 
upregulation of surface expression of C025 (the IL-2Ra chain) (CHEN et al. 
1994a; ROLINK et al. 1994) and the downregulation of c-kit expression (ROLINK 
et al. 1994). 

Early B cell development can further be characterized by the expression 
of the surrogate light chain encoded by the two preB cell-specific genes A5 
and VpreS(KUDO and MELCHERS 1987. SAKAGUCHI and MELCHERS 1986) (Fig. 1). ProB 
and PreB-1 cells express the surrogate L chain in association with a complex 
of glycoproteins (KARASUYAMA et al. 1993). As soon as a productive VHOJH re
arrangement has occurred. the preB-11 cell will express a /-LHC/surrogate light 
chain containing preB cell receptor on the surface (KARASUYAMA et al. 1990; 
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TSUBATA and RETH 1990). All further stages of development are enriched to over 
95% for Ilheavy chain (IlHC)-expressing cells, indicating that a positive selection 
of productively over non productively rearranged cells occurs as soon as IlHC 
can be expressed. 

In Rag-deficient as well as in JH-T. IlM-T and A5-T mice, the preB-11 com
partment is reduced at least 20-50 fold (KITAMURA et al 1991, 1992; ROLINK et 
al. 1993c, 1994). This indicates that the expression of the preB receptor on 
the surface of preB-11 cells induces a proliferative expansion phase which 
effects the normally sized preB-11 compartment. In line with this picture of B 
cell development are observations that he preB-11 compartments is filled up 
to normal size with cycling and resting cells, when a transgenic IlH chain is 
expressed in the Rag deficient genetic background (SPANOPOULOU et al. 1994; 
YOUNG et al. 1994, ROLINK et al. 1994). 

All these results suggest the following scenario for early B cell develop
ment. After D to JH rearrangements have ocurred in pre B-1 cells, usually on 
both alleles (ROLINK et al. 1991). the generation of a productive VDJ heavy 
chain rearrangement allows IlHC expression and the formation of a preB cell 
receptor. The preB cell receptor signals proliferative expansion of in-frame 
heavy-chain rearranged preB-II cells. It also induces its own downregulation 
so that preB-II cells become resting and fill up the pool of small, resting 
B220+/CD25+ preB-II cells, in which L chain gene rearrangements are initiated 
(TEN BOEKEL et al. 1995). Since this population accounts for approximately 30%-
35% of the total B220+ cells (and approximately 3/4 of all B220+/CD25+ preB-II 
cells) in the bone marrow, sufficient immature B cells expressing membrane 
bound IgM can be generated from these cells without further cell division 
(ROLINK and MELCHERS 1993). The repertoire of immature B cells is negatively 
selected against autoreactive cells, since these cells apparently become ar
rested in their differentiation and deleted in situ (SPANOPOULOU et al. 1994). 

2.2 Rag Gene Expression in Early B Cell Development 

With a set of monoclonal antibodies specific for the different proB to B cell 
stages described above (see also Fig. 1). we have enriched cells at stages of 
early B cell differentiation i.e., from the pro/preB-1 cell stage to the mature 
peripheral B cell stage by fluorescence-activated cell sorting (FACS) and have 
analyzed these populations for the expression of the Rag genes on mRNA 
and protein levels. In particular, a monoclonal antibody (SL 156) that specifically 
recognizes the IlH chain/surrogate L chain preB cell receptor complex (WINKLER 
et al. 1995) has facilitated the isolation of a subpopulation of preB-II cells 
which express the preB cell receptor immediately after functional heavy chain 
VDJ rearrangement. 

Rag expression on protein as well as on mRNA level was found to be 
high in the earliest proB/preB-1 cell subpopulation (GRAWUNDER et al. 1995a) 
(Fig. 2). This might be expected since most of heavy chain DJ as well as VDJ 
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Fig. 2a,b. Analysis of Rag mRNA and RAG-2 protein expression in six early S cell differentiation 
subsets sorted b y FAC5 from normal mouse bone marrow. a Rag mRNA expression compared 
w ith expression of the housekeeping gene HPRT (hypoxanthine-guanine phosphoribosyl transferase) 
analyzed by reverse-transcriptase-polymerase chain reaction (RT-PCR). b RAG-2 protein content 
compared to the ubiquitousely expressed nuclear 55-S protein as analyzed by western blot (Redrawn 
from GRAWUNDER et al. 1995a) 

rearrangements appear to be carried out in this compartment. Analyses of 
Rag-l and-2 mRNA and protein expression during the cell cycle of proliferating 
pre8-1 cells show that mRNA is expressed throughout the cycle. However, 
RAG-2 protein expression is reduced to levels below detection during the S, 
G2 and M phases of the cell cycle (GRAWUNDER et al. 1995a). This finding 



Regulation of Recombination Activating Gene Expression 37 

supports earlier studies by LIN and OESIDERIO (1994) demonstrating that steady 
state levels of RAG-2 protein in cycling cells are low in S, G2 and M as a 
consequence of a reduced half-life of the protein. 

As soon as one functional VOJ rearrangement has occurred on either of 
the two heavy chain alleles and the preB cell receptor is expressed on the 
surface, these cells downregulated Rag-l and Rag-2 expression at least 50-100 
fold, and RAG-2 protein expression was found to be below detection limits 
in Western blot analysis (GRAwUNDER et al. 1995a) (Fig. 2). This suggests that 
the shutdown of Rag expression after a functional VOJ rearrangement and 
preB receptor expression may, in fact, contribute to allelic exclusion of the Ig 
H chain loci. 

In the proliferating in-frame heavy-chain rearranged preB-1I cells, RAG-2 
protein expression remains undetectable (in large, cycling B220+/C025+ preB-1I 
cells). However, Rag mRNA expression is detectable again in the subpopulation 
of cycling preB-1I cells which no longer express the preB receptor. It is also 
notable that transcription of the KL chain locus is initiated although the L 
chain loci are not yet rearranged. 

Rag mRNA expression in small B220+/C025+ preB-1I cells reaches levels 
again which are comparable to those found in the earliest B220+ /c-kit+ 
pro/preB-1 cells. The upregulation of Rag expression in these cells coincides 
with the rearrangement of the Ig L chain gene loci (TEN BOEKEL et al. 1995). 
RAG-2 protein is detectable at high levels in these resting preB-11 cells. Finally, 
as found by others (LI et al. 1993), Rag mRNA expression is downregulated 
as soon as IgM becomes expressed on the surface of immature B cells. 
However, RAG-2 protein expression remains high in this population (Fig. 2). 
This might be because the transition from smilll C025+ preB-1I cells to immature 
B cells occurs without further cell division and because RAG-2 protein might 
acquire a longer half-life. As expected, Rag expression is no longer detectable 
in mature surface IgMlow, IgO+ mature B cells (Fig. 2). 

3 Expression of Rag Genes in the Lymphoid Lineage 

Expression of both Rag-l and Rag-2 genes in mammals is only detectable at 
significant levels in bone marrow and thymus (OmINGER et al. 1990; SCHATZ et 
al. 1989). Further subfractionation of cellular differentiation stages within the 
Band T lineage has demonstrated that Rag mRNA expression is in fact confined 
to the earliest antigen receptor negative progenitor and precursor Band T 
cell stages (B220+lgM- cells in the bone marrow and C04-C08TCR- ON, as 
well as C04+C08+ OP cells in the thymus) (LI et al. 1993; TURKA et al. 1991; 
WILSON et al. 1994). Rag mRNA expression has been found by others to be 
markedly downregulated or even undetectable after surface deposition of sur
face IgM or TCR expression in B220+lgM+lgO- immature B cells of the bone 
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marrow or in CD4+CD8- and CD4-CD8+ single positive thymocytes, respec
tively (LI et al. 1993; TURKA et al. 1991). The downregulation of Rag mRNA 
observed after antigen receptor expression in immature Band T cells can be 
simulated by treatment of precursor B or T cells with phorbolesters, thereby 
mimicking the signalling function of surface IgM or TCR (NEALE et al. 1992; 
TURKA et al. 1991). Downregulation of Rag expression can also be achieved 
by crosslinking of surface IgM on transformed immature B cell lines from 
E~-N-myc transgenic mice that still express Rag mRNA (MA et al. 1992). 

Whereas crosslin king of antigen receptors in immature B cell lines in vitro 
(MA et al. 1992) or during positive selection of TCR in the thymus (BRANDLE al. 
1994) results in downregulation of Rag expression, maintained Rag expression 
has been observed when immature B cells receive a crosslinking receptor 
signal in the bone marrow (TIEGS et al. 1993). This process may enable a 
replacement of a given receptor with auto reactivity (TIEGS et al. 1993), and 
therefore has been named "receptor editing" (GAY et al. 1993; RADle et al. 1993; 
TIEGS et al. 1993). 

In T cell development in the thymus, the regulated expression pattern of 
Rag genes was analyzed by Wilson and co-workers (WILSON et al. 1994). Two 
waves of Rag gene expression were seen. The first wave of expression ap
peared to coincide with ~ chain gene rearrangements in CD25+ DN thymocytes, 
the latter with the onset of a gene rearrangements in TCR- DP thymocytes. 
In between these two waves a downregulation of Rag mRNA was observed. 
It is this stage of development where the TCR-~ chain presumably associates 
with the pre-Ta chain (SAINT-RuF et al. 1994) on early thymocytes prior to TCR 
a chain gene rearrangements (GROETIRUP and VON BOEHMER 1993). Targeted dis
ruption of the pre-Ta chain negatively affects development of a,~ T cells in 
a similar way as the targeted disruption of the A,5 gene affects B cell devel
opment (KITAMURA et al. 1992, FEHLING et al. 1995). The role of the pre-Ta chain 
for T lymphopoiesis appears to be equivalent to that of A,5 for B lymphopoiesis. 
In B cell as well as in T cell development Rag gene expression and recom
bination activity pauses after a functional rearrangement of the heavy chain 
respectively TCR ~ chain while a clonal expansion of in-frame rearranged pre
cursors takes place. 

4 Rag Expression in B Lymphocyte Precursor 
Cell Lines In Vitro 

Precursor B cell lines from bone marrow or fetal liver can either be established 
by transformation with Abelson murine leukaemia virus (A-MuLV) or grown as 
long-term proliferating untransformed cell lines by maintaining them on a stro
mal cells in the presence of IL-7 (ROLINK et al. 1991). Rag gene expression in 
A-MuLV transformed preB cell lines is generally low, when compared with 
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expression levels found. e.g .. in the bone marrow (RATHBUN et al. 1993). In 
fact. A-MuLV transformed cell lines with higher passage numbers usually dis
played the lowest Rag expression levels (ALT et al. 1992). Similar results were 
found with stromal cell/IL-7 dependent preB cells that express Rag mRNA 
levels comparable to those found in B220+/c-kit+ preB-1 cells shortly after 
removal from the organ. but gradually downregulate Rag mRNA expression 
upon prolonged time in tissue culture (TH. WINKLER and U. GRAWUNDER. unpub
lished observations). 

However. unlike A-MuLV transformed preB cells. stromal cell/lL-7 depend
ent preB cells can be induced to differentiate in vitro. which can be achieved 
by the withdrawal of IL-7. This in vitro differentiation includes the upregulation 
of Rag-l and Rag-2 expression to levels found in B220+/c-kit+ or small 
B220+/CD25+ preB cells (GRAwuNDER et al. 1995b). Furthermore. the cells 
become small resting lymphocytes. acquire a more mature phenotype (char
acterized. e.g .. by the gain of expression of CD25 and the loss of expression 
of other preB cell specific markers). and they rearrange their endogenous IgH 
and L chain gene loci. PreB cells from wild-type mice also enter into a program 
of apoptosis. Apoptosis can be prevented. if cells from EIl-bcl-2 transgenic 
mice (STRASSER et al. 1990) are used for this assay (ROLINK et al. 1993a). Apart 
from the prevention of apoptosis. the in vitro differentiation of EIl-bcl-2 trans
genic cells is identical to those of wild-type cells. including the upregulation 
of Rag expression (ROLINK et al. 1993a). 

B lineage differentiation in vitro similar to that found with the stromal 
cell/ll-7 reactive preB-1 cells is observed with conditionally A-MuLV transformed 
preB cell lines (ENGELMAN and ROSENBERG 1987). They can be grown at a per
missive temperature of 34° C at a preB-1 stage. When those cells are transferred 
to 39° C. the mutant virus becomes non-permissive resulting in growth arrest. 
the induction of an apoptosis program. the upregulation of Rag gene expression 
and the onset of KL chain gene rearrangements like in in vitro differentiating 
preB-1I cells (CHEN et al. 1994b; KLUG et al. 1994). 

The inducibility of endogenous Rag mRNA expression in either the tem
perature-sensitive (ts) A-MuLV transformed or the stromal cell/IL-7 dependent 
preB cell lines suggests that they are ideal tools for the identification and 
characterization of the V(D)J recombinase activity in a cell-free system. Indeed. 
the first report. describing the initiation of V(D)J recombination in a cell-free 
system. has taken advantage of ts A-MuLV transformed preB cell lines (VAN 
GENT et al. 1995). However. the efficiency of the reaction was very low in 
extracts alone and had to be supplemented with exogenously added recom
binant RAG-1 protein. 

Analysis of RAG-protein expression upon induction of stromal cell/lL-7 
dependent preB cells has revealed that although both Rag-l and Rag 2 mRNA 
expression become equally induced within 2-3 days. only RAG-2 protein ac
cumulated with the same kinetic as its mRNA. whereas RAG-1 protein ex
pression was only initially (within 18-24 h) induced. but dropped to very low 
expression levels thereafter (U. GRAWUNDER. P. SHOCKED. TJ.M. LEU. A. ROLINK. 
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D.G. SCHATZ, and F. MELCHERS, manuscript in preparation). In contrast. in the 
absence of RAG-2 protein expression, i.e., in proB cells from RAG-2-T mice, 
RAG-1 protein accumulated to high steady state levels, with a kinetic resem
bling the induction of Rag-l mRNA. This finding suggests that the turnover 
of RAG-1 protein is influenced by the expression of RAG-2 protein. The nature 
of this crosstalk between the two RAG proteins is currently under investigation. 

It can be assumed that this kind of regulation of RAG protein expression 
might also apply to ts A-MuLV transformed preB cells and that the limiting 
levels of RAG-1 protein in nuclear extracts from temperature induced preB 
cells therefore had to be supplemented with exogenously added recombinant 
RAG-1 protein, in order to increase the efficiency of the reaction (VAN GENT et 
al. 1995). 

5 Conclusion 

Rag expression in lymphocytes appears to be tightly regulated at both the 
transcriptional as well as the post-transcriptional level. It is tempting to specu
late that this is of physiologic significance. It is conceivable that cells actively 
undergoing mitosis should not have high recombinase activity that involves 
DNA double strand breaks and therefore incurs the risk of recombining or 
losing genetic information. This requirement seems to be reflected by the 
fact that RAG-2 protein stability, and thus expression, is lowest at S/G2/M 
phases of the cell cycle. 

It may further be disadvantageous if a lymphocyte expresses antigen re
ceptors with two different specificities, since activation of a cell by one of 
its receptors, may also activate a response of the second one. Allelic exclusion 
of either IgH or TCR P chain gene loci might be in part effected by the shutdown 
of Rag expression at the transcriptional as well as the posttranslational levels. 

Finally, it is conceivable that high expression levels of both RAG proteins 
might result in a high frequency of double strand breaks and recombination 
events to chromosomal regions other than the Ig and TCR gene loci. Chro
mosomal translocations to Ig and TCR loci, often the cause of Band T cell 
neoplasias, are evidence of the occurrence of such illegitimate V(D)J recom
bination events. This danger might be reduced if cells are able to respond to 
an overshooting V(D)J recombinase activity by limiting RAG-1 protein levels 
at a stage of development when both Rag genes are heavily transcribed. 
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V(D)J recombination, the process by which lymphocyte antigen receptor genes 
are assembled during lymphocyte development. is the only known form of 
site-specific DNA rearrangement in vertebrates (LEWIS 1994). V(D)J recombi
nation is initiated by double-strand DNA cleavage at conserved recombinational 
signal sequences (ROTH et al. 1992a,b,1993; SCHLISSEL et al. 1993; McBLANE et 
al. 1995; VANGENT et al. 1995). in this way resembling other DNA transactions 
such as yeast mating-type switch recombination (HERSKOWITZ 1989). The invol
vement of double-strand cleavage in these processes is potentially deleterious, 
since introduction or persistence of double-strand breaks at recombinational 
signal sequences during M phase or S phase could interfere with faithful 
transmission of genetic information to daughter cells. Eukaryotic cells have 
evolved protective checkpoint mechanisms that sense the presence of double
strand DNA breaks and induce delays in cell cycle progression from G1 into 
S or from G2 into M. These delays mitigate against attempted replication of 
damaged templates and missegregation of damaged chromosomes. 
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Mutations that eliminate delays at these checkpoints are associated with 
increased sensitivity to ionizing radiation and genetic instability. For example, 
in patients with the autosomal recessive disorder ataxia-telangiectasia the G1 
checkpoint is impaired (KASTAN et al. 1992); this fundamental defect is accom
panied by increases in radiosensitivity and in the incidence of malignancies, 
particularly lymphoid tumors (KASTAN 1995). Circulating lymphocytes from pa
tients with ataxia-telangiectasia exhibit a several hundredfold increase in the 
frequency of interlocus V(D)J recombination (LIPKOWllZ et al. 1990), suggesting 
that enforcement of the G1 cell-cycle checkpoint enhances the fidelity of V(D)J 
recombination. 

For physiologic processes such as V(D)J recombination, protection against 
such harmful effects could be reinforced by regulatory mechanisms that pro
hibit double-strand DNA cleavage during the Sand M cell cycle phases. Indeed, 
in the case of yeast mating-type switch recombination, the initiating DNA 
cleavage is accomplished by an endonuclease, HO, whose expression is re
stricted to the G1 phase of cell cycle (NASMYTH 1985). Initiation of V(D)J rec
ombination could also be controlled by regulating site-specific DNA cleavage. 
This could be accomplished by controlling expression or activity of the rec
ombination activating proteins RAG-lor RAG-2, which together are necessary 
and sufficient for site-specific double-strand cleavage at V(D)J recombination 
signals (McBLANE et al. 1995; VANGENT et al. 1995). Indeed, available evidence 
indicates that RAG activity - and consequently, initiation of V(D)J recombination 
- is controlled at the transcriptional and post-transcriptional levels. 

2 Double-Strand DNA Cleavage and Double-Strand 
Break Repair in V(D)J Recombination 

V(D)J recombination is mediated by conserved heptamer and nona mer signal 
sequences, separated by less highly conserved spacer regions of 12 or 23 bp. 
The recombination signal sequences are oriented so that heptamer elements 
abut coding segments. V(D)J recombination is initiated by site-specific, double
stranded DNA cleavage at the junctions between coding sequences and hep
tamer recombinational signals (Fig. 1). The apparent products of these site
specific cleavage reactions can be found in thymus and in transformed B 
lymphoid cells (ROTH et al. 1992a,b, 1993; SCHLISSEL et al. 1993) and are of two 
types. The signal ends are predominantly blunt. phosphorylated at their 5' 
ends, and terminate in an intact heptamer element. The coding ends, unlike 
signal ends, terminate in hairpin structures; the occurrence of palindromic 
DNA insertions (P elements) at coding junctions supports the interpretation 
that the coding ends detected in these experiments are V(D)J recombination 
intermediates. Similar products are generated in vitro by cleavage with purified 
RAG-1 and RAG-2 proteins (McBLANE et al. 1995; vANGENT et al. 1995). 
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Fig. 1. Dependence of V(D)J recombination on double-strand break repair genes. Two antigen 
receptor gene segments are shown; coding sequences are represented by rectangles, recombination 
signal sequences by triangles. Site·specific DNA cleavage by the RAG-1 and RAG-2 proteins produces 
an intermediate containing four DNA ends; the coding ends terminate in hairpins, while the signal 
ends are blunt. Mutations in four different double-strand DNA repair genes exhibit impairments in 
V(D)J recombination. Mutations in XRCC7, corresponding to the mouse scid locus, selectively 
impair coding joint formation. Mutations in XRCC4, XRCC5 and XRCC6 impair formation of coding 
and signal joints. XRCC7 encodes the catalytic subunit of a 450-kDa, DNA-dependent protein kinase 
(DNA-PKcs). XRCC5 encodes the p86 subunit of Ku antigen, a heterodimeric DNA end-binding 
protein that associates with DNA-PKcs 

The cleaved coding and signal ends are subsequently joined in what appear 
to be distinct reactions (RAMSDEN and GELLERT 1995). Joining of coding sequences 
is frequently accompanied by modification of nucleotide sequences at rec
ombinant junctions (through insertion of P elements, nucleotide loss, or non
templated nucleotide addition), In contrast. joining of signal sequences gen
erally involves precise fusion of the heptamer elements (LEWIS et al. 1985). 
These outcomes are not exclusive; less frequently, the recombination signal 
sequences of one gene segment may be fused intact to the coding sequence 
of another gene segment, or gene segments may be opened and resealed 
at the junction between the coding sequence and the conserved heptamer 
(LEWIS et al. 1988; MORZYCKA-WROBLEWSKA et al. 1988). 

V(D)J rearrangement requires the RAG-1 and RAG-2 proteins, whose genes 
were originally identified by their ability to activate rearrangement of an 
exogenous V(D)J recombinational substrate in fibroblastoid cells (SCHATZ et al. 
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1989; OETIINGER et al. 1990). In the intact mouse, RAG-1 and RAG-2 are both 
needed for development of functional Band T cells (MOMBAERTS et al. 1992; 
SHINKAI et al. 1992). Increased RAG expression in vivo is accompanied by an 
increase in the frequency of V(D)J recombination (MENETSKI and GELLERT 1990; 
OLTZ et al. 1993); moreover, accumulation of double-stranded breaks at rec
ombination signal sequences is dependent on RAG expression (SCHLISSEL et 
al. 1993), indicating a requirement for the RAG proteins at an early stage in 
V(D)J rearrangement. The recent development of a cell-free system that carries 
out site-specific, recombination signal-dependent DNA cleavage in vitro has 
allowed identification of RAG-1 and RAG-2 as the sole essential components 
of the endonuclease that inititates V(D)J recombination (McBLANE et al. 1995; 
VANGENT et al. 1995). Whether the RAG proteins also playa role in the joining 
of cleaved recombination intermediates is not known. 

The joining of coding and signal ends is clearly dependent on several 
proteins that function more generally in double-strand DNA break repair. Mu
tations in genes corresponding to four mammalian complementation groups, 
originally associated with hypersensitivity to ionizing radiation, are also deficient 
in V(D)J recombination (TAccloLi et al. 1993; PERGOLA et al. 1993; LEE et al. 
1995; ZDZIENICKA 1995) (Fig. 1). The products of three of these genes - XRCC5, 
XRCC6, and XRCC7 - have been identified; the product of the fourth gene, 
XRCC4, has yet to be described. Mutations in XRCC4, XRCC5, and XRCC6 
impair formation of coding and signal joints (TAccloLi et al. 1993; PERGOLA et 
al. 1993; LEE et al. 1995). Mutations in XRCC7, which corresponds to the 
mouse seid locus (TAccloLi et al. 1994a). affect coding joint formation selectively 
(BLACKWELL et al. 1989; MALYNN et al. 1988; LIEBER et al. 1988). As a result of 
impaired V(D)J recombination, homozygous seicf mice are deficient in func
tional Band T cells (BOSMA et al. 1983); seicf cells exhibit hypersensitivity to 
gamma irradiation and a general defect in double-strand DNA break repair 
(BIEDERMANN et al. 1991; HENDRICKSON et al. 1991; FULOP and PHILLIPS 1990). XRCC7 
encodes the catalytic subunit of a 460-kDa DNA-dependent protein kinase, 
DNA-PKcs (PETERSON et al. 1995; KIRCHGESSNER et al. 1995; BLUNT et al. 1995; 
HARTLEY et al. 1995). XRCC5 encodes the larger subunit of Ku antigen, a p86/p70 
heterodimer that binds DNA ends and associates with DNA-PKcs (GETIS and 
STAMATO 1994; SMIDER et al. 1994; TAccioLi et al. 1994b; RATHMELL and CHU 1994); 
XRCC6 mutants are also defective in Ku activity, suggesting that XRCC6 en
codes the smaller Ku subunit (BouBNov and WEAVER 1995). DNA-PKcs and several 
other DNA damage-response proteins, including the product of the ataxia-te
langiectasia gene (SAVITSKY et al. 1995). share significant amino acid sequence 
homology to phosphotidylinositol (PI) 3-kinases, although DNA-PKcs appears 
to function exclusively as a protein kinase (HARTLEY et al. 1995). The ataxia-te
langiectasia product and the complex of Ku and DNA-PKcs may function in 
signal transduction pathways that trigger cellular responses to DNA damage. 
The dependence of V(D)J recombination on proteins that function in double
strand break repair suggests that these two DNA transactions are coordinately 
regulated. 
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3 Regulation of RAG Transcripts 
by Extrinsic Factors 

The RAG-l and RAG-2 genes are transcribed exclusively in immature lymphoid 
cells, where their expression is regulated in response to developmental cues. 
Antigen receptors, cytokine receptors and costimulatory molecules have all 
been shown to regulate RAG expression at the transcriptional level. Steady
state levels of RAG transcripts fall coordinately upon crosslinking of antigen 
receptors on nascent lymphocytes (TURKA et al. 1991; MA et al. 1992). During 
thymic selection, RAG transcripts are extinguished upon engagement of the 
T-cell receptor (TCR) by major histocompatibility (MHC) molecules; this effect 
is reversed by anti-MHC class I antibodies (BRANDLE et al. 1994). Recent evidence 
indicates that expression of RAG transcripts may be regulated reciprocally by 
interleukin-7 (IL-7) and CD19 during B cell development. In B cell progenitors 
from human bone marrow treatment with IL-7 was followed by increased 
expression of CD19 and later by diminished expression of RAG-l and RAG-2; 
IL-7-induced suppression of RAG transcripts was abrogated by crosslinking 
of CD19 (BILLIPS et al. 1995). The responsiveness of RAG expression to en
gagement of a diverse set of receptors provides rich opportunities for regulation 
of V(D)J recombination during lymphocyte development. 

4 Periodic Accumulation of RAG·2 Protein 
in Cycling Lymphoid Cells 

Restriction of V(D)J recombination to a particular cell cycle interval might require 
finer temporal control of RAG expression or activity than can be provided by 
transcriptional regulation alone. This requirement could be met by one or 
more post-transcriptional mechanisms, including regulation of RAG protein 
synthesis or degradation, sequestration of one or both RAG proteins, and 
modulation of RAG activity by post-translational modification. In dividing lym
phoid cells, accumulation of RAG-2 protein is tightly regulated in the cell cycle, 
oscillating as a function of cell cycle phase by a factor of 20 or more (LIN and 
DESIDERIO 1994). RAG-2 protein accumulates preferentially in G1; the amount 
of RAG-2 diminishes sharply as cells enter S phase and remains low or un
detectable until after M phase. By contrast, the amount of RAG-1 protein is 
invariant across cell cycle. Cell cycle periodicity of RAG-2 protein accumulation 
is not accompanied by variation in the steady-state level of RAG-2 RNA, and 
is therefore established at the post-transcriptional level. Because the rate of 
RAG-2 protein synthesis, as assessed by pulse labeling experiments, is similar 
in the G1 and G2/M cell cycle phases, regulation of RAG-2 protein degradation 
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appears to be principally responsible for the periodic accumulation of RAG-2 
in cycling cells (Z. LI and S. DESIDERIO, unpublished results). 

5 Coupling of RAG-2 Protein Degradation 
to the Cell Cycle 

One means of tethering intracellular processes to the cell cycle clock is through 
periodic phosphorylation by one or more cyclin-dependent kinases. The cy
clin-dependent kinase p34cdc2 phosphorylates RAG-2 in vitro at a single pre
dominant site, Thr490 (LIN and DESIDERIO 1993). In transfected fibroblastoid 
cells the half-life of wild-type RAG-2 is only approximately 12 min; mutation 
of Thr490 to alanine (T490A) is associated with a 20-fold increase in RAG-2 
half-life (about 200 min) and a corresponding increase in its accumulation (LIN 
and DESIDERIO 1993). The prolonging effect of the T490A mutation on RAG-2 
half-life is independent of RAG-1 expression. These observations suggested 
that RAG-2 is targeted for rapid degradation by phosphorylation at Thr490. 

Consistent with this idea, phosphorylation of Thr490 in vivo was detectable 
only when the degradation of RAG-2 protein was suppressed (LIN and DESIDERIO 
1993). Chimeric proteins containing a 90-amino acid segment of RAG-2 span
ning Thr490 or the T490A mutation exhibit differences in steady-state accu
mulation similar to that observed between intact wild-type and mutant RAG-2. 
A comparison of RAG-2 sequences from xenopus, chicken, rabbit. mouse, 
and humans reveals that this region is highly conserved phylogenetically (SA
DOFSKY et al. 1994), despite the fact that it is dispensable for V(D)J rearangement 
(SADOFSKY et al. 1994; SILVER et al. 1993; CUOMO and OETIINGER 1994). In particular, 
a minimal consensus motif for phosphorylation by cyclin-dependent kinases 
(corresponding to Thr-Pro at residues 490 and 491 of mouse RAG-2) is strictly 
conserved throughout phylogeny. Taken together, these observations suggest 
that phosphorylation of Thr490 by one or more cyclin-dependent kinases is 
required to generate a local structural signal for the degradation of RAG-2 
protein. 

This idea is further supported by systematic mutational analysis of the 
90-amino acid C-terminal region of mouse RAG-2. These experiments reveal 
that rapid degradation of RAG-2 protein requires two essential elements: (1) 
the invariant Thr-Pro residues comprising a cyclin-dependent kinase (cdk) phos
phorylation site at positions 490 and 491; and (2) a group of cationic residues 
that reside within a 10-amino acid interval downstream of the phosphorylation 
site (Z. LI and S. DESIDERIO, unpublished results). A RAG-2 mutant in which this 
region (amino acid residues 499-50S) is replaced by alanine residues (RAG-2 
499-50SA) accumulates to a level similar to that observed for the T490A and 
P491A mutant proteins (Z. LI and S. DESIDERIO, unpublished results). The syn
thetic rates of RAG-2 T490A. RAG-2 P491A and RAG-2 499-50SA are similar; 
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pulse chase experiments reveal that the half-lives of the mutant proteins are 
correlated with their steady-state amounts relative to wild-type RAG-2 (Z. LI 

and S. DESIDERIO, unpublished results). It has yet to be determined whether 
the 499-508A mutation affects the same degradation pathway as mutations 
in the cdk phosphorylation site. It is also important to note that a link between 
phosphorylation and degradation of RAG-2 has not yet been demonstrated 
directly, and it remains possible that mutations at residues 490 and 491 prolong 
the half-life of RAG-2 by means other than interference with phosphorylation. 

Strikingly, the RAG-2 degradation signal also governs the periodic disap
pearance of RAG-2 protein in cycling cells. The cell cycle-dependence of RAG-2 
expression was examined in fibroblastoid cells expressing wild-type or mutant 
RAG-2 proteins by stable transfection (Z. LI and S. DESIDERIO, unpublished re
sults). Cells were removed from cycle by serum withdrawal and then induced 
to divide synchronously by serum supplementation. Accumulation of wild-type 
RAG-2 protein oscillated as cells traversed the cell cycle, declining to unde
tectable levels upon entry into S phase and recovering as cells reentered G1. 
In contrast, RAG-2 proteins carrying mutations at the cdk phosphorylation site 
or within the 499-508 interval were expressed at invariant levels throughout 
the cell cycle. These observations are consistent with a model in which the 
periodic accumulation of RAG-2 protein in dividing cells is governed by phos
phorylation and dephosphorylation of RAG-2 at Thr490 (Fig. 2). In this model, 
phosphorylation marks RAG-2 for rapid degradation during the S, G2 and M 
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Fig. 2. A model for regulation of RAG-2 accumulation in cycling cells. Amounts of RAG-1 and 
RAG-2 proteins in a cycling cell are shown schematically as a function of cell cycle phase. The 
positions of the curves are not intended to indicate the actual relative levels of RAG-1 and RAG-2. 
The amount of RAG-1 protein remains relatively constant throughout the cell cycle. while RAG-2 
is expressed periodically. According to this model: (1) RAG-2 is targeted for rapid degradation near 
the G1-S boundary upon phosphorylation at Thr490 by one or more cyclin-dependent kinases; (2) 
the Thr490-phosphorylated form of RAG-2 predominates through S. G2 and M. and RAG-2 remains 
unstable; and (3) dephosphorylation of RAG-2 during G1 leads to prolongation of RAG-2 protein 
half-life and increased accumulation 
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cell cycle phases; dephosphorylation during G 1 would remove the mark for 
degradation and allow accumulation of RAG-2. 

6 Evidence for Proteasomal Degradation of RAG-2 

ATP-dependent. ubiquitin-dependent proteolysis is implicated in the selective, 
rapid degradation of many proteins, including cyclin B, p53, c-fos and E1A 
(HERSHKO and ClECHANOVER 1992). In some instances (for example, in the case 
of ornithine decarboxylase) degradation is ATP-dependent but ubiquitin-inde
pendent (BERCOVICH et al. 1989). In both degradation pathways proteolysis is 
carried out by high molecular weight (26S or 20S) proteasomal complexes. 
Recent experiments employing the pharmacologic inhibitors N-acetyl-Leu-Leu
norleucinal (LLnL) or N-acetyl-Leu-Leu-methioninal (LLM) suggest that one or 
more proteasomal degradation pathways can participate in degradation of 
RAG-2 (Z. LI and S. DESIDERIO, unpublished results). Within several hours of 
treatment of transfected cells with LLnL, a substantial increase in accumulation 
of RAG-2 protein was observed; the effect was specific, as the less potent 
compound LLM had little effect on RAG-2 accumulation (Z. LI and S. DESIDERIO, 
unpublished results). Although these observations suggest that RAG-2 degra
dation involves one or more proteasomal complexes, they do not indicate the 
extent to which proteasomal degradation might contribute to the rapid turnover 
of RAG-2 outside of G 1. 

7 Preferential Accumulation of RAG-2 
in Resting Intrathymic T-Cell Progenitors 

Examination of RAG expression in normal thymocytes is complicated by de
velopmental heterogeneity and by the presence of noncycling (GO) cells. In 
mouse (LIN and DESIDERIO 1994) or avian (FERGUSON et al. 1994) thymocytes, 
RAG-2 protein is expressed preferentially in GO/G1 phase cells and is expressed 
at low or undetectable levels in cells traversing the S or G2/M (LIN and DESIDERIO 
1994). Unlike RAG-2, RAG-1 protein persists during the Sand G2/M cell cycle 
phases (LIN and DESIDERIO 1994). The paucity of RAG-2 protein and the persist
ence of RAG-1 expression in Sand G2/M phase thymocytes agree with patterns 
observed in lymphoid cell lines. 

Levels of RAG-l and RAG-2 RNA are several-fold greater in resting than 
in cycling thymocytes (W.-C. LIN and S. DESIDERIO, unpublished results). Devel
opmental variation in the level of RAG RNA accumulation may contribute to 
this difference. as the resting thymocyte fraction is enriched in CD4 +CD8+TCRlo 
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cells, in which RAG RNA expression is elevated (see below). The elevation in 
RAG RNA observed in the resting fraction is commensurate with an increase 
in the level of RAG-1 protein. RAG-2, like RAG-1, accumulates preferentially 
in the resting thymocyte fraction. RNA accumulation does not, however, fully 
account for variation in the amount of RAG-2 protein; RAG-2 transcripts persist 
in S- and G2/M-enriched fractions despite the absence of detectable protein 
product. One possible explanation is that in thymus the accumulation of RAG-1 
protein is governed principally or exclusively at the level of transcription, while 
expression of RAG-2 protein is subject to both transcriptional and post-tran
scriptional control. 

8 Accumulation of V(D)J-Associated Double-Strand 
DNA Breaks in GO/G1 Thymocytes 

Taken together, the restriction of RAG-2 protein expression to GO/G1 thymo
cytes and the RAG-2-dependence of DNA cleavage at V(D)J recombination 
signal sequences are consistent with the observed distribution of V(D)J-asso
ciated double-strand breaks as a function of thymocyte DNA content. In thy
mocyte nuclei separated according to DNA content, or in intact thymocytes 
separated according to size, double-strand signal breaks at immunoglobulin 
(lg) JH segments (SCHLISSEL et al. 1993) or the TCR D82 segment (Fig. 3) were 
found to accumulate preferentially in GO/G1 phase cells. Because accumulation 
of V(D)J-associated double-strand DNA breaks depends on their kinetics of 
generation and removal. these observations do not in themselves establish 
that cleavage at V(D)J recombination signal sequences occurs preferentially 
in GO/G1, but this interpretation is greatly strengthened by the observed pe
riodicity of RAG-2 accumulation. 

9 Physiologic Correlates 

In development of both T- and B-cells, rearrangement of antigen receptor 
H-chain (TCR ~ or Ig H) and L-chain (TCR a or Ig L) genes occurs preferentially 
during two periods of quiescence or slow cellular division, separated by a 
period of rapid proliferation. For T-cell development the available data (GODFREY 
et al. 1993, 1994; BOYER et al. 1989; DUDLEY et al. 1994) indicate the following 
sequence: (1) after an early proliferative expansion of CD4-CDS-CD44hiIL-2R+ 
intrathymic T-cell progenitors, thymocytes enter a nondividing or slowly dividing 
state (CD4-CD8-CD44IoIL-2R+) in which TCR ~ rearrangement occurs; (2) ap
pearance of a functional TCR ~ chain, perhaps as part of a TCR ~-surrogate 



54 Stephen Desiderio et al. 

1353-

872-

603-

310-

234-
194-

118-

72-

603-

310 -

GO/G1 
S 
G2IM 

70 89 
15 <1 
15 11 

2 3 

76 88 
1 3 
23 9 

4 

63 
37 
<1 

5 

37 
61 
2 

6 7 8 

25 2 4 
58 75 36 
17 23 60 

Fig. 3. Accumulation of double-strand breaks at the TCR Dli2 locus as a function of cell cycle 
phase. Double-strand breaks at the TCR Dli2 locus were assayed in elutriated mouse thymocytes 
by a ligation-mediated polymerase chain reaction (PCR) assay as described (ROTH et al. 1993). 
Thymocytes from 7-day-old mice were separated by centrifugal elutriation. An aliquot of each 
fraction was assayed for DNA content by flow cytometry. Genomic DNA (3 ~g) from each fraction 
was used in the linker-mediated PCR assay for double-strand breaks at the TCR Dli2 locus. Am
plification of a signal end-containing molecule cleaved at the junction with the Dli2 coding sequence 
is expected to yield a 119-bp fragment capable of hybridizing to an internal probe corresponding 
to sequences immediately upstream of the recombination signal nonamer. This product was readily 
detected in unfractionated thymocytes (Unfx.) and in elutriation fractions enriched for GO/G1 cells; 
the product was greatly diminished or undetectable in fractions enriched for cells in S or G2/M 
(upper panel). An internal control sequence, consisting of a portion of the RAG-I gene, was am
plifiable in all fractions (bottom panel). For the unfractionated sample and for each elutriation 
fraction (lanes 1-6), the percentage of cells in GO/G1, Sand G2/M are indicated below. The sizes 
of DNA standards, in basepairs, are indicated at left 
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a chain (gp33) complex (GROETIRUP et al. 1993; GROETIRUP and VON BOEHMER 
1993; SAINTRUF et al. 1994), triggers proliferative expansion of a CD4-CDS
CD44IoIL-2R- population; (3) this expansion is followed by the appearance of 
a smaller, nondividing CD4+CDS+ population, in which most TCR a rearrange
ment occurs. 

A similar pattern is observed in B-cell development (KARASUYAMA et al. 1994; 
ROLINK et al. 1994): (1) assembly of Ig )l-chain genes occurs within a slowly 
dividing, CD45R+c-kit+IL-2R-CD43+ population (pro-B/pre-B-I); (2) productive 
Ig )l rearrangement is accompanied by surface expression of surrogate L-chain, 
acquisition of the CD45R+c-kirlL-2R+ phenotype and initiation of rapid cycling 
(large pre-B-II); (3) large pre-B-II cells subsequently give rise to a resting, 
CD45R+c-kirlL-2R+ population (small pre-B-II) which is the principal site of Ig 
L-chain gene rearrangement. Thus, in the development of both lymphoid li
neages antigen receptor heavy-chain gene rearrangement is followed by rapid 
cell division and supression of V(D)J recombination; this period of cellular 
expansion is followed by a resting period in which most L-chain gene rear
rangement occurs. 

V(D)J recombination could be restricted to particular developmental 
periods by control at the level of the substrate or of the recombinational 
machinery. Substrate level regulation (e.g., locus accessibility) may be essential 
for timing of rearrangements during development and for allelic exclusion; 
there is yet no evidence suggesting a role for substrate level regulation in 
control of V(D)J recombination during the cell cycle. Two lines of evidence 
suggest that regulation of RAG gene expression contributes to control of 
V(D)J recombination during lymphocyte development. First. RAG transcripts 
accumulate preferentially at two discrete times during development. corre
sponding to the immature lymphocyte subsets in which H- and L-chain gene 
rearrangements are most active. In T-cell ontogeny these are the CD4-CDS
CD441oCD25+ and CD4+CDS+TCR ~+ subsets (WILSON et al. 1994); in B-cell 
ontogeny, the pro-B/pre-BI and small pre-BII subsets (KARASUYAMA et al. 1994; 
ROLINK et al. 1994). Second, as described above, accumulation of RAG tran
scripts can be modulated by extrinsic factors such as IL-7. In mixed culture 
systems containing stromal cells and B-cell progenitors, withdrawal of IL-7 is 
associated with growth arrest. increased accumulation of RAG-l and RAG-2 
RNA and initiation of Ig gene rearrangement (ROLINK et al. 1993). 

Another link between V(D)J recombination and the cell cycle may be pro
vided by post-transcriptional regulation of RAG-2 expression. Transitions from 
quiescence to rapid cycling, as observed in the progression from CD44IoIL-2R+ 
to CD44IoIL-2R- or from pro-B/pre-B-I to large pre-B-II, are expected from ob
servations summarized above to be accompanied by rapid degradation of 
RAG-2 protein at the G1-S transition. RAG-2 expression - and consequently, 
V(D)J recombination - might continue to be suppressed during rapid cell di
vision if the G1 phase were sufficiently short. Such a mechanism could provide 
a pause in recombination during which the TCR ~ or Ig )lloci could be closed 
to the recombinase and the TCR a or Ig 1( loci opened for subsequent rear-
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rangement. Evidence consistent with this hypothesis was recently provided 
by the observation that large pre-B-II cells express RAG-2 RNA but do not 
express detectable RAG-2 protein; RAG-2 protein levels become detectable 
only upon the transition from the large pre-B-II to the small (i.e., resting) 
pre-B-II stage (U. GRAWUNDER, T. WINKLER, and F. MELCHERS, personal communication). 

10 Conclusions 

The involvement of double-strand DNA cleavage in antigen receptor gene 
rearrangement first suggested the possibility that initiation of V(D)J recombi
nation is regulated in the cell cycle. In developing lymphocytes, regulation of 
RAG transcription appears to contribute to developmental regulation of V(D)J 
recombination and to enhanced expression of RAG proteins in resting cells. 
Posttranscriptional control plays a prominent role in the regulation of RAG-2 
expression in dividing cells, by restricting accumulation of RAG-2 protein -
and by inference, initiation of V(D)J recombination - to the Gl cell cycle phase. 
The precise mechanism by which RAG-2 protein accumulates periodically in 
the cell cycle is not yet known, but may involve the triggering of protein 
degradation by specific phosphorylation. How phosphorylation might target 
RAG-2 for degradation and how RAG-2 is subsequently degraded are questions 
whose answers are expected to have interesting general implications. Cell 
cycle regulation of V(D)J recombination may serve to protect against deleterious 
effects of double-strand DNA cleavage, but other functions - for example, in 
enforcement of allelic exclusion - are also conceivable. These potential roles 
may be gauged in the future by examining the physiologic effects of unsche
duled RAG expression in the mouse. 
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In vivo analysis of DNA intermediates has provided important mechanistic 
information about a number of recombination systems. DNA molecules con
taining double-strand breaks are well-established intermediates in several rec
ombination systems and have been detected in vivo at hotspots for meiotic 
recombination (CAO et al. 1990; SUN et al. 1989) and during mating type switch
ing in the yeast Saccharomyces cerevisiae (CONNOLLY et al. 1988; RAVEH et al. 
1989; WHITE and HABER 1990). Site-specific double-strand breaks have also 
been observed during the movement of transposable elements, such as Tcl 
and Tc3 in Caenorhabditis e/egans (VAN LUENEN et al. 1993; RUAN and EMMONS 
1994) and Tn7 and Tnl0 in bacteria (BAINTON et al. 1991; HANIFORD et al. 1991). 
Characterization of these broken DNA molecules has afforded a better under
standing of the sequence of events leading to product formation. In particular, 
analysis of the effects of mutations in trans-acting factors on processing of 
in vivo intermediates has been instrumental in defining reaction pathways 
(reviewed by HABER 1992). In the past several years, a similar analysis of double
strand breaks associated with V(D)J recombination has been undertaken. Al
though there is as yet no direct evidence that the broken molecules are in
termediates, these studies, which are summarized below, have provided valu-

1 Cell and Molecular Biology Program. Baylor College of Medicine. 1 Baylor Plaza. Houston. TX 
77030. USA 

2 Department of Microbiology and Immunology, Baylor College of Medicine. 1 Baylor Plaza. Houston, 
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able information about the recombination mechanism and may guide the in
terpretation of more detailed biochemical studies in cell-free systems. 

2 Signal Ends 

One early model for V(D)J recombination (Fig. 1) suggested that recombination 
might be initiated by the introduction of double-strand breaks precisely be
tween the recombination signal sequences (RSS) and the adjacent coding 
segments (ALT and BALTIMORE 1982). As shown in Fig. 1, a pair of RSS, one 
with a heptamer-12 base pair spacer-nonamer configuration and one with a 
heptamer-23 base pair spacer-nonamer configuration, are recognized by the 
recombination machinery. The presence of a 12 and a 23 base pair spacer 
RSS is required for efficient recombination, a reaction feature termed the 
"12/23 rule". According to the model. double-strand breaks are produced pre
cisely at the border between each RSS heptamer and its adjacent coding 
segment. thus generating two types of DNA termini: coding ends and signal 
ends. The joining of coding ends produces a coding joint; signal ends join to 
form a signal joint. These two types of junctions differ in one important respect: 
signal joints almost never exhibit loss of nucleotides, whereas coding joints 
have frequently lost several nucleotides from one or both ends and often 
have gained extra nucleotides (reviewed by LEWIS 1994a). This asymmetry pro
vided the first clue that signal and coding ends might be processed differently. 
Subsequent characterization of double-strand breaks generated in vivo has 
provided more direct evidence to support this hypothesis, as described below. 

The double-strand cleavage model shown in Fig. 1 predicts that broken 
DNA ends, if sufficiently long-lived, might accumulate to detectable levels in 
cells that are very active for recombination of particular gene segments. Ac
cordingly, initial attempts to characterize intermediates in V(O)J recombination 
focused on a particular T cell receptor (TCR) locus, TCRo, that actively rec
ombines in thymocytes of neonatal mice. Highly sensitive Southern blotting 
techniques were used to detect double-strand breaks at this locus in genomic 
DNA preparations from thymocytes of newborn mice (ROTH et al. 1992b). The 
most extensively characterized of these broken molecules (species with signal 
ends at the TCR 002 element) is present in roughly 2% of thymocytes of 
newborn BALB/c mice. Other hybridization probes were used to detect mole
cules with signal ends resulting from cleavage at 0 and J coding elements. 
Interestingly, all broken molecules detected could be accounted for by cleavage 
at pairs of RSS; species resulting from cleavage at only a single RSS were 
not observed (ROTH et al. 1992b). These data suggest that cleavage may occur 
in a coordinated fashion at pairs of signals, as discussed below. Excised circular 
products containing signal joints were detected at about the same abundance 
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Fig. 1. A double-strand break model for V(D)J recombina
tion. Recombination is initiated by recognition of a 12-
spacer recombination signal sequence (RSS) (open 
triangle) and a 23-spacer RSS (filled triangle). The recom
bination machinery introduces a double-strand break pre
cisely between the RSS and the coding segments (shown 
as squares). generating signal ends that join to form a 
product containing a signal joint and coding ends that. 
after possible modification (nucleotide loss and/or addi
tion), are joined to form a coding joint 

as broken molecules. The vast majority of the signal joints in these excision 
products are perfect (no loss or addition of nucleotides), as judged by sensitivity 
to a restriction endonuclease whose recognition site is created by precise 
joining of a pair of RSS (ROTH et al. 1992b). 

Although the broken molecules identified in these studies were regarded 
as plausible reaction intermediates, the possibility that the broken species 
might represent "dead end" products could not be excluded . Recent in vivo 
time course experiments performed in the Gellert laboratory have made use 
of a cell line in which recombination activity can be induced . After induction, 
signal ends accumulate to high levels and can be apparently "chased" into 
joined products (RAMSDEN and GELLERT 1995). These results provide additional 
evidence suggesting that the broken molecules are in fact recombination in
termediates. 

Several methods have been used to characterize the broken ends in more 
detail. The structure of signal ends was probed by testing the ability of T4 
DNA ligase to join a non phosphorylated, double-stranded oligonucleotide with 
a blunt end to the signal ends. Ligation was assessed by a change in the 
size of the broken molecules as judged by Southern blotting. The majority of 
the signal ends were able to ligate to the oligonucleotide, indicating that most 
of the signal ends are blunt. unblocked (free of covalent modifications), and 
5' phosphorylated (ROTH et al. 1993). Signal ends were also examined using 
a much more sensitive and versatile technique based on ligation-mediated 
polymerase chain reaction (LMPCR). Although originally used to detect single-
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strand nicks (MUELLER and WOLD 1989). the assay was modified to specifically 
detect blunt ends by ligating a double-stranded oligonucleotide ligation primer 
that contains a blunt end to broken DNA molecules recovered from actively 
recombining cells (Fig. 2) (RoTH et al. 1993; SCHLISSEL et al. 1993). Since the 
ligation primers do not contain 5' phosphoryl groups, only molecules with 
blunt ends terminating in 5' phosphates are capable of ligating to the primer. 
PCR amplification is performed using a gene-specific primer and a primer that 
hybridizes to the ligated oligonucleotide. In addition to its high sensitivity, the 
LMPCR assay is semiquantitative (RoTH et al. 1993; ZHU and ROTH 1995; SCHLISSEL 
et al. 1993) and allows the structure of broken ends to be examined in detail. 
The precise site of cleavage can be obtained by conventional cloning and 
sequencing of PCR products (SCHLISSEL et al. 1993). Alternatively, the bulk popu
lation of amplified molecules can be examined by designing ligation primers 
that generate a unique restriction site upon ligation to a perfect signal end, 
so the status of the ends can be tested by simply digesting the PCR products 

a 

Signal End Ligation Primer 

<l~H ~g_OH OH 5' 

~ Ligate 

<J-
~ Amplify 

~ 

<J I( 

b 

(/) .... 
Q) 

.::t:. .... 
cu 
E 

75-

OJ OJ OJ 
::::1..::::1..::::1.. 

-r-L()O 

cici~ 

+-119 nt 
signal en~ 

Fig.2a,b. Detection of signal ends by ligation-mediated polymerase chain reaction (LMPCR). A 
simplified schematic of the assay is shown in a. LMPCR involves ligation of a double-stranded 
oligonucleotide (ligation primer) to a broken end, followed by PCR amplification using a gene-specific 
primer (arrow on the left) and a primer that binds to the ligated oligonucleotide (arrow on the 
right). Because the ligation primers are not phosphorylated, the 5' terminus of the broken end 
must contain a 5' phosphoryl group. Amplified products are separated by polyacrylamide gel elec
trophoresis and visualized by hybridization to a radiolabeled oligonucleotide probe. Detection of 
signal ends at the T cell receptor (TCR) D1)2 locus in thymocyte DNA preparations from wild-type 
mice is shown in b. The indicated amounts of thymocyte DNA from neonatal BALB/c mice were 
ligated with the ligation primer and subjected to LMPCR analysis. Using this technique, D1)2 signal 
ends can be detected in as little as 0.01 I1g of thymocy1e DNA. For details, see (ZHU and ROTH 
1995) 
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with the appropriate restriction enzyme (ROTH et al. 1993), Data from both 
approaches indicate that the vast majority of signal ends retain the entire 
nucleotide sequence of the RSS, without loss or addition of nucleotides 
(SCHLISSEL et al. 1993; ROTH et al. 1993), Experiments in which genomic DNA 
was treated with various enzymes (phosphatase, polynucleotide kinase, Klenow 
fragment. T4 DNA polymerase) prior to LMPCR confirmed that the majority 
of signal ends are blunt and contain 5' phosphoryl groups (SCHLISSEL et al. 
1993; ROTH et al. 1993). These data strongly suggest that signal ends are 
produced by precise cleavage between the RSS and the coding segment. in 
agreement with the double-strand cleavage model. The lack of modification 
of signal ends is consistent with the extremely low frequency of nucleotide 
loss observed at signal joints (LIEBER et al. 1988b). 

Despite the presence of relatively abundant signal ends created by double
strand cleavage, the coding ends that are presumably created in this same 
reaction have not yet been detected in lymphoid cells of wild-type mice either 
by Southern blotting (ROTH et al. 1992b) or by much more sensitive LMPCR 
techniques (ROTH et al. 1993; SCHLISSEL et al. 1993; ZHU and ROTH 1995). The 
simplest explanation, that coding ends might be joined much more rapidly 
than signal ends, is supported by the recent observation that coding ends 
resulting from immunoglobulin K gene rearrangement in cultured cell lines 
derived from wild-type mice appear to join much more rapidly than signal 
ends (RAMSDEN and GELLERT 1995). These results, along with the previously 
mentioned differences in junction structures, suggest that different steps may 
be involved in joining these two types of ends. This hypothesis is further 
supported by the differential effects of mutations in trans-acting factors on 
coding and signal joint formation, as discussed in the following section. 

3 Coding Ends Accumulate in Thymocytes 
of scid Mice 

Mice homozygous for a mutation (BOSMA et al. 1983) resulting in severe com
bined immune deficiency (scid mice) are incapable of producing significant 
levels of mature Band T lymphocytes due to a severe deficiency in V(D)J 
recombination (LIEBER et al. 1988a; MALYNN et al. 1988; HENDRICKSON et al. 1988). 
Southern blotting analysis of both endogenous antigen receptor loci in lym
phocytes from scid mice (SCHULER et al. 1986) and integrated recombination 
substrates in scid cell lines (HENDRICKSON et al. 1988; MALYNN et al. 1988) revealed 
large deletions, presumably caused by faulty recombination. These data sug
gest that recombination is initiated in scid cells but that later steps, such as 
end processing or joining, proceed aberrantly. Experiments using extrachro
mosomal recombination substrates demonstrated that scid cell lines are se
verely defective in coding joint formation, while signal joints form relatively 
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normally (Lieber et al. 1988a). This selective effect on coding joint formation 
suggests that the scid factor is required for proper joining of coding ends. 

The scid defect also affects general repair of double-strand breaks in both 
lymphoid and nonlymphoid cells (FULOP and PHILLIPS 1990; HENDRICKSON et al. 
1991b; BIEDERMANN et al. 1991). This observation provided the first clue that 
factors involved in double-strand break repair also participate in joining coding 
ends. Southern blotting analysis revealed that coding ends accumulate to high 
levels in scid thymocytes (ROTH et al. 1992a), providing the most direct evidence 
for impaired joining of coding ends. This is not simply due to lack of general 
end joining activity, as linear DNA molecules transfected into scid cell lines 
are joined normally (HARRINGTON et al. 1992; CHANG et al. 1993; LEWIS 1994b). 

Why do coding ends accumulate in scid cells? One explanation was pro
vided by the observation that all coding ends detected by Southern blotting 
in thymocytes of scid mice are covalently sealed in the form of DNA hairpins, 
as assessed by their resistance to exonuclease treatment and their migration 
pattern when subjected to two-dimensional native-alkaline gel electrophoresis 
(ROTH et al. 1992a). These coding ends were characterized in greater detail 
using a modified LMPCR assay in which hairpin ends are opened using a 
single-strand specific nuclease, allowing them to be detected by LMPCR 
(Fig. 3). These studies demonstrated that all detectable coding ends produced 
by cleavage at TCR D82 in scid thymocytes terminate in hairpins (ZHU and 
ROTH 1995). No coding ends (hairpin or non hairpin) were detected in wild-type 
cells, indicating that the abundance of coding ends is at least 1000-fold lower 
than signal ends in thymocytes of wild-type mice (ZHU and ROTH 1995). Exam
ination of signal ends isolated from scid thymocytes revealed that both the 
abundance (ROTH et al. 1992a) and the structure (ZHU and ROTH 1995) of signal 
ends are not measurably affected by scid mutation. Thus, the scid defect 
results in accumulation of a very specific class of DNA molecules: covalently 
sealed coding ends. 

4 Hairpin Coding Ends As Normal Intermediates 
in V(D)J Recombination 

Three lines of evidence suggest that covalently sealed coding ends are normal 
intermediates in V(D)J recombination. First. hairpin coding ends resulting from 
immunoglobulin light chain gene rearrangement have been detected in cultured 
cell lines derived from wild-type mice (RAMSDEN and GELLERT 1995). Second, 
nuclear extracts from wild-type cells are capable of cleaving RSS-containing 
substrates, forming blunt signal ends and hairpin coding ends (VAN GENT et al. 
1995). Third, a particular class of extra nucleotides, termed P nucleotides, is 
frequently present at coding joints produced in wild-type cells. These insertions 
differ from the nontemplated bases, termed N nucleotides, added by terminal 
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Fig.3a,b. A ligation-mediated polymerase chain reaction (LMPCR)-based assay for detection of 
hairpin coding ends. A schematic of the assay used to detect hairpin coding ends is shown in a. 
To make hairpin ends available for ligation, DNA preparations are first treated with a single-strand 
specific endonuclease, such as mung bean nuclease or P1 nuclease. This treatment opens the 
hairpins, producing a population of molecules containing blunt-ended forms that can be joined to 
the ligation primers. These molecules are then amplified by PCR and detected as described in 
Fig. 2. Representative data are shown in b. Each lane contains PCR products derived from 1 I1g 
of DNA prepared from thymocytes of scid mice. Prior to LMPCR, the samples were treated as 
follows: lane 1, no treatment; lane 2, pretreatment with T4 DNA polymerase to convert any nonblunt 
ends into flush termini capable of joining to the ligation primer; lane 3, pretreatment with mung 
bean nuclease (MBN) to open hairpins. See (ZHU and ROTH 1995) for details 

deoxynucleotidyl transferase (TdT) (GILFILLAN et a!. 1993; KOMORI et a!. 1993; 
LIEBER et a!. 1988b) in that P nucleotides are complementary to the last few 
nucleotides of the coding segment, forming a short palindrome (LAFAILLE et a!. 
1989; MCCORMACK et a!. 1989; MEIER and LEWIS 1993). These curious insertions 
therefore appear to be derived from the coding sequence itself and can be 
simply explained by opening hairpin coding ends in a particular fashion, as 
described below. 

A scheme illustrating the production of P nucleotides from hairpin coding 
ends is shown in Fig. 4. According to this proposal, cleavage at the RSS 
generates a pair of blunt signal ends and a pair of covalently sealed coding 
ends. Hairpins are opened by introduction of a nick a few nucleotides away 
from the terminal base pair (termed the hairpin "tip"). leaving a short single-
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Fig. 4. A hairpin model for V(D)J recombination and 
P nucleotide formation . Coding ends, formed by pre
cise cleavage between the signal and coding ele
ments, exist in a covalently sealed "hairpin" confor
mation. Hairpin coding ends must presumably be op
ened prior to joining. Introduction of a nick near, but 
not at, the hairpin tip (shown on the left), creates a 
single-stranded overhang that is complementary to 
the terminal coding sequence. Incorporation of this 
overhang into the coding junction produces a P nu
cleotide insert. If the single-stranded overhang is 
removed (not show n) or if the nick occurs directly at 
the hairpin tip (shown on the right). no P nucleotides 
are formed 

stranded tail that may be incorporated into the junction to generate a P nu
cleotide insert. Since P nucleotides are only found adjacent to intact (un
trimmed) coding ends (LAFAILLE et al. 1989; MEIER and LEWIS 1993). the covalently 
sealed coding ends should retain the entire coding sequence. This prediction 
has been verified, as the hairpins formed in scid thymocytes at the TCR D82 
segment contain the entire sequence of the 082 coding element. without 
loss or addition of nucleotides (ZHU and ROTH 1995). In support of the hairpin 
model, insertions resembling P nucleotides can be derived from opening of 
artificially constructed hairpins introduced into cultured cells by transfection 
(LEWIS 1994b). 

Since P nucleotides are not present at all coding joints, it ;s not clear 
whether hairpins are obligatory intermediates that do not always give rise to 
P nucleotides or whether there might be another pathway for forming coding 
joints that does not involve hairpins. The presence of P nucleotides in as 
many as 80% of junctions with undeleted coding ends (MEIER and LEWIS 1993) 
suggests that hairpin coding ends can be frequent intermediates in normal 
cells. However, the frequency of P nucleotide insertions at different coding 
segments varies considerably (MEIER and LEWIS 1993). Coding joints without P 
nucleotide inserts could be derived from hairpin coding ends through opening 
of the hairpin precisely at the tip (between the two terminal nucleotides). 
leaving a blunt end that cannot give rise to P nucleotides. Alternatively, potential 
P nucleotides could be lost by removal of the single-stranded extension prior 
to joining. Loss of single-stranded extensions is a common feature of end
joining in mammalian cells (ROTH and WILSON 1986, 1988). Recent work has 
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shown that "single-strand specific" nucleases such as mung bean nuclease 
and P1 nuclease can open hairpins both at the tip (leaving blunt ends) and 
away from the tip (leaving short single-stranded extensions) (KABOTYANSKI et al. 
1995). The site of hairpin opening by these enzymes is strongly influenced 
by the nucleotide sequence of the hairpin (KABOTYANSKI et al. 1995). Thus, both 
mechanisms might contribute to formation of coding joints that do not contain 
P nucleotides. 

The evidence summarized in the preceding paragraphs strongly suggests 
that hairpin coding ends are frequent, if not obligatory, intermediates in V(D)J 
recombination. These hairpins must presumably be opened prior to joining, 
and their accumulation in scid cells suggests that the scid defect somehow 
interferes with the opening reaction. Hairpin opening activities and the possible 
role of the scid factor will be discussed in the following sections. 

5 Putting It All Together: Recognition, Cleavage, 
and Joining 

Conceptually, the V(D)J recombination reaction can be divided into three steps: 
recognition, cleavage, and joining. Factors capable of recognizing the RSS and 
catalyzing double-strand cleavage should be required for the first two steps. 
In the joining phase of the reaction, factors must recognize and repair the 
broken DNA ends to generate coding and signal joints. A great deal of progress 
has been made recently in the identification of protein components of the 
V(D)J recombination machinery, and progress in this rapidly moving area will 
be summarized in this section (see other chapters in this volume for more 
detailed information). Finally, we shall attempt to incorporate this information 
into a working model. 

In general, recombination systems that recognize specific sites (site-spe
cific recombination and transposition reactions) require the assembly of stable 
DNA-protein complexes involving recombinases bound to their recognition se
quences. These highly regulated reactions make use of architecturally defined 
DNA-protein complexes involving interactions between pairs of recognition 
sequences to control the reaction pathway (MlZUUCHI 1992). This form of regu
lation may also apply to V(D)J recombination to ensure that no cleavage occurs 
at one RSS without the presence of a functional partner RSS, a situation that 
could have disastrous consequences. Several lines of evidence provide indirect 
support for such a mechanism. Studies of integrated artificial recombination 
substrates have suggested that initiation of recombination may require a pair 
of RSS (HENDRICKSON et al. 1991 a), and experiments using extrachromosomal 
substrates have provided evidence that physical interactions between a pair 
of RSS (synapsis) are required for efficient recombination (SHEEHAN and LIEBER 
1993). A requirement for synapsis prior to formation of double-strand breaks 
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is also supported by analysis of broken DNA molecules in mouse thymocytes, 

in which cleavage at pairs of RSS but not at individual RSS, was detected 

(ROTH et al. 1992b). Several steps might be regulated by synapsis. For example, 

an interaction between the two RSS might be required for initiation of cleavage 
at either signal; alternatively, nicks or double-strand breaks might occur at 

one signal, with synapsis required for cleavage at the partner RSS. Such re

quirements for signal-signal interactions prior to cleavage might form the basis 

of the 12/23 rule . 

One scheme for cleavage following recognition and synapsis of RSS is 

presented in Fig . 5 . The analysis of V(D)J recombination-associated double

strand breaks, described in the preceding sections, indicates that cleavage is 

a conservative reaction, producing a hairpin coding end and a blunt signal 

end that both contain the entire sequence of the coding and RSS elements 

(ZHU and ROTH 1995). These results are consistent with a coupled cleavage 

mechanism in which hairpins are formed directly by the cleavage reaction 

that liberates signal ends (ZHU and ROTH 1995) (Fig . 6). Since coding joints 
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Fig. 5. A synapsis model for V(D)J recombination. Ac
cording to this model, the recombination signal se
quences (RSS) are recognized by specific binding pro
teins, possibly Rag-1 and Rag-2, which assemble a DNA
protein complex containing a 12- and a 23-spacer RSS. 
It is proposed that complex formation must occur prior 
to introduction of double-strand breaks. After cleavage, 
signal ends may remain associated with RSS-binding 
factors, thereby protecting the signal ends from nucle
otide loss and perhaps facilitating signal joint formation 

Fig. 6. Formation of hairpin coding ends and blunt signal 
ends by coupled cleavage. According to this model, 
recombination is initiated by formation of a nick pre
cisely at the border between the recombination signal 
sequences (RSS) and the coding segment. Hairpins are 
formed by nucleophilic attack by the hydroxyl group on 
the phosphodiester bond directly opposite the nick. 
Such a mechanism would produce full length hairpin 
coding ends as well as blunt signal ends, with no gain 
or loss of nucleotides from either end, and therefore 
agrees with the available experimental data (ZHU and 
ROTH 1995). Modification of coding ends is proposed 
to occur after hairpin opening 
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derived from these ends exhibit considerable nucleotide loss and addition. 
modification of coding ends probably occurs after hairpin opening. 

Very recent experiments in which recognition and cleavage have been 
achieved in a cell-free system suggest that recognition involves the recombi
nation activating genes. Rag-l and Rag-2 (VAN GENT et al. 1995; see D.C. VAN 
GENT et al. this volume). A role of the Rag-1 and Rag-2 proteins in the formation 
of double-strand breaks is also supported by in vivo studies in Rag-deficient 
(knockout) mice, which neither signal ends nor coding ends can be detected 
(SCHLISSEL et al. 1993). However, since cleavage adjacent to an RSS in a cell-free 
system (a reaction that depends upon Rag-1 and Rag-2) does not require the 
presence of a second RSS (VAN GENT et al. 1995), additional factors may also 
participate in regulation of cleavage, for example through enforcement of the 
12/23 rule. 

Once cleavage has occurred, signal and coding ends must be joined. As 
discussed previously, one obvious difference between the handling of signal 
and coding ends is the precise nature of signal joint formation. The precision 
with which signal ends are handled contrasts with the much lower fidelity of 
end joining seen in transfected or microinjected DNA molecules. For example, 
in one study only 64% of junctions resulting from circularization of a blunt
ended substrate microinjected into the nuclei of fibroblastoid cells did not 
suffer modification of at least one end (ROTH et al. 1991). The much higher 
precision of signal end joining suggests that these ends may be specifically 
protected from nucleotide loss. presumably by noncovalent DNA-protein in
teractions that could involve Rag-1 and/or Rag-2 or perhaps other RSS binding 
factors. It is notable that addition of N nucleotides at signal joints, which is 
presumably mediated by TdT. occurs much more frequently than nucleotide 
loss (LIEBER et al. 1988b). Thus, whatever mechanism protects signal ends 
from nucleotide loss does not exclude TdT. 

Another fundamental difference between the joining of signal and coding 
ends is the presumed requirement for a hairpin opening step prior to further 
processing of coding ends. Hairpin opening activity could be provided by a 
specific enzyme used in V(D)J recombination or by "nonspecific" activities 
capable of cleaving single-stranded DNA. Once hairpins are opened, the ends 
are available for modification, and ultimately are joined to produce a wide 
variety of junction structures, possibly employing mechanisms similar to those 
that mediate random end joining (RoTH and WILSON 1988). 

The recent identification of several protein factors that presumably par
ticipate in end processing and joining was made possible by the isolation of 
mutations that affect V(D)J recombination. As previously mentioned, the scid 
mutation confers defects in both general DNA repair and V(D)J recombination. 
Although coding joint formation is severely impaired, the mutation has much 
less effect on signal joint formation (LIEBER et al. 1988a). Additional mutant 
cell lines with defects in both double-strand break repair and V(D)J recombi
nation include XR-1 (XRCC4 complementation group; see Z. LI and F.W.ALT, 
this volume), xrs-5 and xrs-6 (XRCC5 complementation group; see G. CHU, this 
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volume), and sxi-1 (PERGOLA et al. 1993; TACCIOLI et al. 1993; LEE et al. 1995; 
see S.E. LEE et aI., this volume). Unlike the scid defect. these mutations impair 
both signal joint and coding joint formation, suggesting that they may be 
involved in end joining. 

Recent studies (KIRCHGESSNER et al. 1995; BLUNT et al. 1995; see P.A. JEGGO 
et al. this volume) have indicated that the scid gene (XRCC7) encodes the 
catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs,), a kinase 
which is activated in the presence of DNA ends. Remarkably, it appears that 
two of remaining three mutations known to impair both V(D)J recombination 
and double-strand break repair affect the DNA binding subunits of DNA-PK. 
Thus, XRCC5 encodes Ku80 (BOUBNOV et al. 1995; TACCIOLI et al. 1994; SMIDER 
et al. 1994), and some evidence suggests that the sxi-1 mutation may affect 
Ku70 (WEAVER 1995). The catalytic subunit of DNA-PK is activated by binding 
to a DNA-bound Ku heterodimer (DVIR et al. 1992; GOTTLIEB and JACKSON 1993; 
MOROZOV et al. 1994). In vitro studies have established that Ku is capable of 
binding both to double-strand breaks and to hairpins (MiMORI and HARDIN 1986; 
PAILLARD and STRAUSS 1991), suggesting that both coding and signal ends could 
serve to activate DNA-PK. Possible roles of these factors in V(D)J recombination 
will be discussed below. 

6 How Does the scid Defect Block Formation 
of Coding Joints? 

The specific accumulation of covalently sealed coding ends in scid thymocytes 
suggests that the scid defect somehow interferes with the hairpin opening 
reaction. The possibility that scid cells are generally incapable of opening 
hairpins has been invalidated by the observation that artificial hairpins intro
duced into scid cell lines by transfection are opened normally (LEWIS 1994b; 
STAUNTON and WEAVER 1994). However. this result does not preclude the possi
bility that the scid mutation specifically affects the opening of covalently sealed 
coding ends. First. it is not known whether the nuclease(s) responsible for 
opening transfected hairpins are also involved in the metabolism of coding 
ends. In fact. the inserts resembling P nucleotides that are derived from trans
fected hairpins tend to be longer than P nucleotides created from authentic 
coding ends (LEWIS 1994b). suggesting that two different nucleases might be 
responsible for processing these two types of hairpins. Second. hairpin coding 
ends may be assembled into specific DNA-protein complexes during V(D)J 
recombination. Perhaps the scid defect results in sequestration of the sealed 
coding ends in a DNA-protein complex that is inaccessible to the hairpin open
ing machinery (ROTH et al. 1995; ZHU and ROTH 1995). According to this proposal. 
the scid factor promotes the accessibility of hairpin coding ends. either by 
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altering the complex or by "recruiting" a specific hairpin opening nuclease into 
the complex. 

Now that the scid gene has been identified. it is possible to pose the 
accessibility model in more molecular (although no less hypothetical) terms. 
As shown in Fig. 7. we speculate that. after cleavage at the RSS, the coding 
and signal ends are both present in a DNA-protein complex that includes Ku 

.-..>.-_- Hairpin coding end 

I hairpins inaccessible I 
Rag 112 

bind and activate DNA-PKcs 1 

DNA.PKcs 

phosphorylation of target(s) 1 

I hairpins accessible • ';0-- Nuclease 

W 
open hairpins 1 
loin coding and signal ends 

Fig. 7. Does the scid factor modulate accessibility of hairpin coding ends? According to this model. 
double-strand breaks are formed in the context of a synaptic complex involving recombination 
factors (possibly including Rag-l and Rag-2) and a pair of signals. Cleavage generates a pair of 
signal ends (w hich may remain associated with recombination signal sequence-binding proteins) 
and a pair of hairpin coding ends. As shown in the figure. Ku binds to both the signal ends and 
the hairpin coding ends. forming complexes that prevent hairpin opening factors from gaining 
access to coding ends. The catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) interacts 
with Ku. resulting in its activation. DNA-PKcs then phosphorylates target molecules. resulting in 
increased accessibility of coding ends to hairpin opening factors. After opening. coding ends are 
processed and joined to form coding joints. According to this model. in the absence of functional 
DNA-PKcs. such as in scid mice. coding ends are arrested in the hairpin stage. although signal 
ends can be joined by a pathway that is not completely dependent upon DNA-PKcs activity. See 
text for further discussion 
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and perhaps other components. The DNA-Ku complex then recruits the catalytic 
subunit which becomes activated upon binding. The active kinase could then 
modify target molecules, presumably by phosphorylation. Potential targets in
clude components of the complex, such as Ku and DNA-PKcs itself, as well 
as other molecules. Modification of complex components could result in in
creased accessibility of the hairpins to the nuclease activity. Alternatively, the 
kinase could act on components outside the complex to recruit a specific 
hairpin-opening nuclease into the complex. In scid cells, the absence of DNA
PKcs activity results in failure of the coding ends to become accessible for 
opening, resulting in their accumulation. One attractive feature of this model 
is that it accounts for the accumulation of hairpin coding ends in cells that 
appear to be capable of efficiently opening exogenously introduced hairpins. 
The model is also consistent with another peculiar feature that has been 
observed at some of the rare coding joints isolated from scid cells: the presence 
of very long (up to 15 nucleotide) P nucleotide inserts (KIENKER et al. 1991; 
SCHULER et al. 1991; KOTLOFF et al. 1993). This is precisely what would be expected 
if the hairpin termini are protected by bound protein, so that opening is ac
complished by nicking further from the hairpin tip. 

How does this proposal address the defects in double-strand break repair 
conferred by mutations in Ku70, Ku80, and DNA-PKcs? It is not difficult to 
imagine that the DNA-dependent protein kinase may playa role similar to 
those proposed above for V(D)J recombination. For example, DNA-PK might 
function in organizing DNA-protein complexes involved in joining broken ends 
or in signaling the recruitment of additional factors necessary for repair of 
particular lesions. Further work in this rapidly moving area will undoubtedly 
reveal more precisely the functions of these proteins and is likely to uncover 
additional factors involved in V(D)J recombination and double-strand break 
repair. 
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Note Added in Proof. Recent studies both in cell-free systems (EASTMAN OM, LEU TMJ and SCHATZ 
O. Nature 380: 85-88; VAN GENT DC, RAMSDEN OA and GELLERT M. Cell 85: 107-113) and in vivo 
(STEEN SB, GOMELSKY L and ROTH DB. Genes to Cells, in press) have demonstrated that efficient 
cleavage requires a 12/23 RSS pair. These data support a synapsis model and show that the 12/23 
rule is enforced at or prior to the cleavage step. 
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1 Introduction 

A severe combined immunodeficient (seid) mouse was identified by Bosma 
in 1983 (BOSMA et al. 1983) and found to lack mature T and B cells. Subsequently, 
the immune deficiency of seid mice was determined to be due to an inability 
to undergo effective V(D)J recombination, a process which occurs during T 
and B cell development and effects the reassortment of the variable (V), diver
sity (D) and joining (J) segments into a contiguous and functional exon (SCHULER 
et al. 1986; LIEBER et al. 1988; MALYNN et al. 1988; BLACKWELL et al. 1989; BOSMA 
and CARROLL 1991). In germ line cells, each V. D and J segment is associated 
with a partially conserved recombination signal sequence (RSS). and the first 
step in V(D)J recombination involves the introduction of two double strand 
breaks (dsbs) between two RSS and their associated V. D or J coding sequences 
(for reviews, see ALT et al. 1992; GELLERT 1992; LEWIS 1994). The ends of these 
two dsbs are recombined to yield an RSS junction, which represents the 
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precise joining of two RSS sequences, and a coding junction, at which two 
coding sequences are rejoined. In contrast to the RSS junctions, however, 
coding joint formation is invariably imprecise with small nucleotide deletions 
or additions at the junctions, which can arise by a number of different mech
anisms. This imprecision in coding joint formation, coupled with the reassort
ment of the V. D, or J segments, provide mechanisms responsible for the 
enormous diversity of the immune response. 

Scid mice have an interesting phenotype, in that RSS join formation occurs 
almost normally whilst the frequency of coding joins is enormously impaired. 
Since coding joint formation is the step which produces a functional exon, a 
defect in this stage of the reaction will result in a non-functional T or B cell. 
Two other manifestations of the scid phenotype are the accumulation of coding 
ends as hairpin structures (ROTH et al. 1992; ZHU and ROTH 1995) and an enhanced 
length of so-called palindromic (P) nucleotides at the coding junctions that 
do form (LAFAILLE et al. 1989; KIENKER et al. 1991; SCHULER et al. 1991). P nucle
otides are one form of nucleotide insertions seen in coding joins of normal 
cells, which can be identified as the inverse complement of the terminal junc
tion sequences. Since hairpin structures provide a convenient explanation for 
the formation of p nucleotides, it has been argued that they represent an 
intermediate structure in the recombination process in normal cells, even 
though such structures have not hitherto been identified in normal cells (LIEBER 
1991; ZHU and ROTH 1995). In exciting recent work, van Gent and co-workers 
have established conditions in which cell-free extracts will carry out the initial 
cleavage step of V(D}J recombination, and have found hairpin structures at 
the termini of coding sequences, providing support that such structures do 
arise during or directly following the initial cleavage reaction (VAN GENT et al. 1995). 

In lower organisms a strong correlation exists between recombination 
and dsb repair; most pathways of recombination utilise a dsb as an inter
mediate, and most recombination defective mutants are defective in their 
ability to rejoin DNA dsbs, a correlation exemplified by rad52 mutants of yeast 
(JEGGO 1990; FRIEDBERG 1991). These links prompted an examination of scid 
cells for their response to ionising radiation (IR), a DNA damaging agent which 
induces the formation of DNA dsbs. Scid cells proved to be exquisitely radiosen
sitive, and defective in DNA dsb rejoining (FULOP and PHILLIPS 1990; BIEDERMANN 
et al. 1991; HENDRICKSON et al. 1991). The correlation between inability to rejoin 
DNA dsbs and defective V(D)J recombination was also established from the 
converse direction. A number of radiosensitive mutants derived from estab
lished rodent cell lines had been characterised as having defects in their ability 
to rejoin DNA dsbs (KEMP et al. 1984; GIACCIA et al. 1985; WHITMORE et al. 1989). 
An examination of these mutants for their ability to carry out V(D}J recombi
nation showed the same correlation, whilst, in contrast, other radiosensitive 
mutants proficient in dsb rejoining were likewise proficient in V(D}J recombi
nation (PERGOLA et al. 1993; TACCIOLI et al. 1993, 1994a). Fusion analysis between 
these mutants has demonstrated the existence of four complementation 
groups, more recently referred to as groups 4-7 (JEGGO et al. 1991; THACKER 
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and WILKINSON 1991; THOMPSON and JEGGO 1995). Signficantly, one of the hamster 
mutants (V-3) isolated by its extreme radiosensitivity, is defective in the same 
complementation group as scid cells (TAccloLi et al. 1994a). Despite showing 
the same overall phenotype, the precise details of the defects differ for each 
complementation group. Most noticeably, mutants belonging to groups 4-6 
harbour defects in the frequency and accuracy of both signal and coding joint 
formation, and this contrasts markedly with both of the group 7 mutants (scid 
and V-3) which exhibit only a minor defect in signal join formation (see above) 
(PERGOLA et al. 1993; TAccioLi et al. 1994a). 

2 Chromosomal Localisation of the SCID (XRCC1) Gene 

The marked radiosensitivity of scid cells provided a route to select for com
plemented cells. Attempts to clone the SCID gene by DNA transfection there
fore ensued, but with little success. Positional cloning strategies were therefore 
adopted by which a complementing human gene was localised to the pericen
tric region of the q arm of chromosome 8 (ITOH et al. 1993; KIRCHGESSNER et al. 
1993). Complementation by chromosome 8 has been observed for both the 
radiosensitivity and V(D)J recombination defect of scid cells (BANGA et al. 1994). 

3 Identification of Ku80 as the Product of XRCC5 

The genes defective in complementation groups 4-7 have been designated 
XRCC4-7. Attempts to clone XRCC4, 5 and 6 were undertaken in parallel to 
the above studies. Human genes complementing groups 4 and 5 mutants 
were shown to map to chromosome 5 and 2q34-36, respectively (GIACCIA et 
al. 1990; JEGGO et al. 1992; HAFEZPARAST et al. 1993). Group 5 mutants were 
also characterised as lacking a DNA end-binding activity, with properties re
sembling Ku, an abundant nuclear protein identified in 1986 as an autoantigen 
present in the sera of certain autoimmune patients (MiMoRI et al. 1981, 1986; 
GEns and STAMATO 1994; RATHMELL and CHU 1994a, 1994b). Ku is a heterodimer 
containing subunits of 70 and 80 kDa, and excitement rose when the 80 kDa 
subunit was also shown to map to the region 2q33-35 (CAl et al. 1994). The 
ability of Ku80 cDNA to complement the radiosensitivity and defects in dsb 
rejoining, V(D)J recombination and DNA end-binding activity of the IR group 
5 mutants provided confirmation that Ku80 is the product of XRCC5 (SMIDER 
et al. 1994; TAccioLi et al. 1994b; BOUBNOV et al. 1995). Interestingly, none of 
these defects was fully regained, suggesting that the human homologue could 
not fully substitute for the hamster protein, a feature indicating that Ku80 may 
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interact as part of a protein complex. Significantly, Ku has recently been shown 
to be the DNA end-binding component of DNA dependent protein kinase 
(DNA-PK). The catalytic component of DNA-PK (DNA-PKcs) is a large polypeptide 
of approximately 450 kDa, which contains a serine-threonine kinase domain 
at its 3' terminus. As the name suggests, activation of the kinase function is 
dependent upon binding (via Ku) to ds DNA ends. The involvement of Ku80 
in DNA repair and V(D)J recombination therefore incriminated the two additional 
DNA-PK component proteins, Ku70 and DNA-PKcs, as potential factors defective 
in group 7 mutants. 

4 Identification of DNA-PKcs as the Product of XRCC7 

4.1 Biochemical Examination of Group 7 Mutants 

V-3 and scid cells were also examined for Ku-associated DNA end-binding 
activity, and found to contain parental levels, suggesting that they were not 
defective in the Ku70 component of Ku (GEns and STAMATO 1994; RATHMELL and 
CHU 1994a). The next step was therefore to examine DNA-PK activity in these 
cell lines. Ku is a highly abundant nuclear protein in human cells, but its levels 
are much reduced in rodent cell lines. Similarly, whilst DNA-PK activity in human 
cells can be easily assayed by measuring the difference between phospho
rylation of a suitable peptide in the presence and absence of DNA. this assay 
in its original form was not sufficiently sensitive to detect the much smaller 
levels of DNA-PK activity present in rodent extracts. Indeed, it was actually 
unclear whether rodent cells possessed DNA-PK activity. FINNIE et al. (1995) 
overcame this problem by developing a more sensitive assay for DNA-PK, in 
which DNA-binding proteins are concentrated by a DNA-pull down step, and 
phosphorylation of a p53 derived peptide is used as an assay. This simple 
purification step reduces the background phosphorylation due to other cellular 
kinases, and allows the detection and quantification of DNA-PK activity in 
rodent cell extracts that was estimated to be approximately 50-fold less than 
that present in human cell extracts. PETERSON et al. (1995) employed a slightly 
different assay involving the phosphorylation of the murine C-terminal domain 
subunit of RNA polymerase II fused to the DNA-binding domain of the yeast 
GAL4 protein that appeared to be sufficiently sensitive to detect the lower 
levels of DNA-PK activity in rodent cell extracts. Significiantly when both assays 
were employed with extracts from scid and V-3 cells, no DNA-PK activity could 
be detected (BLUNT et al. 1995; PETERSON et al. 1995). Similarly, DNA-PK activity 
was lacking in extracts of xrs-6 cells, a result predicted by the defect in Ku80 
in these cells (FINNIE et al. 1995). This result nevertheless confirmed in vitro 
studies suggesting that Ku is the major, and possibly only, DNA-binding com
ponent of DNA-PK. 
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The lack of DNA-PK activity in group 7 mutants, therefore, suggested the 
exciting possibility that they might be defective in DNA-PKcs Mixing of extracts 
from group 5 and 7 mutants resulted in biochemical complementation of 
DNA-PK activity, in contrast to the lack of complementation seen when extracts 
from the two group 7 mutants were mixed (BLUNT et al. 1995). These results 
correlated with the results of complementation carried out by cell fusion, and 
demonstrated that. whilst group 5 and 7 mutants both phenotypically lack 
DNA-PK activity, they carry distinct genetic defects. 

4.2 Examination of Human/Mouse Hybrids Complementing 
the scid Defect 

In studies aimed at cloning the XRCC7 gene by a positional cloning strategy, 
KIRCHGESSNER et al. (1995) constructed a panel of 24 mouse/human hybrid clones 
containing fragments of human chromosome 8. Some (16) of these hybrids 
complemented the radiosensitivity defects of scid cells, others (8) were non
complementing. In this way theXRCC7 gene was localised to a 2 Mb segment 
mapping to the centromeric region of the long arm of chromosome 8. In 
order to examine whether the human DNA-PKcs gene was present within this 
region, they examined expression of human DNA-PKcs by Western blot analysis 
in their panel of hybrid clones using anti-DNA-PKcs antibody (KIRCHGESSNER et 
al. 1995). They found complete correlation between expression of human DNA
PKcs protein and complementation of the radiosensitivity of scid cells. Additional 
confirmation that DNA-PKcs maps to this region of chromosome 8 was shown 
by Sipley et al (1995) using 'in situ' hybridisation of DNA-PKcs eDNA clones, 
and by BLUNT et al (1995) who showed that yeast artificial chromomes (YACs) 
encoding DNA-PKcs map to the centromeric region of chromosome 8 (BLUNT 
et al. 1995; SIPLEY et al. 1995). 

4.3 Complementation of V-3 Cells by the Introduction 
of YACs Encoding the DNA-PKcs Gene 

DNA-PKcsis one of the largest cDNAs known (approximately 14 Kb), and a full 
length eDNA is not available. To examine whether the gene could complement 
the repair and V(D)J recombination defects of group 7 mutants, BLUNT et al. 
(1995) took an alternative route of introducing YACs encoding the DNA-PKcs 
gene into group 7 mutants. Complementation of the radiosensitive phenotype 
of V-3 cells was achieved with clones derived from two YACs expressing the 
DNA-PKcs gene. In all complementing clones obtained, the human DNA-PKcs 
gene appeared to have been transferred intact to the V-3 cells, as judged by 
Southern hybridisation using DNA-PKcs eDNA clones as probes, whilst deletions 
in the DNA-PKcs gene could be observed in the non-complementing clones. 
Only partial complementation was achieved for radiosensitivity but the same 
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clones were fully complemented for the defect in V(D)J recombination. Inter
estingly. these clones had restored DNA-PK activity to levels approaching that 
present in human cells. and exceeding the level present in wild-type hamster 
cells; DNA-PKcs protein of human origin was also expressed in the comple
menting clones. Clones ·non-complementing for survival did not regain kinase 
activity. nor did they express the human protein. 

4.4 Lack of Expression of Endogenous DNA-PKcs Protein 
in Group 7 Mutants 

The analysis. .of DNA-PKcs protein levels by immunoblotting experiments have 
been difficult to carry out with scid and V-3 cells. since DNA-PKcs is poorly 
expressed in rodent cells. and/or since the available antibodies raised to the 
human protein. might not cross-react strongly with the rodent protein. However. 
using a variety of techniques to enhance the sensitivity. anti-DNA-PKcs signal 
can be detected in extracts from wild-type mouse and hamster cell lines. but 
significantly is not detectable in extracts from scid or V-3 cells. nor from primary 
fibroblast cells derived from the scid mouse (KIRCHGESSNER et al. 1995; PETERSON 
et al. 1995. and our unpublished observations). Additionally. indirect immuno
fluorescence and the more sensitive technique of enhanced chemilumines
cence have also been used to examine DNA-PKcs expression and localisation 
in scid and V-3 cell lines. and again no or greatly reduced levels of protein 
were detectable (KIRCHGESSNER et al. 1995; PETERSON et al. 1995). 

5 Nature of the Defect in scid Mice 

These combined studies provide convincing evidence that DNA-PKcs can com
plement the defects in the two group 7 mutants (summarised in Table 1). 
Taken together with the inability to detect DNA-PK activity and DNA-PK protein 
in scid and V-3 cells. these data strongly suggest that these two cell lines 
carry mutations in the DNA-PKcs gene. In addition. the gene for CEBP(5 (CCAAT
enhancing binding protein (5) maps to the peri centric region of human chro
mosome 8 and to mouse chromosome 16 with close linkage to the /g/ locus. 
thus establishing synteny between human chromosome 8 and mouse chro
mosome 16. From linkage studies with mice. the SCID gene also maps to 
this region of chromosome 16. It should be noted. however. that verification 
that the DNA-PKcs gene itself rather than a regulatory gene is defective still 
requires the detection of a mutation within this large gene. All the studies 
concord in showing that both scid and V-3 cells contain reduced levels of 
material cross-reacting with DNA-PKcs antibodies. What is currently unclear. 
however. is whether some residual level of DNA-PKcs protein remains. since 
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Table 1. Defects in scid and V-3 cells and complementation by YACs and chromosome 8 

Cell Lines IR DNA-PK DNA-PK protein 
sensitivity activity levels V(D)J Recombination 

(by Western 
blotting) 

Signal joins Coding joins 
7 Frequency Accuracy Frequency 

3T3 or CB-17 R +a.b +b.c 1 1 
scid (SCGR 11) S not low or not 0.1c not 0.001 c 

detectablea.b detectableb.c reported 
scid + human 8 RP +.b ++cf+b 0.5c not 0.5c 

reported 
M8 R +a +b 1 1 1 
V-3 S not low or not 0.22a 0.47a 0.013a 

detectablea detectableb 
V-3 + yac RP +++a +++a 2.2a 0.91 a 2.0a 

fR. ionising radiation; R. wild type level of resistance to IR; S. sensitive to IR; RP• partial recovery 
of resistance to IR. 
V(D)J recombination frequencies shown are expressed relative to the parental cell line (for specific 
details of the assay see the rei event publication). The plasmids employed in the studies shown 
by footnotes a and c differ. so that a comparison of relative frequency cannot be made between 
these data sets. 
a BLUNT et al. (1995) 
b PETERSON et al. (1995) 
c KIRCHGESSNER et al. (1995) 

faint signals can be observed in the immunoblot data presented by KIRCHGESSNER 

et al (1995). No residual DNA-PK activity is measurable in scid and V-3 extracts 

but insensitivity of the assay would only permit levels greater than one-tenth 

parental levels to be detected. Whether residual activity exists is significant 
to assessing the scid phenotype. Scid mice have been described as having 

a "leaky" phenotype since approximately one-fifth of mice undergo rearrange

ments producing functional T and B lymphocytes. Additionally. the analysis 

of coding joint formation. using the transient transfection assay on scid and 

V-3 cells demonstrates a less severe defect than that observed with group 4 

and 5 mutants (PERGOLA et al. 1993; TACCIOLI et al. 1993. 1994a). It is perhaps 

significant that all of the group 5 mutants examined show a similar severe 

defect. whilst both V-3 and scid cells show phenotypically the same. slightly 

milder defect. It has also recently been reported that a single exposure of 

newborn scid mice to a low dose of IR. results in the restoration of V(D)J 

recombination in the T cell receptor ~ chain locus (TCR~). although not in B 
cells (DANSKA et al. 1994). In this context, it is noteworthy that exposure of 

scid cells to low dose IR did not result in any induction of DNA-PK activity 

(our unpublished observations). These "leaky" characteristics could reflect a 

"leaky" mutation in the SCID (DNA-PKcs) gene or a scid-independent route to 

gain functional coding rearrangements. The latter explanation could include 

the existence of an alternative pathway or could indicate a less-than-absolute 
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requirement for the DNA-PKcs gene in the pathway characterised to date. It 
is also noteworthy, that the two group 7 mutants (scid and V-3) show a 
similar level of IR sensitivity to the group 4 and 5 mutants (xrs and XR-l), an 
explanation less supportive of a leaky mutation in the SCID gene. The data 
available to date therefore, do not allow these questions to be answered. The 
nature of the mutation in the DNA-PKcs gene in scid and V-3 cells will thus 
be of great interest, and will have to await sequence analysis of this large 
gene in the mutant and wildtype rodent cells. 

6 Role of DNA·PK in DNA Repair 
and V(D)J Recombination 

These data, in addition to identifying DNA-PKcs as the product of XRCC7, also 
establish a function for the well-characterised DNA-PK protein in DNA repair 
and V(D)J recombination. Suprisingly, however, the two types of junctions 
formed during V(D)J recombination have differing requirements for the com
ponent subunits of DNA-PK. RSS joint formation is dependent upon functional 
Ku protein but occurs in the absence of DNA-PKcs. Coding joint formation 
requires both Ku and the large subunit. This demonstrates that Ku can function 
in the absence of DNA-PKcs, and thus independently of its role in the DNA-PK 
complex. In addition, it shows that direct end-joining can occur in the absence 
of DNA-PKcs , and distinguishes signal joint formation from coding joint for
mation and the rejoining of damage induced ends. One possible explanation 
is that at signal junctions a component(s) of the V(D)J recombination appparatus 
can carry out the functions performed by DNA-PKcs. Another explanation is 
that DNA-PKcs is essential for the specific modifications of ends that occur 
at coding junctions and damage induced ends, but is not required for the 
simple ligation needed to rejoin signal ends. The ability of Ku to bind to DNA 
ends would suggest that it might function early in the repair/recombination 
process, and probably serves to protect the ends from nucleolytic degradation 
since the DNA-PK defective mutants have large deletions in the rare junctions 
that do form. The precise role of the kinase activity induced specifically fol
lowing the introduction of DNA ends remains to be elucidated. The DNA-PK 
defective mutants arrest normally at the Sand G2 cell cycle checkpoints 
following radiation (JEGGO 1985; WEIBEZAHN et al. 1985) suggesting that they 
are not defective in a unique signalling pathway affecting these checkpoint 
controls. Other possibilities for the role of the kinase activity include the phos
phorylation of the repair/recombination machinery or metabolic processes, 
such as transcription, whose activity may hinder the repair process. However, 
DNA-PKcs may have a function independently of, or in addition to, its kinase 
activity. One possibility, compatible with the large size of this protein, is that 
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DNA-PKcs could playa structural role. acting as a framework to which other 
proteins involved in the repair/recombination pathway might associate. 

It is intriguing that the levels of DNA-PK protein and kinase activity are 
50-fold greater in human cells than in the rodent cells. yet the levels of radiore
sistance are similar. Moreover. V-3 cells complemented by the YACs encoding 
DNA-PKcs regain kinase activity to levels greater than that present in the wild
type rodent cells. and almost to the higher levels found in human cells (BLUNT 

et al. 1995). This shows firstly that the greater levels of DNA-PKcs found in 
human cells are regulated by sequences closely linked to this gene which 
can be recognised by rodent cells. Secondly. and surprisingly. despite having 
elevated kinase activity compared with wild-type mouse cells. complemented 
V-3 cells are only partially restored for radioresistance yet fully restored for 
their defect in V(D)J recombination. Similarly. scid cells complemented by 
chromosome 8 also regain partial radioresistance (KIRCHGESSNER et al. 1993. 
1995). At present it is difficult to evaluate these differences but they are suggestive 
that DNA-PKcs might have a further role in DNA repair in addition to its kinase 
activity. and lend support to a role as a framework or structural protein. 

In conclusion. these studies have identified scid and V-3 as lacking DNA-PK 
activity and DNA-PKcs protein. These features can be restored together with 
radioresistance and the ability to carry out V(D)J recombination by the intro
duction of sequences encoding the DNA-PKcs gene. These studies provide 
strong evidence that DNA-PKcs is the product of XRCC7. the gene defective 
in mouse scid cells. 
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1 Introduction: 
The DNA-PK Lipid-like Kinase Superfamily 

Recently, several mammalian and yeast genes have been identified that have 
carboxy-terminal domains (CTDs) related to the kinase domains of phosphati
dylinositol kinases (PI3Ks) and appear to play roles in cell cycle control. DNA 
replication, recombination, and repair (ZAKIAN 1995). The genes for this family 
of "lipid-like" kinases include TORT (DRR1) and TOR2 (DRR2) from Saccharo
myces cerevisiae (KUNZ et al. 1993; HELLIWELL et al. 1994), their mammalian 
homologue FRAP and RAFTT (also called RAPT1) (BROWN et al. 1994; CHIU et 
a\. 1994; SABATINI et a\. 1994), ATM, the gene defective in patients with ataxia 
telangiectasia (SAVITSKY et al. 1995a,b), MEI-4T, a Drosophila gene that is func
tionally similar to ATM (HARI et al. 1995), MECT (ESRT) and its S. pombe counter
part rad3 (SEATON et al. 1992; KATO and OGAWA 1994; WEINERT et al. 1994), TELT, 
as. cerevisiae gene that controls telomere length (GREENWELL et al. 1995; MOR
ROW et al. 1995), and DNA-PKcs (PRKDC), the catalytic subunit of the DNA-ac
tivated protein kinase (CARTER et al. 1990; LEES-MiLLER et al. 1990; HARTLEY et 
al. 1995; POLTORATSKY et al. 1995). Tor1 p, Tor2p, and FRAP control cell cycle 
progression and are targets of the immunosuppressive drug rapamycin. 
Mec1 p/ESR1 is involved in the response to DNA damage and couples mitosis 
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to the completion of DNA synthesis. Cells with defects in the ATM gene are 
hyper-sensitive to ionizing radiation, and their ability to arrest cell cycle pro
gression in response to DNA damage is defective or delayed. DNA-PK recently 
was found to be required for repairing DNA double-strand breaks and for the 
site-specific -V(D)J- recombination required to make functional immunoglo
bulin genes (BLUNT et al. 1995; KIRCHGESSNER et al. 1995; PETERSON et al. 1995b; 
ROTH et al. 1995). Together, these proteins form a distinct subgroup in the 
lipid kinase superfamily that can be distinguished from known PI3Ks (FRY 1994) 
by several properties (Fig. 1). Each encodes a protein that is substantially 
larger (> 2500 amino acids) than the characterized lipid kinases; all are more 
closely related to each other in sequence and subdomain spacing than they 
are to the PI3Ks, and they share a segment of homology at their extreme 
carboxy-termini (Fig. 1, CR3) that is not present in PI3Ks (HARTLEY et al. 1995; 
POLTORATSKY et al. 1995). Thus, while these proteins may have evolved from 
lipid kinases, the properties of DNA-PK, the first of the family to be characterized 
biochemically, suggest that the physiological functions of these enzymes may 

Lipid Kinase Superfamily Members 

AA 
Protein Source Kinase Domains Residues 

CRl CR2 CR3 
DNA- PKcs human /~;'/f&W&J ~ 1111111 4127 
TELl yeast c::::::;;;;:; , I 
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Fig. 1. Schematic diagram showing relationships between till] kinase domains of PI kinase super
family members. Polypeptides are represented by open boxes; the size of each is given at the 
right. Three regions of homology shared by members of the DNA-PKcs subgroup are indicated as 
hatched segments. Conserved region 1 (CR1) contains sequence corresponding to subdomain II 
of serine/threonine kinases including the conserved lysine (vertical bar) that interacts with the ex. 
and ~ phosphates of ATP (HANKS et al. 1988). Conserved region 2 contains sequence corresponding 
to SIT kinase subdomains Vlb and VII; the highly conserved motif ILGLGDRH (filled box) probably 
corresponds to the HRDLKxxN motif of SIT kinases and contains the putative catalytic base (D) 
(HANKS and HUNTER 1995); only DNA·PKcs, FRAP. and PI·3K have the conserved DFG motif (vertical 
bar) of SIT kinases. The conserved carboxy-terminal subdomain (CR3) of the DNA-PKcs subgroup 
is not present in PI kinases. Polypeptide sequences were obtained by translating the corresponding 
cDNA; protein sequences were partially aligned with the BLAST program (ALTSCHUL et al. 1990) 
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be to regulate cell cycle progression and DNA metabolism through phospho
rylation of the concomitant protein substrates. 

DNA-PK is a serine/threonine protein kinase that was shown to phospho
rylate several DNA-binding proteins in vitro (for earlier reviews, see, e.g., CARTER 
and ANDERSON 1991; ANDERSON and LEES-MiLLER 1992; ANDERSON 1993). DNA-PK 
is activated more than 700-fold by double-stranded DNA fragments and DNAs 
with single-to-double strand transitions, and binding to DNA is required to 
maintain the enzyme in an active conformation. These properties, together 
with recent genetic evidence, suggest that DNA-PK initiates signals in response 
to specific DNA structures (e.g., ends, nicks, gaps, hairpins, or bubbles) that 
accompany, control. or coordinate the steps required to join DNA fragments 
properly; it also may control the activities of enzymes involved in transcription, 
DNA replication, and other aspects of DNA repair. Here, we review the discovery 
and early history of DNA-PK and summarize its biochemical and physical proper
ties. 

2 Discovery of DNA-PK 

DNA-PK was discovered as an activity in rabbit reticulocyte Iysates and extracts 
of HeLa cells that promoted the transfer of 32p-phosphate from y-Iabeled ATP 
to endogenous protein substrates in response to exogenously added DNA 
fragments (WALKER et al. 1985; CARTER et al. 1988). Initially, it was uncertain 
that the activity was a protein kinase, because such labeling could have resulted 
from, for example, increased phosphate turnover due to activation of a phos
phatase or an allosteric change in the substrate proteins upon binding DNA. 
However, characterization of one endogenous substrate, the heat shock protein 
hsp90 (LEES-MiLLER and ANDERSON 1989a,b) and purification and characterization 
of the DNA-stimulated activity from cultured human HeLa cells clearly showed 
DNA-PK to be a previously undescribed serine/threonine protein kinase (CARTER 
et al. 1990; LEES-MiLLER et al. 1990). DNA-PK is an abundant activity in cultured 
primate cells; therefore, one may wonder why it was not discovered earlier. 
One contributing factor is that protocols for preparing and purifying extracts 
often include steps for removing DNA; a second is that DNA primarily was 
thought of as a template or a substrate, and, at the time, little thought had 
been given to enzymes that could respond to DNA structures. Although 
10 years have passed since the initial report of DNA-activated kinase activity, 
it still is one of the few known enzymes whose activity is regulated by DNA 
but does not appear to act directly on DNA. 

Although DNA-PK is an abundant activity in cultured human cells derived 
from several tissues and in established cell lines from the Rhesus and African 
green monkeys, the activity is present at much lower (-50- to 1 GO-fold) levels 
in rodent- and insect-derived cell lines (ANDERSON and LEES-MiLLER 1992; FINNIE 
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et al. 1995). A DNA-PK-like kinase activity also was observed in extracts prepared 
from the eggs and oocytes of clams (Spisula) and frogs (Xenopus) (WALKER et 
al. 1985; KLEINSCHMIDT and STEINBESSER 1991). Thus, DNA-PK or a DNA-PK-like 
protein kinase may be present in all metazoans. To our knowledge, a DNA
activated protein kinase has not been observed in extracts from single-cell 
organisms including the yeasts S. cerevisiae and S. pombe; however, the 
activity is difficult to detect in crude extracts unless it is very abundant. The 
recent discovery that DNA-PK belongs to a family of enzymes, several members 
of which (e.g., Torl p, Tor2p, Mecl p, and Tell p) are present in S. cere visiae, 
suggests that a DNA-PK homologue also may be present in yeasts. However, 
whereas S. cerevisiae has a site-specific gene conversion mechanism that 
functions in mating-type switching, this mechanism differs from that of V(D)J 
recombination, and a DNA-activated kinase has not been shown to be involved 
either in it or in the pathway leading to the activation of mating type switching 
(HABER 1992; BARDWELL et al. 1994). 

To date, DNA-PK has been purified and characterized only from human 
cells. In addition to HeLa cells, DNA-PK activity has been purified from human 
placenta (CHAN et al. 1995) and partially purified from Raji cells (IIJIMA et al. 
1992; WATANABE et al. 1994b); the activity and polypeptide were detected in 
HL-60 cells (KONNO-SATO et al. 1993) and several other cultured human cell lines 
(ANDERSON and LEES-MILLER 1992). A nuclear casein kinase-like activity, termed 
NIII, was identified and partially purified from HeLa cells by FRIEDRICH and INGRAM 
(1989). NIII was chromatographically distinct from casein kinases I (CKI) and 
II (CKII), had a Stokes' radius consistent with an apparent molecular weight 
of 420kDa, used ATP in preference to GTP, and was inhibited at high ionic 
strengths. Although this enzyme was not shown to require DNA. based on 
these characteristics, it most probably is DNA-PK. To the extent examined, 
the properties of "DNA-PK" from each of these sources are indistinguishable. 

3 Composition of Human DNA-PK 

DNA-PK consists of a very large (~470 kDa) polypeptide, DNA-PKcs, that con
tains the putative kinase catalytic domain (HARTLEY et al. 1995; POLTORATSKY et 
al. 1995) and a regulatory subunit(s) that targets DNA-PKcs to DNA (Fig. 2). 
Although we did not demonstrate the presence of a regulatory/targeting subunit 
in our early studies, DVIR et al. (1992) and GOTILIEB and JACKSON (1993) showed 
that the Ku autoantigen, a previously described DNA-binding protein (p70/p80). 
associates with DNA-PKcs, targets it to DNA. and is required for the phospho
rylation of several substrates (see below). Whether DNA-PKcs associates with 
other targeting/regulatory subunits or can act as a protein kinase in their ab
sence in vivo is unclear. Recent in vitro studies suggest that other DNA-binding 
proteins (e.g., RPA. GAL4, HSF1) may target DNA-PKcs to DNA where it 
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Fig. 2. Composition of DNA-PK, DNA-PK is composed of a catalytic polypeptide, DNA-PKcs 
(-470 kDal. and a DNA binding subunit, the Ku autoantigen, that targets DNA-PKcs to DNA structures, 
Ku is a heterodimer of -70-kDa and -80-kDa polypeptides, Other site specific DNA binding proteins 
(e.g., RPA, HSF1) also may target DNA-PKcs to DNA (see text) 

becomes active (BRUSH et al. 1994; PETERSON et al. 1995b). The DNA-PKcs subunit 
also can be activated in vitro in the absence of known targeting subunits by 
certain oligonucleotide sequences (T.H. CARTER and N.P. MALIK, unpublished 
work). These results suggest that DNA-PKcs is activated through a direct in
teraction with DNA but that for most DNA structures, in the absence of a 
targeting subunit, this interaction is too weak to efficiently activate the kinase 
in vitro at the DNA concentrations normally used. The finding that rodent cells 
defective or deficient in either the Ku p80 subunit or DNA-PKcs have similar 
phenotypes (see below) suggests that Ku is a physiological targeting subunit 
for DNA-PKcs• at least for DNA double-strand break repair and V(D)J recom-
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bination. Defects in either Ku-p80 or DNA-PKcs result in an increased sensitivity 
to ionizing radiation, defective repair of double-strand DNA breaks, and inability 
to recombine V(D)J substrates in the presence of exogenously supplied Rag1 
and Rag2 (RoTH et al. 1995). Rag1 and Rag2 are required for V(D)J recombination 
but are not expressed in cell lines derived from fibroblasts and epithelial cells 
(see LEWIS 1994). In most biochemical studies of DNA-PK, Ku was present; 
thus, the results described below refer to the Ku:DNA-PKcs complex unless 
otherwise stated. 

3.1 DNA-PKcs 

DNA-activated protein kinase activity and a very large, moderately abundant 
polypeptide from HeLa cell extracts were initially found to co-purify (CARTER 
et al. 1990; LEES-MILLER et al. 1990). Purification was monitored with four dif
ferent protein substrates, hsp90, SV40 large T antigen (TAg), mouse p53, and 
beta-casein, and only one DNA-dependent kinase activity was observed in the 
extracts. The size of the large polypeptide was estimated from SDS-polyac
rylamide gels to be 300-350 kDa; however, there is a notable lack of good 
molecular weight markers in this size range, and the size of the DNA-PKcs 

polypeptide based on the recently obtained sequence of its cDNA is close 
to 470 kDa (HARTLEY et al. 1995). The polypeptide has been given several names 
including p350, Prkdc, and DNA-PKcs; however, we currently prefer DNA-PKcs 

to indicate that this subunit contains the putative catalytic site. The gene for 
the DNA-PKcs polypeptide was designated PRKDC (for protein kinase, DNA
activated, catalytic subunit) in accordance with the Genome Database nomen
clature for other protein kinase genes. 

Several early findings were consistent with assigning the catalytic site to 
the 470 kDa DNA-PKcs polypeptide (CARTER et al. 1990; LEES-MILLER et al. 1990; 
ANDERSON and LEES-MILLER 1992). DNA-PKcs binds ATP and can be labeled by 
the ATP analogues fluorosulfonylbenzoyladenosine (FSBA) and azido-ATP; FSBA 
inhibits DNA-PK kinase activity. Monoclonal antibodies specific for DNA-PKcs 

depleted DNA-dependent kinase activity from HeLa cell extracts, and one of 
these inhibited DNA-PK activity when added to partially purified enzyme. Alone, 
purified Ku antigen binds DNA but does not have homology with known protein 
kinases and does not exhibit protein kinase activity. Except for Ku, no other 
polypeptides have been obviously associated with DNA-PKcs during purification 
or are required for DNA-dependent protein kinase activity. 

The -13 500 nucleotide DNA-PKcs cDNA contains a single open reading 
frame over 12 300 nucleotides long that extends from the 5' end to a TGA 
stop codon approximately 1600 nucleotides from its 3' end (HARTLEY et al. 
1995). Sixteen nucleotides before the 3' polyA segment is an putative AAUAAA 
polyA addition signal. An in-frame ATG codon in a favorable Kozak consensus 
sequence is found near the 5' end. The nascent DNA-PKcs polypeptide is 
predicted to consist of 4127 amino acids and to have a mass of 469021 Da. 
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Although Northern blot analysis has revealed only a single mRNA species of 
~12 kb, and fluorescent in situ hybridization (FISH) analysis identified only 
one chromosomal location for the DNA-PKcs gene, at present the possibility 
of alternate forms of the protein cannot be ruled out (see Note Added in 
Proof). Limited sequence analysis of gene fragments and comparisons with 
the cDNA suggests that the DNA-PKcs mRNA may be composed from nearly 
100 exon sequences and that the size of the gene is approximately 180 kbp 
(SIPLEY et al. 1995). Several yeast artificial chromosomes (YAC) and cosmid 
clones that can restore DNA-PK activity to deficient cell lines have been ident
ified (BLUNT et al. 1995; PETERSON et al. 1995a). 

The DNA-PKcs sequence exhibits no significant homology with other pro
teins in Genbank (Release 89) except for homology between its carboxy-ter
minal lipid kinase domain and the carboxy-terminal kinase domains of other 
members of the lipid kinase superfamily. Thirty-four percent of the last 400 
residues of DNA-PKcs and FRAP are identical while 47% are similar. The ho
mologies with carboxy-terminal segments of TOR, ATM, MEC1, and TEL 1 are 
similar; however, no obvious homology is found between segments of DNA
PKcs amino-terminal to the kinase domain and other members of this lipid 
kinase subgroup. The amino-terminal 3700 amino acid sequence of DNA-PKcs 

has few obvious sequence motifs. Interestingly, however, this segment does 
possess a leucine zipper element that may direct interactions with Ku or other 
proteins, and it contains numerous Ser-Gln motifs that represent potential 
DNA-PK autophosphorylation sites. 

3.2 Ku Autoantigen 

Ku is a heterodimer composed of two polypeptides, one of ~ 70 kDa and the 
other of ~80 kDa (p70/p80) (reviewed in REEVES 1992) that was originally ident
ified as a human autoantigen associated with lupus and scleroderma overlap 
syndromes (MiMORI et al. 1981). It has been rediscovered many times and 
given several names (e.g., EBP-80, E1BF. CHBF. CTCBF. NF 1\1. YPF1, TREF). Ku 
recognizes DNA ends and other DNA structures in the absence of DNA-PKcs 

(BLIER et al. 1993; FALZON et al. 1993). cDNAs for both human and mouse Ku 
polypeptides have been cloned and sequenced (CHAN et al. 1988; REEVES and 
STHOEGER 1989; YANEVA et al. 1989; MiMORI et al. 1990; FALZON and KUFF 1992; 
GRIFFITH et al. 1992). and the human genes recently were mapped to chromo
somes 2 (p80) and 22 (p70) (CAl et al. 1994). Ku is moderately abundant in 
human cells where it is the major DNA-end binding activity, but like DNA-PKcs, 

it appears to be much less abundant in rodent than in human cells (WANG et 
al. 1993). Ku may protect DNA ends from exonucleolytic degradation. Ku was 
reported to be associated with DNA replication complexes (CAO et al. 1994), 
and recombinant Ku was reported to have ATP-dependent helicase (human 
helicase II) and DNA-dependent ATPase activities (TUTEJA et al. 1994; VISHWANATHA 
et al. 1995). Ku or Ku-related proteins may act as transcription factors (MESSIER 
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et al. 1993; HOFF et al. 1994; JACOBY and WENSINK 1994; ROBERTS et al. 1994), 
and the p80 subunit of Ku was reported to bind somatostatin and phosphatase 
2A (LE ROMANCER et al. 1994). In vitro, Ku may translate along naked DNA 
molecules in an ATP-independent manner (DE VRIES et al. 1989); however, it is 
not known if it also can do so on chromatin or when it is associated with 
DNA-PKcs. Ku proteins from non mammalian species are less well characterized; 
however, Ku-related proteins have been described in Drosophila (JACOBY and 
WENSINK 1994) and in yeasts (FELDMANN and WINNACKER 1993). 

Human HeLa cells contain about 400000 molecules of Ku and perhaps 
~50 000 to 100 000 molecules of DNA-PKcs (CARTER et al. 1990; ANDERSON and 
LEES-MILLER 1992). After exposure to y radiation, the amount of the DNA-PKcs 
polypeptide and DNA-PK activity in extracts of HeLa cells did not change 
significantly within 24 h (T.H. CARTER and W. KAUFMANN, unpublished work; S.P 
LEES-MILLER and C.w. ANDERSON, unpublished work). However, preliminary data 
from several laboratories suggest that exposing cells to DNA damaging agents 
may induce modifications to DNA-PKcs that alter its activity toward specific 
substrates. Exposure to elevated salt concentrations dissociates DNA-PKcs from 
Ku, and the rate of re-association is slow in the absence of DNA (SUWA et al. 
1994), which suggests that active DNA-PK complexes may assemble at chro
matin sites to which Ku has already bound. Both Ku polypeptides and DNA-PKcs 
have leucine zipper-like motifs that may function in assembling DNA-PKs and 
Ku or promoting interactions with other proteins. 

4 Substrates and Substrate Specificity 

In vitro DNA-PK phosphorylates a variety of nuclear DNA-binding proteins in
cluding the single-stranded DNA binding protein RPA, the tumor suppressor 
protein p53, several other transcription factors, the CTD of the large subunit 
of RNA polymerase II, and itself (Table 1). A few proteins that do not bind 
DNA, including hsp90, the microtubule-associated tau protein, casein, and 
phosvitin, also are phosphorylated by DNA-PK in vitro. In the few cases that 
have been studied, neither phosphorylation nor mutation of DNA-PK phospho
rylation sites profoundly affected the activities of these substrates in vitro or 
in vivo. Thus, the biochemical consequences of phosphorylation by DNA-PK 
are largely unclear. Because many putative substrates are transcription factors 
and because RNA polymerase II itself is a substrate, it has been widely assumed 
that DNA-PK may regulate the expression of some RNA polymerase II tran
scripts. Recently, DNA-PK was shown to inhibit transcription from linear tem
plates by RNA polymerase I in vitro (KUHN et al. 1995; LABHART 1995). DNA-PK 
did not phosphorylate pol I itself; rather, it appears to affect the activity of a 
transcription factor (SL 1) required for pol I transcription. Phosphorylation by 
DNA-PK could block transcription of the ribosomal RNA precursors and other 



Table 1. In vitro DNA-PK Substrates 

Protein Substratea 

DNA-Binding Proteins 
DNA-PKcs 

Ku autoantigen, (p 70 and p80) 
Replication Factor A (RPA) 

a SV40 large Tumor Antigen (TAg) 
a Tumor suppressor protein p53 

a RNA Polymerase II CTD Domain 
a Serum Response factor (SRF) 
a Transcription factor c-Jun 

aTranscription factor c-Fos 

Transcription factor Oct1 

Transcription factor Sp 1 
Transcription factor c-Myc 
Transcription factor CTF/NF-I 
Transcription factor TFIID 
Chicken progesterone receptor 
Human estrogen receptor 
Topoisomerases I and II 
Xenopus Histone 2A.X 
Adenovirus 2 72-kDa DNA binding protein 
Bovine papillomavirus E2 protein 
Polyomavirus VP1 
HMG1 and HMG2 
ERCC1 
E2F-1 

Non-DNA-Binding Proteins 
aHeat shock protein 90 (hsp90) 

Microtubule-associated protein tau 
Casein 
Phosvitin 

Uncharacterized Substrates 
Unidentified HeLa 11 O-kDa polypeptide 
Unidentified HeLa 52-kDa polypeptide 
Unidentified HL-60 72 kDa polypeptide 
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Reference 

CARTER et al. 1990; LEES-MILLER et al. 1990 
LEES-MILLER et al. 1990 
ANDERSON 1993; BRUSH et al. 1994; 
PAN et al. 1994 
CHEN et al. 1991 
LEES-MILLER et al. 1990 1992; 
VVANG and ECKHART 1992 
PETERSON et al. 1992; ANDERSON et al. 1995 
Llu et al. 1993 
ANDERSON and LEES-MILLER 1992; 
ABATE et al. 1993; BANNISTER et al. 1993 
ANDERSON and LEES·MILLER 1992; 
ABATE et al. 1993 
ANDERSON and LEES-MILLER 1992; 
ANDERSON et al. 1995 
JACKSON et al. 1990 
VVATANABE et al. 1994b 
JACKSON et al. 1990 
ANDERSON and LEES-MILLER 1992 
VVEIGEL et al. 1992 
ARNOLD et al. 1995 
ANDERSON and LEES-MILLER 1992 
KLEINSCHMIDT and STEINBESSER 1991 
ANDERSON and LEES-MILLER 1992 
M. BOTCHAN, personal communication 
B. SCHAFFHAUSEN, personal communication 
VVATANABE et al. 1994a 
R. VVOODS and C. W ANDERSON, unpublished 
E. HARLOW and C. W ANDERSON, unpublished 

VVALKER et al. 1985; 
LEES-MILLER and ANDERSON 1989b 
VVU et al. 1993 
LEES-MILLER et al. 1990; CARTER et al. 1990 
LEES-MILLER et al. 1990; CARTER et al. 1990 

LEES-MILLER et al. 1990 
LEES-MILLER et al. 1990 
KONNO-SATO et al. 1993 

a Indicates substrates in which phosphorylation sites have been identified (see Table 2). 

pol I transcripts in response to DNA damage or replication, but it remains to 
be determined if DNA-PK-mediated phosphorylation inhibits pol I transcription 
in vivo. 

Another putative substrate that is receiving considerable attention is the 
single-stranded DNA binding protein RPA (also called HSSB). RPA is a hetero
trimer with subunits of 70, 34, and 14 kDa. The 34 kDa subunit is phospho-
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rylated at the G1/S boundary and also becomes hyperphosphorylated after 
exposure to ionizing (Llu and WEAVER 1993) and UV radiation (CARTY et al. 1994). 
It was suggested that phosphorylation might act as a switch that regulates 
RPA's participation in chromosomal DNA replication versus repair processes. 
Although the 34 kDa subunit of RPA is phosphorylated by several kinases in 
vitro. DNA-PK was identified as the kinase responsible for hyperphosphorylation 
of RPA in cell extracts that support SV40 replication (BRUSH et al. 1994; HEND
RICKSEN et al.. manuscript submitted). However. no difference was found in the 
ability of phosphorylated and unphosphorylated RPA to support SV40 replica
tion or excision repair in vitro (BRUSH et al. 1994; PAN et al. 1995; HENDRICKSEN 
et al.. manuscript submitted). Although the function of RPA phosphorylation 
is unclear. there is some evidence that phosphorylation may modulate DNA 
replication. at least in vitro. by altering RPAs ability to interact with other 
replication proteins that also are phosphorylated by DNA-PK (HENDRICKSEN et 
al.. manuscript submitted). BOUBNOV and WEAVER (1995) recently reported that 
RPA did not become hyperphosphorylated in murine scid cells exposed to 
ionizing radiation; this result strongly suggests that DNA-PKcs is responsible 
for the effect in vivo as well as in vitro. 

The sites phosphorylated by DNA-PK in several substrates have been ident
ified (Table 2); most are serines or threonines that are immediately followed 
in the amino acid sequence by glutamine (ANDERSON and LEES-MILLER 1992; 
LEES-MILLER et al. 1992; ANDERSON 1993). Hsp90 is a highly conserved heat-shock 
protein that is an abundant. predominantly cytoplasmic protein in unstressed 
cells. Two forms are present in most cells. alpha and beta. but only the alpha 

Table 2. Protein phosphorylation sites recognized by human DNA-PK 

Substrate proteina 

Hsp90a (human) 
Hsp90a (human) 
SV40 Large Tumor Antigen 
SV40 Large Tumor Antigen 
SV40 Large Tumor Antigen 
SV40 Large Tumor Antigen 
c-Jun Transcription Factor (human) 
Serum Response Factor (human) 
Serum Response Factor (human) 
p53 Tumor Suppressor (mouse) 
p53 Tumor Suppressor (mouse) 
p53 Tumor Suppressor (human) 
RNA Polymerase CTD Peptide 

DNA-PK site 

Thr4 
Thr6 
Ser120 
Ser665 
Ser667 
Ser677 
Ser249 
Ser435 
Ser446 
Ser4 
Ser15 
Ser15 
Ser7 b 

Local amino acid sequence 

PEE TaT 0 D 0 P M E E13 
PEE TaT 0 0 0 P M E E E E15 

EAT A 0 S a H S T P P K K K129 
E T G IDS a S 0 G S F 0 A p674 

G IDS 0 saG S F 0 A P 0 S676 

OAPOS saSVHDHNOp686 

P I D M E S a E R I K A E R K258 

V L N A F S a A PST M 0 V S444 
M Q V S H S a v Q E P G G V p455 

ME E S as 0 I S L E L p13 

L E L P L S a E T F S G L W K24 
V E P P L sa E T F S D L WK24 

YSPTSPSYSPTSPSYS 

a Phosphorylation sites (boldface letters) were identified by hsp90, LEES-MILLER and ANDERSON 
(1989b); SV40 TAg, CHEN et al. (1991); c-Jun, BANNISTER et al. (1993); serum response factor (SRF), 
Llu et al. (1993), p53 (LEES-MILLER et al. (1992), and RNA polymerase CTO peptide (ANDERSON et 
al. 1995) Superscripted numbers at the right give the position of the associated amino acid in 
the nascent polypeptide. 

b The seventh serine, as the repeat commonly is written, was phosphorylated in at least the first 
two repeats in the peptide. 
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form is phosphorylated by DNA-PK, which occurs at amino-terminal threonine 
residues that are not present in the beta form (LEES-MiLLER and ANDERSON 1989b). 
However, in normal HeLa cells these sites do not appear to be phosphorylated 
at significant levels. SV40 T-antigen can be phosphorylated by DNA-PK on four 
serine residues, each of which is followed by glutamine (CHEN et al. 1991); at 
least two, Ser-120 and Ser-679, are phosphorylated in vivo. Mutating either 
of these sites affects T-antigen function, but the biochemical consequences 
of such mutations are not fully understood (MANFREDI and PRIVES 1994). Inter
estingly, T-antigen Ser-639, which is followed immediately by Gln-640, is phos
phorylated in SV40-infected and transformed cells, but this site was not phos
phorylated in vitro by DNA-PK (CHEN et al. 1991). Human serum response 
factor (SRF) is phosphorylated by DNA-PK at two serines (Ser-435 and Ser-446) 
in its transactivation domain, and peptide mapping indicated that both of these 
are phosphorylated in serum stimulated cells (Llu et al. 1993). Changing both 
serines to alanine in a GAL4-SRF fusion protein decreased the ability of this 
chimeric transcription factor to activate transcription of GAL4 reporter genes 
in transiently transfected cells. However, there is little evidence that DNA-PK 
plays a significant role in activating transcription through SRF in response to 
serum. c-Jun is phosphorylated by DNA-PK on Ser-249 (BANNISTER et al. 1993), 
but this site, while phosphorylated in vivo, also can be phosphorylated in vitro 
by casein kinase II. The human and murine p53 tumor suppressor proteins 
are phosphorylated by DNA-PK on serine 15 in the transactivation and mdm2-
binding domain, and this residue also is phosphorylated in vivo (LEES-MiLLER 
et al. 1992; WANG and ECKHART 1992; ULLRICH et al. 1993; MEEK 1994). Changing 
Ser-15 to alanine only marginally effected p53-mediated transactivation; how
ever, this change slightly decreased the ability to arrest the growth of transiently 
transfected cells and significantly extended the half-life of the mutant protein 
(FISCELLA et al. 1993; MAYR et al. 1995). The site phosphorylated in a peptide 
containing four of the heptapeptide repeats from the CTD of the large subunit 
of RNA pol II recently was determined (ANDERSON et al. 1995). The CTD does 
not contain a serine-glutamine (-SO-) nor a threonine-glutamine (-TO-) pair, and, 
in this case, the phosphorylated serine is followed by tyrosine (Table 2). 

DNA-PK substrate specificity also has been investigated using synthetic 
peptides (LEES-MiLLER et al. 1992; ANDERSON et al. 1995). A 14-residue peptide 
containing two SO sites from SV40 T-antigen was phosphorylated well by 
DNA-PK (CHEN et al. 1991) as were several peptides containing SO sites from 
human p53 (LEES-MiLLER et al. 1992). One of these, corresponding to sequence 
around serine 15 in conserved region 1 of the p53 transactivation domain, 
was modified systematically around the -SO- site to determine the importance 
of sequence in substrate recognition. Substituting threonine for serine in the 
peptide EPPLSOEAFADLWKK yielded an equally good substrate; substituting 
glutamine or glutamic acid for the leucine before the phosphorylated serine 
reduced (improved) the apparent KM about twofold; however, aspartic acid at 
this position did not do so. Interchanging the leucine and glutamine residues 
adjacent to the serine (to give -OSL-) had no appreciable effect on substrate 
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activity; however, substituting glutamic acid, lysine, or tyrosine for glutamine 
dramatically decreased the rate of phosphorylation, and inverting the glutamine 
and the following glutamic acid (to give -LSEO-) abolished substrate activity. 
Interestingly, tyrosine follows the serine in the CTD peptide that DNA-PK phos
phorylates in vitro; thus, an adjacent glutamine is not an obligatory requirement 
for phosphorylation. Although the complete protein was not phosphorylated 
efficiently (IIJIMA et al. 1992), WATANABE et al. (1994b) recently reported that a 
peptide from the amino-terminal region of c-Myc, ELLPTPPLSPSRAFPE69, was 
phosphorylated on serine and threonine, and a peptide from the carboxy-ter
minal region of the RB tumor suppressor protein, RPPTLSPIPHIPR787, was 
phosphorylated on threonine by DNA-PK. They proposed that DNA-PK might 
function as a proline-directed protein kinase; however, the efficiency with which 
these peptides were phosphorylated was not determined. Many serine/thre
onine-containing peptides can be phosphorylated by DNA-PK if the peptide 
is provided at a sufficiently high concentration. The best peptide substrate 
for DNA-PK thus far described has the sequence PESOEAFADLWKK (ANDERSON 
et al. 1995). 

In addition to the pol II CTD, several proteins are known that can be 
phosphorylated by DNA-PK at sites that do not involve the -SO-/-TO- motif 
(ANDERSON et al. 1995). Most have not been investigated, but several sites in 
recombinant rat c-fos were identified (ANDERSON and LEES-MILLER 1992). These 
findings suggest that sequence is not the sole determinant for substrate rec
ognition by DNA-PK. A second element that clearly can be important in vitro 
is DNA binding. The rate of Sp1 phosphorylation was greatly stimulated by 
DNAs containing the Sp1 recognition site (GOTILIEB and JACKSON 1993). This 
effect is not due to a change in Sp1 conformation since short GC box-containing 
oligonucleotides were not effective. Rather, an enhanced rate of phosphory
lation resulted when DNA-PK and the substrate both bound to the same DNA 
molecule (ANDERSON and LEES-MiLLER 1992; GOTILIEB and JACKSON 1993). Thus, in 
some circumstances, DNA binding might be sufficient to drive phosphorylation 
at non-SOITO sites (ANDERSON et al. 1995). 

Although DNA-PKcs subfamily members are closely related to PI3Ks, it is 
not clear that they exhibit lipid kinase activity. Several lipid kinases were present 
in partially purified DNA-PK preparations; however, HARTLEY et al. (1995) did 
not find lipid kinase activity associated with highly purified DNA-PKcs, either 
with or without DNA or Ku, using any of the phosphatidylinositol substrates 
presently available. Likewise, the TOR enzymes and FRAP have not been shown 
to possess lipid kinase activity (ZHENG et al. 1995). In contrast, POLTORATSKY et 
al. (1995) found that a PI4 kinase activity co-chromatographed with the peptide 
kinase activity of purified DNA-PKcs. Further experiments will be required to 
resolve these differences and to determine if DNA-PKcs exhibits lipid kinase 
activity in vivo. 
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5 Activation by DNA 

The purified Ku:DNA-PKcs complex is activated by any linear DNA fragment 
longer than about 12 bp (one turn of a helix), although slightly longer oligo
nucleotides (e.g., 18 bp or greater) activate more efficiently. Single-stranded 
deoxyhomopolymers competitively inhibit activation by dsDNA fragments; 
ssRNA. dsRNA. and RNA:DNA hybrids do not activate DNA-PK. CARTER et al. 
(1990) showed that closed circular plasm ids activated poorly compared with 
linear ones, and ANDERSON and LEES-MiLLER (1992) found that intact linear adeno
virus DNA. which has a peptide covalently attached at each 5' termini, activated 
poorly compared to fragmented virus DNA. These findings suggested that 
activation might require binding to the ends of DNA fragments, a function 
that had been associated with the purified Ku protein (MIMORI and HARDIN 1986). 
However, more detailed studies showed that Ku could bind to nicked circular 
DNAs as well as closed circular DNAs containing single-to-double strand tran
sitions (e.g., closed hairpins, bubbles) (BLIER et al. 1993; FALZON et al. 1993); 
subsequently, it was shown that these structures also activated DNA-PK (AN
DERSON 1994; MOROZOV et al. 1994). These results suggest that in vivo DNA-PK 
might be activated by recombination intermediates, replication forks, and other 
structures as well as by nicks and DNA double-strand breaks. However, the 
extent of DNA-PK activation in vivo cannot be deduced from activity in cell 
extracts, and the fact that radioactive precursors produce DNA strand breaks 
complicates deductions based on analyses of putative substrates in cultured 
cells. 

There have been persistent reports that Ku can bind DNA in a sequence
specific manner (e.g., MiTSIS and WENSINK 1989; FALZON and KUFF 1990; MAY et 
al. 1991; OKUMURA et al. 1994; ROBERTS et al. 1994; GENERSCH et al. 1995; KIM 
et al. 1995) and that DNA-PK can be activated by certain sequences better 
than by others (CARTER et al. 1990; LEES-MiLLER et al. 1990; TH. CARTER, VP. 
POLTORATSKY and N.P MALIK, unpublished work). For DNA-PK activation, this is 
the case both for non-DNA binding substrates, such as casein and hsp90, 
and for at least some DNA-binding substrates including RPA. whose phos
phorylation is greatly stimulated by its own binding to DNA (M. WOLD, unpub
lished) and the CTD of RNA polymerase II, which must be bound to the DNA 
template in order to be phosphorylated (DVIR et al. 1992). As noted above, 
sequence-specific activation of DNA-PK might be mediated by DNA-binding 
proteins other than Ku; for instance, HSF1, GAL4 (PETERSON et al. 1995) and 
RPA (BRUSH et al. 1994). It remains to be seen if these factors, like Ku, serve 
as DNA-PKcs targeting subunits in vivo. 
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6 Regulation of DNA-PK Activity 

The fact that DNA-PK is inactive unless physically associated with DNA means 
that its activity may be regulated in vivo not only by the availability and activity 
of regulatory/targeting subunits, but also by chromatin conformations that allow 
access to DNA. and by the presence of DNA structures to which its regulatory 
subunit(s) binds. Thus, while activation of DNA-PK due to the presence of 
appropriate DNA structures cannot readily be determined in vivo, by adding 
dsDNA fragments to crude or partially purified extracts, the amount of DNA-PK 
holoenzyme available for activation at the time of cell lysis can be assessed. 
It was found that when extracts were prepared from HeLa cells synchronized 
by exposure to hydroxyurea or nocodazole and then released, the amount of 
DNA-PK available for activation changed during the cell cycle, with the lowest 
during mitosis, followed by a tenfold increase during G1 to a peak near the 
G1/S border (SUN 1995). The increased activity could not be ascribed to changes 
in the amounts of the DNA-PKcs or Ku subunits and was, therefore, most 
likely due to post-translational modification of the enzyme. The amount of 
DNA-PK activity in extracts from metaphase cells was increased substantially 
by incubating the enzyme with alkaline phosphatase (SUN 1995). DNA-PK is 
inhibited by autophosphorylation (CARTER et al. 1990; LEES-MILLER et al. 1990); 
thus, the activity of DNA-PK, like the activities of several other cell kinases, 
may be modulated during the cell cycle by phosphorylation-dephosphorylation. 
Activation of DNA-PK at the G1/S border would be consistent with a role in 
regulating DNA replication or repair through, for example, phosphorylation of 
RPA. 

Recently, several laboratories have observed specific cleavage of DNA-PKcs 

in human cells treated to und.ergo apoptosis (CASCIOLA-RoSEN et al. 1995; Z.D. 
HAN, D. CHATIERJEE , TH. CARTER, W. REEVES, J. WYCHE, and E.A. HENDRICKSON, 
manuscript submitted; O. SONG, S.P. LEES-MILLER, S. KUMAR, N. ZHANG, D.W CHAN, 
G.C.M. SMITH, S.P. JACKSON, E.S. ALNEMRI, G. LITMACK, and M.F. LAVIN, manuscript 
submitted; M. CARTY, personal communication). In HeLa cells exposed to UV-B, 
the majority of DNA-PKcs was cleaved to fragments of approximately 150 and 
220 kDa, and the kinetics of cleavage were similar to that of poly(ADP-ribose) 
polymerase; neither subunit of Ku was cleaved (CASCIOLA-RoSEN et al. 1995). 
Cleavage was accompanied by a reduction in DNA-PK activity in cell extracts 
as measured by the phosphorylation of Sp1 (A. ROSEN, personal communica
tion). DNA-PKcs was not cleaved in vitro by purified, recombinant human ICE, 
but incubation with apopain in the presence of double-stranded DNA. ATp, 
and Mg2+ resulted in cleavage between residues D2712 and N2713. Omission 
of cofactors resulted in cleavage at additional sites generating smaller frag
ments. Cleavage of DNA-PKcs also has been observed in apoptotic human B 
lymphocytes after treatment with atoposide (0. SONG et aI., manuscript sub
mitted). in Jurkat cells treated with anti-Fas antibody (K. MCCONNELL, personal 
communication), and in HL-60 cells treated with staurosporine (Z.D. HAN et 
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aI., manuscript submitted). A hallmark of apoptosis in most cells is extensive 
fragmentation of the genome (COLLINS 1991), and both poly(ADP-ribose) 
polymerase and DNA-PK are involved in the repair of DNA breaks. While it is 
uncertain whether the cleavage of these enzymes is an essential part of the 
apoptotic process, terminating processes that repair DNA breaks is consistent 
with this mechanism of programmed cell death. 

7 Conclusions 

The recent findings that certain ionizing radiation sensitive rodent cell lines 
defective for DNA double-strand break repair and V(D)J recombination also 
are deficient in, or express defective subunits of, DNA-PK strongly implicate 
this enzyme as an essential component in these processes. Cells in X-ray 
cross complementing group 5 (XRCC5) are deficient in DNA-PK activity and 
in the p80 subunit of Ku (GETTS and STAMATO 1994; SMIDER et al. 1994; TACCIOLI 
et al. 1994; FINNIE et al. 1995). Radiation resistance, DNA double-strand break 
repair capacity, V(D)J recombination ability, and DNA-PK activity all were re
stored by exogenously supplied DNA fragments or cDNAs that allow the Ku 
p80 subunit to be expressed (BOUBNOV et al. 1995; SMIDER et al. 1994; FINNIE 
et al. 1995). DNA-PKcs maps to the site of the XRCC7 gene (SIPLEY et al. 1995), 
and rodent cells from this complementation group, which includes the mouse 
scid (for severe combined immunodeficiency) and hamster V-3 cell lines (COLLINS 
1993; THOMPSON and JEGGO 1995). are deficient in DNA-PK activity, expression 
of the DNA-PKcs polypeptide, DNA double-strand break repair, and in V(D)J 
recombination (BLUNT et al. 1995, KIRCHGESSNER et al. 1995; KOMATSU et al. 1995; 
PETERSON et al. 1995b), as is a recently described human tumor cell line, M059J 
(LEES-MILLER et al. 1995). DNA fragments that restored DNA-PK activity to these 
cell lines corrected the defects. Two additional rodent cell complementation 
groups also are defective for DNA double-strand break repair and V(D)J rejoining 
(COLLINS 1993); one of them may correspond to the p70 polypeptide of Ku 
(see THOMPSON and JEGGO 1995). 

What role does DNA-PK play in DNA double-strand break repair and site
specific recombination? It seems likely that DNA-PK phosphorylates one or 
more of the components required for these processes, either to modulate a 
catalytic activity or to regulate assembly or disassembly of protein-DNA com
plexes (or both). We expect that at least one required component of each 
process will be a DNA-PK substrate. DNA-PK might also serve as a scaffold 
that holds individual protein components and the DNA ends in the proper 
spatial configuration for joining; providing such a scaffold might explain why 
the DNA-PKcs polypeptide is so large. That DNA-PK may function in regulating 
transcription, DNA replication, other DNA repair pathways and in cell cycle 
progression is strongly suggested by the multitude of putative DNA-PK sub-
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strates associated with these processes. The availability of cell lines defective 
in each of the DNA-PK components should facilitate the analysis of potential 
roles for DNA-PK in these processes. 
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Note Added in Proal A comparison of the sequences of additional DNA-PKcs kinase domain cDNA 
clones with a sequence derived from HeLa cell cDNA clones (Genbank U34994) revealed a putative 
93 bp exon that is present in the majority of DNA-PKcs mRNAs but absent in the former sequence 
(Poltoratsky et al. 1995; M.A. CONNELLY, H. ZHANG, J. KIELECZAWA, C.W ANDERSON, Gene in press). 
This exon increases the predicted size of DNA-PKcs to 4127 amino acids (see Genbank). 
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All cells have biochemical pathways for repairing DNA double-strand breaks 
induced by ionizing radiation (X-rays) and oxidative metabolism. Lymphoid cells 
also have a V(D)J recombination pathway for rearranging B cell immunoglobulin 
or T cell receptor genes (LEWIS 1994a). V(D)J recombination involves the cleav
age of chromosomal DNA and subsequent resolution of the double-strand 
breaks. In the past few years. it has become clear that the two pathways 
share a number of common factors. 

One of the factors involved in both V(D)J recombination and double-strand 
break repair (DSBR) was recently identified as the Ku autoantigen (Gms and 
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STAMATO 1994; RATHMELL and CHU 1994a.b; SMIDER et al. 1994; TACCIOLI et al. 
1994). Ku was originally identified as the target antigen in a patient with the 
scleroderma-polymyositis overlap syndrome (MIMORI et al. 1981). Because of 
its association with autoimmune disease. Ku has been extensively characterized 
over the last 15 years (REEVES 1992). 

This paper will examine the biochemical role of the Ku autoantigen in 
V(D)J recombination and DSBR. To accomplish this. we will review what is 
known about the genetics of these pathways. the biochemistry of the Ku 
autoantigen. and the DNA intermediates in V(D)J recombination. We will con
sider a paradox raised by experiments studying the resolution of DNA hairpins 
in cells from the severe combined immunodeficient (scid) mouse. To resolve 
the paradox. we will propose a model for the role of Ku in V(D)J recombination 
and DSBR. 

2 Genetics of V{D)J Recombination and DSBR 

2.1 Recombination Signal Sequences and the RAG1 
and RAG2 Genes 

The germline loci of the immunoglobulin and T cell receptor genes contain 
multiple V. J. and in some cases D. coding elements. During the development 
of Band T cells. these elements undergo V(D)J recombination. which involves 
the rearrangement of V. D. and J elements to form functional genes (LEWIS 
1994a). The multiplicity of elements generates diversity in the expressed pro
teins. Rearrangements are targeted to recombination signal sequences (RSS). 
which consist of conserved heptamer and nonamer sequences separated by 
a spacer of 12 or 23 base pairs. Coding elements are fused at coding joints 
to form rearranged genes capable of encoding functional proteins. The coding 
joints are formed with deletions or insertions that generate additional diversity. 
Signal elements are fused at signal joints. which are formed precisely with 
exact conservation of the RSS. 

V(D)J recombination is initiated by the combined action of the recombi
nation activating genes. RAG1 and RAG2. which are expressed specifically in 
lymphoid cells. Cotransfection of RAG1 and RAG2 confers V(D)J recombination 
activity to nonlymphoid cells (OETIINGER et al. 1990; SCHATZ et al. 1989). Thus. 
once V(D)J recombination is initiated by RAG1 and RAG2. general factors 
present in all cells will complete the recombination reaction. These general 
factors also have a second function in DSBR, as discussed below. 



Role of the Ku Autoantigen 115 

2.2 The Scid Mouse Is Defective 
in Both V{D)J Recombination and DSBR 

The scid mouse lacks mature T and B cells and is highly susceptible to the 
development of T cell lymphomas (BOSMA and CARROLL 1991). The failure to 
develop a competent immune system was explained by the discovery that 
scid cells cannot form coding joints during V(D)J recombination (LIEBER et al. 
1988). By contrast. scid cells can form signal joints at a normal rate, although 
only 50% of the joints are precise. 

In addition to a lymphoid-specific defect. scid cells were found to have 
a general defect in DSBR affecting all tissues and causing hypersensitivity to 
ionizing radiation due to a deficiency in repairing DNA double-strand breaks 
(BIEDERMANN et al. 1991; FULOP and PHILLIPS 1990; HENDRICKSON et al. 1991). This 
was the first evidence that V(D)J recombination and DSBR utilize common 
factors present in all tissues. 

2.3 Multiple Cell Lines Defective 
for Both V{D)J Recombination and DSBR 

Ionizing radiation produces several different DNA lesions, including base dam
age, single-strand breaks, and double-strand breaks. To search for the genetic 
basis of resistance to ionizing radiation, a number of easily cultured hamster 
cell lines have been developed by mutagenesis and screening for hypersen
sitivity to ionizing radiation (JEGGO 1990). Cell fusion experiments show that 
these cell lines fall into at least ten genetic complementation groups. The 
corresponding genes are designated XRCC1, XRCC2, etc., for X-ray cross-com
plementing, since early efforts were aimed at cloning the genes by cross
complementation of the X-ray-sensitive hamster cells with human DNA. 

The discovery that scid cells are sensitive to X-rays raised the possibility 
that other X-ray sensitive cells might also be defective in V(D)J recombination. 
Therefore, cell lines were screened by cotransfection of RAG 1, RAG2, and an 
extrachromosomal V(D)J recombination substrate. Cell lines from each of three 
complementation groups with defects in DSBR also proved to be defective 
in V(D)J recombination (LEE et al. 1995; PERGOLA et al. 1993; TACCIOLI et al. 
1993). Complementation group 7 (which includes scid) was defective for coding 
joint but not signal joint formation. Complementation groups 4 and 5 were 
defective for both coding and signal joint formation. The residual recombination 
events recovered from mutant cells were characterized by abnormally large 
nucleotide deletions in the coding joints in group 7 or both coding and signal 
joints in groups 4, and 5. Thus, at least three gene products are involved in 
a pathway common to both V(D)J recombination and DSBR. The genetics of 
V(D)J recombination are summarized in Fig. 1. 

A possible explanation for the large deletions during the joining reaction 
was that the cells might be defective in a protein that bound and protected 
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Fig. 1. Genetics of V(D)J recombination. The RAG1 and RAG2 genes induce cleavage adjacent to 
RSS. In wild-type celi s, recombination then produces precise signal joints and modified coding 
joints. In cells from X-ray sensitivity complementation group 7, which corresponds to the scid 
defect. coding joints are severely impaired while signal joints are only mildly impaired. The impair
ment in coding joints is accompanied by the persistence of hairpin ends. In cells from groups 4, 
and 5, both coding and signal joints are severely impaired 

the DNA ends from nuclease degradation . This possibility was confirmed by 
discovery of the normal role of the Ku autoantigen in cells . 

3 The Ku Autoantigen 

Ku is the target antigen in patients with several autoimmune diseases, including 
scleroderma-polymyositis overlap syndrome, sytemic lupus erythematosus, 
Grave's disease, and Sjogren's syndrome (REEVES 1992). Ku is a highly stable 
heterodimer of 70 kDa and 86 kDa polypeptides (Ku70 and Ku80) (MIMORI et 
al. 1986). The cDNAs for both subunits have been cloned (MIMORI et al. 1990; 
REEVES and STHOEGER 1989; YANEVA et al. 1989). Ku is localized to the nucleus 
and moderately abundant. with about 200000 to 400000 molecules present 
in each cell. 

Ku has an interesting specificity for its DNA substrates. It does not bind 
to single-stranded DNA ends, but binds tightly to double-stranded ends, having 
equal affinity for 5' overhanging, 3' overhanging, and blunt ends (MiMORI and 
HARDIN 1986). Ku also binds to DNA nicks (BLIER et al. 1992) and to DNA ending 
in stem loop structures (FALZON et al. 1993). This spectrum of DNA binding 
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Fig. 2. Model for Ku DEB activity. Ku binds to a number of DNA substrates, including DNA with 
blunt ends, 5' or 3' overhanging ends, or stem loop structures. Ku may recognize all of these 
structures by binding to the forked DNA structure formed at the transition of double-stranded DNA 
to two single strands 

activity can be explained by a model in which Ku recognizes transitions between 
double-stranded DNA and two single strands, as depicted in Fig . 2. Once Ku 
binds to DNA ends, it is capable of translocating along the DNA. so that three 
or more molecules of Ku can become bound to a single DNA fragment (PAILLARD 
and STRAUSS 1991). 

Ku is conserved both functionally and structurally across a broad range 
of eukaryotes . The fruit fly Drosophila melanogaster (BEALL et al. 1994; JACOBY 
and WENSINK 1994) and yeast Saccharomyces cerevisiae (FELDMANN and WINNACKER 
1993) contain DNA end-binding (DEB) activities arising from heterodimeric pro
teins of similar molecular weights as mammalian Ku . In both cases, the gene 
for the smaller (70 kDa) subunit was cloned and found to be homologous to 
mammalian Ku70. The genome project for the nematode Caenorhabditis ele
gans has revealed an open reading frame encoding a polypeptide homologous 
to mammalian Ku80. 

Ku is the regulatory subunit of an unusual enzyme, DNA-dependent protein 
kinase (DNA-PK). which also includes an enormous 460 kDa catalytic subunit 
(DNA-PKcs). DNA-PK is normally inactive in free solution, but when it assembles 
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on a DNA substrate recognized by Ku, DNA-PK is activated for its kinase 
activity (GOTILIEB and JACKSON 1993). Although the in vivo substrates of DNA-PK 
remain to be defined, potential substrates have been identified in vitro, in
cluding Ku70 and Ku80, tumor suppressor protein p53, the C-terminal domain 
of RNA polymerase II. replication protein A (RPA), topoisomerases I and II. 
serum response factor (SRF), SV40 T antigen, Xenopus histone protein 2A.X, 
and the transcription factors c-myc, c-(os, c-jun, Sp1, TFIID and Oct-1 (ANDERSON 
1993). DNA-PK will phosphorylate Sp1 when it is bound to the same DNA 
molecule, even when separated by several kilobases, but will not act on Sp1 
bound to a different DNA molecule (GOTILIEB and JACKSON 1993). 

Ku undergoes post-translational modification. When Ku is autophospho
rylated by DNA-PK, it acquires an ATPase activity (CAO et al. 1994), making Ku 
an ATP dependent helicase (TUTEJA et al. 1994). When Ku binds to one of its 
substrates, it recruits DNA-PKcs and then is autophosphorylated to become 
an active helicase. Ku may also be processed by proteolytic cleavage of the 
Ku80 subunit (PAILLARD and STRAUSS 1993). 

4 Identification of Genes Involved 
in both V(D)J Recombination and DSBR 

4.1 DEB Activity in Mutant and Wild-Type Cells 

DEB activity can be detected in cells by an electrophoretic mobility shift assay 
(EMSA) (RATHMELL and CHU 1994a). Extracts of the cells are incubated with a 
labeled linear fragment of DNA in the presence of unlabeled circular plasmid 
DNA to mask the effect of nonspecific DNA binding proteins. The reaction 
mixture is resolved by nondenaturing polyacrylamide gel electrophoresis, and 
DEB activity is detected as an upward shift in electrophoretic mobility of the 
DNA probe. 

DEB activity was found to be present in cells from yeast and from a 
number of tissues from humans and rodents (Table 1) (RATHMELL and CHU 1994a). 
It was expressed normally in cell lines from groups 1, 4, and 7 (including scid 
cells). in an ataxia telangiectasia cell line, two bleomycin-sensitive cell lines, 
and a mutant X-ray sensitive lymphoblast cell line. DEB activity was notably 
absent in three cell lines from X-ray complementation group 5, XR-V15B, XR-V9B, 
and xrs5. Azacytidine will induce xrs5 cells to revert to X-ray resistance at a 
frequency of about 1 %. Significantly, 23 independent clones selected for X-ray 
resistance all showed restored DEB activity, further supporting a role for DEB 
activity in X-ray resistance. 
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Table 1. DEB activity in wild-type and mutant cell lines 

Cell type Cell lines Resistance Complement DEB 
to IR group activity 

Yeast 
S. cerevisiae hdf1/pHDF1 + + 
S. cerevisiae hdf1 + 

Human 
Fibroblast (wild-type) IMR-90 + + 
Ataxia telangiectasia fibroblast AT5BI + 

Mouse 
Skin fibroblast (wild-type) CB-17 + + 
Skin fibroblast scid 7 + 

Chinese hamster 
Lung fibroblast (wild-type) V79, V79B + + 
Lung fibroblast XR-V15B, XR-V9B 5 
Ovary (wild-type) AA8 + + 
Ovary EM9 1 + 
Ovary XR-1 4 + 
Ovary V3 7 + 
Ovary xrs5, xrs6, sxi2, sxi3 - 5 
Ovary xrs5(rev)a + + 

DEB activity was measured in yeast human, and rodent cells by the gel mobility shift assay. DEB 
activity is specifically absent in complementation group 5. DEB activity is present in several other 
sensitive cell lines, including ataxia telangiectasia cells and cells from complementation groups 1, 
4, and 7 (including scid). The table compiles data from (BouBNov et al. 1995; LEE et al. 1995) for 
sxi cells, from (GEns and STAMATO 1994) for xrs6 cells, and from (RATHMELL and CHU 1994a) for the 
remaining cell lines. The HDF1 gene encodes a 70 kDa subunit of a DEB activity in yeast that is 
homologous to mammalian Ku70 (FELDMANN and WINNACKER 1993). The deletion mutant hdf1 is 
resistant to ionizing radiation (S. CHENG and G. CHU, unpublished results), suggesting that the 
dominant mechanisms for X-ray resistance differ in yeast and mammals. 
a xrs5(rev) represents pooled xrs5 cells selected for X-ray resistance after azacytidine treatment. 

4.2 DEB Activity Is Due to Ku Autoantigen 

DEB activity and Ku share many similarities, including nuclear localization, 
abundance in the cell, and magnesium-dependent DNA binding (RATHMELL and 
CHU 1994b). Most striking is the absolute concordance of DNA substrates. 
DEB activity and Ku bind to M 13 circular virion DNA (presumably via binding 
to hairpin loops in M 13), double-stranded DNA ends with 5'. 3', or blunt ends, 
but not to the single-stranded DNA ends in poly(dA) and poly(dT). Three or 
more Ku molecules can load and bind to a single DNA fragment. producing 
a ladder of mobility shifts similar to that seen with DEB activity. 

DEB activity and Ku are antigenically similar (GEns and STAMATO 1994; RATH
MELL and CHU 1994b). When added to binding reactions with hamster and 
human extracts, Ku antisera from two different autoimmune patients produce 
a supershift in mobility of the DEB protein-DNA complex. When used to 
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probe immunoblots, these antisera detect a 70 kDa polypeptide in hamster 
extracts that cofractionates with DEB activity on heparin agarose. The 70 kDa 
polypeptide was absent or only barely detectable in three hamster cell lines 
from group 5, but present in group 4, group 7, and wild-type cell lines (RATHMELL 
and CHU 1994b). Thus Ku70 polypeptide is deficient in group 5 cells. 

Despite this observation, Ku70 does not define the genetic defect in group 
5. Chromosome mapping studies assigned the Ku70 gene to human chromo
some 22q13 and the Ku80 gene to chromosome 2q33-35 (CAl et al. 1994; 
BOUBNOV et al. 1995). X-ray resistance in group 5 cells was partially restored 
by human chromosome region 2q35 (CHEN et al. 1994; HAFEZPARAST et al. 1993). 
This raised the possibility that the primary defect in group 5 resides in the 
gene for Ku80. 

Direct evidence that the XRCC5 gene was identical to the Ku80 gene was 
provided by DNA transfection experiments. Thus, transfection of group 5 cells 
with human Ku80 but not Ku70 led to partial restoration of DEB activity, X-ray 
resistance, and V(D)J recombination (SMIDER et al. 1994; TAccioLi et al. 1994). 
Full restoration was obtained by the isolation and transfection of the hamster 
Ku80 cDNA. In addition, Ku70 protein levels were restored, suggesting that 
the Ku70 polypeptide is stabilized by the presence of normal Ku80 polypeptide 
(ERRAMI et al. 1995). Finally, Ku80 cDNA from XR-V15B and XR-V9B cells con
tained in-frame deletions of 46 and 84 amino acids, proving that mutations 
in the Ku80 gene are responsible for the phenotype of group 5 cells (ERRAMI 
et al. 1995). 

The finding that the Ku80 gene is identical to the XRCC5 gene immediately 
raised the possibility that DNA-PKcs might be encoded by another XRCC gene 
involved in DSBR. Yeast artificial chromosomes carrying the DNA-PKcs gene 
will rescue group 7 cells, making DNA-PKcs a candidate for XRCC7 (BLUNT et 
al. 1995; KIRSCHGESSNER et al. 1995). Recently, a novel cDNA has been isolated 
as a candidate for XRCC4 by complementation of XR-1 cells (see LI et al. 
1995; Z. LI and F. ALT, this volume). No Ku70 mutant has yet been confirmed. 

These experiments demonstrate that V(D)J recombination and DSBR in
clude an overlapping pathway. Furthermore, at least four different genes act 
in the overlapping pathway (Table 2). Together with recent progress in ident
ifying the enzymatic activities of RAG1 and RAG2, it is now possible to construct 
a model for the biochemistry of V(D)J recombination. Before introducing the 
model, it will be necessary to examine the DNA intermediates in V(D)J re
combination. 



Table 2, Genes involved in V(D)J recombination 

Gene 

Specific for V(D)J 
RAG1 
RAG2 
TdT 

General for DSBR 
XR-1 (XRCC4) 
Ku80 (XRCC5) 

Ku70 (XRCC6) 
DNA-PKcs (XRCC7) 

Mutant cell lines 

KO mouse 
KO mouse 
KO mouse 

XR-1 
xrs5, xrs6, sxi2, sxi3, 
XR-V15B, XR-V9B 
sxi1 ? 
scid mouse, V-3 
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IR V( D)J activity 

Coding joints Signal joints 

R No cleavage No cleavage 
R No cleavage No cleavage 
R No N-addition Normal 

S Deficient Deficient 
S Deficient Deficient 

S ? Deficient 7 Deficient? 
S Deficient Normal rate, 

partial fidelity 

The genes involved in V(D)J recombination fall into two classes: those specific for V(D)J recom
bination and those general for DSBR. Some of the mutant cell lines were generated from mice 
with the scid mutation or with targeted knockout (KO) of the RAG1, RAG2, and TdT genes. The 
remaining cell lines were generated from mutagenesis of Chinese hamster cells. Cell lines mutant 
for genes specific for V(D)J recombination are resistant (R) to ionizing radiation (IR), whereas the 
cell lines mutant for genes general for DSBR are sensitive to ionizing radiation and fall into X-ray 
complementation groups 4, 5, or 7. Group 6 has been reserved for Ku70 (XRCC6), but no cell line 
has been found yet for this group. 

5 DNA Intermediates in V(D)J Recombination 

5.1 Formation of Broken DNA Ends 

The association between DSBR and V(D)J recombination suggests that V(D)J 
joining involves DNA intermediates in which both strands have been broken. 
Such broken molecules have been observed directly. Thymocytes from new
born mice actively rearrange the T cell receptor locus and contain broken 
DNA with blunt signal ends (ROTH et al. 1992). On the other hand, coding 
ends are not detectable, even though a primary double-strand break should 
liberate one coding end for each signal end. 

In fact. coding and signal joints are formed differently. Signal joints are 
formed without the addition or loss of nucleotides. Coding joints often contain 
either deletions or short insertions of extra nucleotides not present in the 
germline DNA. In some cases, the insertions have short palindromic sequences 
derived from one of the coding ends (LAFAILLE et al. 1989; MCCORMACK et al. 
1989). These P (palindromic) insertions are potentially explained by a model 
in which coding ends are created by the formation of a hairpin intermediate 
(LIEBER 1991). If the hairpin is nicked at a position away from the tip, a palin
dromic sequence appears in the completed coding joint. The first direct evi
dence for hairpin ends was found in scid thymocytes (ROTH et al. 1992). Hairpin 
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ends were not found in wild-type thymocytes, suggesting that coding joints 
are formed much more rapidly than signal joints. Thus, the scid defect appears 
to disrupt hairpin processing, allowing hairpin ends to accumulate to detectable 
levels in scid but not wild-type thymocytes. 

Hairpin ends are created as part of the V(D)J cleavage reaction (see Fig. 3). 
In an experimental tour de force, purified recombinant RAG 1 and RAG2 proteins 
were recently shown to directly catalyze a double-strand break in DNA mole
cules containing a recombination signal sequence (VAN GENT et al. 1995). The 
reaction is absolutely dependent on the RSS and both RAG1 and RAG2. Cleav
age occurs in a two-step reaction in which RAG1 and RAG2 first nick the 
DNA 5' to the RSS; after a time delay, RAG1 and RAG2 catalyze a nucleophilic 
attack by the 3' OH of the opposite strand (McBLANE et al. 1995). This second 
step generates a blunt signal end and a hairpin coding end. 

The coding ends are subjected to further modification by nucleases (N 
deletion) or by the nontemplated addition of nucleotides (N insertion). Most 
N addition occurs by 3' addition catalyzed by terminal deoxynucleotidyl trans
ferase (TdT). which is expressed only in lymphoid cells. A low rate of N insertion 
occurs in all cells, perhaps by the capture of free nucleotides or oligonucle
otides (ROTH et al. 1989). 

5.2 Joining Reactions 

The rejoining reaction in V(D)J recombination does not require extensive ho
mology in the recombining DNA. V(D)J recombination will still occur in ex
trachromosomal substrates with homopolymeric coding sequences that do 
not permit homologous pairing (BOUBNOV et al. 1993). 

On the other hand, V(D)J recombination preferentially utilizes short stret
ches of homology if they are present. When non lymphoid cells are cotrans
fected with RAG1, RAG2, and an extrachromosomal substrate, the majority 
of coding joints are formed at positions containing short homologies of 1-5 
bp. In extrachromosomal substrates constructed with 4 bp of homology at 
the two coding ends, there was a strong bias towards the coding joint formed 
by homology alignment of the 4 bp repeats (GERSTEIN and LIEBER 1993). 

In lymphoid cells, homology pairing may be obscured by TdT activity, 
since N insertion can include homologous nucleotides that would disappear 
once the joint is made. In lymphoid cells from TdT knockout mice, N insertion 
is virtually eliminated (GILFILLAN et al. 1993; KOMORI et al. 1993). In the absence 
of TdT, homology alignment occurs in 75% of the coding joints. Thus, the 
use of homology is preferred, but not essential for the formation of coding 
joints. Homology affects the distribution of coding joints but not the overall 
efficiency of the reaction. 

General DSBR has been studied by transfecting linearized SV40 DNA into 
nonlymphoid cells (ROTH et al. 1985; ROTH and WILSON 1986). These plasm ids 
did not contain RSS and were linearized by cutting the SV40 genome in a 
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Fig. 3. DNA intermediates during V(D)J recombination. RAG1 and RAG2 recognize RSS (shaded 
triangles) and nick the adjacent DNA, leaving a 3' hydroxyl group. RAG1 and RAG2 then catalyze 
a nucleophilic attack by the 3' OH of the opposite strand to complete the cleavage reaction, leaving 
a blunt signal end and a hairpin coding end. A hairpin endonuclease then opens the hairpin sym
metrically to leave a blunt end, or asymmetrically to leave an overhanging end that potentially 
leads to a palindromic sequence at the coding joint (P insertion). Nucleotides may be added (N 
insertion) by terminal deoxynucleotidyl transferase (TdT) or deleted (N deletion) by the activity of 
exonucleases. The ends are joined by homology-dependent or homology-independent mechanisms. 
Homology-dependent joining may involve pairing in regions of microhomology, removal of unpaired 
end fragments by a flap endonuclease, repair of gaps by DNA polymerase, and ligation of the 
nicks. Homology-independent joining involves either single-strand ligation and gap repair or blunt 
ligation 
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nonessential intron, leaving mismatched ends. As for the case of V(D)J re
combination, joining occurred by both homology-dependent and homology
independent mechanisms. Homology-independent joining appears to utilize 
single-strand ligation preferentially over blunt ligation (RoTH and WILSON 1986). 
This general pathway for DSBR is shown at the bottom of Fig. 3. 

In summary, the joining reactions in V(D)J recombination and general DSBR 
share a common pathway. Both reactions are mediated by the same proteins, 
namely, Ku, DNA-PKcs, and the XR-1 gene product. Both reactions involve 
similar DNA intermediates with joining reactions both dependent and inde
pendent of microhomology. Pairing by microhomology suggests a mechanism 
for unwinding the DNA ends, perhaps catalyzed by Ku helicase activity. 

6 A Paradox of Hairpin Processing in Scid Cells 

The persistence of hairpin ends in scid thymocytes suggests that the scid 
mutation leads to defective processing of hairpin intermediates during V(D)J 
recombination. However, when cells were transfected with linearized plasmid 
DNA carrying hairpin ends, the rejoining reaction occurred with the same 
efficiency in scid and wild-type pre-B cells (LEWIS 1994b). The joint sequences 
showed patterns of deletion, P insertion, N insertion, and microhomology 
usage that were similar in the scid and wild-type cells and similar to the 
coding joints generated by bona fide V(D)J recombination. Thus we are faced 
with an apparent experimental paradox: scid cells cannot join hairpin ends 
created during V(D)J recombination, but can process and join hairpins intro
duced into the cells by transfection. 

7 Solution to the Scid Paradox: 
A Model for the Role of Ku 

7.1 Model for Ku in V(D)J Recombination and DSBR 

To explain the DNA intermediates in terms of the biochemical properties of 
the Ku protein, we propose a model for the role of Ku in V(D)J recombination 
(see Fig. 4). In this model, the reaction proceeds in the following steps. 

1. Concerted action of RAG1 and RAG2 introduces a nick 5' to the signal 
sequence, allowing Ku to bind to the nicked DNA intermediate. RAG1 and 
RAG2 then complete the cleavage reaction to form a hairpin coding end 
and a blunt signal end. 
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2. Upon creation of the hairpin end, Ku binds immediately because it has 
been preloaded onto the nicked DNA intermediate. 

3. Activated DNA-PK is formed by the recruitment of DNA-PKcs to form a 
complex with Ku bound to the DNA. DNA-PKcs may serve an alignment 
function, so that two molecules of DNA-PKcs interact with each other to 
bring the appropriate coding ends in proximity to each other. 

4. DNA-PK autophosphorylates its Ku subunit, conferring to Ku an ATP-de
pendent helicase activity. (Steps 3 and 4 may precede step 2, since they 
can occur once Ku is loaded onto the nicked DNA intermediate.) 

5. Ku then unwinds the hairpin while moving inward from the end, exposing 
the hairpin and allowing the hairpin endonuclease to nick and open the 
hairpin. 

6. Ku helicase unwinds the free DNA ends to allow the denatured single 
strands to align and pair in regions of microhomology. 

7. In cases where pairing involves internal sequences, a DNA flap would be 
created from DNA distal to the region of homology. In fact, a flap endo
nuclease (FEN-l) has been characterized and purified (HARRINGTON and LIEBER 

1994, 1995). FEN-1 specifically recognizes 5' flap structures and cuts pre
cisely at the base of the flap to leave a ligatable nick. 

8. Alternatively, the DNA ends are aligned end to end and joined by either 
single-strand ligation followed by gap filling or blunt ligation. Thus, the 
joints can be made with or without microhomology. (In steps 6, 7, and 8, 
the opened hairpin is rejoined in a reaction identical to that used for general 
DSBR, as shown in Fig. 5.) 

9. The two signal ends are brought together to form a signal joint in a reaction 
that requires Ku and the XR-1 gene product but not DNA-PKcs. The rate of 
signal joint formation is likely to be much slower than for coding joints, 
since signal ends but not coding ends are readily detectable in wild-type 
thymocytes. Delayed formation of signal joints may be a mechanism for 
suppressing the unproductive fusion of a coding end to a signal end. Such 
hybrid joints are less likely if coding joints are already formed before signal 
joining begins. 

7.2 Resolving the Scid Paradox 

The scid paradox is resolved by the proposed model for Ku. In the model, 
the hairpin endonuclease gains access to transfected hairpins but not to V(D)J 
hairpins. In the case of transfected DNA. the hairpin endonuclease would nick 
the hairpin before Ku has a chance to bind, explaining the proper processing 
of transfected hairpins in scid cells. In the case of V(D)J recombination, the 
two step cleavage reaction by RAG1 and RAG2 first creates a nick adjacent 
to the signal sequence, allowing Ku to be loaded onto the DNA. When the 
hairpin is created, Ku is already present, thus denying access to the hairpin 
endonuclease. In scid cells deficient for DNA-PKcs, Ku would fail to acquire 
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helicase activity and continue to protect the hairpin end, explaining the per
sistence of hairpin ends in scid thymocytes. It is noteworthy that the rare 
coding ends recovered from scid cells show abnormally large P insertions, 
suggesting that the hairpin endonuclease was denied access to the tip of the 
hairpin but could gain access to DNA beyond the site of Ku binding. 

Although transfected hairpin DNA is resolved with normal efficiency in 
scid cells, our model for Ku predicts that fine structure in the processing of 
the hairpins must be different in scid cells. Once the hairpin is opened into 
a free DNA end by the hairpin endonuclease, Ku would bind to the DNA end. 
However, since DNA-PKcs is defective in scid cells, Ku would not become 
phosphorylated and would not acquire helicase activity. As a result, alignment 
by microhomology should be reduced compared to wild-type cells. In fact, 
data from transfection of hairpin molecules into pre-B cells (LEWIS 1994b) sug
gest that this might be true. Ku helicase activity should affect only joints in 
which nucleotides are lost. When the data are re-examined for joints in which 
three or more nucleotides are lost from one or both hairpin ends, there appears 
to be a difference between scid and wild-type cells. In scid cells, only one 
of nine joints showed significant loss of nucleotides and concomitant evidence 
for alignment by microhomology, which consisted of only 2 bp and therefore 
could have been due to fortuitous exonuclease degradation of a DNA end 
rather than helicase mediated unwinding. By contrast, in wild-type cells, six 
of nine joints showed significant loss of nucleotides and evidence for alignment 
by microhomology, utilizing homologies of 1, 2, 2, 3, 4, and 4 bp. Of course, 
the number of joints analyzed in this experiment was small and conclusive 
evidence must await analysis of a larger set of joints. Nevertheless, the joints 
formed in scid cells appeared biased against nucleotide loss and microhomo
logy utilization, consistent with an inactive helicase unable to unwind the free 
coding ends. 

8 Unresolved Questions for the Role of Ku 
in V(D)J Recombination 

Although the proposed model explains the scid paradox, a number of features 
must be tested. The DNA-PKcs polypeptide is required for V(D)J recombination 
and DNA-PK autophosphorylates Ku in vitro, but it is not yet known whether: 
(1) the kinase activity of DNA-PK affects V(D)J recombination; (2) autophos
phorylation of Ku occurs in the intact cell; or (3) Ku helicase activity is required 
for hairpin processing and subsequent coding joint formation. 

If Ku helicase activity is required for V(D)J recombination, such unwinding 
activity might need to be suppressed for signal joint formation, which must 
occur precisely without loss or addition of nucleotides. Several possible mech
anisms can be envisioned: (1) Ku could bind more tightly to a DNA end adjacent 
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to a RSS; (2) Ku bound to the signal end might not be accessible to phos
phorylation because of binding by the RAG1-RAG2 complex to the RSS at the 
signal end; (3) Ku helicase activity is rather weak in a standard helicase assay 
(TUTEJA et al. 1994), and may not be robust enough to unwind a blunt signal 
end. 

There seems to be an extravagant excess of Ku. with about 400 000 mole
cules per cell. In lymphoid cells actively undergoing V(D)J recombination. only 
a few double-strand breaks are created. Because multiple molecules of Ku 
can load onto either nicked or broken DNA (PAILLARD and STRAUSS 1991). this 
raises the question of whether a large number of Ku molecules participate in 
each recombination reaction. One possible model is that Ku cooperates with 
DNA-PKcs in alignment of free DNA ends. For example. Ku molecules could 
coat the DNA between two recombination sites. Two DNA-PKcs molecules 
could be paired with each other while being passed from one Ku molecule 
to the next until they form a more stable complex with Ku bound to the DNA 
ends. thus bringing the ends into alignment. This idea is consistent with the 
finding that DNA-PKcs is much less abundant than Ku in the cell. 

DNA-PKcs could perform other functions not yet identified with specific 
proteins. These functions include those for a hairpin endonuclease or for an 
alignment protein to facilitate microhomology pairing. Microhomology pairing 
involves only 1-5 bp and might require an alignment protein for stable duplex 
formation between the two ends. Either of these functions would make DNA
PKcs important for coding but not signal joints. 

The possible role of the XR-1 gene product remains undefined. Since XR-1 
is required for both coding and signal joints. it may have an alignment function 
either independently or in cooperation with DNA-PKcs. Alternatively. it may 
encode a single-strand ligase. which potentially acts at both coding and signal 
joints. 

9 Conclusions 

We have described the experimental evidence that Ku is involved in DSBR 
and V(D)J recombination. This discovery has stimulated interest in how Ku 
might be acting in these recombination and repair pathways. We have therefore 
reviewed the biochemical properties of Ku and the molecular properties of 
the DNA intermediates in V(D)J recombination. Paradoxically. scid cells process 
hairpin ends introduced by DNA transfection but fail to process hairpins created 
during V(D)J recombination. To resolve the scid paradox. we have proposed 
a model for the role of Ku in V(D)J recombination and DSBR. The hypothesis 
can be tested experimentally. and the results of such experiments promise 
to improve our understanding of these critical pathways. 
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DNA double-strand breaks (DSB) can form spontaneously or be induced ex
perimentally via ionizing radiation (lR). DSB are extremely toxic and all living 
organisms have developed repair mechanisms to cope with these potentially 
lethal lesions (FRIEDBERG et al. 1995). In mammals, DNA DSB can also be in
troduced during the site-specific V(D)J recombination process, which is necess
ary for the assembly of immunoglobulin and T-cell receptor genes in B- and 
T-cells, respectively. Elegant analyses of V(D)J recombination products in vivo 
and in vitro strongly suggest that enzymatically induced DNA DSB are essential 
intermediates in the V(D)J reaction process (ROTH et al. 1992a,b; SCHLISSEL et 
al. 1993; VAN GENT et al. 1995). Thus, some aspects of DNA DSB repair and 
mammalian V(D)J recombination may be related; the mechanism(s) underlying 
these two processes is, however, still unknown. 

Historically, the isolation and characterization of mutants defective for a 
particular function have repeatedly proven critical for elucidating the biochemi
cal and molecular events involved in that function. The recent characterization 
of mammalian IR-sensitive (IRS) mutants has already provided considerable 
information for our understanding of DNA DSB repair. Analysis of the murine 
severe combined immune deficiency (seid) mutant (BIEDERMANN et al. 1991; 
FULOP and PHILLIPS 1990; HENDRICKSON et al. 1991) and three Chinese hamster 
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IRS mutants (XR-1,xrs, and V3) (PERGOLA et al. 1993; TACCIOLI et al. 1993, 1994a) 
showed that these cell lines had defects in both DNA DSB repair and V(D)J 
recombination, confirming that the intermediates of DNA DSB repair and V(D)J 
recombination are indeed resolved by a common set of enzymes. 

Recently, several laboratories have shown that the catalytic subunit of 
DNA-dependent protein kinase (DNA-PK) may be a candidate for the scid gene 
(BLUNT et al. 1995; KIRCHGESSNER et al. 1995; LEES-MiLLER et al. 1995). DNA-PK is 
a serine-threonine kinase consisting of at least two components: the 440 kDa 
catalytic subunit (DNA-PKcsl and Ku protein (DVIR et al. 1992; GonLiEB and 
JACKSON 1993; SUWA et al. 1994). Ku, a heterodimer of 70 and 86 kDa subunits, 
is a unique DNA binding protein that binds predominately, if not exclusively, 
to the ends of dsDNA (DE VRIES et al. 1989; FALZON et al. 1993; MiMORI and 
HARDIN 1986; PAILLARD and STRAUSS 1991). Ku is thus thought to provide the 
DNA binding component for the DNA-PK holoenzyme. Recently, it was shown 
that members of the fifth X-ray cross complementation group (XRCC5) (THOM
PSON and JEGGO 1995; ZDZIENICKA 1995) lack Ku DNA end-binding activity (GEns 
and STAMATO 1994; RATHMELL and CHU 1994a,b). Since the Ku86 gene maps to 
human chromosome 2q33-35 (CAl et al. 1994). and XRCC5 group cells could 
be rescued by the same region (JEGGO et al. 1992). p86 Ku was a strong 
candidate for the XRCC5 gene. Consistent with this hypothesis, several groups 
independently reported that transfection of a human Ku86 cDNA was able to 
partially rescue the defects of XRCC5 mutants (BOUBNOV et al. 1995; SMIDER et 
al. 1994; TAccioLi et al. 1994b). Thus, DNA-PK has been unequivocally identified 
as an important mammalian DNA repair complex and mutations in either the 
DNA-PKcs or in the 86 kDa subunit of Ku result in severe X-ray sensitivity and 
DNA DSB repair and V(D)J recombinational defects. 

Since analysis of cell mutants that are defective in DSB repair has proven 
to be a powerful technique, the availability of additional cell mutants which 
are defective in these processes can only help to unravel the mechanism of 
DSB repair. Recently, we isolated four IRs mutants from a Chinese hamster 
lung V79-4 cell line (LEE et al. 1995). This report describes some of the progress 
made in our laboratory to characterize the molecular and biochemical defects 
in these mutants, which are sensitive to X-irradiation (sxi-1 to 4). First. we 
show that the hamster Ku86 eDNA functionally complements all the known 
defects of sxi-3 cells, suggesting that sxi-3 belongs to the XRCC5 complemen
tation group. Secondly, we report the cloning of the hamster Ku70 gene. 
Lastly, we report that the current evidence demonstrates that the sxi-1 mutant 
is not defective in Ku70 as originally postulated, but has properties which 
may be attributable to a complex mutation. 
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2 Results and Discussion 

2.1 Isolation of IRs, DNA DSB-Repair Impaired 
and V(D)J Recombination Defective Mutants, sxi-1 to -4 

After a brute force screen of 10000 retrovirally infected cells using a replica
plating technique (JEGGO and KEMP 1983), we isolated four clones that were 
sensitive to X-irradiation (sxi-1 to -4; LEE et al. 1995). All of the sxi cell lines 
were also sensitive to the radiomimetic chemotherapeutic compound bleo
mycin and extremely sensitive to the radiomimetic topoisomerase inhibitor, 
etoposide (Table 1). Etoposide, a potent inhibitor of DNA topoisomerase II, 
stabilizes the enzyme in its DNA-bound state after introducing a DNA DSB 
(reviewed in Llu 1989). Thus, chromosomal DNA DSB associated with covalently 
bound protein appear to be particularly refractory to repair. 

A subset of mammalian IRs mutants have been shown to be defective in 
DNA DSB repair (reviewed in ZDZIENICKA 1995). A pulse-field gel electrophoresis 
assay was used to demonstrate that all of the sxi mutants were severely 
defective in the repair of DNA DSB (Table 1; LEE et al. 1995). Since all of the 
DSB repair defective mutants known to date had also been shown to be 
defective in V(D)J recombination, we next assessed the ability of sxi cells to 
perform either V(D)J coding or signal junction formation using an extrachro
mosomal V(D)J recombination assay (HESSE et al. 1987). All four mutant cell 
lines were deficient in both coding and signal junction formation (Table 1; 
BOUBNOV et al. 1995; LEE et al. 1995), distinguishing them from the scid mutation 
which affects only coding junction formation (HENDRICKSON et al. 1988; LIEBER 
et al. 1988) and extending the observation that mutants defective in DNA DSB 
repair are also defective in V(D)J recombination. Lastly, somatic cell hybrid 
analysis showed that sxi-2 and sxi-3 did not complement each other, or xrs-6 
and, therefore, represent additional isolates of the XRCC5 complementation 
group (BOUBNOV et al. 1995). Moreover, several groups have reported that XRCC5 
group cells are deficient in Ku DNA end-binding activity (GEns and STAMATO 
1994; RATHMELL and CHU 1994a,b). To extend this observation to our mutants, 
we examined DNA end-binding activity in the sxi mutants. Surprisingly, sxi-1 
and sxi-4, in addition to sxi-2 and sxi-3, lacked DNA end-binding activity judging 
from DNA mobility shift assays (Table 1). 

2.2 sxi-3 Cells Can Be Functionally Complemented by Ku86 

Since sxi-3 cells belonged to the XRCC5 complementation group, it was an
ticipated that their defects could be rescued with a functional Ku86 gene. 
Indeed, stable transfection of a human Ku86 cDNA expression construct into 
sxi-3 cells could partially restore ionizing radiation resistance (lRr). Ku DNA 
end-binding and V(D)J recombination activity (BOUBNOV et al. 1995). To extend 
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these observations we recently cloned and sequenced a hamster Ku86 cDNA 
(HE et al. 1996). This gene was subcloned in both orientations into a eukaryotic 
expression vector and used to generate stable transfectants expressing either 
sense or anti-sense gene products. Expression of the sense orientation of 
this gene completely restored IRr (Fig. 1 b) and significantly restored Ku DNA 
end-binding (Fig. 2b) whereas cells expressing the anti-sense construct were 
as deficient in both activities as the sxi-3 cells themselves. In addition, we 
have shown that the hamster Ku86 gene will completely rescue the etoposide 
sensitivity and V(D)J proficiency of sxi-3 cells (Table 1; HE et al. 1996). Lastly, 
Northern analysis using the hamster cDNA as a probe demonstrated that sxi-3 
cells are completely defective for Ku86 mRNA expression and that this ex
pression was restored in cell lines stably expressing the sense orientation of 
the hamster Ku86 cDNA (Fig. 3b). From these experiments we conclude that 
the phenotypes of sxi-3 are directly related to the loss of endogenous Ku86 
gene expression, and they confirm that Ku86 is an important component of 
the mammalian DNA DSB repair machinery. 
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Fig. 1a,b. Functional complementa
tion of the IRS of sxi-1 and sxi-3. a V79-
4. the parental. wild-type cell line; sxi-
1: Ku70, sxi-l cell line stably trans
fected with the Ku 70 expression 
construct; sxi-l :Ku86, sxi-l cell line 
stably transfected with the Ku86 ex
pression construct; SX/~ 1 :Hy, sxi-l cell 
line stably transfected only with a hy
gromycin drug resistance marker. 
b V79-4, the parental, wild-type cell 
line; sxi-3:Hy, sxi-3 cell line stably 
transfected only with a hygromycin 
drug resistance marker; sxi-3:Ku86, 
sxi-3 cell line stably transfected with 
the Ku86 expression construct; sxi-
3 :antiKu86, sxi-3 cell line stably trans
fected with the Ku86 expression con
struct in the anti-sense orientation. 
Single cell suspensions were plated 
and then X-irradiated at the indicated 
doses. One week post-irradiation, 
cells were fixed and stained, and cells 
that survived to form colonies (50 
cells) were scored 
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Fig. 2a,b. Functional complementation of the Ku DNA end-binding activity of (a) sxi-1 and (b) sxi-3 
cells. Cell line descriptions are as given in the legend to Fig. 1. Nuclear extracts were prepared 
from the indicated cell lines, mixed w ith a radiolabelled -150 bp dsDNA probe in the presence 
of 1 I1g circular dsDNA and then analyzed using standard electrophoretic mobility shift assay con
ditions. Ku , the position of the authentic Ku :DNA complex; n.s .. a nonspecific complex occasionally 
observed; fp., free probe 
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Fig. 3a,b. Northern analysis of a sxi-1 and b sxi-3 cells. PolyA + mRNA was purified and prepared 
for Northern blot analysis. The corresponding filters w ere probed with the hamster Ku86 gene or 
a control glyceraldehye phosphate dehydrogenase (GAPDH) gene. In the case of sxi-1, the filter 
was also probed w ith the hamster Ku70. The positions of the three genes are shown with arrows 
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Table 1. Phenotypes of the sxi-1. sxi-2. sxi-3 and sxi-4 cell lines 

Cell Line IRa Bleomycin b Etoposidec DSB Repaird V(D)Je Ku DEBt 

V79-4 R R R + + + 
sxi-1 S S S 
sxi-2 S S S 
sxi-3 S S S 
sxi-4 S S S 
sxi-1 :Ku86 RIS ND ND ND ± ± 
sxi-3:Ku86 R ND R ND + + 

R. resistant; S, sensitive; R/S, partially resistant; ND, not done; +, proficient; -, deficient; ±, partially 
proficient 

a Ionizing radiation sensitivity 
b Bleomycin sensitivity 
C Etoposide sensitivity 
d The ability to repair DNA DSB as assessed by PFGE analysis 
e The ability to carry out either V(D)J recombination coding or signal junction formation as assessed 

by extrachromosomal transfection assays 
t An activity that binds to the ends of a dsDNA fragment in the presence of excess circular dsDNA 

as assessed by electrophoretic mobility shift assays 

2.3 sxi-' Is Not Defective in Ku70 and May Represent 
a Complex Mutation 

Since sxi-1 was also defective in Ku DNA end-binding activity, we considered 
the possibility that it might be defective in Ku70, To pursue this hypothesis, 
we cloned a Ku70 cDNA from a Chinese hamster V79 cell library by its ability 
to cross-hybridize with the human Ku70 cDNA probe. Hamster and human 
Ku70 (GRIFFITH et al. 1992; REEVES and STHOEGER 1989) are 84% identical (99 
amino acid changes) and hamster and mouse Ku70 (PORGES et al. 1990) are 
92% identical with only 49 amino acid changes (Fig. 4), The hamster Ku70 
contains two conserved, but imperfect. leucine heptad repeats which may 
function as a leucine zipper for protein-protein interaction with Ku86 (MiMORI 
et al. 1990). Moreover, hamster Ku70 has a conserved C-terminal helix-turn-helix 
motif and a conserved N-terminal acidic amino acid domain which might serve 
as DNA binding and activation domains, respectively (Fig. 4). We utilized the 
hamster Ku70 DNA sequence to generate oligonucleotide primers for reverse 
transcription polymerase chain reaction (RT-PCR) and used these to clone the 
sxi-1 Ku70 allele. Sequence analysis of sxi-1 Ku70 alleles demonstrated that 
they were completely wild-type (data not shown). ruling out a mutation in 
Ku70 as the cause of the phenotype in sxi-1. To gain insight into the molecular 
basis of the sxi-1 defect. we next established stable transfectants of sxi-1 

cells carrying either the sense or anti-sense orientations of either the hamster 
Ku70 or Ku86 cDNAs. Hamster Ku70 restored a small, but reproducible, amount 
of IRr to sxi-1 cells (Fig. 1 a) The hamster Ku86 gene complemented sxi-1 cells 
better than Ku70, but in contrast to sxi-3 cells, the IRr complementation was 
only partial (compare Fig. 1 a with 1 b). Similarly, stable transfectants expressing 
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Hamster 1 MSGWESYYKT EGEEE*EEE* EESPDPGGEY KYSGRDSL1F LVDASRAMFD 
Murine ?????????? ???--*---* -----T---- ---------- ---------E 
Human ---------- --D--A---Q --NLEAS-D- ---------- -----K---E 

Hamster 51 SQGEDE1TPF DMS1QC1QSV YTSKIISSNR DLLGVVFYGT EKDKNSVNFK 
Murine ------L--- ---------- --------D- ---A------ ----------
Human --S---L--- ---------- --------D- ---A------ ----------

Hamster 101 N1YVLQELDN PGAKRVLELD QFKGQQGKKH FQDTIGHGSD YSLSEVLWVC 
Murine ------D--- ---------- ---------- -R--V----- ----------
Human ---------- -----1---- -------Q-R ---MM----- ----------

Hamster 151 ANLFSDVQVK MSHKR1MLFT NEDDPHGNDS AKASRARTKA NDLRDTG1FL 
Murine --------L- ---------- -------R-- ---------- S---------
Human --------F- ---------- ---N------ ---------- G---------

Hamster 201 DLMHLKRRGG FD1SLFYRD1 MS1AEDEDLG VHFEESSKLE DLLRKVRAKE 
Murine ------KP-- --V-V----- 1TT------- ---------- ----------
Human ------KP-- ---------- 1--------R ---------- ----------

Hamster 251 TKKRVLSRLR FKLGKDVALM VG1YNL1QKA NKPFPVRLYR ETNEPVKTKT 
Murine ---------K ----E--V-- ------V--- ---------- ----------
Human -R--A----K L--N--1V1S ------V--- L--P-1K--- ----------

Hamster 301 RTFNVNTGSL LLPSDTKRSQ TYGSRQ1VLE KEETEELKRF DEPGL1LMGF 
Murine ---------- ---------L ---T------ ---------- ----------
Human ----TS--G- ---------- 1------1-- ---------- -D---MLMGF 

Hamster 351 KALVMLKKHH YLRPSLFVYP EESLVNGSST LFSALLTKCL EKEVMAVCRY 
Murine -PT-----Q- ---------- -----S---- ---------V --K-1-----
Human -P--L----- ---------- -----1---- ------1--- ----A-L---

Hamster 401 TSRKNVPPYF VALVPQEEEL DDQN1QVTPA GFQLVFLPYA DDKRKVPFTE 
Murine -H----S--- ---------- ---------G ---------- ----------
Human -P-R-1---- ---------- ---K-----P --------F- -----M----

Hamster 451 KVMANPEQID KMKA1VHNVR FTYRSDSFEN PVLQQHFRNL EALALDMMES 
Murine --T--Q---- ------Q--- ---------- ---------- ----------
Human -1--T---VG ------EKL- ---------- ---------- ------L--P 

Hamster 501 EQVVDLTLPK AEA1KKRLGS LADEFKELVY PPGYNPEGKA TKRKQDDEGS 
Murine ---------- V--------- ---------- ---------V A---------
Human --A------- V--MN----- -V-------- --D------V ----H-N---

Hamster 551 ASKKPKEELS EEELKAHFAK GTLGKLTVPT LKEVCKAYGL KSGPKKQELL 
Murine T-----V--- --------R- ---------- --D1---H-- ----------
Human G--R--V-Y- -----T-1S- -----F---M ---A-R---- ---L------

Hamster 601 DALTRHFQKN 
Murine ---1--LE--
Human E---K---D* 

Fig. 4. The predicted amino acid sequence of the hamster Ku70 gene. The murine (PORGES et al. 
1990) and human (GRIFFITH et al. 1992; REEVES and STHOEGER 1989) sequences are shown for com
parison. The published mouse sequence was from a partial cDNA and the N-terminal 13 amino 
acids (shown by question marks) have not been described. The two conserved. but imperfect, 
leucine heptad repeats at amino acids 256- 276 and 366-386 are shown in bold. A Chinese 
hamster cDNA library was screened with the human Ku70 gene and a single 700 bp partial cDNA 
was obtained that corresponded to the middle of Ku70. This sequence was used to design PCR 
primers to isolate the N- and C-terminal coding sequences by 5'- and 3·-RACE reactions 
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hamster Ku86 contained more Ku DNA end-binding activity than sxi-1 cells 
expressing Ku7a (Fig. 2a). Lastly, Northern analysis demonstrated that whereas 
sxi-1 expressed normal levels of Ku7a mRNA. like sxi-3 cells, they completely 
lacked expression of Ku86 (Fig. 3a). 

3 Summary 

We isolated four Chinese hamster cell mutants which are IRs, DNA DSB repair 
deficient. and V(D)J recombination defective. In addition, we demonstrated 
that the all the sxi mutants lack Ku DNA end-binding activity. Moreover, sxi-1 
and sxi-3 do not express Ku86 mRNA. Introduction of a hamster Ku86 cDNA 
into sxi-3 cells restored IRr, DNA end-binding activity, V(D) recombination ability, 
and etoposide resistance. Thus, sxi-3 cells are either mutated in the Ku86 
gene itself or in some other gene that contributes to the loss of stable p86 
Ku mRNA expression. Sxi-1 cells, on the other hand, while also lacking Ku86 
mRNA expression, can be partially complemented by either Ku7a (poorly) or 
Ku86 (moderately). While it has unequivocally been shown that this is not due 
to a mutation in the Ku7a gene, further analysis will be required to determine 
if the sxi-1 phenotypes are the direct result of a mutation in Ku86. These 
analyses are currently in progress. 
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1 Introduction 

Antigen receptor variable region genes are assembled from component gene 
segments during the differentiation of Band T lymphocytes (LANSFORD et al. 
1995). This process. termed V(D)J recombination. is initiated by RAG-1 and 
RAG-2. the only lymphoid-specific proteins required for this reaction (SCHATZ 
et al. 1989; OETIINGER et al. 1990; MOMBAERTS et al. 1992; SHINKAI et al. 1992). 
Expression of RAG-1 and RAG-2 promotes cleavage at the junction of the V. 
D. or J coding segments and their flanking recognition sequences (RS). gener
ating hairpin-like coding ends and blunt RS ends (VAN GENT et al. 1995). Sub
sequent joining of the liberated DNA ends appears to involve more generally 
expressed proteins including several proteins that also participate in DNA 
double-strand break repair (DSBR) (reviewed by TACCIOLI and ALT 1995). 

Elucidation of factors shared by DSBR and V(D)J recombination has 
emerged from studies of several radiosensitive Chinese hamster ovary (CHO) 
cell lines. including XR-1. xrs-6 and V-3 (reviewed by TACCIOLI and ALT 1995). 
These three cell lines represent X-ray repair cross complementing groups 
(XRCC)-4. 5 and 7. respectively. and their radiosensitivities are specifically 
caused by defective DSBR (reviewed by JEGGO et al. 1991 and TACCIOLI and ALT 
1995). When RAG-1 and RAG-2 are ectopically expressed to provide V(D)J 
recombination ability. all three of these mutant hamster cell lines are capable 
of supporting initiation of the V(D)J recombination reaction. However. the xrs-6 
and XR-1 lines are severely impaired in ability to join coding and RS ends 
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(TACCIOLI et al. 1992, 1993), whereas V-3 cells, similar to cells homozygous for 
the murine scid mutation, are preferentially impaired in joining coding ends 
(TACCIOLI et al. 1992, 1994a; PERGOLA et al. 1993). Somatic cell hybrid studies 
confirmed that V-3 and scid reside in the same complementation group (TACCIOLI 
et al. 1994a). 

The defects in xrs-6 and V-3 cells involve deficiencies in expression of 
two components of the DNA-dependent protein kinase (DNA-PK) complex. 
Ku80, which along with Ku70 forms the DNA-binding subunit of DNA-PK, is 
defective in xrs-6 cells and p460 (DNA-PKcs), which is the catalytic component 
of DNA-PK, is defective in V-3/Scid cells. Therefore, Ku80 represents theXRCC5 
gene and DNA-PKcs represents the XRCC7 gene (reviewed by TACCIOLI and 
ALT 1995). XR-1, despite having similar defects to xrs-6 in V(D)J recombination, 
have normal DNA-PK and Ku DNA-end binding activities (GEns and STAMATO 
1994; RATHMELL and CHU 1994; BLUNT et al. 1995), and expression of human 
DNA-PK components failed to correct the XR-1 defects (TACCIOLI et al. 1994b; 
BLUNT et al. 1995). Furthermore, XR-1 has a unique cell-cycle-dependent 
radiosensitivity, being hypersensitive to X irradiation during the G1 and early 
S phases of the cell cycle, but showing nearly wild-type levels of resistance 
in late S phase (STAMATO et al. 1983). A putative human gene, termed XRCC4, 
which can complement the XR-1 defects, has been mapped to human chro
mosome 5q13-14 (GIACCIA et al. 1990; TAccioLi et al. 1993; OTEVREL and STAMATO 
1995). 

2 Complementation Cloning of XRCC4 

To further elucidate the XR-1 defect, we first characterized the ability of these 
cells to support inversional V(D)J recombination within the stably integrated 
G 12 substrate (LI et al. 1995; Fig. 1). Normal recombination of the G 12 construct 
inverts a gpt gene and activates its expression, conferring resistance to my
cophenolic acid (MPA) (YANCOPOULOS et al. 1990). Since inversional recombination 
demands formation of both coding and RS joins and XR-1 cells are defective 
in both, we expected G12 inversion to occur at a very low frequency. Corre
spondingly, we found that RAG-expressing XR-1 cells initiated V(D)J recombi
nation of the G 12 construct at a substantial rate, but most of the rearrangement 
products were aberrant. involving deletion of the gpt-containing sequence (LI 
et al.1995). When pools of XR-1 RAG-transfectants were selected for growth 
in MPA. the frequency of MPA-resistant cells was 10-5 or less, at least 1000-fold 
lower than wild type cells (LI et al.1995). In contrast, murine Scid cells, which 
have a relatively unimpaired level of RS joining, show a much higher rate of 
inversion of a very similar construct (HENDRICKSON et al. 1990). 

The very low frequency of inversional recombination in XR-1 cells confirmed 
the feasibility of isolating the XRCC4 gene by a complementation strategy 
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Fig. 1. Strategy for cloning the XRCC4 gene 

(outlined in Fig. 1; LI et al. 1995). For this purpose, we first established an 
XR-1 cell line, designated CR6, that contained one copy of the G 12 construct 
and multiple active copies of RAG-1 expression vectors. Subsequently, RAG-2 
expression vectors and DNA from a human teratocarcinoma cDNA library (in 
a shuttle vector that permitted both mammalian expression and bacterial pro
pagation; BIERHUIZEN et al. 1993) were co-transfected into CR6. The transfected 
cDNA sequences were concatemerized at the unique Sfil site to promote 
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uptake of multiple sequences and facilitate subsequent rescue. Potentially 
complemented XR-1 cells. presumably exhibiting G 12 inversion. were selected 
based on growth in the presence of MPA. Actual complementation of the 
V(D)J recombination defect in the MPA-resistant cells was confirmed by as
saying their ability to support transient V(D)J recombination. Three MPA-resis
tant clones displayed a significantly enhanced rate and fidelity of V(D)J rec
ombination when assayed with pJH200. a substrate that measures RS join 
formation (HESSE et al. 1987; LI et al. 1995). 

The cDNA clones that were integrated into these three cell lines were 
rescued by digestion of the genomic DNA with Sfil. recircularization. and pro
pagation in host bacteria (Fig. 1; LI et al. 1995). Individual cDNA clones were 
analyzed for their ability to correct the XR-1 V(D)J recombination defects in 
transient assays. One of these clones was integrated into the genome of all 
three complemented XR-1 cell lines. This clone (termed XRCC4. see below) 
was found to completely restore V(D)J recombination ability of XR-1 cells 
when introduced either transiently or stably (LI et al. 1995; Table 1). Stable 
expression of the XRCC4 cDNA sequence also significantly restored radiore
sistance to XR-1 cells (LI et al. 1995). The complementing effect. however. 
was limited to XR-1 : transient expression of this sequence did not complement 
the V(D)J recombination defects of either xrs-6 or V-3 cells (LI et al. 1995). 
Furthermore. stable expression of XRCC4 did not correct either the V(D)J 
recombination or X-ray sensitivity defects of the V-3 cells (Fig. 2; Table 1). 

Table 1. Analysis of signal and coding joining in CHO cells by Transient V(D)J recombination assay 

pJH200 (Signal) PJH290 (Coding) 
cDNA AmpRCamR % Relative AmpRCamR % Relative 

Cell line Plasmid AmpR level AmpR level 

4326A (wt) 281347 8.1 220/4470 4.9 
XR-1 118/19650 0.6 <0.1 ND 
XR-1 XRCC4 504/2640 19 2.3 365/6350 5.7 1.2 
XR-1 .xRCC4.1 34813900 8.9 1.1 187/3950 4.7 0.9 
M8 (wt) 112/22500 0.5 1 48/1670 2.9 1 
V-3 71/2220 3.2 6.4 8/15300 0.052 0.018 
V-3 XRCC4 60/4350 1.4 2.8 3/20550 0.015 0.005 
V-3.XRCC4.1 81/14400 0.6 1.1 0/38850 <0.003 <0.001 
V-3.XRCC4.2 11/1635 0.7 1.3 6132400 0.019 0.007 
V-3.XRCC4.3 94/4830 1.9 3.9 7/37650 0.019 0.007 
V-3.XRCC4.5 15/405 3.7 7.4 13/96000 0.014 0.005 
V-3.XRCC4.6 46/5700 0.8 1.6 1/2145 0.047 0.016 
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Fig. 2a,b. X-ray irradiation survival 
curves for a series of V-3 transfec
tants. MB (open squares), parental 
wild type cell line for V-3 (open 
rhombus) . V-3.xRCC4.1-6 (a) are 
various V-3 cell lines stably trans
fected with pPGK-Puro and the 
human XRCC4 cDNA (open circles. 
V-3.xRCC4.1; triangles. V-3.XRCC4.2; 
crossed squares. V-3.XRCC4.3; filled 
rhombus. V-3.XRCC4.5 ; crossed 
circles. V-3.xRCC4.6). Expression of 
the human XRCC4 protein was con
firmed by Western blotting analysis. 
V-3.1-8 (b) are various V-3 cell lines 
transfected with pGK-Puro only 
(open circles. V-3.1; upward 
triangles. V-3.3; crossed squares. 
V-3.5; filled rhombus. V-3.6; crossed 
circles. V-3.7; downward triangles. 
V-3.8). The purpose in including 
V-3.1-8 is to show the range of X-ray 
sensitivity among different sub
clones of V-3. X-ray irradiation tests 
were performed as follows: 100-200 
cells were seeded in each well of a 
six-well plate. After incubation for 
overnight. the cells were irradiated 
with the gamma ray dosage indi
cated at a dose rate of 100 rad/min 
with a 662 Kev Cs 147 irradiator. At 
4-5 days after irradiation. colonies 
of cells were stained by crystal vi
olet/EtOH solution and numbers of 
colonies counted. Percentage survi
val was calculated with the colony 
number of nonirradiated cells taken 
as a standard. Each data point is the 
mean of duplicate experiments 
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Fig. 3. TheXRCC4 transcripts in human cell 
lines (American Type Culture Collection) as 
detected in Northern blot of total RNA. The 
probe used is noted to the left of each 
panel. GAPDH is used for controlling the 
amount of RNA in each lane 

3 Characterization of the XRCC4 Gene 

The long open reading frame of the XRCC4 cDNA can encode an approximately 
40Kd protein that does not have significant homology to any previously de
scribed. although it does contain a potential nuclear localization motif and 
several potential phosphorylation sites (LI et al. 1995). We mapped the gene 
encoding the XRCC4 cDNA sequence to human chromosome 5q11 .2-13.3 (LI 
et al. 1995), showing that the sequence we isolated derived from the chro
mosomal region previously implicated (OTEVREL and STAMATO 1995). The mouse 
homologue of the gene was also isolated (LI et al. 1995) and mapped to a 
region in mouse chromosome 13 that is syntenic to human 5q13 (unpublished 
observation by Y. GAO. F W. ALT. and N. JENKINS). No relevant mouse or human 
disease yet has been identified in these regions. The XRCC4 gene encodes 
a ubiquitously expressed transcript of approximately 1.8kb in both human 
(Fig. 3) and mouse (LI et al. 1995). Southern blotting analyses revealed that 
the XR-1 mutation involved a complete deletion of the XRCC4 gene (LI et al. 
1995). Therefore. lack of XRCC4 expression is not cell lethal. and it may be 
possible to further analyze its function in vivo through a gene-targeted muta
tional approach. 
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4 Potential Functions of the XRCC4 Protein 

The XRCC4 sequence does not give any significant clues to its function. Any 
speculation would need to account for the requirement for the XRCC4 protein 
in the end-joining reactions that occur both during V(D)J recombination and 
DSBR. Presumably, XRCC4 plays the same role in both processes, although 
this remains to be determined. In particular, it is still unclear why expression 
of human XRCC4 completely restores the V(D)J recombination ability but only 
partially corrects X-ray sensitivity defect in XR-1 cells (LI et al. 1995). 

XRCC4, like Ku80, could be involved in DNA end protection, although XR-1 
cells do not have apparent DNA end-binding defects (RATHMELL and CHU 1994; 
GEns and STAMATO 1994). XRCC4 could also be involved in DNA damage rec
ognition, possibly recruiting repair proteins to the site of the DNA break, anal
ogous to the proposed functions of the XPB-XPD proteins in excision repair 
(DRAPKIN et al. 1994). The XRCC4 protein may also contain or regulate an enzy
matic activity involved in ligation of DNA ends. Another DNA repair factor, 
XRCC1, has been shown to be associated with DNA ligase III (CALDEcon et 
al. 1994). Alternatively, XRCC4 may have a role in maintaining the spatial struc
ture of the putative recombination/repair complex, such that its absence leads 
to inability to efficiently align and ligate the appropiate ends. In this context, 
XR-1 cells have been shown to have abnormal contents of certain DNA-an
choring matrix proteins (MALYAPA et al. 1994). The above proposed roles (and 
many other conceivable ones) for XRCC4 are not mutually exclusive and await 
further biochemical and genetic studies. 
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1 Introduction 

The ability of B lymphocytes to perform immunoglobulin (lg) class switch 
recombination depends largely on their differentiation stage. Pro-B cells, pre-B 
cells, and plasma cells do not switch at detectable levels. B cell receptor 
(BCR) cross linking, T cell help, and cytokines can drive the mature B cells 
into proliferation and differentiation and induce switch recombination. This 
recombination is targeted to distinct switch regions by cytokines through the 
induction of switch transcripts (LORENZ et al. 1995a,b). Cytokines also control 
the frequency of detectable, switched cells by regulating the amount of Ig 
secreted and the clone size of switched cells (for review, see VERCELLI and 
GEHA 1992; COFFMAN et al. 1993; HARRIMAN et al. 1993; LORENZ and RADBRUCH 
1996). Here, we focus on those molecules, which are involved in the regulation 
of class switching. 

The recent technology of introducing targeted mutations into the murine 
germline is enabling us to define the molecules involved in cellular differen-
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tiation ad libitum. Already now, targeted mice have contributed considerably 
to the molecular understanding of Ig class switch recombination and its regu
lation. For a number of genes and DNA sequences it has been shown that 
they affect the frequency of switched B lymphocytes Some of them and their 
effects are listed in Table 1. It is obvious that these genes and their products 
act on a variety of levels, which are discussed in detail below. Reduced or 
enhanced Ig levels in the serum of homozygous targeted mice could also be 
due to an intrinsic defect in B or helper cell functions or to a defect in other 
cells which influence the production of Ig in general. Defects in BCR cross 
linking, antigen presentation, costimulatory signals, cytokine production or con
trol elements for switch transcripts can dramatically influence the frequency 
of class switching, although many of them do not interfere with class switching 
as such. On the other hand, the importance of particular genes involved in 
switching will not become immediately evident, if the functions of these genes 
are backed up by redundant genes. 

2 Developmental Regulation 
of Immunoglobulin Class Switching 

It is still not entirely clear at which point of development mammalian B cells 
acquire the ability to perform Ig class switching. Class switching of pro- and 
pre-B cells in the bone marrow has never been reported unambiguously, but 
also not rigorously excluded for low frequencies. Pre-B cells isolated from the 
bone marrow express only cytoplasmic ~ heavy chains (BURROWS et al. 1979), 
but no cytoplasmic y or a heavy chains (KUBAGAWA et al. 1982). In an extrach
romosomal recombination assay, switch substrates are predominantly recom
bined in B cell lines representing the mature B cell stage and less in pre-B 
cell lines or plasma cell lines (DANIELS and LIEBER 1995). In conceptional terms, 
class switching is not required for B cells until their first contact with antigen. 
Before the onset of somatic hypermutation, the primordial low affinity-high 
avidity IgM with its ten binding sites per molecule seems to be best suited 
to combat with antigen. The class-specific targeting of switch recombination, 
as discussed below, would make sense only in antigen-specific activations, 
and not in pro-B and pre-B cells, which lack an antigen receptor. The physi
ological relevance of the observation that in murine 18.81 Abelson-transformed 
pre-B cells, switch recombination from IgM to IgG2b occurs at low frequencies 
upon stimulation with lipopolysaccharide (LPS) (BURROWS et al. 1981, 1983) 
remains unclear. 
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3 The Onset of Switch Recombination 

3.1 Differential Activation of B Cells by Antigens 

It has been known for some time that particular antigens are correlated to 
particular Ig isotypes in the respective immune responses and that those 
immune responses are to varying degrees dependent on the help of T lym
phocytes. Responses to most polysaccharides are largely independent of T 
cell help, responses to T independent type 1 (TI-1), or type 2 antigens (TI-2)) 
being dominated by IgG3. Responses to soluble protein antigens mostly de
pend on T cell help (TO antigens) and often are dominated by IgG1 (for review, 
see LORENZ and RADBRUCH 1996). TI-1, TI-2, and TO antigens use different path
ways for B cell activation, i.e., the stimulation of murine resting B cells to 
enter the G1 phase of cell cycle. For TI-2 and TO antigens, the BCR and B 
cell coreceptor complex transmit the activation signal, for TI-1 antigens other 
B cell surface molecules like C014 on human B cells are involved, acting as 
mitogen receptors (ZIEGLER-HEITBROCK et al. 1994). Although both being antigen
specific activations, TI-2 and TO responses are genetically dissected by the 
X-linked immunodeficiency (Xid), Bruton's tyrosine kinase (btk), major histo
compatibility complex (MHC) class II, C019 and C040/C040L mutations 
(Table 1). The TI-2, but not the TO immune response is abolished in Xid (KHAN 
et al. 1995) and btk (KERNER et al. 1995; KHAN et al. 1995) deficient mice, 
showing that the B cell antigen receptor can be used in different ways. In 
contrast, the TO, but not the TI-2 immune response is absent in MHC class II 
(COSGROVE et al. 1991; GRUSBY et al. 1991), C019 (RICKERT et al. 1995) and 
C040/C040L (RENSHAW et al. 1994; Xu et al. 1994; KAWABE et al. 1994; CASTIGLI 
et al. 1994) deficient mice, all of those mutations affecting T-B cell interaction. 
In most mutations the defect in production of TO IgG, IgA or IgE isotypes is 
compensated by higher production of primordiallgM (GRUSBY et al. 1991; KAWABE 
et al. 1994), i.e., the cells are still activated to the secretion of IgM, but do 
not switch. Viable TI-1 deficient mutant mice have not been described. In 
homozygous Oct-2 deficient mice the LPS-induced activation is greatly im
paired, but these mice die around birth (CORCORAN et al. 1993; CORCORAN and 
KARVELAS 1994). The genetic data show that TI-1, TI-2 and TO antigens activate 
B cells via different signaling pathways and that these pathways are dominated 
by particular Ig classes. 

3.2 B Cell Receptor Complex 

In naive surface IgM and IgO expressing B lymphocytes of mouse and humans, 
Ig class switch recombination can be induced in some, but not all cells by 
induction of proliferation of the B cells in vitro allowing to define the minimum 
signal requirements for the recombination (KEARNEY and LAWTON 1975; KEARNEY 
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et al. 1976; PERNIS et al. 1977; COUTINHO and FORNI 1982; FINKELMAN and VITETTA 
1984). So far, in all those systems for stimulation of naive B cells in vitro, 
class switching is induced whenever proliferation is induced. Regardless of 
the mood of stimulation, not all of the cells perform class switching, although 
in the progeny of about 80% of LPS-activated cells, switched cells do occur 
(COUTINHO and FORNI 1982). Activation as such, as reflected by transition of 
cells from GO to G1 phase of the cell cycle and increased expression of MHC 
class II molecules is apparently not sufficient. Anti-lgM or anti-lgO both can 
activate B cells, but do not induce class switching by themselves. In conjunction 
with other molecules they can, as long as this combination induces proliferation 
of the B cells. In comparison, surface IgM and IgO both can activate B cells 
for class switching. IgO-deficient mice, in which the lack of surface IgO is 
compensated by a threefold increased expression of surface IgM (Nitschke 
et al. 1993), show no significant change in serum titer of any Ig class and in 
the immune responses against TI-2 and TO antigens. On the other hand, 
cross-linking of surface IgO on resting murine B cells by anti-lgO monoclonal 
antibodies conjugated to dextran in vitro (SNAPPER et al. 1991) or in vivo (THY
PHRONITIS et al. 1993) also induces normal proliferation and, in the presence of 
cytokines, Ig class switching. Thus, with respect to class switching, IgM and 
IgO can replace each other. 

The signal transducing units of the BCR are Iga and Ig~. Iga mutant mice 
have a strong, but leaky block in B cell development (TORRES et al. 1995). 
Immunoglobulin class switching has not been analyzed in these "leaky" B cells. 
The activation signal transmitted by the BCR seems to be enhanced by the 
protein tyrosine phosphatase C045. C045exon6 deficient mice show a signi
ficant reduction of anti-lgM inducible proliferation while retaining their LPS 
responsiveness (KISHIHARA et al. 1993). A component of the B cell coreceptor 
complex, C019, in synergy with C021, C081 and Leu13 is involved in B cell 
activation and in TO responses and in TI-2 responses of B2 cells, but not in 
TI-2 immune responses of B 1 cells, as shown by targeted inactivation of C019 
(RICKERT et al. 1995; Table 1). 

3.3 Costimulatory Signals 

In C045exon6 deficient mice the TH cell population is only slightly altered 
(KISHIHARA et al. 1993), while in MHC class II (COSGROVE et al. 1991; GRUSBY et 
al. 1991; KONTGEN et al. 1993) and C04 (RAHEMTULLA et al. 1991) deficient mice 
few, if any, TH lymphocytes are found. The frequency of mature conventional 
(B-2) B cells is not affected (COSGROVE et al. 1991) and those still respond 
normally to LPS, i.e., TI-1 antigen (RAHEMTULLA et al. 1991; KONTGEN et al. 1993). 
Obviously, TO immune responses are affected. The absence of help from T 
cells results in a strong and specific serum IgG1 and a slight IgG2b deficiency 
(COSGROVE et al. 1991). IgG1 and IgG2b are also reduced in the serum of C028-
deficient mice (SHAHINIAN et al. 1993), but not in B7-deficient mice (FREEMAN et 
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al. 1993). The titers of IgM and IgG3, the major antibody classes of TI responses, 
are not significantly affected in MHC class II-deficient mice which lack TH 
cells (COSGROVE et al. 1991). The antibody responses against a number of TI-2 
antigens are the same as in control mice (COSGROVE et al. 1991; KONTGEN et al. 
1993), while the antibody responses against several TO antigens (COSGROVE et 
al. 1991; GRUSBY et al. 1991) are completely absent. The defect in generation 
of TD immune responses is correlated to a defect in germinal center formation 
(COSGROVE et al. 1991; Xu et al. 1994; KAWABE et al. 1994; CASTIGLI et al. 1994; 
RICKERT et al. 1995). Although it is clear from these data that T H cells control 
the Ig class switch to IgG 1, the effect is less dramatic than could have been 
expected. The reduction in titer of IgG1 in the serum could be much higher, 
when compared with ly1-promoter targeted mice (for the hMT-variant, see 
LORENZ et al. 1995b). Switching to murine IgG1 is apparently not dependent 
on T cell help, but T cell help can efficiently promote switching to IgG1. 

There are many ways in which activated TH cells can provide direct and 
indirect help for Ig class switching. Cytokines, mostly secreted, or membrane
bound ligands for BCRs such as the CD40L (TRAP) binding to C040, CD28 
and CTLA-4 binding to B7, and T cell receptor (TCR) and CD4 binding to the 
B cell MHC class II/antigen peptide-complex, to name just a few, enable T 
cells to control B cell differentiation. 

Since B cell proliferation apparently is a prerequisite for Ig class switching 
(see below). T cell control of B cell proliferation indirectly also controls B cell 
class switching. The most prominent interaction in this respect is C040 and 
its ligand. This became evident when the genetic defect in the human X-linked 
hyper IgM syndrome was identified as mutations of the human C040L gene 
(FULEIHAN et al. 1993; ARUFFO et al. 1993; DISANTO et al. 1993; ALLEN et al. 1993; 
KORTHAUER et al. 1993). Patients have little IgG, IgA and IgE but more IgM than 
healthy people (for review, see KROCZEK et al. 1994), reflecting a defect in TO 
immune responses. CD40- and C040L- deficient mice (CASTIGLI et al. 1994; 
KAWABE et al. 1994; Xu et al. 1994; RENSHAW et al. 1994) have T H and conventional 
B cells at normal frequencies. The lack of CD40 does not abolish LPS-induced 
proliferation (CASTIGLI et al. 1994; KAWABE et al. 1994) or sensitivity to BCR 
stimulation with anti-lgM (KAWABE et al. 1994). A significant reduction in IgG1, 
IgG2b, IgG2a and IgE titers is observed in the serum of mutant mice (CASTIGLI 
et al. 1994; KAWABE et al. 1994; RENSHAW et al. 1994; Xu et al. 1994). Nevertheless, 
the B cells are endogenously still capable of switching to IgG1 as shown by 
stimulation of C040-deficient B cells with LPS and interleukin 4 (lL-4) in vitro 
(CASTIGLI et al. 1994). The CD40-deficient B cells also switch in vivo to IgG3, 
the dominant class of TI immune responses. On the other hand, antigen-in
dependent stimulation by CD40 alone of B cells to proliferation seems to be 
sufficient to class switching at low frequencies (BANCHEREAU et al. 1994). The 
CD40/C040L-induced proliferation is enhanced by other stimulatory signals 
such as ligation of Ox40 (STUBER et al. 1995) and several cytokines. The effect 
of cytokines like IL-2, IL-4, IL-10, IL-13 and interferon y(lFNy) with other signals 
in stimulation of proliferation is additive (for review, see BANCHEREAU et al. 1994). 
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3.4 Is Class Switch Recombination Linked to Proliferation? 

It is obvious that class switching is not induced by activation of B cells, i.e., 
transition from GO to G1 phase. Induction of proliferation seems to be required 
(MAX et al. 1995), although it is not clear whether DNA synthesis as such 
would not be sufficient. The inhibition of DNA synthesis in LPS-activated murine 
spleen cells with thymidine or hydroxyurea reduces the frequency of class 
switching drastically (SEVERINSON-GRONOWICS et al. 1979). Based on their analysis 
of presumably related switch recombinations in the murine lymphoma line 
1.29, Dunnick and Stavnezer have proposed that class switch recombination 
may be mediated by error-prone DNA repair synthesis of one DNA strand and 
ligation of the other strand from pre-existing DNA (DUNNICK et al. 1989; DUNNICK 
and STAVNEZER 1990). Recently, the physiological relevance of these data has 
been questioned by the demonstration that most class switch recombinations 
in vivo work by loop-out-and-deletion of intervening DNA (VON SCHWEDLER et al. 
1990; IWAsATO et al. 1990; MATSUOKA et al. 1990), supporting the possibility that 
the 1.29 switch events and mutations had resulted from unrelated switch 
events. Sequence analyses of switch recombination breakpoints recovered 
from normal B cells have shown small insertions at the recombination sites 
which would favor a DNA double-strand break and repair mechanism (WINTER 
et al. 1987; ROTH et al. 1989). Whether or not class switch recombination 
requires proliferation or just DNA repair synthesis, it has not yet been possible 
to dissect class switching from proliferation in terms of signal requirements. 

4 Targeting Switch Recombination 

4.1 The Role of Switch Regions 
in Immunoglobulin Class Switching 

Switch recombination occurs in activated and proliferating B lymphocytes at 
frequencies of up to 10% per generation in vitro and probably at even higher 
frequencies in vivo (WINTER et al. 1987). Although aberrant recombinations may 
happen occasionally and even may be involved in the generation of transfor
ming oncogene translocations, like that of c-myc (TIAN and FAUST 1987), the 
overall fidelity of switch recombination is remarkable. The sequences involved, 
the switch regions, are located 5' of all heavy chain constant region genes, 
except murine CB, which as a consequence is not involved in recombinatorial 
class switching. Switch regions consist of highly repetitive and GC-rich se
quences. In general, GC-rich DNA stretches are known to be highly recombi
nogenic (CHARLESWORTH 1994), maybe through formation of (CG)*G DNA triplets 
(MEERVELT et al. 1995) or DNA/RNA triplet structures (REABAN and GRIFFIN 1990; 
REABAN et al. 1994; for review, see LORENZ and RADBRUCH 1996). We still do not 
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really know today how switch regions are involved in switch recombination 
on a molecular level. Attempts to reveal the minimum sequence requirements 
for switch recombination with DNA switch recombination substrates, trans
fected into primary B cells or pre B cell lines, have supported the importance 
of switch region sequences as such for recombination (LEUNG and MAIZELS 
1992; DANIELS and LIEBER 1995). 

It seems clear today that switch recombination is not only targeted to 
switch regions as such, but that recombination is directed to particular switch 
regions in individual B cells. Apart from being a fascinating challenge to un
derstand, this level of control is of considerable functional importance. B cells 
selected by antigen are instructed to switch to production of antibodies of 
distinct class and function. This instruction is exerted by signals from accessory 
cells and T helper cells. 

4.2 Cytokines Target Switch Recombination 
to Distinct Switch Regions 

Cytokines are known to play an important role in the clonal expansion of B 
cells, .isotype selection, and enhancement of Ig secretion, but it was surprising 
to learn that they also instruct B cells to switch to particular classes of Ig 
(ISAKSON et al. 1982; LAYTON et al. 1984). On a molecular level, they do so by 
targeting switch recombination to a particular switch region (RADBRUCH et al. 
1986). This is an extraordinary example of a protein signaling event controlling 
the DNA sites involved in a particular recombination event. rather than specific 
DNA sequences. In the meantime this finding has received ample confirmation, 
and a variety of cytokines controlling switching to particular classes have been 
described (for review, see SIEBENKOTIEN and RADBRUCH 1995). IFNy has been 
found to control switching to murine IgG3 and IgG2a, IL-4 to IgG1 and IgE, 
and TGF~ to IgG2b and IgA. On a genetic level, cytokine or cytokine-recep
tor-deficient mice show specificity and redundancy of switch control by cy
tokines. IL-4 deficient mice show a significant reduction of serum IgG1 and 
almost no detectable IgE (KUHN et al. 1991; KOPF et al. 1993). accompanied 
by a block in production of TH2 cytokines other than IL-4 (KOPF et al. 1993). 
This shows that IL-4 is critical for class switching to IgE but class switching 
to IgG1 apparently can at least in part also be induced by other signals. In 
TD immune responses, the impaired IgG1 response is compensated by IgG2 
and IgG3 (KOPF et al. 1993). The targeted deletion of the gene for the IFNy 
receptor results in decreased expression of IgG2a (HUANG et al. 1993). the 
IgG3 expression in these mice or in IFNy deficient mice (DALTON et al. 1993) 
was not analyzed. The targeted deletion of IL-6 in mice does not result in a 
variation of any Ig isotype in the serum (KOPF et al. 1994) and the effect of 
TGF~-l (SHULL et al. 1992; KULKARNI et al. 1993) in serum antibody production 
remains obscure, since its targeted mutation results in a lethal phenotype. 
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4.3 Cytokines Induce Switch Transcripts 

In the search for the mechanism of targeting of switch recombination by 
cytokines, a remarkable link to specific induction of transcription of the targeted 
switch regions has been observed. Before Ig class switch recombination, spe
cific cytokine-induced transcripts (lH- switch transcripts) of the switch donor 
and the switch acceptor region are detectable in activated B cells (for review: 
LORENZ and RADBRUCH 1996). IL-4 induces specifically ly1 and at higher doses 
IE, IFNy 1"(3 and ly2a, and TGF~ ly2b and la switch transcripts (for review, see 
LORENZ and RADBRUCH 1996). Alternative inductory and inhibitory signals may 
well be identified in the future. All of these switch transcripts initiate at multiple 
sites, several hundred base pairs upstream of the corresponding switch region. 
Transcription proceeds through switch region and entire CH gene and termi
nates at the termination site of the corresponding CH gene. The transcript is 
processed and stabilized by splicing. The switch region and the CH introns 
are removed, resulting in a processed switch transcript with an IH exon spliced 
to the CH exons. Nearly all of the switch transcripts contain stop codons in 
all reading frames and code for short peptides, if they code at all. The functional 
significance of the IH-promoter for the control of switch recombination is dem
onstrated by the drastic phenotypes of mice with targeted replacements or 
deletions of the DNA 5' of particular switch regions (ZHANG et al. 1993; JUNG 
et al. 1993; BODARO et al. 1994; LORENZ et al. 1995a,b; see Table 1). 

4.4 Switch Transcription Factors 

Signal transduction pathways for the induction of specific switch transcripts 
by particular cytokines are currently being unravelled pretty fast. There seems 
to be nothing mysterious about it. just another kind of transcription. Cytokines 
generate specific switch transcripts by activating transcription factors. Several 
cytokine, mitogen, or CD40-induced switch transcription factors have been 
described recently. Some of these factors such as N F-KB, LR 1, and B cell 
specific activator protein (BSAP) also bind to internal switch region sequences 
alone or complexed with other factors (see below). LR1 is induced by LPS 
(LPS-responsive factor) (WILLIAMS and MAIZELS 1991), and regarded as a tran
scription factor (BRYS and MAIZELS 1994). But LR1 also binds to sequences of 
the sy1, s"(3 and s~ switch regions, and to the Ig heavy-chain intron-enhancer 
(WILLIAMS and MAIZELS 1991). The IgG1 and IgE switch-inducing cytokine IL-4 
activates the transcription factor STF-IL-4 (Hou et al. 1994), which binds to a 
particular region of the IE promoter (SCHINDLER et al. 1994). Ligation of CD40 
activates the transcription factors NF-KB, AP-1 and NF-AT (FRANCIS et al. 1995). 

NF-KB deficient mice show a severe reduction of serum IgG1 and IgE 
and a slight reduction of the IgG2b, IgG2a, IgA titers, while IgM and IgG3 
titers are not changed. NF-KB binds to switch nuclear protein (SNIP), a protein 
expressed in mitogen-activated murine splenic B cells, and this complex binds 
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to tandem repeats of the sy3, sy1, and sy2b switch regions (WUERFFEL et al. 
1992; KENTER et al. 1993). Many of the sy3 recombination breakpoints occur 
within the SNIP/NF-KB-binding site and the binding site of another protein 
called switch nuclear A protein (SNAP) (WUERFFEL et al. 1992). Since the se
quence of the transcription factor NF-KB contains a rei domain, which could 
promote dimerization, it has been speculated that those factor complexes 
might be involved in the alignment of switch regions for switch recombination. 

Another molecule that has been speculated to act as a transcription factor 
and which may be involved in switch recombination as well, mostly because 
it binds to switch region sequences, is B-cell specific activator protein (BSAP). 
The inductor of BSAP (BARBERIS et al. 1990) is not known. BSAP binds to two 
distinct sites 5' of the sa. region (WATERS et al. 1989) and to repetitive sequence 
motifs of the sll-region (Xu et al. 1992). The transcription factor BSAP is involved 
in induction of 1£ transcription (LIAO et al. 1994) and control of B cell proliferation 
(MAX et al. 1995). 

The limitations of conventional gene targeting strategies become obvious 
in the analysis of the role of transcription factors in switch recombination. 
Since most of the candidate transcription factors, identified by their switch 
cytokine induced activation or their binding to switch regions or 5' thereof 
are pleiotropic, their knockout is lethal or at least obstructs early B cell de
velopment. An example is BSAp, which is essential for B cell development. 
No pre-B cells, mature B cells, or plasma cells can be detected in Pax5/BSAP 
deficient mice, making it impossible to analyze class switching in these mutant 
mice (URBANEK et al. 1994). PAX5/BSAP also seems to playa key role in mouse 
development, since its targeted deletion leads to neonatal mortality (URBANEK 
et al. 1994). Thus the role of BSAP in regulation of Ig class switch recombination 
remains obscure after all. 

Targeting of the transcription factors E2A (BAIN et al. 1994; ZHUANG et al. 
1994) and Oct-2 (CORCORAN et al. 1993). which also might be involved in regu
lation of switch transcription, leads to neonatal and perinatal mortality, respec
tively. Oct-2-deficient mice show normal numbers of pre-B cells, but no mature 
B cells. The LPS-induced Ig production is greatly impaired in Oct-2-deficient 
B cells (CORCORAN et al. 1993; CORCORAN and KARVELAS 1994). 

4.5 DNA Sequences Involved in Targeting 
of Switch Recombination 

While the targeted knockout of genes for transcription factors has not con
tributed much to understanding their role and the role of switch transcription 
for the control of switch recombination, the mutational analysis of the DNA 
sequences involved in switch transcription has established the functional de
pendency of switch recombination on switch transcription. The deletion of 
entire promoter regions for switch transcription such as the ly1 (JUNG et al. 
1993) or ly2b (ZHANG et al. 1993) cytokine-dependent promoter regions of the 
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mouse, lead to a severe and selective IgG 1 or IgG2b deficiency, respectively. 
Little, if any, IgG1 is detected in the ly1 knockout mice. In the mutant B cells, 
the switch promoter controls targeting of recombination to the respective 
adjacent switch region and only on that particular IgH locus, i.e., in cis. 

Deletion of the JH gene segments and the Ig heavy chain intron enhancer, 
located just 5' of the Sll switch region and containing the promoter for III 
transcripts (LENNON and PERRY 1985; Su and KADESCH 1990) results in a drastic 
reduction of switch recombination involving Sll on the mutant chromosome 
(Gu et al. 1993). If class switching from IgM to IgG1 is induced by LPS and 
IL-4, the sy1 switch region performs switch recombination with itself. These 
intra-switch region recombinations seem to be a characteristic feature of 
switching cells and intra Sll recombinations had previously been observed in 
switching normal B cells at high frequency (WINTER et al. 1987). 

While the IgH "intron"-enhancer apparently is critical for switch recombi
nation of the Sll switch region, the murine 3' IgH-enhancer, located 12.5 kb 
downstream of the Ca-membrane exon (DARIAVACH et al. 1991; LIEBERSON et al. 
1991), acts as an enhancer for switch recombination to various classes. Its 
targeted mutation inhibits switching to IgG2a, IgG2b, IgG3 and IgE in vitro 
and, to a lesser extent of IgG2b in vivo (COGNE et al. 1994). It is not quite 
clear whether the enhancement in Ig production is due to an enhancement 
of switch transcription or whether other effects may be involved. Inactivation 
of the 3' enhancer abolishes the formation of ly2b and ly3 switch transcripts 
in B cells stimulated with LPS, but has no effect on the production of III and 
ly1 switch transcripts in LPS plus IL-4 activated B cells, in accordance with 
the effect on switch recombination (COGNE et al. 1994). Class switching to 
IgG1 is only marginally affected in the absence of a functional 3' enhancer. 

4.6 Switch Transcripts and Switch Recombination 

The correlation between switch transcription and switch recombination in 
terms of time, induction signals, specificity and requirement of sequences 5' 
of switch regions is well documented, as discussed above. The functional 
interrelation between transcription and recombination is far less understood. 
Initially, it had not even been clear, whether switch transcription was just an 
epiphenomenon, or required to "open" the DNA of switch regions, or whether 
the switch transcript would participate in switch recombination. Since tran
scription induces negative supercoils in front of the RNA polymerase complex, 
temporary RNA-DNA hetero-duplices and single-stranded DNA. switch tran
scription could well target a particular switch region for recombination. It has 
been shown that transcription supports DNA repair (for review, see HANAWALT 
et al. 1994). Unfortunately, participation of excision repair cross complementing 
protein (ERCC-1) (MCWHIR et al. 1993) in Ig class switch recombination remains 
obscure since its targeted mutation results in a lethal phenotype. However, 
for switch recombination it is already clear that transcription of switch regions 
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is not sufficient to target that respective switch region for recombination. 
Replacing the 1£- or Iyl-promoters responsible for switch transcription with a 
VH gene promoter or a human metallothionein promoter, respectively, results 
in drastic reduction of switch recombination frequencies, despite considerable 
transcription (BOTTARO et al. 1994; LORENZ et al. 1995b). In these mutant B cells, 
however, the resulting transcripts cannot be processed into spliced switch 
transcripts. If replacement of the Iyl promoter by a human metallothionein 
promoter is performed in such a way that artificial switch transcript are gener
ated by splicing, the heterologous promoter can now target switch recombi
nation to syl (LORENZ et al. 1995b). This is in accordance with recent data that 
the direction of transcription through switch regions is important (DANIELS and 
LIEBER 1995). The replacement mutations have also shown that the endogenous 
I-exon sequences, at least the Iyl and la exon sequences, as such are not 
involved in targeting of class switch recombination because switch transcripts 
without or with largely reduced endogenous I-exon sequences can target 
switch recombination (LORENZ et al. 1995a,b; HARRIMAN and ROGERS 1995). Putative 
switch peptides encoded by physiological switch transcripts do not playa 
role in targeting switch recombination. Although these recent data strongly 
suggest that switch transcripts as such or the process of their generation are 
involved in switch recombination, it remains obscure how they can do so. 
But it seems clear by now that cytokine-induced switch transcripts target 
switch recombination to particular switch regions. Switch recombination is 
controlled on the level of switch transcription by cytokines. 

5 Down-Regulation of Switch Recombination 

Immunoglobulin class switch recombination is probably not a single recom
binatorial event. Most likely, multiple recombinations occur within and between 
targeted switch regions, as is obvious from the analysis of switch recombi
nations in individual activated B cells (WINTER et al. 1987), inactivation of Sl.! 
for switch recombination with subsequent intra sy1 recombinations (Gu et al. 
1993), and the analysis of sequential switching from IgM to IgE via IgG1 
(SIEBENKOTTEN et al. 1992). The actual switch recombination leads to excised 
switch circles (VON SCHWEDLER et al. 1990; IWASATO et al. 1990; MATSUOKA et al. 
1990) and chimeric genomic switch regions. Comparison of recombination 
breakpoints in switch circles, i.e., the excised DNA, and genomic switch re
combination products reveals that sl.! switch recombination break points are 
located within the repetitive sl.! sequences of switch circles (VON SCHWEDLER et 
al. 1990; IWASATO et al. 1990, MATSUOKA et al. 1990)' but 5' thereof on the 
chromosome (SZUREK et al. 1985; WINTER et al. 1987), indicating additional rec
ombinations on the chromosome after the initial recombination. which has 
generated the switch circle (ZHANG et al. 1995). In switched cells, the new 
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chimeric switch region can be targeted by the III switch promoter for further 
switch recombinations (LI et al. 1994). Although not obligatory. sequential 
switch recombination has been shown to be the major pathway for generation 
of murine IgE (SIEBENKonEN et al. 1992). 

Immunoglobulin class switch recombination seems to be turned off at 
the plasma cell stage. In hybrid-hybridomas of polyclonally activated B cells 
and PC140 hybridoma cells. the frequency of class switching is not enhanced 
for PC140 IgH loci. but rather inhibited for the IgH loci of the LPS blasts (KLEIN 
and RADBRUCH 1994). An inhibitor may exist in plasma cells. down-regulating 
switch recombination. In any case. the frequency of switch recombination in 
immortalized plasma blasts or plasma cells such as hybridoma or myeloma 
cells is very low. and in many aspects does not resemble physiological class 
switching. e.g .. often sequences other than switch regions are involved (re
viewed in SABLlTZKY et al. 1982). Also. switch recombination substrates are only 
poorly recombined in myeloma cells (On et al. 1987; On and MARCU 1989). 
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1 Introduction 

Immunoglobulin (lg) heavy chain gene assembly can be divided into two de
velopmentally and mechanistically distinct phases during B cell maturation. 
The initial, antigen-independent phase occurs primarily in the bone marrow 
and is catalyzed by the V(D)J recombination activity. The second, primarily 
antigen-dependent phase involves a second type of gene rearrangement 
termed class switch recombination. A major mechanism of isotype switching 
is directed DNA recombination (DAVIS et al. 1980; SCHWEDLER et al. 1990). Class 
switch recombination takes place in the peripheral lymphoid tissues and re
places the initial constant regions, CIl and C3, with any of several downstream 
constant regions (for reviews, see COFFMAN et al. 1993; GRITZMACHER 1989). By 
changing antibody class, or isotype, the same antigen specificity can be as
sociated with a variety of effector functions. 
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Two major models for the regulation of class switch recombination have 
been proposed. One model hypothesizes that different recombinases exist 
for each switch region, explaining why DNA sequences of the switch regions 
are different from one another and the commitment of some cells to a limited 
repertoire of switch events (DAVIS et al. 1980; JACK et al. 1988). The second 
proposal assumes a more general switch recombination mechanism that func
tions in all switch events but is differentially targeted in some fashion (STAVNEZER 
et al. 1984). Differential targeting of the switch regions might be achieved in 
any number of ways. Maintaining the switch region DNA in an inaccessible 
state requiring specific activation is one possibility (YANCOPoULOS et al. 1986). 
Prior to recombination to a given switch region, induction of promoter activity, 
protein binding, and DNase I hypersensitivity occur in the regions 5' of the 
switch regions (upstream control regions). The temporal correlation between 
transcriptional and recombinational activation raises the possibility that tran
scription of switch regions either modulates DNA accessibility or is an indicator 
of locus accessibility (LUTZKER and ALT 1989; STAVNEZER-NoRDGREN and SIRLIN 1986). 
Though transcriptional elongation has been demonstrated to affect the position 
of individual nucleosomes (CLARK and FELSENFELD 1992), effects of transcription 
on higher order chromatin structure are undefined. One can imagine transcrip
tion generating locus targeting for switch recombination in other ways than 
chromatin effects. For example, the transcripts themselves may directly target 
the locus (REABAN and GRIFFIN 1990). 

From a regulatory standpoint. several studies have attempted to address 
the importance of the transcriptional control region and the I exon upstream 
of the switch regions (JUNG et al. 1993; Xu et al. 1993; ZHANG et al. 1993; LEPsE 
et al. 1994). In one of these (Xu et al. 1993). the EIlNh promoter was inserted 
in place of the endogenous control region for St. These cells were found to 
undergo a noninducible but low level of switch recombination. JUNG et. al. 
(1993) did the reciprocal experiment by completely removing the upstream 
control region but leaving Sy1 intact. The absence of this region greatly dim
inished recombination. Similar results were obtained for Sy2b (ZHANG et al. 
1993). These studies support a positive regulatory role for the upstream control 
regions but do not dissect out the mechanistic role of transcription from the 
I exon or other functions of these regulatory regions. In all three cases, en
hancers or other implied control elements were also manipulated. It remains 
a possibility that transcription has either a causal role in recombination or is 
a temporally related, but causally unrelated, consequence of locus opening. 

Previous work has used artificial substrates to study class switch recom
bination (LEUNG and MAIZELS 1992, 1994; On et al. 1987) Using both endogenous 
control regions and heterologous promoter/enhancers (LEUNG and MAIZELS 1992). 
the data were consistent with a causal link between transcriptional regulatory 
elements and recombination, though without directly linking recombination to 
transcriptional elongation. In fact. subsequent use of these recombination sub
strates reported that an enhancer component of the upstream activating region 
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is important for recombination and not transcription itself (LEUNG and MAIZELS 
1994). 

In order to ask specific mechanistic questions, we have recapitulated 
switch recombination on extrachromosomal substrates (DANIELS and LIEBER 
1995). Our studies have found a causal link between transcription and rec
ombination and suggest that the transcript targets recombination to switch 
region sequences. 

2 Substrate and Assay Design 

We have designed a switch sequence cellular assay (DANIELS and LIEBER 1995) 
similar to the autonomously replicating minichromosome system developed 
for the study of V(D)J recombination (HESSE et al. 1987; LIEBER et al. 1987). 
The switch sequence-bearing episomes can be introduced into cells via a 
variety of transfection methods and recovered up to 60 h later for analysis 
(Fig. 1). In these substrates, the tRNA gene, supF, complements an amber 
mutation in the Escherichia coli strain MLB7070 giving rise to blue colonies 
on X-GAL plates. Sequences of interest are placed in regions A and B, which 
flank supF. Recombination is scored by the deletion of supF and is reported 

u. 
SVltk A ~ CMV B polyoma T, ori kan v, 

-II =~.~lmlr:::1 .~=:ll -.lO~_ 0 0---, bla 
ori 

t 
polyoma T, ori kan 

I .111'-1 

SVltk NB 

C-=:Jori 
bla 

Fig. 1. Switch sequence minichromosome substrates. In the substrate (top line), the tRNA gene. 
supF. complements an amber mutation in the E. coli strain MLB7070. giving rise to blue colonies 
on X-GAL plates. Switch or control sequences are placed in regions A and B. which flank supF. 
The substrates are transfected into murine hematopoietic cell lines. incubated for specified times, 
and the plasmid DNA is harvested and transformed into E. coli for genetic assay of product 
(bottom line). Recombination is scored by the deletion of supF and is reported as the change in 
ratio of replicated recombinant product molecules (which give rise to white colonies) to total 
replicated molecules (blue and white colonies) from 24 to 48 h post transfection. All values are 
reported as the average slope (with a standard error) of at least three independent transfections 
(seeSect. 2). The kan and bla segments are the kanamycin (Kn) and ampicillin (Ap) resistance 
genes, respectively. The polyoma large T antigen and polyoma origin (polyoma T, ori) allow replication 
of the substrate in murine cells. Between the polyoma large T and the kanamycin gene is the 
gastrin transcriptional terminator (filled rectangle). SVltk and hCMV are constitutive eukaryotic pro
moters oriented in the direction of regions A and B. Ori is the prokaryotic origin of pBR322. Arrows 
represent the direction of transcription 



174 Gregory A. Daniels and Michael R. Lieber 

as the change in ratio of replicated recombinant molecules (white colonies) 
to total replicated molecules (blue and white colonies) from 24 to 48 h post 
transfection. All values are reported as the average slope (with a standard 
error) of at least three independent transfections. Because transcriptional ac
tivation has been associated with class switch recombination, we have by
passed tissue-specific regulation of these promoters by the use of high level 
constitutive promoters. Both the SV/tk and hCMV promoters function in a 
wide variety of cells and are active in all of the cell lines used in this study 
(data not shown). In order to facilitate the analysis of recombinants, a second 
prokaryotic selection marker was inserted upstream of the promoter for region 
A. Therefore, by selecting for recombinants which preserve both the p-Iacta
mase and kanamycin resistance genes, we can readily observe a more re
stricted group of recombinants. The majority of these recombinants will have 
junctions lying within or close to regions A and B. Because class switch 
recombinants also include larger deletions which extend outside the switch 
regions, we can remove the kanamycin selection and look at a broader target 
zone. Both target zones are limited by the placement of the prokaryotic origin 
of replication downstream of region B. Resolution of events greater than 0.4 
kilobases (kb) downstream of region B gives rise to molecules not detectable 
in the genetic assay. Transformation of switch sequence-bearing substrates 
such as pGD244 directly into E. coli without passing the plasmid through 
eukaryotic cells results in a background of white colonies of approximately 
0.01 % (10-4) or lower. 

3 Early Loss of Switch Sequence-Containing Substrates 
Following Transfection into Eukaryotic Cells 

Upon transfection, we observe that a major fraction of the switch substrate 
DNA is lost compared with a cotransfected replicated molecule, pGD279 that 
carries the chloramphenicol marker. Loss occurs early, and it is important to 
note that it plateaus after 20 h in all cell lines examined (Fig. 2 and data not 
shown). Those substrate molecules which survive the 48-h transfection are 
intact. as determined by restriction enzyme digest and the ability of these 
molecules to undergo further recombination upon retransfection (data not 
shown). In addition, the retransfected substrate molecules manifest the same 
decrease in survival as the original substrate molecules (data not shown). 
Thus, the stabilization against plasmid loss established within 20 h after trans
fection does not appear to be genetic but epigenetic since it is reversible 
upon propagation in E. coli. Parallel experiments using nonswitch sequence 
substrate molecules, pGD209, showed no significant loss when compared 
with the second cotransfected molecule, pGD279 (Fig. 2). Recombination is 
measured as the ratio of recombinant to total plasmid molecules (the sum 
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0.01 
o 10 20 

Time (h) 

30 40 50 

Fig 2. Loss of substrate over time. The relative amounts of a switch sequence containing substrate. 
pGD244 (squares). and a nonswitch sequence containing substrate. pGD209 (circles). were com
pared after transfection into the pre-B line. 18-81. Both substrates were cotransfected with a 
second plasmid. pGD279. at a starting molar ratio of 1: 1. The number of blue ampicillin-kanamycin 
resistant colonies from pGD244 was scored against the number of chloramphenicol resistant 
colonies from pGD279 

of substrate and recombinant molecules). Reducing the number of substrates 
early after transfection could overestimate the percent recombination. In order 
to circumvent this potential source of background in the assay, we determine 
the rate of recombination during the interval from 24 to 48 h rather than 
relying on potentially inflated single time-point determinations at 48 h. The 
validity of this measurement will be considered in the following sections. 

4 Recombination Is Switch Sequence 
and Time Dependent 

Switch regions have been implicated as the cis-directing sequences respon
sible for class switching. We compared the recombination frequency of switch 
DNA (composed mostly of repetitive elements) with nonswitch DNA in an 
Abelson murine leukemia virus immortalized pre-B line, 18-81, and the mature 
B line, Ba117. Although class switch recombination normally is thought to be 
restricted to mature B cells in vivo, previous work has shown that some pre-B 
cells actively recombine their endogenous switch regions (BURROWS et al. 1983; 
DEPINHO et al. 1984; SUGIYAMA et al. 1986; YANCOPOULOS et al. 1986). Recombination 
of our substrates is more than 50-fold greater for switch DNA than for similarly 
sized segments of either prokaryotic or eukaryotic DNA in both cell lines 
(Fig. 3). The slope is linear from 24 to 48 h and represents the rate of rec-
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Fig. 3. Time course of recombination. Duplicate transfection points for three recombination sub
strates are plotted for the pre-B cell line 1- 8 from 21 to 48 h after introduction into the cells. The 
broad t arget zone percent recombination determined by the percent of recombined ampicillin 
resistant recombinants is shown; the restricted t arget zone calculated from the percent of ampicillin 
(Ap) and kanamycin (Kn) resistant recombinant molecules has been published (DANIELS and LIEBER 
1995) pGD1 34 has two different prokaryotic pieces of DNA inserted into regions A and B while 
pGD209 c ontains two different pieces of eukaryotic DNA fragments (DANIELS and LIEBER 1995). 
pG D244 contai ns SJ.l in region A and Sy3 in region B and is used as a positive control thoughout 
the study 

ombination (calculated as the change in the percentage of recombined mole
cules per hour). Recombination measured selecting for recombinants on am
picillin (R-Ap). which is shown in Fig . 3) is always greater than the recombination 
level measured under ampicillin-kanamycin selection (R-ApKn) (not shown here 
but published in Fig. 2 of D ANI ELS and L IEBER 1995). The recombinants selected 
with ampicillin-kanamycin are a subset of recombinants whose junctions fall 
either in or immediately upstream (within 1 kb) of S~ . Comparing the levels 
of recombination under the two selections gives an indication of the propensity 
for recombination to occur near S~ or other sequences in region A on the 
substrate (Fig . 1). 
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5 Changes in Recombination Values 
24 h After Transfection Are Primarily Due to 
De Novo Generation of Recombinant Molecules 

A representative comparison of switch sequence substrate with control sub
strates at two time points illustrates that there is an absolute increase in 
recombinants over time (less than 2000 at 24 h up to over 20 000 at 48 h) 
(Table 1). The decrease in the total plasmid number (denominator) is illustrated 
in this data. This is typical of the decrease that occurs early after transfection, 
as described above. 

To confirm that recombination values measured beginning 24 h after trans
fection reflect the generation of recombinants and not merely continued 
changes in substrate levels, two additional sources of background were ad
dressed: 
1. whether a substrate to product replication bias exists and 
2. whether there is continued substrate loss. 
Both phenomena would give rise to false recombination values over time. 
Although we measure recombination in the replicated pool, it is possible that 
replication may be slower for switch DNA substrates than for recombinant 
or nonswitch DNA substrates. To determine whether a replication bias exists, 
the rate of replication was measured for the switch and nonswitch DNA sub
strates. DNA initially transfected into the eukaryotic cells is marked with the 
prokaryotic dam methylation pattern. This methylation pattern is not maintained 
by the eukaryotic methylases and is lost during semiconservative DNA repli
cation through a hemimethylated intermediate. By comparing the amount of 
hemimethylated DNA to fully demethylated DNA one can determine the round 
of replication for a population of molecules. Such analysis shows no replication 
differences between switch DNA and nonswitch DNA containing substrates 
transfected into the pre-B cell lines, 1-8 and 18-81, or the mature B cell lines, 
M12 and Bal17 and measured out to 50 h (data not shown). 

Replication bias is only one of many possibilities which might lead to 
preferential substrate loss over time. Therefore, we performed a second control 

Table 1. Recombination of class switch and control substrates 

ApKnr 
Substrate 24-h 48-h 

[white/blue + white] % [white/blue + white] 

pGD134 (control) 0/85500 0 3000/67500 

pGD209 (control) 150/93150 0.2 1200/571200 

pGD244 1950/36375 5.4 20400/48150 
(l1-y3 switch 
substrate) 

% 

0.4 

0.2 

42.4 

R-ApKn 
(% change/h) 

0.02 

0.002 

1.54 
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to address substrate loss in general. To accomplish this, the survival potential 
of switch substrates to recombinant molecules was compared. This compari
son not only controls for any replication differences between the substrate 
and recombinant molecules, but also any other factor which might influence 
the number of plasmids (such as ongoing plasmid destruction due to non
productive recombination). However, the high rate of recombination makes 
direct determination of this value impossible. Instead we have again compared 
the survival of the switch substrate, pGD244, to a second plasmid, pGD279. 
An increase in the ratio of pGD279 to the sum of pGD279 and pGD244 re
presents preferential loss of pGD244 relative to pGD279. In essence, we are 
using pGD279 as a mock recombinant that can be observed independent of 
recombination. 

The two substrates were cotransfected to give a ratio of 1: 1 0 
(pGD279:pGD244) 24 h post-transfection in the pre-B line 18-81. The change 
in the ratio of these two molecules was measured from 24 to 48 h post 
transfection in an analogous fashion as the rate of recombination (Table 2). 
Significantly, the relative level of the mock recombinant did not change from 
24 to 48 h post transfection. In contrast. actual recombination of pGD244 
(calculated from the same transfection) occurred at a high rate. The difference 
between the mock recombination and the real recombination is that the number 
of real recombinants can increase due to pGD244 product formation. Therefore, 
the rate of recombination measured after 24 h is not due to continued substrate 
loss but rather de novo generation of recombinants. 

As a final control, a pool of 20 recombinants was cotransfected with 
pGD279 and found to be maintained at a constant ratio between 24 and 48 h 
post transfection (data not shown). Thus, pGD279 accurately represents the 
replication potential of recombinants compared to the substrate pGD244. 

Table 2. Comparison of mock and actual recombination 

Ratio 

pGD279/(pGD244 total + 
pGD279) 

pGD244 recombinants/ 
pGD244 total 

Recombination 

Mock 

Actual 

Slope 
(Percent change 
in ratio per hour 

-0054 ± 0.047 

1.7 ± 0.6 
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6 Switch Recombination 
Is Enhanced in the B Cell Lineage 

It is not known which components of class switch recombination make the 
process cell lineage-specific and developmentally regulated. To begin to ad
dress this issue. the recombination activity of the substrates containing S~ 
and Sy3 was compared in a variety of hematopoietic cell lines (Fig. 4). Cell 
lines representing the mature B stage of development generally show the 
highest activity for recombination. In addition. both the pre-B cells and the 
plasmacytoma cell line. S194. manifest significant activity. On the other hand. 
all other cell types had relatively low recombination values. Most notably. six 
mature T lines had values lower than the lowest mature B cell line. The low 
level of recombination present in most cell lines is either an inherent back
ground level of the switch substrates or illustrates a low level of switch re
combination activity. It should be noted that compared with a nonswitch DNA
containing substrate. the switch DNA substrate gives a higher level of rec
ombination in almost all cell lines (not shown). Clearly though. class switch 
recombination activity is greatest in the B cell lineage compared to other 
non-B cells. Our cell line survey results are consistent with a smaller survey 
by others (LEPSE et al. 1994). A potential second level of lineage and develop
mental stage specificity is discussed below. 

7 Switch Regions Can Act Independently 
in Recombination 

The previous sections compared recombination of substrates containing either 
two switch regions or none. However. the question arises as to the recom
bination potential of one switch region alone. Evidence consistent with inde
pendent recombinational activation of switch regions has been reported (Gu 
et al. 1993). The intra-switch sequence deletions. insertions. and inversions 
observed to occur in the genome (PETRINI and DUNNICK 1989) and the wide 
heterogeneity of length between inbred strains of mice suggest an instability 
associated with single switch regions (MARCU et al. 1980). Substrates were 
constructed containing either S~ (pGD187) or Sy3 alone (pGD259) combined 
with a segment of nonswitch DNA (Fig. 5). Recombination was measured in 
the pre-B line. 18-81. and the mature B line. Ba117. 

Both switch regions independently show significant levels of recombina
tion compared to the substrates containing nonswitch sequences. pGD134 
and pGD209. In fact. the level of recombination when selecting on ampicil
lin-kanamycin for Sy3 alone in the pre-B line 18-81 is only twofold lower than 



1
.8

0
 

1
.6

0 

$.
/ 

1
.4

0 
::J

 
0 :t
: .....
. 

1
.2

0 
a 0 .,
.f +
l <\I
 

1
.0

0
 

a .,
.f

 ~ 
0

.8
0 

0 u Q
) 

0:
 

0
.6

0
 

+
l t:
 

0
.4

0 
Q

) u $.
/ 

Q
) 

0
.2

0 
0-

0
.0

0
 

..,. 
..:

I 
.....

. 
..:

I 
'" 

1i
I 

.....
 

.....
 

0::
 

0::
 

3:
 

.....
. 

co
 

.....
. 

.....
. 

0 
r-

U
 

M
 

\0
 

N
 

.,. 
.....

. 
r-

eo
 

I 
.,. 

M
 

0 
.....

. 
\0

 
I 

...: 
.....

. 
a-

.....
. 

.....
. 

0
.2

0
 

-L
 

I 
.....

. 
U

l 
0 

0
. 

..:
I 

.....
. 
~
 

0 
~
 

.....
. 

u 
0 

co
 

0
. 

...: 
x 

0
. 

.....
. 

U
l 

0
. 

N
 

.....
. 

CD
 

N
 

..:
I 

~
 

P
re

 
B

 
M

a
tu

re
 

B
 

P
la

sm
a
c
y

to
m

a
 

M
a
tu

re
 

P
re

 
T

 

Fi
g

. 
4

. L
in

ea
ge

 a
nd

 d
ev

el
op

m
en

ta
l 

st
ag

e 
pr

ed
om

in
an

ce
 o

f 
cl

as
s 

sw
itc

h
 r

e
co

m
b

in
at

io
n 

ac
ti

vi
ty

 

.....
. 

.....
 

..,. 
..:

I 
.....

. 
If

)
 

r
l 

1i
I 

L 
.....

. 
a-

r-
H

 
L 

eo
 

.....
. 

.,. 
L 

[.
.,

 
0

. 
U

l 
'r

! 
H

 
[.

., 

.c
 

E-<
 

'" 
Q

) 
0 

3:
 

M
 0:
: I 

T
 

M
as

t 

E
ry

th
ro

id
 I 

M
o

n
o

cy
te

 

M
y

e
lo

b
la

st
 

co
 

o G
l 

CD
 

to
 

o -< » o O
J 

::
l iii
-

W
 

O
J 

::
l 

0
. 

~
 

ri
O

 
:::

T
 

O
J !!!
. 

:::
rJ r iii
-

0
- ~
 



Transcription Targets Recombination 181 

Substrate Cells R-ApKn R-Ap Structure 

pG0244 Ball7 1.7 ± 0.4 2.4±0.7 

--. ~ 

L~OL-
18-81 1.4±0.1 2.6±0.3 

2 pGO l34 Ball7 0.0054 ± 0.0025 0.023 ± 0.025 
.-. Pl .-. PZ 
L- f%0;l 0 L-~ 

18-81 NO NO 

3 pG0209 Ball7 -0.0052 ± 0.0016 0.050 ± 0.011 
18-81 0.038 ± 0.017 0.058 ± 0.010 

4 pGOl87 Ball 7 0.15 ± 0.12 0.32 ±0.l7 
18-81 0.21 ±O.04 0.85 ±0.33 

-+- --. 
5 pG0259 Ball7 0.59± 0.26 2.0±0.1 

18-81 0.71 ±0.07 2.2±0.2 L 
E1 y3 

OLIDDDD 
Fig. 5. Dependence of recombination on sw itch sequences. Bal17 is a mature B line, and 18- 81 
is a pre-B line (c!. Table 2). The plasmids pGD134 and pGD209 are nonswitch control DNA substrates. 
The substrate, pGD244, contains fragments of the murine SI! and Sy3. The plasmid, pGD187, 
contains a single sw itch region , SI!, together with eukaryotic fragment E1 . Likewise, pGD259 
contains only Sy3 together w ith the same eukaryotic fragment E1 . The arrows above the DNA 
inserts illustrate the direction of transcription for these regions in the genome. The circles represent 
supF. The arrows i n front of each box show the orientation of the eukaryotic promoters, SV/tk and 
hCMV (Fig. 1 and Sect. 2) 

when present together with SIJ.. However, in both cell lines. the level of re
combination is greater when both SIJ. and Sy3 are on the same molecule 
(pGD244) than simply adding the rates of recombination for the individual 
regions. In addition. the spectrum of recombination is altered to favor deletions 
more limited to the SIJ. region (compare recombination rates between the 
ampicillin and the ampicill in-kanamycin selection values). Both observations 
argue that although single switch regions undergo independent recombination. 
the two switch regions together interact to reflect more than the sum of the 
individual switch regions. 

8 Upstream Promoter Elements 
Regulate Class Switch Recombination 

The heterologous promoters upstream of each switch region were removed 
in order to study their effects upon recombination . pGD255 is similar to pGD244 
except for the removal of the SV/tk promoter in front of SIJ. (Fig. 6). Removal 
of this promoter had no effect on the level of recombination . In contrast. a 
large effect is observed when the hCMV promoter upstream of Sy3 is removed. 
pGD247. Recombination decreases 12-fold compared with pGD244. The drop 
is due to the effect of the hCMV promoter on Sy3 and not due to the promoter 
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Substrate R- ApKn R Ap Structure 
---. ---. 

J.1 13 
pG0244 1.7 ± 0.4 2.4 ± 0.7 L"EFoe+"mmn 

---. ..-
J.1 El 

2 pGOl89 -0.0035 ± 0.013 0.048 ± 0.020 e+"' '0 
---. ---. 

J.1 13 
3 pG0247 0.14±0.01O 1.1 ± 0.59 e+"1 0 111 11111 

---. ---. 
pG0255 1.8 ± 0.7 

)l y3 
4 2.1 ± 0.41 Orllllill. 

04- 04-

5 pG0275 -0.020 ± 0.009 0.037 ± 0.032 
y3 SEa 

LOllDDOe+" 
04-
El 

6 pG0262 0.46 ± 0.040 0.58 ±0.050 L 

7 pG0263 0.034 ± 0.D35 0.087 ± 0.035 L 

8 pG0264 0.52 ± 0.15 0.56 ± 0.19 r-
Fig. 6. Effect of promoters and orientation on switch-sequence recombination. The rate of re
combination for substrates lacking promoters upstream of the switch regions was determined for 
the mature B cell line, Ba117. The fragments ~ and y3 are from switch regions while the fragment 
E 1 is a similarly sized nonswitch DNA fragment. Substrates lacking promoters (pGD189, pGD247 
and pGD255) are indicated by the corresponding promoter arrow being left off the figure. In lines 
6-8, the rate of recombination was determined for the mature B cell line Ba117. For both pGD262 
and pGD264, restriction analysis of the recombinants showed that greater than 90% were the 
result of homologous recombination between the two copies of E1 (not shown) 

itself being a hotspot for recombination. (see pGD187 in Fig. 5). Using the 
substrate pGD189 as a baseline (background) for recombination of SIl. both 
the hCMV promoter. pGD187. and the S13. pGD247. increase recombination 
individually; however. together the promoter and the correctly oriented switch 
region generate the highest rate of recombination. Both S13 and the hCMV 
promoter individually have values approximately one-tenth of when they are 
combined. Thus. hCMV appears to act in conjunction with S13 to target rec
ombination to this region. The lack of effect seen upon removal of the SV/tk 
promoter upstream of SIl may be due to either a lower dependence of SIl 
on transcriptional activation or an upstream promoter activity from either an 
adventitious promoter or read-through transcription from the polyoma large T 
gene. 
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9 Transcription Activates Recombination 
in a Strand-Specific Manner 

The previous data indicate that recombination is dependent on switch region 
sequences and stimulated by transcriptional promoters. How might the pro
moters activate recombination? One possibility is a general opening of the 
chromatin to allow greater accessibility to the recombinase. Alternatively, tran
scription may promote the formation of a reaction intermediate by causing 
changes in DNA structure such as transient changes in supercoiling. A special 
case of this second possibility would be that the RNA molecule itself partici
pates in maintaining this altered DNA structure. We tested a series of sub
strates to address these possibilities (Fig. 6). If transcription is required simply 
for increased chromatin accessibility to the recombinase, we might expect 
pGD275 to recombine at rates comparable to pGD244. Both substrates contain 
the same switch sequences and promoters but differ in the positioning of 
the fragments. The substrate pGD275 retains the original physiologic orienta
tion of the switch regions to each other but changes transcription to the 
opposite strand. 

The results are quite clear. The rates of recombination are substantially 
lower for pGD275 compared with pGD244 (Fig. 6). Because pGD275 retains 
the same promoters and orientation of the switch regions to one another, the 
low level of recombination eliminates "accessibility" as a possible role of tran
scription on our extrachromosomal substrates. The difference between 
pGD244 and pGD275 also points out that simple transcription of repetitive 
DNA is not sufficiently recombinogenic to account for the high rate of re
combination seen in pGD244. Thus, switch regions have a defined strand 
specificity for transcriptional activation of recombination. 

Although switch regions have low and variable degrees of homology to 
one another, we nonetheless wanted to formally test the possibility that ho
mologous recombination may contribute to switch-sequence recombination. 
Though usually occurring by alternative splicing, DNA recombination from IgM 
to IgD can occasionally occur by homologous recombination involving non
switch region DNA (WHITE et al. 1990; YASUI et al. 1989). Sequence inspection 
of the more usual switch region-dependent recombination events shows no 
evidence for homologous recombination (DUNNICK et al. 1993; GERSTEIN et al. 
1990; PETRINI and DUNNICK 1989; SZUREK et al. 1985). Nevertheless, the system 
here provides an opportunity for a direct test of this longstanding issue. Sub
strates pGD261 through pGD264 contain the same nonswitch DNA fragment 
in both regions A and B but in different orientations (Fig. 6). Homologous 
recombination is the basis for the high deletion rate between directly repeated 
sequences in substrates pGD262 and pGD264. However, it is important to 
note that there is no transcriptional strand bias for the recombination reaction. 
Substrates pGD262 and pGD264 are inverted with respect to transcription but 
both recombine well in either orientation. Hence, homologous recombination 



184 Gregory A. Daniels and Michael R. Lieber 

does not demonstrate sensitivity to transcription in one orientation versus the 
other. This is in striking contrast to the switch DNA substrate pair, pGD244 
and pGD275. Thus, transcription in the physiologic orientation activates class 
switch recombination and uniquely distinguishes it from homologous recom
bination as well as other previously identified recombination pathways. 

10 Discussion 

For class switch recombination, the temporal correlation between activation 
of transcription and recombination is strong. The same exogenous factors 
which stimulate transcription from the upstream activating regions also direct 
class switching to that isotype (STAVNEZER et al. 1988). Sterile switch region 
transcription appears to be regulated both at the level of specific transcription 
factor production and chromatin accessibility around the sterile transcript pro
moter (Xu and STAVNEZER 1992). However, whether this transcription is required 
for switch recombination has remained uncertain. 

We constructed an extrachromosomal assay to study class switch re
combination which allows the dissection of cellular and mechanistic require
ments. In order to make inferences about the events at the endogenous loci, 
we show not only that recombination occurs on our substrates but that this 
recombination correlates in many ways to class switch recombination in the 
genome. As in the genome, recombination on our substrates is switch-se
quence-dependent. Although the exactly analogous experiments employing 
similar size and base composition control DNA has never been performed in 
the genome, recombination on our substrates is over 300-fold greater for 
switch DNA than for nonhomologous, nonswitch DNA. 

Secondly, endogenous class switch recombination is regulated in a tissue 
and developmentally specific manner. Recombination occurs predominantly 
at the mature B cell stage, but has also been found to occur earlier in some 
pre-B lines. Recombination in our assay is similarly restricted showing a strong 
predominance at the mature B cell stage as well as in some pre-B and plas
macytoma lines. 

Thirdly, isotype switching is strongly associated with transcriptional acti
vation of a targeted switch region. We find not just a correlation, but a de
pendence of recombination upon transcription of at least one of the switch 
regions. The transcription dependence is also orientation-specific. The tran
scriptional dependence of switch recombination that we have observed pro
vides an additional level of lineage and developmental stage specificity because 
the sterile transcript promoters are only active in a lineage and developmental 
stage specific way (LUTZKER and ALT 1989; STAVNEZER-NORDGREN and SIRLIN 1986). 

Finally, endogenous junctional endpoints involving SIl are scattered over 
the entire SIl region and occur to a significant extent both upstream and 
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downstream of S~. In contrast, junctional endpoints for the acceptor switch 
region, 13, fall almost exclusively in the repetitive region. The recombinants 
characterized using the extrachromosomal assay do not exclusively map to 
S~. In the pre-B cell line, 18-81, and in the mature B cell line, Ba117, approxi
mately half of the recombinants lie in or within 1 kb upstream of S~. Of these, 
less than half appear to fall in the repetitive S~ (data not shown). This is 
approximately twofold lower than what is seen in the genome (DUNNICK et al. 
1993). On the other side of the junction, the majority of the sequenced re
combinants (seven of eight) mapped to repetitive S13 sequences. Several 
factors may contribute to the differences seen in our assay compared to the 
genome with respect to the breakpoint placement. First, our substrates use 
smaller switch regions which are positioned much closer to one another than 
their endogenous counterparts. Second, chromatin structure in the genome 
might influence the range of deletions. An interesting possibility is that we 
may be missing both sequences and/or proteins which define the recombi
nation boundaries more precisely. This specificity, as noted, varies between 
cell lines and may represent the level of a factor dictating junctional position. 
Several proteins which might play such roles have been characterized (WUERFFEL 
et al. 1992; WILLIAMS and MAIZELS 1991; WATERS et al. 1989; LIAO et al. 1992). 

Due to the nature of the assay, nonswitch DNA will always have a back
ground level of recombination that is not present in the genome. Events leading 
to white colonies potentially can occur at four steps in our assay: 
1. The propagation of substrates in E. coli, 
2. The transfection of mammalian cells, 
3. Propagation of substrates in mammalian cells, and 
4. The isolation and measurement of recombinants in E. coli. 

We can eliminate background problems at steps 1, 2 and 4 in our data by 
measuring the slope of recombination. The contribution of the E. coli back
ground at both the initial substrate purification and at the isolation and meas
urement steps on the assay will be equivalent at 24 and 48 h post-transfection. 
Because we use the 24 h point as the initial value or background, the already 
low E. coli background present can be entirely factored out. Similarly, the 
background recombination rate due to the mutagenic effects of transfection 
can be eliminated in this fashion. Repair of damaged transfected molecules 
after 24 h to generate white colonies do not significantly contribute to the 
rate of recombination for two reasons. The first is that the majority of the 
repair processes appear to be essentially complete by 15 h, as measured by 
linear DNA transfection (GA DANIELS and M.R. LIEBER, unpublished results). 
Secondly, because the substrates are undergoing a high rate of replication, 
the number of repaired recombinant molecules will be very small compared 
with the larger substrate pool. 

The level of background recombination due to mutations during replication 
in the mammalian cells (step 3 above) is not controlled for by determining 
the rate of recombination. To address this aspect of the background, similarly 
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sized pieces of prokaryotic and eukaryotic DNA were studied as negative 
control substrates. Comparing the rate of recombination of these substrates 
with the level of recombination of the switch substrates gives the rate of 
switch sequence-dependent recombination. As seen in the results, this back
ground level is very small (two to three orders of magnitude lower) compared 
with the recombination rate. 

Recombination on our substrates differs from recombination of the en
dogenous locus in an interesting way. Recombination in the genome is regu
lated by upstream control regions. These upstream control regions are not 
included in our substrates. Instead, we utilized heterologous promoter ele
ments upstream of each switch region. These promoters appear to contain 
the necessary features of the upstream control regions. In addition, the lack 
of higher order chromatin conformation of the substrates may eliminate the 
need for certain functions of the control region necessary for chromatin ac
cessibility. In experiments not shown, cytokine responsiveness to interleukin 
(IL)-4 and interferon (lFN)-y was tested in the cell lines 18-81 and Ba117. In 
all cases, no significant modulation of activity was measured in switching 
from SIl to Sy3 in our cellular assay. The nonresponsiveness is either the 
result of these cell lines lacking the necessary signaling machinery or that 
cytokine regulation occurs at the level of sterile transcription. Cytokine treat
ment is not expected to significantly modulate the level of these heterologous 
(hCMV and SV/tk) promoters. A definitive experiment to test the effects of 
cytokines using a population of primary splenic B cells for the transfection 
has not been possible for us, due to the difficulty in quantifying a system 
with a transfection efficiency that is only marginally above the background. 

The data presented here is inconsistent with the regulation of recombi
nation governed only at the level of the transcriptional enhancer and not the 
promoter itself (LEUNG and MAIZELS 1994). Our assay differs in several ways to 
the previously reported class switch episomal assay (LEUNG and MAIZELS 1992). 
Determination of the rate of recombination rather than reliance on single point 
measurements may be sufficient to explain the discordance between the two 
studies. The high background and substrate destruction outlined in our study 
shows that the rate of recombination rather than endpoint determinations 
more accurately reflect the recombination values. Although our results agree 
that a promoter may not be required upstream of SIl, we find a dramatic 
stimulation of recombination when a promoter is placed upstream of Sy3. 

To summarize the levels of specificity of the recombination mediated by 
class switch sequences in this minichromosome substrate assay, we see over 
300-fold specificity due to the switch sequences themselves (Fig. 5), 12-fold 
specificity due to transcription directed into the acceptor switch region (Fig. 6), 
and 20-fold specificity due to the cell lineage and developmental stage predo
minance of the activity that recombines the switch substrates. Combined, 
this is over 7500-fold specificity for recombination of transcribed switch se
quences at the correct developmental stage within the B cell lineage. 
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The unique orientation dependence seen in our assay suggests a role for 
the promoter and transcription rather than an enhancer element or changes 
in supercoiling. Both the effects of an enhancer and changes in supercoiling 
would be expected to be orientation independent. Precisely how transcription 
directs recombination is unclear. It is intriguing to speculate that a similar 
RNA:DNA structure observed upon cell free transcription of Sa. also directs 
the action of the recombinase (REABAN and GRIFFIN 1990). The same orientation 
of transcription which leads to a stable cell-free RNA:DNA association in Sa. 
also leads to the activation of recombination. The evidence for a direct role 
for the sterile RNA transcript has remained tentative for lack of a functional 
assay system and the unique nature of the sequence of Sa. for which the 
model was proposed. Extrapolating from the data presented here, we propose 
that the RNA molecule itself is necessary but not sufficient to direct recom
bination. Upon stimulation of a B cell to undergo class switch recombination, 
transcriptional induction may induce structural changes via the RNA transcript 
which target particular switch regions for recombination. Thus, locus targeting 
may, in part, be the direct result of transcriptional activation, and this would 
provide a level of tissue and stage-specificity due to the developmental regu
lation of sterile transcription of switch regions. This transcriptional targeting 
may be combined with the lineage and developmental stage predominance 
of class switch recombination activity to achieve a relatively exclusive recom
bination of switch regions observed in B lymphocytes. 
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Higher eukaryotes produce immunoglobulins (Ig) of different classes, which 
are defined by the constant region (C) of the heavy chain. In the mouse the 
heavy chains are designated Il, 0, 13, y1, y2b, y2a, E, and a. Upon stimulation 
by antigen, expression of the early IgM class changes to that of another class 
(lgG3, IgG1, IgG2b, IgG2a, IgE, or IgA) can occur in B lymphocytes. Because 
the variable region is retained during this switch, the antigen specificity is 
unaltered. At the DNA level the process, named simply "class switching" from 
hereon, occurs through a DNA recombination event (for reviews see ESSER 
and RADBRUCH 1990; HARRIMAN et al. 1993). 

Apart from Co, all the constant region genes are preceded by a switch 
(S) region of several kilobasepairs (kbp) in length (for review see SHIMUZU and 
HONJO 1984). They contain many short, G rich repetitive sequence elements, 
often arranged in tandem arrays. Although there is no consensus recombination 
signal sequence comparable to the heptamer-nonamer sequence for V(D}J 
recombination, the pentameric motifs GAGCT. GGGGT. and GGTGG, present 
in all S regions, were found often at or near the recombination sites (PETRINI 
and DUNNICK 1989). The unstable, recombinogenic nature of S regions can be 
seen in cells, which have not yet switched, but have deletions in SIl (WINTER 
et al. 1987). 

There is a preference for class switch recombination to take place within 
the S regions, especially in the pentameric repeat regions (GRITZMACHER 1989). 
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In marked contrast to those observed in V(D)J rearrangements (for reviews, 
see GELLERT 1992; LIEBER 1992; SCHATZ et al. 1992; JESSBERGER 1994; and D.C. 
VAN GENT et aI., this volume), the recombination break-and-rejoining points are 
not precise: they are scattered over the S regions and, in some instances, 
in close proximity to but outside of the S regions. Therefore, class switch 
recombination may be more accurately described as region-specific rather 
than site-specific recombination. Thus, S regions greatly differ from the V(D)J 
recombination signal sequences in that they are relatively heterogeneous, ex
tended, and unprecise in guiding to the breakpoint. In some instances, DNA 
sequences derived from three S regions have been detected after rearrange
ment, indicating multiple switch recombination events (PETRINI and DUNNICK 
1989), e.g., from IgM to IgG1 and then to IgE. Thus, a once recombined S 
region remains accessible for secondary events. 

Sequence homologies between S regions vary; for example, when com
pared to human Sf.! the human Sy4 region displays the lowest and the S£ 
region the highest degree of homology (MILLS et al. 1990). The switch from 
IgM to IgG, however, is the most frequent one, rendering a simple relationship 
between the extent of homology and frequency of recombination between S 
regions unlikely. On the other hand it is still possible that short patches of 
homology between the S regions can be used as nucleation points by a 
recombination machinery to facilitate formation of S region interactions, for
mation of ternary complexes and initiation of the rearrangement. The use of 
short patches of homology has been demonstrated in mammalian cells for 
homologous (ANDERSON et al. 1984) and nonhomologous recombination (for 
reviews see ROTH and WILSON 1988; DOERFLER et al. 1983, 1989). 

The recombinative mechanism for most class switching events can be 
described by the loop-excision model (JACK et al 1988; Fig. 1). Following tran
scriptional activation (discussed by M. Lorenz and A. Radbruch, this volume), 
which is induced by antigenic stimulation of the B lymphocytes, DNA recom
bination deletes Cf.! and CD, transferring the y, a, or £ constant region genes 
closer to the rearranged and expressed VDJ gene segments. The model pos
tulates two steps, loop formation and excision. The deleted DNA fragment 
exists in the B cell for a while as circular DNA of various sizes, depending 
which particular switch region was involved in the recombination event (VON 
SCHWEDLER et al. 1990; IWASATO et al. 1990). The loop and excision model involves 
the creation of four free DNA ends after endonucleolytic cleavage of the two 
S regions to be recombined. These DNA ends are possibly protected or even 
fixed by hitherto unknown proteins. The exact structure of the loop intermediate 
is not known, and may resemble a crossed (a). a stem-loop (Q), or another 
conformation. The four ends can be rejoined in their original configuration, 
joined in a way to generate an inversion, or the intervening sequence can be 
circularized and removed while the remaining chromosomal DNA ends are 
joined together to yield the switched gene (JACK et al. 1988). Both inversions 
and excised circular DNAs, the so-called switch circles, have been observed 
in switching cells, providing evidence for the model (VON SCHWEDLER et al. 1990). 
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Se: So 

VOJ CIl C5 Cy3 Cy1 Cy2b Cy2a Ce: Co 

~ looping out - 10 kb 

l! ______ J 

VOJ Cy2b CY2a Ce: co 

~ excision 

VOJ Cy2b Cy2a Ce: co 

Fig. 1. Loop-excision model for class switch recombination. Modified from JACK et al. 1988. The 
stippled box illustrates a hypothetical protein-DNA complex 

2 The Putative Switch Recombinase 

Considering the loop-excision model shown in Fig. 1, a minimum of enzymatic 
activities in class switch recombination should include: 1. a factor that rec
ognizes S regions, 2. an endonuclease that cleaves within the S regions, and 
3. a DNA joining activity, e.g., a ligase, which seals the DNA ends generated 
by the nuclease. Additional proteins might be necessary, e.g., to facilitate the 
formation of a hypothetical complex formed by the two S regions. This assumes 
that the S regions, which can be located more than 100 kbp apart on the 
chromosome, are brought together before endonucleolytic cleavage of an S 
region. Alternatively, it is conceivable that the S regions are brought together 
only after one of them has been cleaved, or that both S regions are cleaved 
without forming a close complex. Then for the chromosomal ends to be re-
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joined, they would be required to move towards each other. This also requires 
that standard DNA double-strand break repair mechanisms do not operate 
during switching. They would join the ends with any other, nonS region end 
or would initiate homologous recombinational repair with the intact allele as 
the template. To date, neither has the endonuclease been characterized, nor 
is it known what type of ends are being generated by S region cleavage, 
e.g., whether these ends are phosphorylated at their 5' termini and whether 
they are ligatable. In V(D)J recombination, hairpins are formed at the coding 
ends (see S. BOCKHEIM STEEN et aI., this volume). Due to the very imprecision 
of class switch recombination sites, it seems unlikely that similar intermediate 
structures are generated during that reaction. However, DNA end modifying 
enzymes, e.g., DNA polymerases or exonucleases, might well be processing 
the ends prior to joining. Even if these modifiers were not necessary, they 
might nevertheless act on the ends and/or compete for them with the joining 
activity. Indeed, frequent mutations like base substitutions, insertions, and 
deletions at switch recombination junctions (WINTER et al. 1987; DUNNICK et al. 
1989), suggest the involvement of DNA metabolic enzymes, e.g., a polymerase, 
in the reaction. Joining itself may proceed by topoisomerase- or ligase-like 
mechanisms. 

Finally, it is possible that two or more of the enzymatic functions mentioned 
above reside within one protein. 

Unlike V(D)J recombination, where RAG-1 and RAG-2 are needed speci
fically (see D.C. VAN GENT et aI., and D.G. SCHATZ and TM.J. LEU, this volume), 
no such proteins have been described for class switching. The RAG proteins 
are not necessary for class switching (A. ROLlNK, F MELCHERS, and J. ANDERSSON, 
unpublished results). This again stresses the difference of the two recombi
nation reactions necessary for the function of the immune system. 

Certainly one of the most compelling questions is that of specificity: Is 
there a recombination machinery that exclusively acts on S regions, or is there 
a general machinery which is directed to the S regions by one or more spe
cificity factors? Or is there no specific recombination factor at all, and S region 
recombination is stimulated by transcriptional opening of the locus, and/or 
the highly repetitive structures and the G/C richness of the S regions guiding 
recombination? In this scenario, the S regions could be viewed as hot spots 
for recombination in a general, not in a heavy chain gene-specific sense, just 
as there are other hot spots in the genome. Specificity would be achieved 
by other factors, e.g., those associated with transcriptional activators of the 
regions. The so-called germ line transcripts, which start 5' of the S regions 
and terminate 3' of the respective CH genes, may be directly involved in 
determining the specificity (see M. Lorenz and A. Radbruch, this volume). 
Today, it seems impossible to decide between these possibilities. What has 
also hampered research is the fact that. in contrast to V(D)J recombination, 
there are no mutants analogous to the scid (severe combined immunodefi
ciency) mouse (BOSMA and CARROLL 1991), or the RAG-1 and -2 knockout mice 
(MOMBAERTS et al. 1992; SHINKAI et al. 1992). The mutants with differences in 
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class switching such as xid have a defect in signalling rather than in the 
proteins directly involved in recombination. 

3 Switch Region Specific DNA Binding Proteins 

Since class switch recombination is dependent on S regions with their particular 
characteristics, a number of groups searched for proteins that specifically 
bind to the S regions. A predominant technique used in these investigations 
is the gel mobility shift assay, which may reveal specificity, but which allows 
only very limited conclusions about possible enzymatic or other functions of 
the proteins detected by the assay. 

An octamer-like sequence, ATGCAAAA which matches seven of eight 
nucleotides of the transcriptional enhancer motif, has been detected by DNAsel 
hypersensitivity assays in the Sy1 region, and nuclear proteins binding specific 
to this site and its flanking sequences was observed (SCHULTZ et al. 1991). 
However, the proteins binding in gel shift experiments to this sequence were 
derived from a B cell hybridoma line and could not be distinguished from 
known octamer-binding factors OTF-1 and OTF-2. Another protein, called Sa-BP. 
which is specifically expressed in pre-B and B lymphocytes and not found in 
other B or T lineage derived cells or in non lymphoid cells, binds to sites 5' 
of the Sa tandem repeats (WATERS et al. 1989), but not to the repeats them
selves. A protein, binding to the S~ region, NF-S~, was identified from lipo
polysaccharide (LPS)- or dextran sulfate-stimulated mouse splenic B cells 
(WUERFFEL et al. 1990). It binds most efficiently to a 25 bp S~ repetitive sequence 
element, of which a stretch of four G residues flanked by GAGCT was found 
to be optimal for binding. Finally, LR1, a 106 kDa protein responsive to LPS 
treatment of splenic B cells was found to bind to switch regions as well as 
heavy chain gene enhancers (WILLIAMS and MAIZELS 1991). The protein recognizes 
a G-rich sequence that is frequent in switch regions. It seems to bend DNA 
and to form higher order complexes, probably through multimeric binding. 
LR1 has now been purified from murine preB cells; it is phosphorylated and 
N-acetylglucosaminylated (WILLIAMS et al. 1993). It turned out to be a transcrip
tion factor regulating expression of several genes including c-myc, whose 
promotor/enhancer region also contains G-rich regions. It has been hypo
thesized that LR1 may be involved in class switch recombination as well as 
in c-myc translocation and transcription. 

None of these binding proteins, however, has directly been shown to be 
involved in class switch recombination, e.g., by genetic knockout or biochemi
cal experiments, and their role in recombination - if any - remains to be 
determined. 

Specific binding to S regions may be an important step during initiation 
of class switching. The first enzymatic step, however, most likely would be 
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the incision made by an endonuclease. This endonuclease may be a general 
one. recruited to the S regions by a specificity factor. or may itself be specific 
for S regions. The search for such an endonuclease. which should be active 
in switching B cells - but not necessarily expressed exclusively in these cells 
- is underway in several laboratories. but so far no reports have been published. 

Another strategy. sometimes dubbed "in vivo biochemistry". which makes 
use of episomal DNA substrates containing S regions. transfected into a variety 
mammalian cells. is described in the chapter by GA Daniels and M.R. Lieber. 
this volume. 

4 Towards a Cell-Free Switch Region 
Specific Recombination Reaction 

A different approach to study the enzymes possibly involved in class switching 
was taken in the authors' laboratory. Based on the loop-excisison model shown 
in Fig. 1. we devised an assay which makes use of two S (SIl and Sy2b) 
regions. cloned into two different. largely nonhomologous vectors (Fig. 2). 
The method described in the following is a variation of the DNA Transfer 
Assay (DTA) (JESSBERGER and BERG 1991) which has been applied in studies of 
mammalian homologous recombination activites (JESSBERGER et al. 1993) and 
mammalian recombination mutants (JESSBERGER et al. 1995). One of the two 
partners to be used as recombination substrates was prepared as plasmid 
DNA. uniformally in vivo labeled with [3H]thymidine. The other was modified 
to contain a small number of digoxigenin (dig) molecules. 

Upon incubation in nuclear extracts derived from induced B cells which 
undergo Ig class switching. one would expect among the possible recombi
nation products those which are depicted in Fig. 2. where the tritiated S region 
plasmid had stably recombined with the dig-S-substrate. Binding the products 
to anti-digoxigenin antibody beads and measuring the retained [3H] radioactivity 
gives a direct measurement of DNA transfer between the two S regions. This 
assay is quick and quantitative and therefore suitable for protein purification 
experiments. For controls. DNA substrates lacking the S regions are used. 
The design of the assay restricts the reaction to the intermolecular type. which 
in a way resembles the reverse loop-excision reaction - a reintegration pathway. 
Intermolecular class switching between different chromosomes has been ob
served in vivo (KNIGHT et al. 1974; KIPPs and HERZENBERG 1986; GERSTEIN et al. 
1990). The crucial point. however, is the dependence of the activity on the 
presence of the two S regions. 

The overall experimental design (Fig. 3) includes the preparation of splenic 
B cells from mice. their stimulation to switch by treating them with LPS, and 
subsequently the preparation of nuclear extracts from the switch-induced cells. 
Nuclei were extracted by salt treatment according to published procedures 
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.. nuclear extract • 

Fig. 2. Biochemical assay to detect DNA transfer between switch regions. For explanations. see 
text 

(JESSBERGER et al. 1993). Other controls included the omission of LPS and prep
aration of extracts from nonswitching cells or the separation of switching 
from nonswitching cells by cell elutriation methods and subsequent extract 
preparation from both populations. 

In the crude nuclear extracts prepared from the total, LPS-treated spleen 
cell culture, a variety of recombination activities are present that act on ho
mologous and heterologous DNA substrates, which possibly mask S region 
specific activity. Therefore, the extracts were immediately fractionated on one 
or two chromatography columns (unpublished results). When we assayed the 
protein fractions with DNA substrates containing (or, as a control, lacking) the 
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Spleen cells from C57Bl/6 Mice 

LPS Stimulation (1-3 Days), TC 

Cell Elutriation 

Blasting Cells 
(Switching) 

Nonblasting 
Cells 

Nuclear Extracts 

Cell Free DNA Transfer Assay 

Fig. 3. Experimental design for a cell-free method 
to study recombination between switch regions 
(TC. tissue culture; LPS. lipopolysaccharide) 

two S regions we found an activity that preferentially recombines the S region 
substrates (Fig. 4). The preference increases from about twofold in protein 
fractions from purification step II (fraction II) to approximately tenfold in fraction 
III. This activity has not been found in noninduced splenic B cell extract prep
arations. The cytoplasmic fractions had no activity. Separating switching from 
nonswitching cells by elutriation prior to extract preparation resulted in an 
enrichment of S region specific activity. By doing so we observed a twofold 
preference for S region substrates already in the crude nuclear extracts. 

Results from incubation of the resulting active fractions with various DNA 
substrates are given in Table 1. In summary the DNA transfer activity is highest 
when the two S region substrates were used. Reactions with only one S 
region substrate are less than half as efficient as with two S substrates. 
Replacement of both S substrates by the respective vector DNAs yielded less 
than 20% activity as compared to the reaction with the two S region substrates. 
Also. homologous DNA substrates - derivatives of the pSV2neo plasmid, which 
have been widely used in similar experiments before (JESSBERGER and BERG 
1991; JESSBERGER et al. 1993, 1995) - served as poor substrates for fraction II 
and were only half efficient substrates for fraction III. As discussed above. a 
role of short patches of homology in class switch recombination cannot be 
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Fig. 4. Cell-free DNA transfer activity profile for protein fractions at step III of purification. DNA 
substrates with 2 S regions (solid line) are compared for each protein fraction with substrates 
lacking S regions (stippled line ; AS. ammonium sulfate;% cpm. the portion of input radioactivity 
of one substrate having recombined w ith the other; 1% cpm ~ 1400 cpmJ 

neglected, and it might well be that parts of the S region preferring recom
bination activity act more or less efficiently on homologous substrates as 
well. 

These data allow experiments to determine the precise structure of the 
recombination products obtained in this scheme and to further purify the 
proteins responsible for the activity. The approach mayor may not result in 
the isolation of the "true" switch recombinase, i.e .. the enzyme complex, which 
performs switch recombination in the induced B lymphocytes. The experi
ments, however, will at the minimum yield a new and interesting DNA transfer 
activity, which seems to be specific for switch-induced B cells. 
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Table 1. Cell-free DNA transfer of switch region substrates 

DNA substrates 

2 S Regions (S~-M13 + Sy-pUC) 
1 S Region (M13 + Sy-pUC) 
1 S Region (S~-M 13 + pUC) 
No S Region (M13 + pUC) 
No S Region. full homology" 

2 S Regions (S~-M13 + Sy-pUC) 
1 S Region (M13 + Sy-pUC) 
1 S Region (S~-M 13 + pUC) 
No S Region (M13 + pUC) 
No S Region. full homology" 
No S Region. partial homologyb 
2 S Regions (S~-M13 + Sy-pUC) 

"pSV2neo~70 + pSV2neo; 
bpSV2neM70 + pUC; 
el00%=1700 cpm; 
d100%=1200 cpm 

5 Conclusions 

Protein fraction 

II. 300 ng 
11.300 ng 
II. 300 ng 
11.300 ng 
11.300 ng 

111.2 ng 
111.2 ng 
111.2 ng 
III. 2 ng 
111.2 ng 
111.2 ng 
III. 2 ng. inactivated 

Activity (%) 

100e 

28 
46 
11 
15 

100d 
44 
25 
18 
60 
60 
10 

One of the most fascinating quests in the molecular analysis of class switching 
is certainly the search for the factor or reaction step which brings about the 
specificity for S regions within the IgH locus. As discussed in Sect. 2. specificity 
may be determined on a variety of levels. either at one or more steps. These 
include specific transcription of the germ line DNA over the target S region. 
where either protein components of the transcription apparatus or the RNA 
itself could provide specificity. It has also been suggested. that the methylation 
status of the DNA and a hypothetical (de)methylation system may contribute 
to specificity (BURGER and RADBRUCH 1990; KOCHANEK et al. 1991). In any of these 
cases. however. one could view the respective factors as components of the 
switch recombination machinery as well. The unique features of the S regions 
make it likely that specificity is at least codetermined by these remarkable 
sequences. Due to the size and heterogeneity of S regions and the distribution 
of recombination sites. a simple sequence specificity seems unlikely. However, 
recognition of secondary structures, G richness or repetitive motifs, like the 
pentamers in the S regions, may provide a means for specificity. 

This in turn raises the question for proteins or protein complexes which 
specifically bind to S regions and act on them as outlined above. Proteins 
identified in gel mobility shift assays that bind to S regions are candidates. 
The evidence for their direct involvement in the recombination reaction however 
is still missing. Since these proteins should predominantly act at the initiation 
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steps of class switch recombination, other approaches might be necessary 
to obtain insights into the complete reaction. One such approach is outlined 
in Sect. 4, where final products of a cell-free switch region dependent re
combination reaction can be looked at. 

In addition to the search for enzymatic activities performing class switch 
recombination, many questions remain to be answered, especially about mole
cular and mechanistic aspects of the reaction: Are both S regions recognized 
simultaneously, even though they may be more than100 kbp apart from each 
other? Alternatively, does one S region serve as loading template for an 
enzyme complex sliding then along the DNA in search for the second accessible 
S region? How does the chromatin structure of the DNA influence the reaction 
and must the DNA be bend? What is the structure of the hypothetical complex 
intermediate containing the two S regions and the enzymes? Is there any 
direct role for transcription or components of the transcription apparatus in 
the recombination reaction? Is rejoining of switch circle ends coupled to 
rejoining of the chromosomal DNA ends? At least some of these problems 
should become accessible to direct studies as suitable cell-free model systems 
for class switching are now being developed. 
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In his book "What is life?," which was so influential at the time, ERWIN SCHROOINGER 

(1944) mused, "In order to be suitable material for the work of natural selection, 
mutations must be rare events." That is, stability is one of the most important 
properties of the gene. A decade and a half later, the visionary JOSHUA LEDERBERG 

(1959) was musing about the origin of antibody diversity. He proposed that 
the instability of genes, i.e., from somatic mutation, was crucial in this process. 

The duality of genetic stability and gene mutability is a recurrent theme 
in biology. On the one hand, genetic stability is the limiting factor in how big 
a genome can be (EIGEN 1993). On the other hand, without mutability, there 
would be no organic evolution, and life as we know it today would not exist. 
This duality is apparent during the development of a single organism as well 
as in evolutionary time. On the one hand, without a high degree of genomic 
stability, large multicellular organisms could not exist. and such stability may 
be the limiting factor in the lifespans of vertebrates (WABL et al. 1994). On 
the other hand, without mutability, the immune system of vertebrates would 
not function. 

, Department of Microbiology and Immunology, University of California, San Francisco, CA 94143-
0670, USA 

2 Basel Institute for Immunology, Postfach, 4005 Basel, Switzerland 
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Lest anyone protests that the last sentence of the preceding paragraph 
is hyperbole, we would like to point out that V(D)J rearrangement (reviewed 
in LIEBER 1992) and the heavy chain (H) class switch (reviewed in HARRIMAN et 
al. 1993) both involve the deletion of DNA from the chromosome. Deletions 
are mutations by any standards, and since there are at least three of them 
in every lymphocyte, T as well as B, one might even call it hypermutation. 
Junctional diversity arises from imprecision in the V(D)J joing process that 
gives rise to addition/deletion mutants at a frequency also deserving the epithet 
"hypermutation". And gene conversion, which is the principal basis of diver
sification of immunoglobulins in birds, and perhaps in some mammals, is also 
a form of hypermutability. But in the remainder of this paper, we shall confine 
ourselves to the phenomenon of hypermutation in the sense that it has become 
established in the jargon of immunologists - somatic point mutations that 
arise at a high rate in the segments encoding the variable (V) regions of 
immunoglobulins. 

From protein sequences of mouse A. light chains produced by myelomas, 
Weigert and Cohn (WEIGERT et al. 1970) deduced that somatic point mutations 
must be a cause of variability. This point was given a molecular biological 
foundation by Tonegawa and colleagues (BERNARD et al. 1978). However, it was 
argued by some that these mutations might have arisen during the extended 
period of time that the myelomas had been propagated outside of the host 
in which they first arose. In a stroke of genius, CUNNINGHAM and FORDHAM (1974) 
not only showed that somatic mutation contributes to antibody specificity, 
they also determined a rate of 10-3 per bp per cell generation, a rate of 
hypermutation that would be acceptable today. In his experiments, Cunningham 
micromanipulated plasmablasts with specificity for sheep red blood cells; they 
were identified by the plaques they caused in a lawn of sheep red blood cells 
in the presence of complement. When daughter cells of these plasma blasts 
were transferred onto a lawn of a mixture of red cells from two individual 
sheep, various plaque morphologies were observed: some lysed red cells of 
one sheep only, yielding turbid plaques, some lysed red cells from both sheep 
yielding clear plaques, and some reacted to one sheep and cross-reacted 
with the other sheep, yielding so-called sombrero plaques. The authors' in
terpretation was that the specificity had changed due to hypermutation. Critics 
argued that differences in amounts secreted over time or isotype switching 
might have given rise to the three plaque morphologies. Despite the caveats, 
this was the first determination of a mutation rate in an antibody gene. Seven 
years later, a spate of publications reported somatic mutations in hybridomas 
detectable by base sequencing (GEARHART et al. 1981; CREWS et al. 1981; SELSING 
and STORB 1981; GERSHENFELD et al. 1981; KIM et al. 1981; BOTHWELL et al. 1981). 
By 1981, the term "hypermutation" had become politically correct. 

After immunization, and especially after repeated immunizations, the af
finity of the antibodies in the serum increases dramatically with time - three 
or four orders of magnitude improvements are possible. This increase in the 
quality of serum antibody is called affinity maturation. Affinity maturation in 
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the early part of the response has been attributed to the selection of un
stimulated clones of the primary repertoire, the repertoire generated by V(D)J 
rearrangement. As antigen becomes limiting, clones with higher affinity have 
a selective advantage. But the primary repertoire alone will rarely have the 
high affinities associated with hyperimmunization. Mutants with even higher 
affinities will be progressively generated by somatic hypermutation, and these 
will be selected pari passu. The prevailing view today is that the biological 
role of somatic hypermutation is solely to contribute to affinity maturation. 
And indeed, cells undergoing hypermutation are found in the germinal centers, 
where the B-cell response, in large part, takes place (JACOB et al. 1991; KELSOE 
and ZHENG 1993). 

Today, hypermutation in the immunoglobulin genes is the paradigm of a 
site-specific, stage-specific, and lineage-specific mutator that generates point 
mutations. Let us briefly summarize the conventional view of events in hyper
mutation. Immunoglobulin genes are assembled in the bone marrow from 
gene segments - the heavy chain genes at the pro-B, and the light chain 
genes at the pre-B cell stage. When a functional immunoglobulin molecule 
is formed and inserted into the membrane, the pre-B cell becomes, by de
finition, a B cell, which travels through the peripheral blood to the spleen, 
lymph nodes, and other sites in the periphery. When the immature B cell 
meets a self-antigen, it is taken out of the functional pool. either by clonal 
deletion (i.e., physical destruction) (RUSSELL et al. 1991; CHEN et al. 1995; HARTLEY 
et al. 1991; SHOKAT and GOODNOW 1995) or anergy (i.e., functional shutdown) 
(GOODNOW et al. 1989; GOODNOW 1992), unless the antigen receptor is "edited" 
by replacing the light chain and/or heavy chain genes (NEMAZEE 1993; TIEGS et 
al. 1993; GAY et al. 1993; RADIC et al. 1993). Mature B cells police the periphery, 
and some of them come in contact with antigen. The antigen-specific cells 
home into the germinal centers of lymphoid follicles, where they proliferate, 
differentiate, and hypermutate. The architecture of the germinal centers pro
vides an intricate meeting place for the several cells involved in the immune 
response, and this seems to provide the most effective site for selecting 
mutant antibodies with higher affinities. The cells that accumulate mutations 
and acquire higher affinity to antigen are destined to become memory cells. 
During the primary response, no cells of clones from this pool will differentiate 
into plasma cells (LINTON et al. 1989; SPRENT 1994). Upon secondary stimulation 
by antigen, the memory cells proliferate and develop into plasma cells, which 
now secrete antibodies of higher affinity. Neither memory cells (SIEKEVITZ et al. 
1987; KUPPERS et al. 1993) nor plasma cells accumulate any more mutations. 
In plasma cells, the immunoglobulin mutator apparently is shut off (MILSTEIN 
et al. 1978; WABL et al. 1985; BACHL and WABL 1996; VESCIO et al. 1995). This 
may also be the case in memory cells, but the lower likelihood of improved 
affinity by mutation yields few new mutations to be fixed. 

In the H chain genes, the segments encoding the V region are the 
"epicenter" (GEARHART and BOGENHAGEN 1983; GEARHART 1993) of mutation, with 
the frequency decreasing progessively in both 5' and 3' directions. The area 
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of hypermutation of about 2 kb includes the flanking regions. The 5' boundary 
near the promoter region is distinct; the 3' boundary near the enhancer region 
is more loosely defined (reviewed in GEARHART 1993). While the loci encoding 
H chains and l( chains behave similarly, at the locus encoding A. chains a 
segment of the major intron is as hypermutable as the complementarity-deter
mining regions (GONZALEZ-FERNANDEZ et al. 1994). Within the hypermutable se
quences, there are sites of even higher intrinsic mutability than their neighbors, 
so-called hotspots (BEREK et al. 1985; BEREK and MiLSTEIN 1987; LEW et al. 1988; 
BETZ et al. 1993). Consensus sequence motifs can be found for the hotspots 
(ROGOZIN and KOLCHANOW 1992; BETZ et al. 1993; YELAMOS et al. 1995). 

While the highest frequency of mutations is found in and around the 
segments encoding V regions, sequences that allow high-level expression of 
immunoglobulin genes are not enough for hypermutability. For the l( (SHARPE 
et al. 1991; BETZ et al. 1994) and H (BACHL and WABL 1996) chain loci, both 
the major intron enhancer and the remote 3' enhancer are necessary; A. chain 
genes also need other as yet undefined elements (HENGSTSCHLAGER et al. 1994). 
Transcription or at least a promoter seem to be necessary, but it need not 
be the immunoglobulin promoter (BETZ et al. 1994). Surprisingly, the actual V 
exon is not necessary for hypermutation at the l( chain locus (YELAMOS et al. 
1995). 

2 The Experimental Systems 

In the 1980s, studies on hypermutation in mice more or less followed a simple 
scheme. V regions from myelomas were sequenced and compared with their 
germline counterparts, or hybridomas were generated from immunized regular 
mice or immunized mice with immunoglobulin transgenes, as pioneered by 
the Storb laboratory for the light chain (RITCHIE et al. 1984) and Grosschedl 
and Baltimore for the heavy chain (GROSSCHEDL and BALTIMORE 1985). The V 
regions of these hybridomas were sequenced and compared with the germ 
line V. D, and J segments and with the flanking sequences, as well as with 
each other. In these studies, genealogical trees could be constructed, and a 
wealth of information about the distribution and the nature of mutations ac
cumulated (SABLlTZKY et al. 1985; RUDIKOFF et al. 1984; MANSER et al. 1984; McKEAN 
et al. 1984; GRIFFITHS et a1.1984; CLARKE et al. 1985; BEREK et al. 1985; SIEKEVITZ 
et al. 1987). Storb used animals where the role of DNA replication and tran
scription could be assessed. Neuberger's and Milstein's laboratory developed 
the concept of "passenger genes" - genes that are not translated and hence 
do not accumulate mutations selected by antigen (SHARPE et al. 1991). Cells 
that strongly bound peanut agglutinin (PNA) have accumulated many more 
mutations than cells that bind PNA weakly, and this fact has been exploited 
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to study a large number of mutations (GONZALEZ-FERNANDEZ et al. 1993; YELAMOS 
et al. 1995). 

Today, the dramatic progress in cloning techniques has allowed some 
shortcuts in the above scheme. That is, although the generation of hybridomas 
is still useful for many purposes, it is no longer absolutely essential. This has 
allowed hypermutationists to branch out into other animal species. Thus frog 
(WILSON et al.1992, 1995), shark (Ou PASQUIER 1993; HINDS-FREY et al. 1993). 
sheep (REYNAUD et al. 1991, 1995), and rabbits (KNIGHT and BECKER 1990; KNIGHT 
et al. 1991; ALLEGRUCCI et al. 1991; WEINSTEIN et al. 1994) have all been studied 
to some degree and have contributed to our understanding of the phenomenon 
of hypermutation. 

Nor have studies been confined to the conventional approach alone. 
Studies in situ, where cells picked from germinal centers are analyzed, con
firmed that hypermutation is active during cell proliferation after antigenic 
stimulation (JACOB et al. 1991, 1993; JACOB and KELSOE 1992). V regions of cells 
from the other site in the spleen where B cells proliferate and differentiate, 
the periarteriolar lymphoid sheath-associated foci, were found to be mostly 
unmutated. Cells picked from histological sections also allowed Hodgkin and 
Reed-Sternberg cells to be identified as B cells and to be staged (KUPPERS et 
al. 1994). 

Compared with the studies in the mouse, the studies in human beings 
have been less broad and less controllable by the investigator. However, fol
licular lymphomas have been studied extensively in vivo and in vitro (LEVY et 
al. 1988; BERINSTEIN et al. 1990). Cells from follicular lymphomas resemble the 
centrocytes of the secondary immune response - the cells where most somatic 
mutations accumulate because of a high rate of mutation and a strong selection 
for better binding. Cells from such tumors are all clonally related; they contain 
the same VH rearrangement. but may express a light chain gene different 
from the original one. The cells continue to mutate their idiotopes at a high 
rate in vitro (BERINSTEIN et al. 1990). They can be and probably are being used 
for studies in which target sequences are assayed for mutability. 

A system to delineate cis sequences that either target the hypermutation 
enzyme system or are necessary for it in other ways, e.g., for transcription, 
has been worked out in Gearhart's laboratory. It is an elegant system even 
though it does not yet replicate hypermutation in endogenous, unaltered im
munoglobulin genes (UMAR et aI.1991). Mice with preformed immunoglobulin 
transgenes with deletions that span putative target sequences and that may 
preclude transcription or translation are analyzed for mutants in a reporter 
gene. The reporter gene is a bacterial suppressor tRNA inserted into the major 
intron, and mutation frequencies can be measured in bacteria after transgene 
rescue. So far, large and small deletions were the only mutations detected in 
these transgenic mice; perhaps the addition of the 3' enhancer to the transgene 
probe will allow full mutator activity. 

Even though the final goal is description of hypermutation in the whole 
animal, the study of the mutator components in transgenic animals is cum-
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bersome and often involves a heroic effort. Thus, mutations at the immuno
globulin loci have also been studied in lymphocyte lines. On the one hand, 
as mentioned above, immunoglobulin genes of myelomas were compared 
with their germline counterpart gene segments. On the other hand, the actual 
process has been also studied in lines. Using, e.g., the compartmentalization 
test (VON BORSTEL et al. 1971), it is possible to accurately determine mutation 
rates (COFFINO and SCHARFF 1971; BAUMAL et al. 1973; WABL et al. 1985, 1987; 
MEYER et a1.1986; SCHARFF et al. 1987; JACK and WABL 1987). Moreover, the cis 
sequences that are necessary can be determined in cell lines, as can the 
differentiation stages that support hypermutation (ZHU et al. 1995; GREEN et 
al. 1995; BACHL and WABL 1996). This approach will become especially important 
in the search for trans-acting factors. Early studies with endogenous genes 
in lines were recently extended by transgenic approaches. The laboratory of 
Scharff and our own laboratory described 11 gene constructs with all the cis
acting elements necessary for hypermutation comparable to the rate of the 
endogenous gene segments encoding the V region. The activity of the mutator 
does not seem to depend strongly on the position of the transfected gene 
in the genome. However, there are some differences in the composition and 
behavior of the constructs. The construct of the Scharff laboratory described 
in the original publication contained no 3' enhancer. Our construct contained 
the 3' K enhancer; when the enhancer was left out, reversion frequencies 
dropped by two orders of magnitude (J. BACHL and M. WABL, manuscript in 
preparation). Furthermore, our construct did not hypermutate in a plasma
cytoma, while their published results were obtained in a plasmacytoma and 
in lines derived by fusing a pre-B cell and a myeloma. Due to methodological 
differences, the results cannot be compared directly in quantitative terms, but 
the effect on our hypermutable construct was at least two orders of magnitude 
greater than on our control construct, while the difference between V and C 
in their case was about fivefold. When a 3' enhancer was added to the Scharff 
construct, it behaved essentially like ours (M. SCHARFF, personal communication). 

3 Some Questions 

Thus far, we have attempted to present the history and the current state of 
hypermutation research. We have deliberately attempted to avoid controversial 
issues. In this section, we will discuss what we consider to be open questions. 
We make no claim for completeness in the list of questions we cover. Moreover, 
the detail in which these questions are discussed is very uneven; the reader 
will have little trouble ascertaining which questions the authors are most con
cerned with at the moment. 
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3.1 Is Affinity Maturation the Only Raison d'Etre 
for Hypermutation? 

Receptor Editing. We should keep an open mind for the possibility that hyper
mutation also contributes to the virgin B cell repertoire. "Editing" of B cell 
receptors to self-antigens, for example by L chain or by VH replacement, is 
becoming increasingly accepted (see above). There is no a priori reason why 
such editing should not also result from hypermutation. In fact. this is precisely 
how a latterday immunologist would describe the now classical theory of the 
somatic generation of immune diversity of Niels Jerne (JERNE 1971). Current 
experimental evidence points to a low frequency of mutants in the primary 
repertoire (Gu et al. 1991). However, it is unfair to compare the frequency in 
receptors selected for better antigen binding with the frequency in receptors 
selected against binding to (self-)antigen. So far, most studies involve antibody 
genes that have been selected for encoding a given specificity. Surely there 
is a much greater chance of abrogating binding by a single point mutation 
than of achieving better binding. Indeed, this was borne out by experiments 
in which mutant antiphosphorylcholine antibodies were generated by random 
mutagenesis in vitro. In none of the 46 mutants tested was the affinity in
creased, but in one-tenth of the antibodies with one amino-acid substitution, 
and in over half of the ones with two, the affinity was decreased (CHEN et al. 
1992). Moreover, there is good evidence that hypermutation plays a role in 
increasing the naive immune repertoire in the sheep, even in the absence of 
antigen altogether (REYNAUD et al. 1995). 

Memory. A side issue, not directly relevant to the process of affinity maturation 
is the question of how memory cells are put aside. The intuitive way to explain 
B cell memory would be that a B cell clone with antigen affinity above a 
certain threshold is triggered, expands, and differentiates into both plasma 
cells and memory cells; i.e., antibodies of the late primary response would 
be the fast line of defense in a second challenge of the same antigen. However, 
the current view is just the opposite. It is thought that there are two kinds 
of B cells. Upon antigenic stimulation, one sort differentiates into plasma 
cells, but does not give rise to memory cells, while the other sort differentiates 
into memory cells, but does not give rise to plasma cells. Of course, hyper
mutation would benefit immunological memory in both models. However, in 
the two-lineage model, hypermutation would not necessarily favor the survivors 
of a first microbial attack, since the fine-tuning of the response has not been 
tested for its biological consequence. It is as if we were to meet someone, 
but would better remember his brother, whom we had not met. 
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3.2 Is the T Cell Antigen Receptor Hypermutable 1 

A controversial isssue is the question of hypermutation in the T cell antigen 
receptor genes. Hypermutation has been both postulated and rejected on 
theoretical grounds. But in hundreds of sequences, there is no evidence for 
somatic point mutants. The counterargument is that people have not looked 
in the right places. There is one report of hypermutation in T cells in germinal 
centers (ZHENG et al. 1994). As these results have been challenged on ex
perimental grounds (BACHL and WABL 1995). the jury is still out on this issue. 

3.3 Is Hypermutation Really Hyperconversion? 

Published work on the generation of antibody diversity in the chicken was so 
beautifully executed that there was no doubt about hyperconversion being 
the cause of diversity in both Hand L chains (REYNAUD et al. 1987, 1989; 
THOMPSON and NEIMAN 1987). Later it was shown that hyperconversion also 
occurs in rabbits (KNIGHT and BECKER 1990; KNIGHT et al. 1991; ALLEGRUCCI et al. 
1991; WEINSTEIN et al. 1994); this elegantly solved the long-standing problem 
posed by variable region allotypes which has hounded immunogeneticists for 
so long. But it has also been proposed that hyperconversion is responsible 
for the high frequency of mutants at the immunoglobulin loci in mice and 
human beings. (MAIZELS 1989). 

This suggestion has met strong resistance, and there are two main ar
guements against it: (i) the apparent independence of point mutations, and 
(ii) the absence of donor sequences. There are only three V gene segments 
at the mouse the A. locus, and two of them differ only slightly from each 
other. These differences do not explain the mutational patterns. There are 
also no sequences in the genome homologous to the major introns, yet many 
mutations are found there in all three immunoglobulin loci. Recent results in 
Milstein's and Neuberger's laboratories ought to put to rest speculations that 
all hypermutation is really hyperconversion. Bacterial sequences can replace 
the V exon as a target for hypermutation (YELAMOS et al. 1995). Of course, it 
is not excluded that hyperconversion also contributes to antibody diversity in 
mice and human and human beings. However, in the one case where ex
perimental evidence has been reported, a putatively converted V exon in a 
transgene might have been an endogenous gene (Xu and SELSING 1994). 

3.4 Does Hypermutation Depend on Transcription? 

As mentioned above, the 5' boundary for mutations is the promoter region, 
suggesting that transcription is necessary for hypermutation, or at least that 
factors of the transcriptional machinery are part of the mutator. In mammals 
as well as bacteria, there is a DNA repair system coupled with transcription 
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(HANAWALT 1994). If the polymerase happens upon a lesion in the strand being 
transcribed, it is corrected to match the untranscribed strand. If this mechanism 
were active in hypermutable B cells, and if it were applicable to mismatches 
of base pairs, this is just the sort of mechanism that would ensure the ac
cumulation of mutations even in the absence of mitosis. The stalling of RNA 
polymerase II at a natural sequence-dependent pause site (hotspot) may also 
be sufficient to initiate a "gratuitous transcription-coupled repair" (HANAWALT 
1994), and the repeated generation of repair patches at lesion-free sites might 
lead to higher levels of spontaneous mutagenesis. 

A dependence of hypermutation on transcription would also be an attrac
tive hypothesis to explain strand discrimination. At least it would be if the 
same strand were always preferentially affected. This, however, does not seem 
to be the case (YELAMOS et al. 1995). Nevertheless, hypermutation has been 
linked to transcription and DNA replication (ROGERSON et al. 1991). 

3.5 What cis-Acting Sequences Are Needed? 

The transgenic systems make a detailed analysis of the cis sequences needed 
for hypermutation possible. As described above, the large intron enhancer 
and the 3' enhancer are needed, but not a particular immunoglobulin promoter 
sequence or the V exon sequences. Further narrowing down the core se
quences will be achieved by the same type of experiments that allowed defining 
the elements so far. 

3.6 What trans-Acting Factors Are Needed? 

The question of which trans-acting factors are needed can be easily summarized 
by saying that nothing is known for sure. Several intriguing hypotheses to 
explain hypermutation have been put forward (e.g., MANSER 1990; ROGERSON et 
al. 1991; GEARHART 1993) since BRENNER and MiLSTEIN (1966) first proposed that 
an enzyme complex would actively place mutations and thus cause hypermu
tation at the immunoglobulin locus. While the Brenner-Milstein model does 
not explain the facts of hypermutation as the word is used today, it bears an 
uncanny resemblance to the way in which untemplated nucleotides, so-called 
N regions, are added at the DJ and VD junctions during immunoglobulin heavy 
chain gene rearrangement (DESIDERIO et al. 1984), a process that was discovered 
almost 20 years after the model was proposed. The enzyme terminal deoxy
nucleotidyl transferase (TdT), which is responsible for the N regions, has been 
found to be expressed only in pre-B and pre-T cells, but germinal center B 
cells do not seem to have been checked. 

In our view, one component of the mutator is an enzyme that recognizes 
specific sequences at the immunoglobulin loci and makes single-strand breaks 
at or near these sites, i.e., a nicking enzyme, similar to that postulated for 
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repair of damaged DNA. The nicked DNA segment would be nibbled back, 
resynthesized, and repaired, only to be nicked again. Another component would 
be a "repressor" of some sort that would at least partially suspend proofreading 
during the period of active hypermutation. Thus, the repair process itself would 
introduce mutations at an elevated frequency during the resynthesis phase 
induced by the putative site-specific nicking enzyme. Hypermutation would 
continue until at least one of three events transpired: (i) the recognition se
quences for the nicking enzymes themselves are mutated, (ii) the nicking 
enzyme is turned off, or (iii) proofreading is turned back on. This model relies 
on the general repair system, with just one additional enzyme, the sequence
specific nickase, and one "repressor" to abrogate efficient proofreading. 

It ought to be obvious that attention to the rapidly expanding field of 
mammalian repair enzymes will benefit the field of immunoglobulin hypermu
tation. For example, mice with a null mutation in the DNA mismatch repair 
gene PMS2 have been recently reported (BAKER et al. 1995). It will be interesting 
to see whether these mice show more (or maybe even fewer!) mutations at 
the immunoglobulin loci. 

3.7 Are There Hypermutable Sequence Motifs? 

Knowledge about the nucleotide sequences affected might give us a clue as 
to the biochemical mechanism of hypermutation. Different reactivities of bases, 
neighboring sequences, and other factors known from mutation research in 
bacteria and phages must have an influence. Indeed, hotspots of mutability 
have been recognized (BEREK et al. 1985; BEREK and MiLSTEIN 1987; LEVY et al. 
1988; BElz et al. 1993), and common sequence motifs have been deduced 
(ROGOZIN and KOLCHANOW 1992; BElz et al. 1993; YELAMOS et al. 1995). When the 
influence of antigen selection is not excluded in the analysis of mutations, 
then it seems that the sequences RGYW (where R is a purine, Y a pyrimidine, 
and W is either A or T) and TM are conducive to hypermutation (ROGOZIN and 
KOLCHANOW 1992). However, given that there are only four different bases, these 
sequences are not all that uncommon. When the intrinsic mutability - i.e., 
with no influence of antigen selection - was assessed, the sequence motifs 
CAGCT. GAGCn and MGTI were deduced (Bm et al. 1993; YELAMOS et al. 
1995). The hot bases in these motifs are all G or C. At the lambda locus of 
the mouse, hotspots seem to be contained in palindromes; no consensus 
sequence is immediately obvious, but all 11 hot base pairs reported are at a 
G-C base pair (GONZALEZ-FERNANDEZ et al. 1994). While adjacent sequences must 
have an effect on hypermutability, we feel that the emphasis should be placed 
on the bases that are hypermutable, a question that we will discuss at some 
length in Sect. 3.8 below. 
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3.8 Are G-C Base Pairs Preferentially Mutated? 

G-C Base Pair Preference in Frogs. In the clawed frog Xenopus, more than 
90% of all somatic point mutations at the immunoglobulin heavy chain locus 
affect G-C base pairs (WILSON et al. 1992). The authors of the Xenopus study 
postulate that the primary action of the mutator is biased towards G-C and 
against T-A in mice as well as in frogs, but that strong antigen selection for 
mutants with better affinity obscures the original spectrum of mutants in mice. 
Affinity maturation, which is driven by antigen selection, is poor in frogs, 
perhaps because they lack germinal centers, and, as a consequence, the high 
percentage of mutations at G-C base pairs is preserved. The same preference 
has been observed in Xenopus tadpoles (WILSON et al. 1995) and in the shark 
Heterodontus (Du PASQUIER 1993). 

G-C Base Pair Preference of Unselected Mutations at Nonimmunoglobulin Loci 
in Mammals. The preference for G-C might be a general feature of unselected 
mutations in mammals as well as frogs and in genes unrelated to immuno
globulins. Using published spectra of spontaneous mutations in seven distinct 
experimental systems in human beings and Chinese hamsters (ZHANG et al. 
1992), WILSON et al. (1992) analyzed the relationship of the G-C/A-T mutation 
ratio against the percentage of point mutations. They argued that the fraction 
of point mutations is a measure of of the stringency of selection in the seven 
systems, all of which involve loss of activity of the enzymes hypoxanthine
guanine and adenine phosphoribosyl transferases. As can be seen from Fig. 1 
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Fig. 1. Log GC/AT mutation ratio versus percent point 
mutations. The GC/AT mutation ratio is the ratio of 
cases in which the mutation arose from altering a 
GC base pair to cases in which the mutation arose 
from altering an AT base pair. This figure is taken 
from WILSON et al. (1993), each point corresponds 
to one column of data in Table 3 of ZHANG et al. 
(1992) 
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(taken from Fig. 7 of WILSON et al. 1992), the log G-C/A-T mutation ratio is 
positively correlated with the percent point mutations, hence negatively corre
lated with the stringency of selection. The correlation coefficient is 0.75, which 
means that somewhat more than half of the variability in log G-C/A-T can be 
accounted for by variability in the fraction of point mutations. G-C/A-T ratios 
of 20 or 30 are attained for 90%-100% point mutaions. 

Nucleotide preferences in mouse and human immunoglobulin genes. Little 
overall bias for mutations of G-C base pairs is apparent in mouse hybridoma 
sequences (GEARHART 1993) and in the hypermutated nonimmunoglobulin se
quences in transgenic mice (YELAMOS et al. 1995). However, it is interesting 
that within the motifs CAGCT and AAGn (BETZ et al. 1993), GAGCn (YELAMOS 
et al. 1995) and the small palindromes around the hotspots in the VA.1 gene 
(GONZALEZ-FERNANDEZ et al. 1994) it is the G-C base pair that is the hotspot. One 
can argue that it is the motif, and not the G-C base pair that is the target 
here (see Sect. 3.7 above), but then one might also ask why the motif does 
not contain an A-T base pair in the center. 

BETZ et al. (1993). classified mutational hotspots at the heavy and light 
chain loci of mice and humans into "selected" and "intrinsic," i.e., into those 
that seemed to have been selected by antigen and those that seemed to 
have not been selected by antigen. While there is no obvious preference for 
G-C base pairs among the selected hotspots, 12 of the 14 unselected hotspots, 
with 111 of the 123 mutations, are at G-C base pairs. This striking finding is 
in line with the interpretation that the primary specificity of the system is 
biased towards mutation of G-C base pairs, but this specificity is obscured 
by antigenic selection. However, it is also possible that the immunoglobulin 
mutator system in mammals consists of several mutators, of which the G-C 
mutator, as present in frogs, is only one. 

Because antigenic selection is clearly not involved, analysis of the mutants 
found in the 18-81 cell line, might be expected to give more unequivocal 
results. Indeed, in each of the 19 mutations we have sequenced in this line, 
a G-C base pair was involved. As the mutations arose in separate culture 
wells that had been seeded with a single nonrevertant cell, we can be quite 
sure that they represent independent mutational events. Thus, the immuno
globulin mutator, at least in 18-81, affects G-C pairs. Of course, the fact that 
G-C base pairs are preferred does not necessarily mean that all G-C pairs are 
targeted with equal likelihood; nor does it exclude that other sequence re
quirements might be necessary. The TAG codon in these studies is not con
tained in the sequence CAGCl: but it is included in RGYW 

Scharff's laboratory reported an approach similar to ours in 18-81, without 
finding a bias for G-C base pairs (ZHU et al. 1995; GREEN et al. 1995). There 
were, however, significant differences in characteristics between the constructs 
and the cell lines used (see Sect. 2 above). 
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4 Conclusion 

We can now look back at 25 years of experimental evidence for hypermutation 
in immunoglobulin genes. Although a rate of spontaneous mutation has never 
been measured at nonimmunoglobulin loci. the rate for hypermutation is 
thought to be a million times higher. varying somewhat over the V regions 
and its flanking sequences. Broad tendencies of the process have been 
mapped. and cis-sequences necessary for hypermutation have been defined. 
The challenge of today is to define how these cIs-acting factors interact with 
trans-acting factors yet to be found. 
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