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DNA Elements Are Asymmetrically Joined 
During the Site-specific Recombination 

of Kappa Immunoglobulin Genes 

Susanna Lewis, Ann Gifford, David Baltimore 

During B-cell differentiation, a series 
of site-specific recombinations assemble 
the variable (V) region exons of immuno- 
globulin genes (1-3). Recombinational 
assortment of gene segments expands 
the coding capacity of a locus, enabling a 
large repertoire of gene products to be 
generated from a relatively small number 
of components. This appears to be a 
common feature of the immune system 
loci that encode antigen-binding pro- 
teins; the variable region exons of T- 
cell-specific antigen receptor genes also 
assemble recombinationally (4, 5) as do 
those in another locus that is also 
thought to be involved in immune recog- 
nition (6). 

The gene segments targeted for rear- 

rangement at these loci are flanked by 
characteristic DNA sequences. The pu- 
tative "joining signal" consists of a hep- 
tamer, a spacer region, and a nonamer 
(1-5). The heptamer and nonamer ele- 
ments are evolutionarily conserved, be- 
ing similar in different vertebrate classes 
(3, as well as in genes that rearrange in 
different cell lineages (1-5). Joining sig- 
nals always have one of two forms; the 
heptamer and nonamer sequences are 
separated by an approximately 12-base 
spacer, or by an approximately 23-base 
spacer. Gene segments linked to joining 
signals with 12-base spacers appear to 
recombine only with those linked to join- 
ing signals containing 23-base spacers 
and vice versa (1-5). The presence of 
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joining signals and the adherence to the 
12-23 spacer rule have been taken to 
indicate that similar, perhaps identical, 
enzymes catalyze recombination at all 
six loci that are known to rearrange 
during immunodifferentiation (4). 

The kappa immunoglobulin locus pro- 
vides a simple and well-characterized 
system in which to study the details of 
the recombination process. Only two 
component parts, V, and J,, recombine 
in forming a complete kappa variable 
region exon. Rearrangement of the kap- 
pa locus generates two distinct classes of 
recombinant junctions (8-13). One prod- 
uct of rearrangement is a "coding joint," 
which is the junction between V, and J, 
coding sequences in an assembled vari- 
able region exon. The other product we 
refer to as a "reciprocal joint": it con- 
sists of the two joining signals derived 
from V, and J, fused to one another at 
their (formerly) coding-proximal borders 
(8) (Table 1). The existence of reciprocal 
joints at the kappa locus indicates that 
gene rearrangement may be a reciprocal 
process, yet reciprocal joints apparently 
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tion events (9, 10) as is discussed below. 
Abstract. Zmmunoglobulin K genes are constructed during lymphocyte dzxerentia- 

tion by the joining of two DNA elements, V K  and JK, to form both a VKJK coding unit 
and a reciprocal recombination product. The two products formed in single VK-to-JK 
joining events can be directly isolated through the use of a retrovirally introduced 
recombination substrate. The structural analysis of a number of recombinants and 
the derivation of secondary recombination products dejine some of the basic 
features of the mechanism of immunoglobulin gene assembly. 

do not accumulate at the lambda or 
heavy chain gene loci with the same 
frequency with which they are found at 
kappa; only one example has been re- 
ported (14). The reason the kappa locus 
should be unique in this regard is debat- 
ed, but it is very likely that the presence 
or absence of reciprocal joints at a given 
locus is primarily a result of its topogra- 
phy (10, 15). 

To characterize possible intermediates 
in the joining reaction, it is of benefit to 
examine the fine structure of recombi- 
nant junctions. The sequences of these 
junctions is informative because the 
component gene segments are joined in a 
region devoid of homology (16), enabling 
the crossover sites to be precisely de- 
fined. We thus can identify the sites at 
which bonds in the parental duplexes 
must have been broken before ligation 

created the recombinant linkage. The 
new connections define some of the ba- 
sic parameters of the rearrangement 
process. In taking this approach, we 
have found it particularly useful to exam- 
ine a coding joint pairwise with the cor- 
responding reciprocal joint because then 
all the products of a single recombination 
event are represented. 

Much of what is known about the 
rearranged kappa locus has come from 
the study of transformed B-lineage cell 
lines such as myeloma lines. Neverthe- 
less, reciprocal pairs of recombinant 
junctions-a coding joint along with its 
reciprocal-have never been demon- 
strated in the DNA of rearranged myelo- 
mas and hybridomas (8, 11-13). It has 
been suggested that nonreciprocal junc- 
tions in myelomas may have been pro- 
duced as a result of multiple recombina- 

Table 1. Terms used. 

Term Definition Abbreviation Symbol 

Germline V, 

Germline J, 

V, coding sequences 

J, coding sequences 

V, joining signal 

J, joining signal 

Coding joint 

Reciprocal joint 

Pseudo-coding joint 

PD-A (-D,-I, and 
other) 

Recombinant A (D 
and other) 

Unrearranged V, 

Unrearranged J, 

The heptamer, 12-base 
spacer, nonamer 
element flanking a 
germline V, 

The heptamer 23-base 
spacer nonamer of 
germline J, 

Fusion of V, and J, 
coding sequences 

Fusion of V, and J, 
joining signals 

Fusion of J, joining 
signal to J, coding 
sequences 

Infected, mycophenolic 
acid-resistant isolate 
of cell lirie PD 

Recombinant form of 
provirus after clon- 
ing out of PD-A 
DNA into phage A 

'These are examples. 

678 

To isolate reciprocal recombination 
products, and to facilitate experimental 
manipulation of the system, we designed 
a recombination substrate that could be 
introduced into an actively rearranging 
cell (15). The construct could be infected 
as a retrovirus into the Abelson murine 
leukemia virus transformant PD. The 
substrate DNA, in a site-specifically re- 
combined form, can be recovered from 
the DNA of PD cells as proviral clones in 
bacteriophage A (15). Because the V, 
and J, sequences in the substrate were 
arranged so that a coding joint would be 
formed via an inversion, the coding joint 
and a reciprocal recombination product 
are both present at the inversion junc- 
tions of a single proviral insert. We used 
this approach to isolate and analyze the 
products of numerous individual rear- 
rangement events. It is clear from this 
analysis of the products of gene rear- 
rangement that they are qualitatively 
quite different from those of any other 
site-specific recombination system, and 
we expect that this reflects a novel 
mechanism. 

Zsolatiotz and analysis of recombi- 
nants. The substrate that we used to 
detect VK-to-JK recombination was based 
on a retrovirus vector that had been 
engineered to contain a murine germline 
V, gene segment and the five germline J, 
segments. These gene segments are each 
linked to their flanking joining signals. 
The LTR-to-LTR region (LTR, long ter- 
minal repeat) of the substrate is repre- 
sented in Fig. 1. [The pBR322-based 
construct, pVJG, and the preparation of 
the viral form of the substrate are de- 
scribed in (15)]. Reciprocal joining of VK 
to a J, element should cause an inversion 
of the region between them. This design 
was intended to allow the recovery of 
both a coding joint and a reciprocal joint 
at either border of the inversion. In addi- 
tion, pVJG contained a selectable mark- 
er, the Escherichia coli gpt gene (17). 
The gpt gene is not linked to a eukaryotic 
promoter and is transcriptionally inac- 
tive in the substrate, unless an inversion 
such as that resulting from site-specific 
VK-to-J, recombination reorients the gpt 
gene so that it is under the transcription- 
al control of the 5' viral LTR (Fig. 1). 
Mycophenolic acid may be used to select 
for cells that express the bacterial gene 
(1 7). 

Initially we isolated 19 mycophenolic 
acid-resistant PD cell lines that had been 
infected with the substrate, most of 
which were independent. We generated 
a restriction map of the integrants in 14 
of these lines by probing restriction en- 
zyme-cleaved samples of their DNA for 
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gpt gene sequences after electrophoresis 
through agarose gels and transfer to ni- 
trocellulose. We chose one cell line, PD- 
A, for sequencing studies because our 
analysis indicated that the substrate in 
this cell line had acquired a single inter- 
nal inversion consistent with a V,-to-JK1 
recombination. We isolated a A phage 
clone of the integrant in PD-A and dem- 
onstrated that the DNA sequences of the 
inversion junctions in the recombinant 
(designated A in Figs. 1 and 2) do in fact 
represent a V,-JK1 coding joint and its 
corresponding HV-HI reciprocal joint 
(Table 1) (15). 

All of the other PD isolates that were 
mapped by hybridizing variously digest- 
ed samples of cellular DNA to gpt 
probes as described above, harbored a 
recombinant substrate, except for one 

end, we isolated five independent V,/JK1 
recombinants (A, I, 0 ,  N, and X) and 
three VK/JK4 recombinants (D, M, and 
P). The sequences of these junctions are 

, shown in Fig. 2. 
One consequence of junctional diver- 

sity was immediately apparent. Only 
three of the eight coding joints (those in 
recombinants 0 ,  P, and X) occurred in 
the same translational reading as a func- 
tional kappa immunoglobulin protein 
(Fig. 3). This ratio was close to the value 
expected if the recombination process 
fused V, and J, elements randomly with 

respect to the coding properties of the 
product (18, 19). The frequency with 
which rearrangement can generate func- 
tional coding joints is an important factor 
toward understanding how the rear- 
rangement process might be regulated 
(20). While our data are limited, they 
represent an essentially unbiased mea- 
surement of the coding fidelity of V,-to- 
J, gene rearrangement and fully confirm 
earlier proposals (18, 19). 

The variability of V/J coding joints can 
be examined more closely by comparing 
recombination sites. Among the eight 

which neither expressed the bacterial 
gene by direct enzyme assay nor showed d 1 V -  - 

5 ' L T R 5 3  5 4 3 2 rl 
r -- 

HI", 
evidence for any introduced gpt gene 3?;r gPt v 

~ ' L T R  
-7  A l l l o  ---I sequences in its DNA. All recombined -J 

substrate sequences appeared to have 
been site-specifically rearranged. No ev- 
idence for activation of the gpt gene by 
any means other than site-specific V,-to- 
J, recombination was detected, although 
a sizable fraction of the PD isolates con- 
tained recombined substrates that ap- 
peared to have undergone more complex 
rearrangements than the inversion ob- 
served in PD-A. To examine additional 
examples of VK-to-JK1 recombination, we 
selected isolates that appeared identical 
to PD-A. Because we sought to investi- 
gate the variants that were detected by 
our initial mapping study as well, we also 
selected several isolates that were re- 
combined to another J, segment and 
several examples of the more complex 
alterations. 

A genomic library was prepared from 
each of eight mycophenolic acid-resist- 
ant PD derivatives included in our sur- 
vey and screened (15). Recombinant 
substrate sequences were recovered as 
Sac I inserts in Agtwes AB (Fig. 1). 

Properties of coding joints. The 
recombinant junctions in variable region 
exons are not precisely specified (1-3); 
the same V gene segment or J element 
can recombine at a variety of sites. This 
property of the joining reaction has not 
been systematically investigated because 
it is difficult to identify the precursors of 
a given endogenous rearrangement, or to 
isolate more than a few examples of the 
same VJ (or VDJ) segments in fused 
form without imposing a selection for a 
particular protein product. In the present 
system, we can examine junctional di- 
versity where the precursors are known, 
and, most important, without selection 
for expression of kappa protein. To this 

v Cod~ng Jolnts r Rec~procal  Jolnts v $ Coding Jolnts 

Splice Junction 
Fig. 1. Structures of VJG recombinants. Structures of the region from Sac I to Sac I of each 
recombinant after cloning into phage A are diagramed. Each recombinant junction is designated 
by one of the symbols listed in the key (Table 1). The sequenced regions are shown below each 
diagram. Restriction endonuclease sites are abbreviated as follows: S, Sac I; BII, Bgl 11; H, 
Hind 111; B, Bam HI; Ha, Hae 111; Hf, Hinf I; and Sa, Sau 3AI. Recombinants A, N, 0, and P 
were isolated from PD31-infected derivatives as described (15), recombinants D and I were 
from PD40 derivatives, and recombinants M and X from PD34-28-1 derivatives. The pheno- 
types and gene structures of the PD subclones, with the exception of PD34-28-1, have been 
described (10). PD34-28-1 is a derivative of PD34 (10) that has deleted both endogenous kappa 
constant region genes. 
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coding joints presented in Fig. 2, no two 
are alike. Recombination sites can be 
unambiguously assigned in most cases. 
Where there is fortuitous redundancy in 
the DNA sequence at the junction be- 
tween the target elements, as in recombi- 
nants I and M, precise assignment is not 
possible. The sites of crossing-over in 
the coding joints are indicated by open 
triangles in Fig. 2. In Fig. 3 (open trian- 
gles) these data are compiled relative to 
unrearranged V, and J, elements. 

Recombination sites can be seen to 
cover a region on the V, element ranging 
from one to three bases away from the 
heptamer border. 8n the J, element they 
are located either directly at the hep- 
tamer border or up to four bases in 
toward the coding sequences. As sug- 
gested by the frequency and distribution 
of sites shown in Fig. 3, the positioning 
of a coding joint crossover on either 
component element (V, or J,) appears to 
be random within a small region. We 
searched for other possible patterns that 
would not be evident in this compilation. 
It was hoped that such patterns might 
give some clue as to the geometry of the 
protein-DNA interactions during joining. 
Specifically, a painvise comparison of 
the displacements of the crossover sites 
on V, and J, as measured from either 
their heptamer borders or from other 
landmarks such as the last codon, re- 
vealed no positive or negative correla- 
tion. In addition, a variable number of 
base pairs is missing relative to the pre- 
cursor sequences from recombinant 

junctions (Fig. 2). It would appear from 
this analysis that if there is any restric- 
tion on the location of a given V, cross- 
over site with respect to a given J, 
crossover site, there is no hint of it in this 
collection. Any pattern that exists must 
be fairly subtle, and we conclude from 
this that there is a component of the 
rearrangement mechanism that can gen- 
erate variability in an essentially random 
fashion. 

Junctional insertion is found in the 
coding joint of one recombinant. The 
junction in recombinant D shows an un- 
expected feature. It contains two bases 
at the recombinant joint that could not 
be derived from either of the two precur- 
sor gene segments. We have confirmed 
that these two bases are not in the se- 
quence of the V, and JK4 elements in the 
substrate (data not shown). Therefore, 
bamng a mutation in the substrate at 
some time after infection but before rear- 
rangement (a remote possibility that can- 
not be excluded), it is apparent that the 
A and T residues (A, adenine; T, thy- 
mine) at the junction were acquired dur- 
ing the recombination process itself. 

The appearance of extra bases in 
recombinant D raises the issue of wheth- 
er they may represent an N region. N 
regions consist of short stretches of nu- 
cleotides of fairly random base composi- 
tion appearing as apparent insertions at 
VHID and D/JH junctions of heavy chain 
genes (21-23) and in assembled p-chain 
variable regions of the T-cell receptor 
(24, 25). N regions have not been report- 

I R e c i p r o c a l  J o i n t s  - 
V J ,  - ~ T A C ~ C A C T G T G I C A C A G T G I C T C C -  
V J ,  - C T A C ( C A C T  G T  G ~ A c A G T G ] C T C C -  

V J ,  - C T A C I C A C T G T G ~ C A C A G T G ] C T C C -  
VJ,  - ~ T A C / C A C T G T G ~ C A C A G T G ~ C T C C -  

VJ, - G A A T ~ C A ~ T G T G ~ ~ A ~ A G T G ] ~ T ~ ~ -  

ed to be present in joined light chain 
genes [although one junction is ambigu- 
ous in this regard (19)l. The formation of 
N regions has been correlated with the 
presence of terminal deoxynucleotidyl 
transferase (23). 

Unfortunately, there is no way to 
know on the basis of a single example if 
the extra base pairs observed in recombi- 
nant D should be considered an N region 
or whether they have an unrelated ori- 
gin. Short insertions, similar in length to 
N regions, are sometimes observed at 
the junction sites of transfected DNA 
(26-28), and have been demonstrated at 
the breakpoints of myc gene transloca- 
tions as well (29). Because of this. no . . 
obvious criteria distinguish N regions 
from other types of insertions. The junc- 
tional insert in recombinant D does not 
seem to have been caused by terminal 
transferase, because enzymatic assays of 
cellular extracts (23) from PD-A, -X 
and -D showed no measurable activity 
above background in any of these lines 
(30). Whatever their cause, the two-base 
insertion in the junction of recombinant 
D demonstrates that the ends that form 
kappa gene coding joints are accessible 
to modification. 

Properties of reciprocal joints. Five of 
the recombinants analyzed (A, I, 0,  N, 
and P) contain junctions that reciprocally 
correspond to their coding joints. In 
striking contrast to the variability of the 
co-isolated VIJ coding joints, the HvIHI 
(Table 1) reciprocal joints found in the 
recombinants A, I, 0,  N and the Hv/H4 

I Il I 1 
Coding Jo lnts  " R e c ~ p r o c a l ~  J o i n t s  

1 I1 
C o d ~ n g  J o ~ n t s  "Rec ip roca l "  J o i n t s  1 jr C o d ~ n g  J o i n t s  

I I,  I/ 

Fig. 2. Sequences of recombinant junctions. Recombinant junctions were sequenced by the method of Maxam and Gilbert (53). The junctions are 
symbolized as in Fig. 1. Heptameric elements of the joining signals are boxed; the spacer regions and nonamer elements of the joining signals are 
not included in the sequence shown. Sequencing gels were read for 20 bases and more on either side of the junctions in each case, except for the 
coding joints, which were sequenced by labeling at a Bam HI site in the V, coding sequences eight bases 5' to the joining signal. Ambiguous 
crossover sites due to redundancy between the recombining sequences are indicated by multiple triangles. The translational reading frame of the 
V and J gene segments is indicated by the wavy lines in Fig. 3.  The lowercase letters in the coding joint of recombinant D represent a 2-bp inser- 
tion. The total number of base pairs missing from each reciprocal pair ofjunctions is shown in the right-hand columns. The number of base pairs 
lost on formation of the reciprocal junctions in recombinant X is based upon the scheme in Fig. 5, but alternative derivations would give a 
difTerent value. The sequences of recombinant A have been reported previously (15). 
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junction in P are identical types of fu- 
sions. In every case, the joining signals 
located at the 3' flank of V, and at the 5' 
flank of J, were linked to one another 
exactly at the borders of their heptamers 
proximal to the coding regions (Fig. 2). 

The invariant structure of reciprocal 
joints was first noted in endogenously 
arising recombinants (8, 11, 13). Howev- 
er, in these examples, all were JK1-de- 
rived and all were nonreciprocal to the 
coding joints in the same cell. The possi- 
bility therefore arose that these endoge- 
nous JK1-derived reciprocal joints were 
not directly formed in functional V,-to-J, 
joining events but represented by-prod- 
ucts of a related reaction [(lo) and see be 
low]. The recombinants discussed 
above, which include repeated isolations 
of reciprocal V,-to-JK1 joining products 
as well as reciprocal products of a V,-to- 
JK4 rearrangement, definitively demon- 
strate that precise recombination sites 
are a general feature of reciprocal joints. 

A consequence of the qualitative dif- 
ference between reciprocal joints and 
coding joints is that the two products of a 
reciprocal V,-to-J, joining event are not 
exact reciprocals of one another at the 
nucleotide level. Because the coding 
joint crossover sites that we have ana- 
lyzed here are always displaced to the 
coding side of the joining signals on one 
or both elements, a variable loss of bases 
has resulted from every recombination 
event. In our collection, from one to six 
bases that existed in the precursor se- 
quences are missing from the products 
(Fig. 2). Whether the bases disappeared 
during formation of the coding joint, the 
reciprocal joint, or both cannot be deter- 
mined. Nevertheless, the microscopical- 
ly nonconservative nature of immuno- 
globulin gene rearrangement is a provoc- 
ative feature. Analogy can be made to 
the integration of many eukaryotic and 
prokaryotic transposons (31-33), retro- 
viruses (34) and dispersed, processed 
pseudogenes (33 ,  as well as other types 
of interspersed, repetitive DNA ele- 
ments (36, 37), all of which have the 
common feature that they apparently in- 
sert into new sites through recombina- 
tion events that are grossly reciprocal 
but nonconservative in detail. In these 
cases, a small number of bases are com- 
monly duplicated in the process of inte- 
gration. Terminal repeats of sequences 
at the insertion site of transposable ele- 
ments have been suggested to result 
from the introduction of staggered 
breaks on the target duplex (32). Al- 
though our work is an instance where 
base pairs are lost, not added, it is con- 
ceivable that the nonconservative aspect 
of V-to-J recombination similarly re- 

v 
v 
v 

v-v v v v v  : 63 
J, -CTACJCGTGGACGTT- - 

v 
v-v v-v v 

JE  - A C A C ~ A T G T A C A C G T T -  
735 v v 

J4 - G A A T ~ ] A T T  - C A C G T T -  

Fig. 3 .  Distribution and frequency of cross- 
over sites. The DNA sequence of unrearranged 
V,21-C, JK1, and JK4 elements in VJG were 
determined directly [(15) and this article]. The 
unrearranged JK2 sequence is from (54). Sym- 
bols above the crossover sites are as in Fig. 1. 
Ambiguous junction sites are delimited by a 
bar with triangles at the extreme right and 
extreme left. Codon 95 of V, and codon 96 of 
each J, element (55) are underlined. 

flects the way in which the participating 
duplexes are cut and reconnected (see 
Fig. 7). 

Substrate sequences may frequent- 
ly undergo secondary recombination 
events. Our substrate was designed to 
detect recombination that occurred by 
an inversion. When the joining signals 
that recombine to one another are pres- 
ent in a different orientation, however, 
rearrangement might also be imagined to 
produce deletions. We believe that this is 
the case in several of the cell lines that 
we isolated. As was mentioned previous- 
ly, our initial survey of various myco- 
phenolic acid-resistant PD derivatives 
indicated that the integrated substrate in 
some of these lines may have undergone 
multiple recombination events mediated 
by reoriented joining signals. We detect- 
ed deletions that mapped to a region of 
the substrate that suggested their forma- 
tion specifically via a secondary recom- 
bination of a reciprocal joint with the JK1 
element. 

To examine directly the structure of 
two integrants that appeared to have 
undergone secondary rearrangement 
events, we cloned the rearranged sub- 
strate from the lines PD-D and PD-M. In 
both cases, the coding joints were fu- 
sions of V, and JK4, but the reciprocal 
joints had been derived from V, and JK1 
(Fig. 2). Because recombinants D and M 
were missing all of the J, cluster lying 3' 
to the JK1 heptamer and 5'to JK4 coding 
sequences, their structures were consist- 
ent with the secondary recombination 
reaction diagramed in Fig. 4. As indi- 
cated in Fig. 4, the recombination of a 
reciprocal joint with a reoriented JK1, if it 

occurs in a fashion analogous to primary 
recombination events, will have two 
consequences: the formation of an HI/  
Hv reciprocal joint and the deletion of a 
portion of the J, cluster. These alter- 
ations had evidently occurred in both 
recombinants D and M. 

Mapping data indicated that deletions 
of portions of the J, cluster similar to 
those observed in D and M-every  one 
of which was accompanied by the pres- 
ence of an HI/HV reciprocal joint-exist- 
ed in 5 of the 14 original PD isolates. 
Because we have confirmed the struc- 
tures that we inferred from the in situ 
maps of the integrated substrate in the 
cases of PD-M and PD-D, we would 
argue from these observations that (i) 
secondary reciprocal joint recombina- 
tions occur fairly frequently, and (ii) HI/  
Hv reciprocal joints are overrepresented 
as a consequence. 

The deletive secondary rearrangement 
of the substrate provides a simple and 
consistent paradigm for both the nonre- 
ciprocal junctions and the HI/HV bias 
that is generally observed in the endoge- 
nous rearranged kappa alleles of myelo- 
mas (8, 9, 11-13). An obvious explana- 
tion for the HI/HV bias found among the 
putative secondary recombinants in our 
collection is that HI/HV junctions repre- 
sent a limit recombination product; in 
the process of rearranging to JKl,  all 
other similarly oriented J, elements are 
eliminated. By analogy, repeated recip- 
rocal joint recombination events might 
well underlie the parallel HV/HI bias and 
nonreciprocal junctions observed in en- 
dogenous myeloma genes. In contrast to 
our previous suggestion (lo), however, 
reciprocal joint recombinations do not 
involve intact V, gene segments and thus 
are related, but not identical, to VK-to-JK 
joining events. As a direct demonstration 
of secondary rearrangement of a recipro- 
cal joint, an example of an individual 
integrated proviral substrate was isolat- 
ed both before and after it had recom- 
bined. 

Experimental proof of secondary re- 
combination. The secondary deletions 
that occurred in recombinants D and M 
removed a segment from the substrate 
which presumably would have contained 
one of the two junctions formed in the 
event. A more complete analysis of sec- 
ondary recombination requires the ex- 
amination of both products of a second- 
ary rearrangement, not just one. To this 
end, we chose to isolate an example of a 
secondary inversion rather than a sec- 
ondary deletion. Accordingly, we started 
with the line PD-A (Fig. 1) because the 
substrate in this line would have to invert 
if it were to rearrange a second time, due 
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to the orientation of all the available 
target J, segments. 

To isolate secondary recombinations 
of the substrate in PD-A, we subcloned 
PD-A in selective medium and then pas- 
saged one subclone, PDA-1, in nonselec- 
tive medium. It was necessary to pas- 
sage cells in nonselective medium be- 
cause inversion of the gpt gene would 
have been lethal to cells maintained in 
mycophenolic acid (deletions such as 
those observed in M and D, in contrast, 
do not interfere with gpt expression). 
After about a month, we subcloned 
PDA-1 in nonselective medium and 
mapped the substrate in these lines as 
before. The substrate appeared to have 
rearranged relative to the PDA- 1 precur- 
sor in 3 of 15 subclones analyzed. The 
line PDA-1-1 was chosen for further 
study. 

Recombinant A-1-1 was cloned into 
Xgtwes . hB (Figs. 1, 2 ,  and 5a). The V, 
joining signal of the original reciprocal 
joint in PDA-1 had recombined with JK2. 
The DNA sequences of the recombinant 
junctions in A-1-1 are presented in Fig. 
2. As expected we found that (i) the 
coding joint in A-1-1 was the identical 
VK/JK1 junction as in recombinant A; (ii) 
the JK1 heptamer that had been incorpo- 
rated into the original reciprocal joint 
was now linked to Ju2 coding sequences, 
forming an Hl/J2 junction; and (iii) a new 
reciprocal joint had been formed from 
the JK2 heptamer sequences and that of 
V, (resulting in an H2/HV joint). 

We conclude that reciprocal joints, 
once formed, are not recombinationally 

inert, and can participate in secondary 
recombinations with unrearranged J, el- 
ements. The enzymes that rearrange 
immunoglobulin genes can evidently rec- 
ognize not only intact gene segments, 
but also joining signals that have been 
unlinked from their corresponding cod- 
ing sequences. 

Asymmetry is an integral feature of 
the joining process. The special case of 
secondary rearrangement of a reciprocal 
joint provided the opportunity to deter- 
mine whether the asymmetry of the join- 
ing process-whereby coding joints are 
variable but reciprocal joints are invari- 
ant-depends on the sequence of the 
joined elements or instead reflects an 
underlying asymmetry in the enzymolo- 
gy. Secondary recombination parallels 
primary recombination (Fig. 6) with the 
exception that V, coding sequences are 
replaced by a JK1 joining signal (HI). This 
replacement can reveal whether the se- 
quence of a joining signal in itself speci- 
fies a recombination site at the heptamer 
border, or whether it is the context of a 
sequence in the overall reaction that 
determines how it is processed. In the 
first case, we would expect the HI/J2 
"pseudo-coding joint" to contain an in- 
tact JK1-derived joining signal; in the 
second, we would expect the pseudo- 
coding joint to contain an H I  heptamer 
lacking one or more bases as its coding- 
sroximal border. 

It is evident from the sequence of the 
pseudo-coding joint in recombinant A-l- 
1 (Figs. 2 and 6) that during the joining 
process a G-C (G, guanine; C, cytosine) 

base pair was lost from the JK1 heptamer. 
Thus in a novel context, a joining signal 
can be treated similarly to a coding se- 
quence and is no longer recombined at 
the heptamer border. 

The loss of the terminal G from the Jul  
heptamer in recombinant A-1-1 was not 
adventitious. We have two other exam- 
ples of pseudo-coding joints, both occur- 
ring in junctions found in recombinant X 
(Fig. 2). One of these represents a fusion 
of the same two elements that were 
joined together in A-1-1; the heptamer 5' 
to JK1 was joined to the coding sequences 
of JK2. The other pseudo-coding joint 
was formed form the 5' flank of JK2 and 
the coding sequences of Ju4. Both of 
these pseudo-coding joints were like the 
pseudo-coding joint in A-1-1 in that the 
J, heptamers were not preserved intact. 
In addition, it can be seen that the inde- 
pendently isolated pseudo-coding joints 
in A-1-1 and X represent variable fusions 
of the same two elements (HI and 52). 
Thus pseudo-coding joints are qualita- 
tively analogous to coding joints; the 
presence of a J, joining signal in place of 
V, coding sequences does not perturb 
the process of joining in any detectable 
way. 

Recombinant X has an unusual recip- 
rocal junction. The structure of recombi- 
nant X is shown in Fig. 2 and its probable 
derivation is diagramed in Fig. 5b. The 
origin of X is of interest because, in 
addition to the V/J1 coding joint, the HI/  
J2 pseudo-coding joint, and the H2/J4 
pseudo-coding joint mentioned in pre- 
ceding sections, it has an H4/HV recipro- 

c J K  cluster- -VK- 
5 4 3 2 1 -  

...... Jwf 991 4 ..... :. :.X... 

inversion 

Fig. 4 (left). Derivation of recombinants D and M. Schematic repre- 
sentation shows the probable origin of D and M. Coding joints and 
reciprocal joints are designated as in Fig. 1. Fig. 5 (right). Deriva- 
tions of recombinants A-1-1 and X. (a) Origin of recombinant A-1-1. 
The rearrangements that are known to have led to the final structure 
of recombinant A-1-1. (b) Probable origin of recombinant X. At least 
three stepwise recombinations must have occurred to form recombi- 
nant X. If no more than three rearrangements took place, an unambig- 
uous order can be deduced from the final structure of X. The first two 
recombinations are as shown for recombinant A-1-1 (a); the last 
rearrangement is shown in (b). 

a Origin of Recombinant A-1-1 

-JK cluster- -VK- 
5 4 3 2 1  

-3 
k n v e r s i o n l  

inversion 

b Probable Origin of Recombinant X 
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cal joint. The Hl/Hv reciprocal joint in X 
is exceptional in that it is not a direct 
union between the heptamer of JK4 and 
that of V,. Instead, the JK4 heptamer is 
missing one base at the site of joining. 

The significance of the imprecise re- 
ciprocal joint in X is ditficult to evaluate 
because recombinant X was not isolated 
by serial subcloning of a precursor cell 
line. We cannot know for certain how it 
originated, although the simplest series 
of recombinations is a scheme that pro- 
ceeds identically to the derivation of A- 
1-1 (Fig. 5a) and then in addition includes 
one final inversion (Fig. 5b). The remain- 
ing J, elements on the substrate were not 
recombinant, as determined by sequenc- 
ing the JKs element and inferred from the 
map to be true of JK3 as well, and the 
other regions of X indicated in Fig. 1 and 
5b, appeared intact. 

The junction in recombinant X is the 
only imprecise reciprocal joint among 
either the nine examples in our collection 
(see Fig. 2), or the nine endogenously 
derived sequences reported previously 
(8, 11-13). Although the terminal G of 
the heptamer may have been missing 
from the JK4 heptamer prior to joining, 
this seems unlikely. (GTG)/(CAC) ap- 
pears at the coding-proximal border of 
every heptamer known to be functional. 
Our tentative conclusion is that the G 
residue was eliminated during recombi- 
nation, not before, and that the junction 
in recombinant X signifies little more 
than that the rule of precise reciprocal 
joint junctions is not absolute. Even so, 
as is evident from the compilation of 
crossover sites shown in Fig. 3 (closed 
triangles), variation occurs rarely and 
does not therefore undermine the general 
conclusions described in previous sec- 
tions. 

Splicing of retrovirally introduced se- 
quences. In the initial analysis of the 
mycophenolic acid-resistant PD deriva- 
tives, we found several instances (in 
independent infections) of a deletion of 
approximately 200 base pairs that did not 
appear to be related to secondary rear- 
rangements because it was located with- 
in the internal Bam HI fragment of the 
substrate. Two independent recombi- 
nants, D and N, were analyzed to char- 
acterize the structure of the deleted re- 
gion in more detail. We found that the 
deletion precisely excised the intron be- 
tween the V, leader peptide exon and the 
V, coding sequences proper (Fig. 1) (38). 
This presumably occurred while the sub- 
strate was in RNA form and had to have 
occurred before rearrangement because 
the leader splice sites are incorrectly 
oriented in the transcripts made after 
inversion. 
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Forming a Coding Joint Forming a $-Coding Joint 

1 Schemotic Sequence I Schematic Sequence I 

Fig. 6. Parallel reactions form pseudo-coding and coding joints. On the left is a schematic of 
coding joint formation, as well as the partial DNA sequence of the precursors and the products 
of the rearrangement that occurred in recombinant A. On the right, pseudo-coding joint 
formation, which is an analogous recombination, is shown. In the secondary rearrangement that 
formed the A-1-1 pseudo-coding joint, sequences designated H, (right) replace those designated 
V (left). 

Value of retroviral introduction of re- 
combination substrates. The analysis of 
the splice-induced deletions completed 
our investigation of all the structural 
variations revealed by our initial map- 
ping experiments. The substrate may 
have acquired other alterations that we 
have not detected; on a gross level, 
however, the integrity of the substrate 
appears to be remarkably well main- 
tained. As a result, all of the complex 
recombinations we analyzed (with the 
exception of the splicing event) were 
site-specific rearrangements. We attrib- 
ute the low level of nonspecific rear- 
rangement to our use of a retroviral 
delivery system. By comparison, a D- 
and JH-containing substrate that was 
transfected into a similar Abelson trans- 
formant (39), apparently acquired a large 
D segment duplication. Illegitimate and 
partially homologous recombination 
events typically occur during transfec- 
tion (27, 28, 40) and could potentially 
limit the interpretation of data obtained 
in this manner. 

Mechanism of immunoglobulin gene 
rearrangement. While our data represent 
the most extensive complication of pre- 
cursor and product sequences from V,- 
to-J, joining events, they are not readily 
interpretable in terms of a specific model 
for variable region exon formation. It is 
useful, however, to consider the infor- 
mation provided by these data in light of 
schemes that have been suggested and to 
formulate the basic implications. 

Two features of immune system gene 
segment assembly imply that an unusual 
mechanism is at work. One is the flexi- 
bility of coding joint formation. This 

seems to be an intrinsic property of the 
process, and is exhibited even though 
crossing-over takes place in a region of 
no homology. The other is that recipro- 
cal products are not exact reciprocals of 
one another. The two products of V,-to- 
J, joining do not conserve all of the 
sequence present in the precursor ele- 
ments. 

The suggestion has been made that 
joining of gene segments is initiated by a 
double-strand scission at the borders of 
the joining signals, at the edge between 
the conserved heptamers and the coding 
sequences they abut (13, 14). Although 
extracts prepared from cells that under- 
go joining have failed to exhibit an activi- 
ty with exactly this property, a nuclease 
has been identified that can make dou- 
ble-stranded cuts in vitro near J, joining 
signals (41, 42). In addition, duplex 
breaks are thought to initiate recombina- 
tion in other systems (43, 44). 

If, in our example, recombination is 
initiated by simultaneous double-strand 
cuts at the heptamer borders, then the 
four ends that are created by these cleav- 
ages have to be differentially processed 
in the ensuing steps. The joining signals 
must be fused without alteration, where- 
as the coding sequences must be variably 
trimmed before they are ligated. Two 
suggestions for how this could occur 
have been offered. One proposal is that 
reciprocal joints are ligated directly after 
cutting, but coding joint ends are not 
joined immediately. Instead, coding 
joints are held in proximity to one anoth- 
er while an exonuclease removes some 
of their sequences (14). The other pro- 
posal is that an exonuclease that is spe- 



cific for coding joint sequences can trim 
coding joint ends and will spare recipro- 
cal joint ends, presumably acting at a 
stage when all four duplex ends are 
equally exposed (13). These suggestions 
are similar in that the coding joint junc- 
tion is not formed until after the termini 
have been trimmed. 

Our data rule out the second version 
(13) in its simplest form. Joining signal 
sequences must not be intrinsically re- 
sistant to a putative nuclease (nor are 
coding sequences specifically sensitive), 
because pseudo-coding joints can be 
formed in which heptamers do not re- 
main intact (Figs. 2 and 6). 

In both of the studies cited above, the 
structure of reciprocal recombination 
products was inferred from the struc- 
tures of randomly isolated, nonrecipro- 
cal junctions. Since then, we have direct- 
ly demonstrated that bases are indeed 
missing from the products of a single 

recombination event (15). While it may 
seem reasonable to assume, as implied in 
both of the above proposals, that (i) the 
bases that are missing from the recombi- 
nant products are subtracted from the 
coding joint ends only and (ii) the miss- 
ing bases are eliminated before ligation 
forms recombinant connections, these 
assumptions are not demanded by the 
data. For example, as in the proposed 
mechanism for transposition of some 
prokaryotic elements (32, 45), the cuts 
that occur before strand exchange need 
not be directly across from one another 
on each duplex but might be staggered. 
If such were the case for V-to-J recombi- 
nation, schemes can be invented (Fig. 7) 
whereby the bases that are missing in the 
final products are (i) lost during repair of 
both coding joints and reciprocal joints 
and (ii) are lost in reactions that occur 
after the principal connections have al- 
ready been made. This is a qualitatively 

Fig. 7. Scission and ligation reactions in V,- a v (-12.) 

to-J, joining could precede exonucleolytic - G G A T  c c T c c c A c A q c  T c c - 
trimming One of several possible patterns in - c C  T  A  G  G  A  G  G o / c r c i c i l G A  G  G c -  

which single-strand interruptions and recom- JI 
binant connections could result in the ob- i - ~ ~ ~ ~ ] : :  : :: : :: 
served V-J rearrangement products is shown. 
The loss of nucleotides that accompanies V,- b 
to-J. joining need not necessarily be a remov- - 
al from the coding joint alone (20,21), nor is it - 
required that an exonuclease act as an inte- d i n v o r i o n t  n ~ c k s  
gral, intermediate participant in the process - 

- - - ~ v o r t a b l e  nicks 
(20, 21). (a) V, and J, precursor sequences. 

- 
Heptamer sequences are boxed. Sequences to 
the left of the heptamer (V) or to the right of c 

C  G  
the heptamer (J,) are the coding sequences. T T 

The remainder (including the boxed hep- - G G A T C C  G G A C G T T -  Non - r e c i p r o c a l  
- C C T A G G - C C T G C A A -  l i g o l ~ o n s  

tamers) in each line partially represent the 
joining signals; the length of the spacer region - A  c 
of each joining signal is indicated in parenthe- - T  G  

ses, but the nonamer sequences are not A G 

shown. (b) Location of four single-strand scis- A  

sions. Each target duplex has an invariant d v 
break on one strand and a variable break on - G G A T C C G G A C G T T -  Repai r  

the other. The polarity of the strand in each - C C T A G G C C T G C A A -  

duplex that receives an invariant nick is the 
same relative to the coding sequences. (c) 

The 3' end of an invariantly nicked strand 
Two nonreciprocal ligations are indicated. 

from the V, joining signal is joined to the 5' end of the invariantly nicked strand of the J, joining 
signal. This ligation precisely fuses the heptamer borders. There are two other termini created 
by the invariant nicks that are not reciprocally joined. Another covalent bond similarly forms 
the coding joint-it occurs between two of the four termini that were created at the sites of the 
variant nicks. In this second ligation, the same target duplex donates a 5' terminus as in the 
reciprocal joint fusion. The net result of cutting and joining as specified are two recombinant 
duplexes, each ligated on only one of their two strands. Each duplex contains noncomplemen- 
tary tails opposite the newly formed junction. (d) Maturation of the recombinant junctions. The 
structures in (c) could be trimmed and sealed by nonspecific repair activities in the cell, 
resulting in the final products shown in panel d. Rather than removing nucleotides from only 
one of the recombinant junctions (the coding joint), exonucleolytic trimming would have 
operated on both recombinant joints equally. A variety of hypothetical pathways involving 
asynchronous or tightly coupled steps could be assembled that would lead to the structures in 
(c). The main purpose of the outline is to show that the formation of the principal recombinant 
connections might occur prior to exonucleolytic events. The invariant nicks are situated at 
chemically nonequivalent sites; whether this is feasible is probably best considered when more 
information about the enzymology of the process becomes available. One direct implication of 
the scheme as shown, however, is that the two targets, V, and J,, must be differentiated from 
one another according to which donates the 5' end and which donates the 3' end to each of the 
two junctions shown in (c). One can imagine that, during the nonreciprocal ligation steps the 
target V and J elements are designated 3'- or 5'-end donors by the spacer lengths of their joining 
signals. 

different view from the proposition that 
an exonuclease is an obligatory partici- 
pant at a stage after breaks are intro- 
duced into the target duplexes and be- 
fore strand exchange occurs (13, 14). 

The scheme in Fig. 7 is not, of course, 
the only alternative to the previous pro- 
posals. In its broadest outline, the actual 
mechanism might be fundamentally dif- 
ferent from any break-join-nibble propo- 
sition. Because the products of immuno- 
globulin gene rearrangement are not like 
those of any other site-specific recombi- 
nation reaction, clues as to a possible 
mechanism may not emerge by compari- 
son. However, nickinglclosing enzymes 
have been suggested to catalyze strand 
exchange in a variety of both site-specif- 
ic and illegitimate recombination sys- 
tems (45-51). It seems reasonable to at 
least consider the possible function of a 
type I topoisomerase in the present ex- 
ample. Therefore, we have suggested 
one conceptual approach to a mecha- 
nism that could rely principally on sin- 
gle-stranded breakijoin reactions. 

Summary. The features of VK-to-J, 
recombination (and by extension, re- 
combination of the other antigen-recep- 
tor genes in the immune system) are as 
follows. (i) Coding joints display variable 
junctions, with no apparent restriction 
on the association of one particular V, 
crossover with one particular J, cross- 
over site; (ii) reciprocal joints have gen- 
erally invariant crossover sites, specified 
by the coding proximal border of the 
heptamer element; (iii) the recombinase 
can reproducibly , site-specifically re- 
combine DNA elements that do not in- 
clude V, coding sequences; (iv) joining 
elements can recombine in either orien- 
tation; (v) a J, heptamer element can be 
either precisely joined or imprecisely 
joined depending on its context in the 
overall recombination reaction; (vi) the 
mechanism although macroscopically re- 
ciprocal, is nonconservative-a variable 
loss of base pairs occurs overall; and 
(vii) some of the time, base pairs can be 
added into coding joints. 

In a more general sense, we have 
directly tested an inversion-deletion 
model for kappa gene joining (15) by 
introducing a substrate that was de- 
signed to reflect, in miniature, the way 
the endogenous kappa locus itself may 
be arranged-that is, with VK "back- 
ward" relative to 9,. We show here that 
such a substrate recombines to repro- 
duce most of the recombinant forms of 
the kappa locus observed in myelomas 
(coding joints that are not related to the 
accompanying reciprocal joints, deletion 
of J, gene segments, and a JK1 bias 
among reciprocal joints). While this is 
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not a critical test, it firmly establishes 
that our model is feasible and can ac- 
count for the phenomena we sought to 
explain. Other models such as unequal 
sister chromatid exchange (9) or reinte- 
gration of DNA that is deleted in the 
initial joining step (8) have not been 
similarly supported. 

Note added in proof: It has recently 
been shown that rearrangements in en- 
dogenous K genes have properties that 
imply an inversional joining mechanism 
(52). 
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RESEARCH ARTICLE 

Function and Autoregulation 
of Yeast Copperthionein 

Dean H. Hamer, Dennis J .  Thiele, Jeffrey E. Lemontt 

Heavy metals play a dual role in biolo- 
gy. Ions such as copper and zinc are 
essential trace nutrients for all life forms 
because of their participation in oxida- 
tion, electron transfer, and various enzy- 
matic reactions. In contrast, inappropri- 
ately high concentrations of the same 
ions, or of elements such as cadmium 
and mercury, act as potent inhibitors of 
cell growth and development. How do 
living organisms acquire sufficient heavy 
metal ions to survive yet protect them- 
selves against metal poisoning? 

The metallothioneins, and metallothi- 
onein-like proteins, are thought to play 
an important role in this homeostatic 
process. These small, cysteine-rich poly- 
peptides chelate heavy metal ions 
through thiolate complexes and are pres- 
ent in many kinds of organisms including 
vertebrates, invertebrates, plants, fungi, 
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and even prokaryotes. The amino acid 
sequences of the metallothioneins from 
higher eukaryotes have been strongly 
conserved during evolution, while those 
from lower forms show less homology 
and may represent the products of either 
convergent or divergent evolution. In 
vertebrates, metallothioneins are ex- 
pressed in various tissues and cell types, 
the greatest accumulation occurring in 
the liver and kidney. Metallothionein 
synthesis is inducible, at the transcrip- 
tional level, by the same heavy metal 
ions to which the proteins bind. The 
metal content of a metallothionein thus 
depends upon the species, heavy metal 
exposure, and cell type from which it is 
isolated (1). 

The precise role of metallothioneins in 
heavy metal metabolism has been debat- 
ed ever since their discovery more than a 
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quarter of a century ago. It is clear that 
they can protect cells against heavy met- 
al poisoning since cells that overproduce 
metallothionein, as a result of gene am- 
plification, are unusually resistant to 
heavy metal poisoning, whereas cells 
that synthesize low levels of these pro- 
teins are unusually sensitive (2). The role 
of metallothioneins in normal metal me- 
tabolism is less certain. It has been sug- 
gested that they may participate in heavy 
metal storage, transport, or the activa- 
tion of metalloenzymes. However, the 
evidence rests largely on experiments in 
which metallothionein synthesis is al- 
tered by nonspecific treatments, such as 
food restriction or injection with actino- 
mycin D, that could affect metal metabo- 
lism by other routes. It has also been 
speculated that metallothioneins might 
participate in sulfur or nucleotide metab- 
olism, control of the intracellular redox 
potential, amino acid transport, cellular 
differentiation, or the regulation of their 
own expression (1, 3). None of these 
possibilities has been experimentally 
tested. 

One direct way to determine the actual 
function or functions of metallothionein 
is to study the behavior of organisms that 

D. H. Hamer and D. J .  Thiele are with the 
Laboratory of Biochemistry, National Cancer Insti- 
tute, National Institutes of Health, Bethesda, Mary- 
land 20205. J. F. Lemontt IS with Integrated Genet- 
ics, 31 New York Avenue, Framingham, Massachu- 
setts 01701. 

10 MAY 1985 




