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Insertion Sequence Duplication in 
Transpositional Recombination 

Ted A. Weinert, Nancy A.  Schaus, Nigel D. F. Grindley 

The genomes of a wide variety of 
eukaryotic and prokaryotic organisms 
contain segments of DNA that can move 
from one location to another and can 
mediate other genetic rearrangements. 
Indeed, these transposable elements 
(transposons) provide the molecular ba- 
sis for the genetic instability that has 
puzzled and intrigued geneticists for sev- 
eral decades (I).  

products formed during recombination. 
One of the primary questions has been 
whether a transposon is duplicated dur- 
ing transpositional recombination. 

In the case of Tn3 and related transpo- 
sons there is a strong evidence that 
transposition is a replicative process (3). 
During the first stage of transposition, 
donor and target replicons are fused to 
form a cointegrate. This intermediate 

Summary. Insertion sequences (IS) are discrete segments of DNA that can 
transpose from one genomic site to another and promote genetic rearrangements. A 
question that is central to understanding the mechanism of transpositional recombina- 
tion is whether genetic rearrangements are accompanied by duplication of the IS that 
promotes them. Analysis of adjacent deletions mediated by IS903 provides the 
strongest evidence to date than any IS-mediated transpositional recombination can 
occur by an efficient replicative mechanism. 

Many different transposons have been 
identified in Gram-negative bacteria and 
extensively characterized. Most of them 
fall into one of two groups (2): the rather 
homogeneous Tn3 family of transpo- 
sons, and the more heterogeneous col- 
lection of insertion sequences (IS) (to- 
gether with the composite transposons 
that contain a segment of DNA flanked 
by two copies of an IS). Attempts to 
understand the mechanisms of transposi- 
tional recombination have focused on 
genetic and structural characterization of 
the transposons themselves and of the 
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contains two copies of Tn3, one at each 
junction between donor and target DNA 
sequences (4). From this cointegrate, 
simple insertions can then be generated 
by a site-specific recombination between 
the two transposon copies. For  the sec- 
ond group of transposons, the IS ele- 
ments, the evidence for replicative trans- 
position is much weaker. Although IS. 
elements d o  promote the fusion of repli- 
cons, this occurs only infrequently (at 
about 1 percent of the frequency of sim- 
ple insertions) ( 5 4 ,  and once formed 
the resultant cointegrates are generally 
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stable in a RecA- host strain. Simple 
insertions of an IS are therefore thought 
to  be generated not by breakdown of a 
cointegrate intermediate but rather by a 
one-step process that results directly in 
the integration of a single IS copy at  a 
target site. From the strong dependence 
of cointegrate formation on recA activity 
that is found with the IS50 composite 
transposon, Tn5 (7), it has been argued 
that the cointegrates observed may re- 
sult from simple insertions from dimers 
of the donor replicon rather than from 
true replicon fusion between the target 
and a monomer of the donor (8).  Apart 
from cointegrate formation, the only oth- 
er overtly replicative transpositional 
process is "inversion-insertion'' (also 
called "duplicative inversion") (2): the 
inversion of a DNA segment adjacent to 
a transposon, coupled to an insertion of 
the element in the opposing orientation 
at the other end of the inverted DNA 
segment (see Fig. 5B). However, only 
three examples of such IS-mediated in- 
version-insertions have been docu- 
mented (two with IS1 and one with IS10) 
and all were detected in RecA' hosts (9, 
10). Thus the possibility remains that 
these rearrangements took place in two 
unlinked steps: an intermolecular inser- 
tion of the IS in inverted orientation, 
followed by recA-mediated recombina- 
tion between the two IS  copies to  invert 
the intervening DNA segment. 

With evidence for the apparently repli- 
cative IS  transpositional processes of 
replicon fusion and inversion-insertion in 
some doubt, it is not surprising that 
evidence for a replicative process in the 
formation of simple insertions or a fourth 
IS-promoted genetic rearrangement, ad- 
jacent deletions, is essentially nonexis- 
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tent. Interestingly, bacteriophage Mu, 
representative of a third group of bacteri- 
al transposons (2), provides the first di- 
rect evidence that simple insertions may 
occur by a conservative, nonreplicative 
mechanism (11). Yet it is clear in the 
case of Mu that the major transpositional 
pathway is a replicative process since it 
is only by transposition that the Mu 
genome is replicated during the phage 
lytic cycle (12). 

Analysis of IS903-Mediated 

Intramolecular Events 

In an effort to gain more insight into 
the mechanism of IS transpositional re- 
combination we have begun a systematic 
study of intramolecular rearrangements 
mediated by IS903 in a host strain that is 
deficient in homologous recombination. 

IS903 is the component of the compos- 
ite transposon Tn903 that provides the 
functions and sites for transpositional 
recombination (13). The IS is 1057 base 
pairs (bp) in length, has a long open 
reading frame (307 codons) that encodes 
a transposase, and has perfect terminal 
inverted repeats of 18 bp (13, 14) (Fig. 1). 
Transposition of IS903 or of Tn903 re- 

sults in duplication of a 9-bp target se- 
quence with one copy at  each end of the 
integrated element (15). Tn903 trans- 
poses at a low frequency as a result of 
inefficient expression of the transposase 
gene. To  increase the frequency of trans- 
positional recombination and to ensure 
that expression of the transposase was 
not influenced by the presence of the 
IS903 end adjacent to  the start of the 
gene, we have constructed a derivative 
in which the transposase gene is tran- 
scribed from the lacUV5 promoter (Fig. 
1A). When incorporated into a complete 
Tn903, this promoter fusion increased 
transposition by a factor of about 100 
(16). 

S o  that we can select for IS-mediated 
intramolecular rearrangements we have 
cloned a conditionally lethal gene close 
to IS903 derivatives on a multicopy plas- 
mid. The gene we have used is galK; 
expression of galK in a galE-T- strain 
of Escherichia coli is lethal in the pres- 
ence of galactose because toxic levels of 
galactose-1-phosphate accumulate. The 
plasmids pTW75 and pTW76 were con- 
structed (see Fig. 2) and were introduced 
into the host strain NG135 (K12 
galAS165 recA56 strA) by transforma- 
tion. Individual transformants were 

grown in Luria broth overnight to allow 
formation and segregation of rearrange- 
ments of the plasmids. Cells (10') from 
each overnight culture were plated on 
LB agar plates supplemented with 1 per- 
cent galactose (to select for events that 
inactivate galK) and carbenicillin (50 
~ ~ g i m l )  (to ensure retention of the plas- 
mid). About 100 times as  many survivors 
were obtained from cultures of cells har- 
boring pTW75, the plasmid with an ac- 
tive IS903, as  from those with pTW76, 
which contains a deleted transposase 
gene (Fig. 2). More than 95 percent of 
the galactose-resistant (GalK) cells that 
initially contained pTW75 simultaneous- 
ly became sensitive to kanamycin. This 
suggested that a single deletion event 
was responsible for loss of both kanamy- 
cin resistance (KmK) and galK expres- 
sion. Extraction of plasmid DNA and 
analysis with restriction endonucleases 
showed that the pTW75 plasmids suf- 
fered deletions that spanned the region 
between the IS903 and galK (Fig. 3). 
However, as expected from results ob- 
tained with other IS elements ( I n ,  the 
IS903 itself was retained; a Taq I site 18 
bp inside the deletion-proximal end was 
retained in every event analyzed. DNA 
sequence analysis confirmed that the 

Fig. 1. Tn903 and modules for construction of 
IS903 derivatives. Restriction endonuclease K m R  

---------C 

( 1 ~ 9 0 3 - R  cleavage sites are: B,  Bam H I ;  H ,  Hind 111; P, pNG 18 1 ~ 9 0 3 - L )  
Pvu 11; R,  Eco Rl ;  S ,  Sal I .  The plasmid 
pNG18, a derivative of pBR322 that carries 
Tn903, has been described (13); pBR322 se- 57 980 
quences are shown as shaded blocks. IS903-L I I 

and IS903-R are defined relative to the direc- AGU-GUG 1057 K ~ R  2037 
tion of transcription of the kanamycin resist- 1 ~ 9 0 3 - ~  

I 
IS903-L - 

ante gene (KmK) and to the Eco R1 and Sal I I 

sites. IS903 contains a single long coding R I I H 
P 

frame that starts with a GUG at position 980 
and ends with the UGA at position 59; the A translation product of this reading frame is 
absolutely required for transpositional recom- R R/B 
bination. The short half-arrows at each end of 
IS903 indicate the 18-bp terminal inverted B 
repeats. (A) The right end of 1,5903-L has been I 

removed and replaced with a 100-bp Eco R1- 
I B 

B (1038 
Pvu I1 fragment from pGLlOl (33) that carries 
the lacUV5 promoter. The fusion abuts the c 
flush end of the Pvu 11 site to position 980 of I 

IS903 (the translational start site). Module A R/B B 
has either an Eco RI or  a Bam HI  site at the o f 2  
promoter-proximal end.  (B to D) Three KmK D modules. They share a common right end that I I 

was constructed by insertion of a Bam HI B B 
700 

linker into the Fnu4H I site that lies across the ? 
junction between KmK and IS903-R. The left E end of module B is a Bam HI linker at the Ava 

 IF-^ 
11 site of IS903 (position 945) (13). Module C 

I ' R 
P 

contains exactly 20 bp from the right end of 
IS903-L; it is separated from the terminal Eco F RI or  Barn HI sites by 40 bp of non-IS903 
sequences. Module D contains a Bam HI 

0 I I 

linker at position 1082 of Tn903; it was de- P P R 

rived by Ba131 digestion into the left end of module C. ( E  and F) Derived by Ba131 digestion from the Sal I site that lies to the right of IS903-R; de- 
letions were terminated with Eco RI linkers, and end points were determined by restriction endonuclease and DNA sequence analyses. The 
deletion in module E stops 10 bp short of the right (outer) end of 1,5903-R while that in module F removes the terminal 45 bp of 1,5903-R (but leaves 
the coding frame intact). 
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IS903 terminal inverted repeat was 
joined to new target DNA from the galK 
region of the plasmid (data not shown). 
As can be seen from Fig. 3 the deletions 
extended to various end points. This is 
consistent with the view that IS903 does 
not have any marked specificity for its 
target site (13, 15). 

Analysis of plasmid DNA isolated 
from GalR survivors from cells contain- 
ing the transposase-defective control 
plasmid pTW76 showed that the back- 
ground level of survivors was due in part 
to insertions of IS1 and IS2 into the galK 
region. Some plasmids gave the same 
restriction map as the parental pTW76 
and proved to retain an active galK gene; 
we suspect that a chromosomal mutation 
rendered their hosts resistant to  galac- 
tose. 

Several replicative models for transpo- 
sition predict that both deletions and 
inversion-insertions are the result of an 
intramolecular cointegrate process (18- 
20). Whether the outcome is deletion or 
inversion-insertion is determined only by 
the orientation of the target site when it 
interacts with the transposon. By de- 
manding retention of kanamycin resist- 
ance along with acquisition of galactose 
resistance we can select for IS903-medi- 
ated events that inactivate galK without 
deleting the intervening DNA. We have 
analyzed 20 ~ m '  GalK clones from 
strains with pTW75 or with the structur- 
ally similar plasmid pTW90 (see Fig. 4). 
None of these contained inversion-inser- 
tions, although five did contain a second 
insertion of IS903; the rest were not 
IS903-mediated events. 

Deletion Formation Requires 

Both Ends of IS903 

Formally, the result of an IS-mediated 
deletion is a new junction between one 
end of the IS and the target DNA; the 
other IS  end remains at its original loca- 
tion. We have constructed plasmids to  
test whether the deletion-distal end of 
IS903 plays a role in formation of dele- 
tions adjacent to  the other end. Deletion 
formation from the left end of IS903-L 
was tested with the plasmids pTWIO5 
and pTW106. Plasmid pTW106 differs 
from pTWIO5 only in that it contains an 
IS903 terminus at  its right end (Fig. 4A). 
Rearrangements resulting in galactose 
resistance occur in pTW106 at  normal 
frequency (similar to  pTW75), but are 
reduced to background levels in pTWIO5 
(Fig. 4A). Restriction analysis of plasmid 
DNA from GalR clones showed, as ex- 
pected, that pTW106 was yielding a high 
frequency of IS903-mediated deletions, 
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Frequency Fig. 2 IS903 mediates 
7 ? ?  ApR KmR'ApR delet~ons.  The struc- 

p T W 7 5  2 5  x 10.' 001 - 005 tures of pTW75 and 
K m R  gal K - orb pTW76 are as shown. 

p T W 7 6  2 O X  lo-s I p ~ ~ 7 5  is a derivative 
of pBR322 that con- 

tains the Tn903 modules A and B (see Fig. 1) inserted between the Eco RI and Barn HI sites 
(pBR322 sequences are shown as shaded blocks). The galK segment (wavy line) is the entire 
2.5-kb segment of pKG1900 (34) that runs from the Eco RI site to the gal-pBR322 fusion point 
(the Pvu I1 site of pBR322); this region contains the galK gene of E. coli under control of the gal  
promoter. pTW76 is identical to pTW75 except that the 520-bp Pvu I1 fragment from within 
IS903 has been deleted to inactivate the transposase. Plasmids were introduced into the host 
strain NG135 (K12 galhS165 recA56 strA) by transformation. Rearrangements that inactivated 
the galK gene were selected by plating about 10' cells from a series of independent overnight 
cultures onto LB-agar plates containing 1 percent galactose and carbenicillin (40 ~ g l m l ) ;  plates 
were incubated at  42°C. The frequencies of ApK GalK indicate the proportion of cells that 
survive, averaged from four to six independent cultures. K r n R / ~ p H  indicates the proportion of 
ApK GalK clones that retained resistance to kanamycin. 

but that loss of the deletion-distal IS end 
prevented formation of similar deletions 
in pTWlO5. 

Analogous experiments with a second 
pair of plasmids, pTW90 and pTW88, 
gave similar results (Fig. 4B), showing 
that the left end of IS903-L is required 
for the normal high frequency of deletion 
formation from the right end. In the case 
of pTW88, however, restriction analysis 
of plasmid DNA from GalR clones 
showed that a few deletions joining the 
right end of IS903 to galK had occurred. 
Since both ends of IS903 are clearly 
required for a high frequency of deletion 
formation, we suspect that an alternative 
sequence is fulfilling the role of the dele- 
tion-distal terminus in the low frequency 

that in either pTW75 or pTW110, even 
though the IS903 sequences in the two 
are identical; the only difference be- 
tween pTW90 and pTW75 is the D N A  
sequence between the left end of IS903- 
L and the Eco RI site of pBR322. Previ- 
ous analyses of the behavior of IS903-R 
(from which the left IS  end of pTW90 
was derived; see Figs. 1 and 4) also 
suggest that the right end of this IS has 
reduced transpositional activity (13, 16). 
We conclude that the sequence immedi- 
ately adjacent to  an IS  end can have a 
strong influence on its transpositional 
activity. 

Both Products of an IS903-Mediated 
formation of IS903-mediated deletions in Deletion Can Be Recovered 
pTW88. One potential sequence with 
partial homology to the IS903 end re- 
sides within IS903 itself a t  position 93 1 to  
939 (13); this 9-bp sequence is identical 
to  position 2 to  10 in the terminal invert- 
ed repeat and in pTW88 has the correct 
(inverted) orientation relative to  the de- 
letion-proximal end. Machida et al. (21) 
showed that IS102, a transposon highly 
homologous to  IS903 (22), can occasion- 
ally use sequences with partial homology 
to the terminal inverted repeat as alter- 
native ends in transposition. 

For both pTWlO5 and pTW88 we in- 
vestigated whether replacing an IS903 
end restored deletion formation to its 
normal high frequency. Using the mod- 
ule that contains just 20 bp from the right 
end of IS903-L, we constructed the plas- 
mids pTW107 and pTWllO (see Fig. 4). 
In both cases the recombinogenic activi- 
ty of IS903 was completely regained. We 
analyzed plasmid DNA from more than 
100 GalR clones derived from pTW106 
and pTW107; all contained deletions ad- 
jacent to IS903; none contained an inver- 
sion-insertion. 

It is noteworthy that deletion forma- 
tion in pTW90 is consistently between 
one-third and one-sixth as  efficient as  

That IS-mediated deletion formation 
requires both IS ends can be explained in 
two ways. Initiation of all transpositional 
activity may require the formation of a 
complex of two IS ends and the transpo- 
sase, even though only one of the ends 
may subsequently be joined to the target 
(see Fig. 5A). Alternatively, both I'S 
ends may actually take part in the recom- 
binational process and be joined to target 
sequences (Fig. 5B). The second expla- 
nation is an alternative way of saying 
that deletions occur by an intramolecular 
cointegrate process, rather than by a 
direct simple insertion process. 

A prediction arising from the second 
hypothesis is that deletions should be 
replicative and reciprocal, releasing the 
deleted DNA as a circle with a copy of 
the IS joining the two ends of the deleted 
segment. Testing this prediction requires 
the construction of a DNA substrate that 
contains a replication origin between the 
IS end and the target DNA.  We have 
achieved this through the simple expedi- 
ent of isolating IS903-mediated cointe- 
grates between pTW75 and the conjuga- 
tive plasmid pOX38, a derivative of the 
E. coli F factor that lacks transposons 
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(23). Cointegrates are readily isolated by 
selecting for the conjugative transfer of 
pTW75 from a host strain containing 
pOX38 into an F- recipient. Since 
pTW75 is not normally mobilizable, the 
only way it can be transferred is through 
formation of a recombinant with pOX38. 
As diagrammed in Fig. 6, we have shown 
that such recombinants are cointegrates 
with two copies of IS903 (5). 

In attempting to determine whether a 
single deletion event generates two re- 
coverable products, let us consider the 
process shown in Fig. 6. A deletion into 
galK mediated by the IS903 proximal to 
the ampicillin resistance (ApR) gene [but 
not one mediated by the IS proximal to 
the kanamycin resistance (KmR) gene] 
will generate two products, each with a 

Fig. 3. Analysis of GalR deletions of pTW75. (A) A 1.3 percent 
agarose gel displaying the products of Taq I digestion of pTW75 and 
several deletions. Two fragments comigrate at band G in the pTW75 
digest but there is only one at this position in lanes 1 to 10. Also the 
new IS903-galK junction fragment of deletion 4 comigrates with band 
E, while that of deletion 10 comigrates with band H. (B) Map of 
pTW75 showing Taq I cleavage sites and deletion end points. For 
each of the deletions analyzed in (A) the presence (+) or absence (-) 
of specific restriction fragments is indicated below the map. 

separate origin of replication. However, 
since distinguishable plasmids with the 
same replication system are incompati- 
ble, each product will be incompatible 
with the parent double-origin cointe- 
grate. A cell in which a deletion has just 
been formed will contain several copies 
of the parent cointegrate (24) and one 
copy of each product replicon. How can 
we maximize the chances of recovering 
those cells in which both products have 
survived? We reasoned that because of 
its low potential copy number, the 
p O X 3 8 - ~ m ~  product would stand the 
least chance of survival. In fact, since 
the copy number of the parent plasmid 
already exceeds that normally allowed 
by the F replication control system, 
pOX38-KmR will rarely replicate or seg- 

Frequency 
Km 'GalR 

3 x 

regate away from its parent replicon. 
Therefore, to recover those rare cells 
that have retained the pOX38-KmR prod- 
uct replicon requires selecting for re- 
tention of kanamycin resistance at the 
same time as selecting for acquisition 
of galactose resistance (25). What of the 
other (potential) reciprocal product, the 
p ~ ~ 3 2 2 - ~ p ~  replicon? Although the 
pBR322 replication system increases the 
copy number of the pOX38::pTW75 par- 
ent plasmid above that of pOX38, it 
remains considerably lower than the 
copy number of pBR322 itself (or of 
derivatives such as pTW75). Since the 
total number of pBR322 replication ori- 
gins in the parental strain will be less 
than the number in a strain that con- 
tained only pTW75, it seemed likely that 

Fig. 4. Deletion formation requires both ends of an IS. (A) Deletions 
from the left end of IS903-L. pTW 106 contains modules A and B (see 
Fig. 1) inserted between the Eco RI and Bam HI sites of pBR322. The 
galK segment is the 2.6-kb Eco RI-Tthl I I I fragment from pKG1800 
(34) and is inserted into the Eco RI site with the direction of galK 
expression as shown. pTWlO5 is like pTW106 but contains the KmR 
module D (Fig. 1) and hence has no IS903 terminal inverted repeat at 
the IS-KmR junction. pTW107 is like pTW106 but contains the KmR 
module C; it has 20 bp from the right end of IS903-L at the IS-KmR 
junction. Frequencies of GalR derivatives were determined as de- 
scribed in Fig. 2. (B) Deletions from the right endof IS903-L. pTW90 
is like pTW75 (Fig. 2) except that the left portion of the IS903 and all 
the DNA adjacent to the Eco RI site of pTW75 has been replaced with 
module E; the translational reading frame and both ends of the IS are 
retained. pTW88 is like pTW90 but contains module F in place of E 
(Fig. 1); pTW88 therefore does not have an intact terminal inverted 
repeat at the I S - A ~ ~  junction. pTWl10 was derived from pTW88 by 
inserting the 720-bp Eco RI-Hind 111 segment from module C into the 
Eco RI site, in the orientation shown, to provide the left-terminal 
inverted repeat. 
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a p ~ ~ 3 2 2 - ~ p R  replicon formed in a dele- 
tion would stand a good chance of being 
replicated and, therefore, of being segre- 
gated into any cell that had captured a 
~0x38-KmR product. Events that inacti- 
vate galK other than IS903-mediated de- 
letions will not remove the pBR322 ori- 
gin of pOX38::pTW75. Such plasmids 
will be likely to compete with the parent 
replicon on an approximately equal basis 
and might therefore predominate in the 
GalR KmR progeny. To detect possible 
reciprocal deletions among the selected 
clones we therefore screened plasmid 
DNA from individual colonies for the 
presence of a small multicopy plasmid. 

GalR KmR clones from NG135 carry- 
ing pOX38::pTW75 cointegrates were 
selected as before. Such clones arose at 
a frequency of about 2 x for 12 
different cointegrates tested. Electro- 
phoretic analysis of plasmid DNA 
showed that some GalR KmR colonies 
contained both a small high-copy plas- 
mid and a large low-copy plasmid (lanes 
1 to 3 in Fig. 6). A total of 145 colonies 
were analyzed from 12 different cointe- 
grates, and in six colonies we detected 
two plasmids of the size and copy num- 
ber expected for a reciprocal deletion. 

All six pairs of plasmids have been 
extensively analyzed to determine 
whether, in fact, each pair was derived 
from a single event. The six large low- 
copy plasmids had the following proper- 
ties. They could transfer KmR at high 
frequency in bacterial matings but had 
lost ~p~ and galK activity. Molecular 
analyses demonstrated that each re- 
tained two copies of IS903. For five of 
the six, this was shown by first subclon- 
ing into pNG16 (13) an Eco RI fragment 
that contained the entire pTW75-derived 
DNA segment (the single Eco RI site of 
pTW75 is lost from the parental 
pOX38::pTW75 in the deletion forma- 
tion). In digests of the subclones with 
Taq I and with Pvu I1 the internal IS903 
fragments (Pvu 11, 520 bp or Taq I, 950 
bp) were present in twice the molar 
amount of the other fragments. Digestion 
of the parental cointegrates with Bam HI 
releases a 1.1-kilobase (kb) and a 7.5-kb 
fragment from the pTW75 region of each 
plasmid. Bam HI digestion of the KmR 
deletion products released the expected 
1.1-kb fragment (diagnostic of the KmR 
region) and a new fragment of 2 to 3 kb 
that contained the new IS-galK junction. 
The size of this new fragment is indica- 
tive of the deletion end point within galK 
and therefore differs among the six plas- 
mids analyzed. 

The six corresponding low molecular 
weight, high-copy plasmids had the fol- 
lowing properties. They conferred resist- 
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Fig. 5. Deletion formation by an IS. (A) 
Transpositional recombination involving just 
one IS end. The actual mechanism could be 
conservative, involving double-strand cuts at 
the IS end and the target (32), or it could be 
replicative, involving transfer of a single 
strand of the IS to the cut target site (19, 31). 
(B) Transpositional recombination involving 
both IS ends. For a deletion to be obtained, 
this must be a replicative process (otherwise 
the left IS junction will be broken). This is the 
intramolecular cointegrate pathway [for de- 
tails see (18) and (19)] and, depending only on 
the orientation of the target relative to the IS 
ends, will result in a deletion (top) or an 
inversion-insertion. 

ance to ampicillin, but not to kanamycin, 
and had lost galK activity. Each con- 
tained a single copy of IS903, since Taq I 
digests produced the diagnostic 950-bp 
fragment in amounts equimolar to the 
other fragments. The Taq I digests 
showed that the general structure of the 
multicopy plasmids was the same as that 
of the KmS deletion products of pTW75 

(Fig. 3) and the deletion end points could 
be precisely determined in the same 
manner. In all cases the extent of the 
galK region carried by a multicopy plas- 
mid was complementary to that carried 
by the corresponding pOX38-KmR dele- 
tion product, so that together each pair 
of plasmids contained one complete set 
of galK sequences. 

The true test of reciprocity in forma- 
tion of these deletions is to show by 
DNA sequence analysis that the new 
IS903-galK junctions of both products 
occur at the same site. For three pairs of 
deletion products we have sequenced 
these junctions (the regions indicated by 
the bars in Fig. 6) and the results are 
shown in Fig. 7. Each pair of plasmids 
shares a common 9-bp target sequence at 
the IS903-galK junction. The remaining 
galK sequences are mutually exclusive, 
with the low-copy plasmid containing the 
beginning of the galK gene and the multi- 
copy plasmid the end. The shared 9 bp 
was expected since Tn903 causes dupli- 
cation of a 9-bp target sequence during 
intermolecular transposition (15). 

It is clear from these results that dele- 
tion formation by IS903 is a reciprocal 
recombination event involving both ends 
of the IS. Since the parental cointegrate 
contains two copies of the IS, and the 
two replicons resulting from the deletion 
together contain a total of three (two on 

Fig. 6. Structure of a pOX38::pTW75 cointegrate and predicted deletion products. The 
cointegrate (top) is a fusion of pOX38 (dashed lines) and pTW75 that contains one copy of IS903 
at each junction between the parent replicons. Deletion from the right, ApR-proximal IS903 into 
galK (but not from the KmR-proximal IS903) is predicted to create the two replicons pOX38- 
KmR and p ~ ~ 3 2 2 - ~ p ~  shown below if deletion occurs by a replicative cointegrate pathway. 
Displayed on the right are plasmid DNA's from seven independent GalR KmR clones analyzed 
by electrophoresis on a 0.7 percent agarose gel. The two left lanes show pOX38 and pTW75; 
lanes 1 to 3 show DNA of three clones that contained both high- and low-copy plasmids 
(reciprocal products of a deletion event); lanes 4 to 7 show DNA from four clones that contain 
only a low-copy plasmid. The bars (I-I) indicate the regions of the p O X 3 8 - ~ m ~  and pBR322- 
ApR replicons that were sequenced (see Fig. 7). 



Fig  '. DNA 
p a a l i z - a p R  n 3 3  5, TCGATTTATTCAACAAAGC~GGCGATATT CGTAACGAAGCGTTGATGAC 

quences of reciprocal 
products of IS903 de- p 0 ~ 3 8 - K m ~  A33 5' A A C A T C C A A C G T T T G T T G A A  G G C G A T A T T  ~GGCTTTGTTGAATAAATCAG 
letions. The se- 
quences of one DNA 
strand across the p ~ ~ 3 z z - ~ v R  ~ 2 1  TCGATTTATTCAACAAAGC) G G T G C C G G G  TTAAGTTCTTCCGCTTCACT 
IS903-galK junction 
of the two products ~ o x ~ E - K ~ ~  ~ 2 1  ATCACGGCAATGTGCCGCAG GGTGCCGGG ~GGCTTTGTTGAATAAATCAG 

from three separate 
deletion events' (A33, 
1 ,  and Al5) are p ~ ~ 3 2 2 - a p R  A1 5 TCGATTTATTCAACAAAGC$ CTCACACCA T r C A G G C G C C T G G C C G C G T G  
shown. The IS903 ter- 
minal sequences are ~ o x ~ E - K " : ~  A) 5 CGCATTTGGCTACCCTGCCA C T C A C A C C A  ~GGCTTTGTTGAATAAATCAG 

shown in large type 
and are boxed; the arrowhead indicates the right (KmK-proximal) end of IS903-L and 
corresponds to the arrowhead in Fig. 6 .  The galK coding strand is shown in smaller type. The 
sequences are aligned to show the 9-bp galK target sequence that occurs at each junction. 
Sequences were determined by the dideoxy chain termination method of Sanger et a / .  ( 3 3 ,  with 
restriction fragments cloned into the single-strand M13 vectors mp8 or mp9 (36). 

the p ~ ~ 3 8 - ~ m R  replicon, one on the 
p B ~ 3 2 2 - A p R  replicon), it also clearly 
involves replication of the IS  element 
that mediates the event. 

As mentioned above, only six of 145 
KmR GalR colonies screened yielded two 
separate replicons. We have carried out 
a preliminary analysis of the events that 
d o  not result in the production of two 
replicons. Analysis of 12 clones that con- 
tained only a large low-copy plasmid 
showed that all retained both the KmR 
selected marker and the unselected ApR 
locus. All 12 transferred both ApR and 

against reciprocal deletions (26). With 
these limitations in mind we have looked 
among GalR KmR clones for possible 
nonreciprocal deletion products. Dele- 
tions into galK that retain KmR must 
have originated from the ApR-proximal 
IS903 and, if nonreciprocal, should lose 
ApR. We have screened 50 GalR KmR 
clones and found just one that had lost 
ApR. 

Conclusions and Discussion 

KmR at  high frequency with 100 percent It has proved difficult to  obtain conclu- 
linkage but had lost galK activity. This sive evidence that any genetic rearrange- 
proves that these 12 GalR clones did not ments mediated by transpositional re- 
arise by a deletion adjacent to  IS903. A combination of an IS element involve 
preliminary analysis by restriction diges- duplication of the IS. This is partly be- 
tion of plasmid DNA isolated from some cause of the very low frequency of those 
of the ApR KmR GalR colonies suggest rearrangements in which both donor and 
that most of these colonies arose by target are recovered intact (as in replicon 
mutations in galK that are unrelated to  fusion or inversion-insertion), and the 
IS903. As discussed above, one reason- resultant concern that such processes 
able explanation for the relatively low may depend on additional events such as  
yield of IS903-mediated adjacent dele- the dimerization of a plasmid donor 
tions in this system (relative to  the high (which can occur even in R e c A  cells a t  
yield in pTW75 where more than 95 a detectable frequency) (27). 
percent of all events were deletions) lies Using a selective procedure to  obtain 
in the incompatibility of the p O x 3 8 - ~ m ~  intramolecular events promoted by 
deletion product with the parental coin- IS903 in a RecA- host, we have shown 
tegrate. that the most frequent event is the for- 

An important question is whether all mation of adjacent deletions. These dele- 
IS903 deletions occur by a reciprocal tions occur at normal frequencies only if 
process. Unfortunately, the problems as- both IS ends are intact, suggesting that 
sociated with plasmid incompatibility the deletion-distal IS end also partici- 
make the system that we have used to pates in the recombination. Interesting- 
demonstrate reciprocity a poor one for ly, the only other case in which deletion 
addressing this question quantitatively. formation has been shown to require 
Incompatibility between the parent and both transposon ends is for phage Mu 
product replicons could influence the (28), a transposon that clearly has a high 
results in three ways. First, it may re- frequency of replicative cointegrate for- 
duce the frequency of deletion events mation (29). We were able to  recover 
recovered (as we argue above); second, two products from a single deletion 
it may result in the loss of one product event by giving the deleted segment a 
from a reciprocal event, suggesting pos- replication origin of its own. Each prod- 
sible nonreciprocity; and third, it may uct was a separate replicon with a copy 
result in stronger selection against recov- of the mediating IS and the 9-bp target 
ery of nonreciprocal deletions than sequence. While these results do not 

prove that all IS903 recombinational 
events are replicative, they do indicate 
that a replicative mechanism is a major 
pathway of transpositional recombina- 
tion. Determining whether simple inser- 
tion of an IS is a replicative process will 
probably have to await a biochemical 
characterization of the recombination. 

Our findings provide strong support 
for the idea that IS-mediated deletions 
are formed by an intramolecular cointe- 
grate process as  was first suggested by 
Shapiro (18). However, these findings d o  
not distinguish between molecular mod- 
els that propose simultaneous ligation of 
both transposon ends to  the target (18, 
30), and those that propose that these 
ligations are separated in time, with tran- 
sposon replication interposed (19, 20, 
31). If the most frequent intramolecular 
rearrangement mediated by an isolated 
IS element occurs by a cointegrate pro- 
cess, then our results raise two paradox- 
es. First, in plasmids such as  pTW75, 
why do we not observe inversion-inser- 
tions at  about the same frequency as  
adjacent deletions, since both are pre- 
dicted to be alternative products of the 
same process (see Fig. SB)? Perhaps in 
our assay, in which the target is separat- 
ed from the IS by only about 3 kb, its 
orientation relative to the IS ends is 
determined by topological consider- 
ations or by other plasmid properties 
(such as  direction of replication). Sec- 
ond, in intermolecular transposition of 
IS903, simple insertions appear to  be 
favored over cointegrates by a factor of 
about 100, the reverse of the intramolec- 
ular results (5, 16). Perhaps simple inser- 
tion is normally a conservative process 
involving excision of the IS and conse- 
quent loss of its parent replicon (32), so 
that intramolecular simple insertions 
would be suicidal. 
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Translocations Among Antibody 
Genes in Human Cancer 

Philip L e d e r ,  J i m  Bat tey ,  Gilbert  L e n o i r  

Chr i s topher  Moulding,  William M u r p h y ,  Hunt ing ton  P o t t e r  

T i m o t h y  S t e w a r t ,  R e b e c c a  T a u b  

Geneticists have become increasingly 
aware of the fact that genes move, that 
they change position within and between 
chromosomes, and that they thus alter 
their relationships to one another with 
important regulatory and structural con- 
sequences. One dramatic example of this 
occurs as  part of the process by which 
the immunoglobulin (Ig) genes are nor- 
mally formed by joining subgenomic seg- 
ments of DNA in various combinations 
to create the enormous diversity reflect- 
ed by the immune system (I) .  Another 
example, by no means normal and with 
an apparently more sinister outcome, is 
represented by the somatic transloca- 
tions that consistently accompany cer- 
tain human neoplasms (2). In recent 
months, these two phenomena have 
been physically linked by studies show- 
ing that the human cellular oncogene c- 
myc is joined to one of the Ig loci by a 
translocation that characteristically ac- 
companies a human malignancy called 
Burkitt lymphoma (3-7). Similar results 
have been obtained in mouse plasmacy- 
tomas (8-13). 

The juxtaposition of these two rather 
well characterized genetic systems al- 
lows us to address two important-if 
poorly understood-questions: First, 

what are the molecular genetic conse- 
quences of these translocations and how 
do they alter the normal function and 
control of these genes? And second, how 
does their interaction contribute to the 
process of malignant transformation? 
While work in a number of laboratories 
is still in its earliest stages, certain obser- 
vations already allow us to evaluate the 
most obvious models and to advance 
others. Our purpose here will be to con- 
sider briefly the normal Ig and rnyc genes 
before turning to specific molecular as- 
pects of certain Burkitt lymphoma trans- 
locations and the early answers they 
bring to the questions we have posed. 

Associations Between Chromosomal 

Translocations and Neoplasia 

The close association between specific 
chromosomal translocations and certain 
human neoplasms is well established (2). 
Such translocations are of two types: 
constitutional, that is, those carried by 
each of the individual's cells; and somat- 
ic, those that arise in a particular cell and 
are carried by its neoplastic progeny. It 
is generally held that such constitutional 
translocations (and other chromosomal 
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abnormalities) predispose an organism to 
the development of a malignancy, but 
require a second event, presumably an- 
other mutation, to consummate the ma- 
lignant transformation (14). For  exam- 
ple, in hereditary renal cell carcinoma 
there is a constitutional translocation in- 
volving chromosomes 3 and 8 [t(3;8)] 
that is associated with the development 
of renal cell carcinoma during the fourth 
decade of life (15). Somatic transloca- 
t i o n ~ ,  in contrast, presumably arise in a 
single somatic cell and contribute to the 
transformation of that cell and its proge- 
ny alone. It  is not likely that either 
translocation is sufficient to accomplish 
the malignant transformation; it is quite 
likely that other critical events have oc- 
curred or will occur (16). Nevertheless, 
the tight association between particular 
malignancies and specific translocations 
[t(9;22) in chronic myelogenous leuke- 
mia and t(2;8), t(8;14), and t(8;22) in 
Burkitt lymphoma] makes a very strong, 
if circumstantial, argument that these 
translocations are causally related to the 
development of the neoplasm. 

The discovery of oncogenes, originally 
noted as transforming genes carried or 
activated by retroviruses [see review 
(16)], combined with a growing under- 
standing of transcriptional control mech- 
anisms, provided the basis for two mo- 
lecular models that could explain how a 
translocation might induce malignancy 
(17). A translocation could disturb the 
regulation of an oncogene, for example, 
by providing a new promoter region or 
some other control element that would 
activate the oncogene (18). Alternative- 
ly, it might alter the coding sequence of a 
gene, changing its protein product from a 
benign to a malignant form (19). 
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