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ABSTRACT

The propensity of the terminus of the Escherichia coli chromosome for recombination has been further
explored, using a test based on the selectable loss of a A prophage inserted between repeated sequences
from Tn 0. Terminal recombination appears region-specific and unrelated to replication termination
in a strain harboring a major chromosomal rearrangement. It requires RecBC(D) activity and must
therefore occur between sister chromosomes, to conserve genomic integrity in spite of DNA degradation
by RecBCD. Terminal recombination is maximal in the dif region and its intensity on either side of this
recombination site depends on the orientation of the repeated sequences, probably because of the
single x site present in each repeat. Additional observations support the model that the crossover is
initiated by single-strand invasion between sister chromosomes followed by RecBCD action as a conse-
quence of DNA breakage due to the initial invasion event. Crossover location within repeats inserted at
dif position supports the possibility that sister chromosomes are tightly paired in the centre of the
terminal recombination zone. These data reinforce the model that postreplicative reconstruction of

nucleoid organization creates a localized synapsis between the termini of sister chromosomes.

'WO distinctive recombination phenomena are as-
sociated with the terminus region of the Escherichia

coli chromosome. One is site-specific recombination at
the dif locus, which must occur within a short region
of the terminus to be effective for exchanges between
sister chromosomes, its probable role in the cell cycle
(CORNET et al. 1996; KUEMPEL et al. 1996; F. CORNET
and D. SHERRATT, unpublished data). The other, called
terminal recombination, is detected by a very high fre-
quency of excisive homologous recombination follow-
ing insertion of sequence duplications in the region
(LOUARN et al. 1991, 1994). Though the difactivity zone
(DAZ) is smaller than the terminal recombination zone
(TRZ), these regional effects respond similarly to ge-
netic alterations of the region: (i) the DAZ and the
TRZ harbor no unique sequence responsible for the
physiological proficiency of difspecific recombination
(besides dif) or for excisive homologous hyperrecombi-
nation; and (ii) recombination of both types occurs
independently of termination of replication. We attrib-
uted both effects to the nature of chromosome organi-
zation in the region surrounding the terminus. Postrep-
licative nucleoid reconstruction was proposed to be a
sequence-dependent process creating in the DAZ/TRZ
region a transient accumulation of catenation links be-
tween sister chromosomes. Catenation may facilitate in-
terchromosomal recombination events of all types
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(LOUARN et al. 1994; CORNET ¢t al. 1996). This region
was in consequence referred to as the nucleoid termi-
nus, to distinguish it from the replication terminus. A
similar model of polarized organization of the terminus
was also proposed by KUEMPEL et al. (1996).

In this article, we present additional observations on
terminal recombination. Further evidence for the un-
coupling between termination of replication and termi-
nal recombination is presented. We also report that, in
our assay, the orientation within the chromosome of
the repeated sequences affects excision frequency. This
led us to demonstrate the role of the RecBC system in
the phenomenon. Analysis of the recombinants issuing
from terminal recombination was also performed. The
results suggest that terminal recombination is a two-
step process with RecBCD being involved at the late
step. The present data indicate that terminal recombi-
nation occurs between sister chromosomes that are
tightly paired in a small region around difand reinforce
our previously proposed model that the synapsis be-
tween TRZ/DAZ sister regions is determined by the
process of nucleoid reconstruction.

MATERIAL AND METHODS

Bacterial strains, plasmids and bacteriophages: Excision
frequency measurements were performed on a set of isogenic
strains all derived from strain CB0129 (F~ W1485 leu thyA deoB
or C supD; BIRD et al. 1972). Strain LN2666, a spontaneous
streptomycin-resistant mutant of CB0129, was an intermediate
host used in gene substitution experiments. Strain LN850 is
also derived from CB0129, in a rather complicated way (Lou-
ARN et al. 1985). In addition to a large inversion INV(29-78),
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TABLE 1

Effect of the inactivation of RecBCD on excisive recombination

Frequency of excision per cell generation®

Tnl10 or tet Position

insertion’ (kb)* In RecBCD* cells In RecBC™ cells Ratio Rec*/Rec”
thr::Tnl0 ~0 4.8-107° (LN3458) 1.4-107° (LN3466) 3.4
proAB::Tnl0 ~263 3.4-107° (LN3459) 1.2-107° (LN3467) 2.8
lacZ::Tnl0 ~365 4.0-107® (LN2464) 1.0-107° (LN2950) 4.0

Within the TRZ

z2dal92:: tet,, 1437 1.8-1075 (LN3473) 2.3-107° (LN3477) 7.8
2dal92:: tet.., 1437 1.0-107* (LN3474) 1.3+1075 (LN3476) 7.7
2dc310:: tet,, 1555 1.0-107* (LN3432) 1.4-107° (LN3439) 7.1
zdc310:: tet,,, 1555 2.0-107% (LN3438) 1.8+ 1075 (LN3444) 111
Adif58:: tet.,, 1592 2.8-107% (LN2947) 1.3-107% (LN2977) 215
Adif58:: teleey 1592 4.0-107% (LN3471) 2.5-107% (LN3479) 160
2dd355: tet., 1600 4.0-107% (LN3159) 1.0-107* (LN3160) 40
2dd355:: tet, ., 1600 6.0-107% (LN3154) 7.0+ 107° (LN3157) 8.6
2dd370:: tel,,, 1615 1.1-1072 (LN3158) 6.0-107° (LN3174) 180
zdd370:: telc, 1615 1.0-107* (LN3507) 1.0-107° (LN3520) 10

“ Averages of measurements made on at least five independent clones. Clone-to-clone variations higher than
a factor of 2 are frequently observed. Strain numbers in our collection are indicated within parentheses.

* Numbers associated with zxy designations of te insertions refer to their positions on the physical map of

the terminus region established by BOUCHE (1982).

Map positions are given according to the physical map of BERLYN ef al. (1996).
4The A(recBC)::Ap* deletion was crossed into the various lysogens by conjugation with Hfr2926.

it carries a dnaA46 mutation, a $80immAind™ prophage, and
a manA::Mu insertion. Strain ILN3412 derives from LN850 in
two steps: (i) crossing in a Afus:: Ap" mutation (with concom-
mitant loss of the linked manA::Mu insertion), and (ii) elimi-
nation of the ¢80imm\ind~ prophage, which hindered appli-
cation of the excision test. These modifications involved sev-
eral transductional and conjugational crosses. All Tnl0
insertions have been previously described (LLOUARN et al. 1991,
1994). Constructions of A(dif2600) :: Ap®, A(dif58) :: tet., and
tel., deletions-insertions (subscript cw and ccw designations
indicate the orientation, clockwise and counterclockwise, re-
spectively, of the tet insertion as in Figure 1D), of 2dc310:: tel,,
and tel..,, zdd355:: tet., and tet.,,, and z2dd370:: tet., insertions
have been previously reported (LOUARN et al. 1994; CORNET
et al. 1996). Other tetinsertions and the A(recBC) :: Ap” tagged
deletion were constructed for the present work (see below).
All map positions in Table 1 are given according to the chro-
mosome map Ecomap9 compiled by BERLYN e al. (1996).
Strain LN2463, an Hfr that promotes an early transfer of a
lamB (\*) allele, is described in LOUARN et al. (1991). Integra-
tion-excision vectors pFC13, pFC20 and pLN135 are de-
scribed in CORNET ef al. (1994, 1996). Bacteriophage NTSK is
described in REBOLLO ¢ al. (1988).

Media and general methods: Luria-Bertani (LB)-rich me-
dium is described in MILLER (1992). Antibiotic concentrations
used were as follows: ampicillin (Ap): 25 ug/ml; chloram-
phenicol (Cm): 25 pg/ml; kanamycin (Kn): 25 ug/ml; strep-
tomycin (Sm): 20 pg/mi for the Sp/Sm interposon and 200
pg/ml for rpsL alleles; tetracyclin (Tc): 15 ug/ml. All in vivo
or in viiro genetic experiments were performed according to
standard procedures (SAMBROOK et al. 1989; MILLER 1992).

Construction of chromosomal tet insertions: A chromo-
somal fragment chosen among our collection of cloned seg-
ments of the region (BEJAR and BOUCHE 1983) is first sub-
cloned on an integration-excision vector such as pLN135. The
2.9-kb Bglll segment from Tn 10, called here Zt, which harbors
the tefAR genes and confers tetracyclin resistance (Tc”), is

then cloned into the fragment. The recombinant plasmid is
eventually introduced into a 7psL (Sm’, recessive) mutant
strain. The vector harboring a temperature-sensitive replica-
tion machinery, a chloramphenicol resistance determinant
(Cm") and a rpsL* (Sm®, dominant) gene, substitution of the
chromosomal wild-type sequence by the modified one is per-
formed in two steps: (i) selection at 42° for Cm" Tc" that are
also Sm®% (i) subsequent selection of Tc¢" Sm" that are
also Cm®.

Excision frequency measurements: Bacteria harboring the
TnlO0 or tet insertion of interest were infected by ATSK and
lysogens were sought for by selection of kanamycin-resistant
(Kn") derivatives at 30°. Clones retained for further study were
streptomycin-resistant (Sm’), tetracyclinsensitive (Tc®) and
temperature-sensitive (Ts), had also to be phage producers
and to give rise to Tc" derivatives (excisants) when incubated
at 42°. These criteria could only be fulfilled if the prophage
is integrated into the chromosome as shown Figure 1A. A
lamB (N) allele was then crossed in by conjugation with Hfr
strain LN2463. The use of \" lysogens made null the risk of
reinfection and killing of cured bacteria by phages produced
after thermal induction. Average frequency of cured bacteria
is the mean of frequencies of temperature-resistant (Tr) deriv-
atives measured on at least five independent clones (clone-
to-clone variations by a factor of =2 are not uncommon).
Excision frequencies per cell generation were calculated by
dividing the frequency of cured bacteria by the estimated age
of the clones (25-30 generations). This calculation is valid
because we observed no selective advantage at 30° for the
cured bacteria (LOUARN et al. 1991).

Construction of a tagged recBC deletion: The EcoRI-flanked
chromosomal fragment of bacteriophage A460 from the or-
dered hybrid phage collection of KOHARA et al. (1987), which
carries the recB and recC genes, was cloned into integration-
excision vector pFC20 and then the fragment between HindIII
sites at ordinates 2960.0 and 2967.9 kb on Ecomap9 was re-
placed by the QAp" interposon (FELLAY et al. 1987); these
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HindIII sites fall within recBand recC, respectively. Substitution
of wild-type recB recC genes with this tagged deletion was per-
formed as described above in a spontaneous Sm" resistant
mutant of Hfr PK191, which transfers early the recBCD region,
to yield strain LN2926. Phenotypes associated with the Ap”
character were an increased UV sensitivity and a strongly de-
creased recipient ability in transductional crosses that are typi-
cal of RecBC™ mutants.

RESULTS

The orientation of the repeats flanking the excisable
DNA may control excision frequency: To assay termi-
nal recombination, we measured the frequency of exci-
sion of a prophage ATSK that was inserted by recombi-
nation with a series of chromosomal et sequences (Fig-
ure 1, A and B; LOUARN et al. 1991, 1994). The tet
segment (alone or as part of Tn 10 transposon) has been
inserted at 14 positions in the terminus region; at five
sites both orientations of the fet sequence were avail-
able. The results are shown in Figure 2. Excisive recom-
bination was maximal at the diflocus (position 5 in Fig.
2; in this insertion the fef segment tags a 58-bp deletion
eliminating dif), and both orientations at this site
yielded similar high frequencies. To the left of dif, exci-
sive recombination was up to 50 times more frequent
for the tet..,, orientation, whereas to the right of dif the
tet.,, orientation gave more frequent excisions. These
results indicate that terminal recombination occurs in
a polarized fashion on both sides of the difregion. The
indifference of recombination at dif to the orientation
of tet might result either from inactivity of the polarizing
phenomenon in the region surrounding dif or because
of the Dif™ phenotype itself, which is associated with
some induction of the SOS system (KUEMPEL et al
1991). This point is still under investigation. Figure 2
is drawn according to the first model.

Regional specificity of terminal recombination is not
determined by the replicative process: Independence
of terminal recombination from termination of replica-
tion has been previously supported by the finding that
the TRZ remained invariant when the region where
replication forks meet was displaced more than 200
kb away from its normal zone, the psrA (terC) region
(LOUARN et al. 1994). We report here that a much more
dramatic alteration of chromosome organization does
not change the localization of the TRZ.

We have previously isolated a strain (LN850; LOUARN
et al. 1985) having undergone a large chromosomal
inversion due to recombination between two inverted
copies of IS5, IS5F at 29 min (1398 kb on Ecomap9),
and IS5T at 78 min (3662 kb). This inversion puts the
dif site only 11 map minutes away from oriC (Figure 3).
In spite of the new location of the site, the strain re-
mains Dif* (CORNET et al. 1996). This strongly suggests
that dif activity is controlled by intrinsic properties of
the terminus region, not by distance from the origin.
We report here a similar observation for the TRZ. The
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FIGURE 1.—Assay for excision frequency determinations.
(A) Integration of ATSK by homologous recombination
within a resident tet sequence leads to a Ts Tc® strain when
integrative recombination, symbolized by a double arrow, pro-
ceeds between the Sm’ and the Kn" insertions. (B) Prophage
excision by homologous recombination in a Ts Tc® lysogen
results in a cured bacterium that is Tr and either Sm", T¢" or
Kn" dependent upon the tet segments (a, b or ¢) where the
exchange takes place. Tes and ek designations refer to tet
sequences harboring a Sm® or a Kn' insertion, respectively.
(C) A x site exists on the fet sequence at a few nucleotides
from the BamHI site, which limits internally the Kn" insertion.
As it is oriented, it favors the shift from Exonuclease V activity
to recombinase activity of a RecBCD complex travelling on
DNA from right to left, in the direction opposite that of tetA
transcription. No other x site is found in A\TSK. (D) Our
convention for tet insertion orientation in the chromosome,
with reference to the tet x site orientation.

strain used for this study, LN3412, is a derivative of
inversion strain LN850 rendered Tus™ and cured of a
resident ¢80immA prophage (see MATERIAL AND METH-
ODs). As a consequence of the tus mutation, replication
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FIGURE 2.—Semi-log plot of prophage excision frequencies
per cell generation vs. map position in the terminus region
of the resident et sequences used for prophage integration.
Map positions in minutes. Only two chromosomal markers
are indicated: recombination site dif and replication pause
site psrA/terC. O, tet,,; ®, tet.., . Arrows above circles recall tet
X site orientations, according to the convention of Figure 1C.
Values reported for Tn 10 insertions are from LOUARN et al.
(1991, 1994). The curve joining the tef., positions is drawn
symmetric to the curve joining the fet., positions with respect
to a vertical axis at dif. The dashed horizontal line refers to
the average excision frequency observed outside the ter-
minus region. List of insertions: 1: zil19::Tnl0.,; 2:
2¢f152::Tn10y,; 3: 2dal92: tet (cw and cew); 4: zdc310:: tet (cw
and ccw); 5: dif58::tet (cw and ccw); 6: zdd355:: tet (cw and
cew); 7 zdd365::tet.,; 8: 2dd370::tet (cw and ccw); 9:
2de381:: Tn10.,; 10: zde395:: Tnl0,,; 11: zde406::Tn10....; 12:
2df237::Tn10q,; 13: 2dg232:: Tn10.; 14: zdh57::Tn10,,.

forks do not pause at terminator sites; we have checked
that in the inversion strain the displaced 29-40-min
region is replicated early without any indication of fork
pausing at psrA or psrB (data not presented). Strain
LN3412 received, via phage Pl-mediated transduction,
Tnl0 or tet insertions at the chromosomal positions
indicated in Figure 3. These derivatives were lysoge-
nized by NTSK and identified by their Tc® phenotype.
Prophage excision frequency was not directly measured
due to the presence of the temperature-sensitive
dnaA46 mutation (conserved because this mutation as-
sociated with the inversion causes a rich medium sensi-
tivity that helps verify the presence of the rather unsta-
ble inversion; LOUARN et al. 1985). Instead, we deter-
mined the frequencies of reconstitution of active fetA
genes, by selecting for Tc" derivatives. In noninverted
chromosomes, a T¢" recombinant is formed every two
to three prophage excision events (Table 2), and con-
versely most Tc" recombinants selected at 30° are also
cured of the prophage (not shown). The data, reported
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1.4 10 2107
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zdd;;l?m dnaA46
tet oy
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FIGURE 3.—Indigenous recombination in INV29-78 Tus™
strains. The locations, on a circular map of the rearranged
chromosome, of the different tet or Tn10 insertions assayed
for Tc" recombinant formation are shown. Designations of
the insertions, frequencies of Tc' recombinants per cell gener-
ation and strain names are given within frames. Orientations
at zdd355 are indicated by the same symbols as on the normal
chromosome. Shown also are the positions of sites and genes
of interest: oriC, origin of replication; dnaA46, gene control-
ling initiation at oriC,, Ts allele; dif, site for chromosome di-
mer resolution; psr4, B, and C, pause sites inhibiting clockwise
moving forks on the normal chromosome; psiA, B, and C,
pause sites inhibiting counterclockwise moving forks; tus, the
gene controlling synthesis of the protein inhibiting fork move-
ment at pause sites; IS5, insertion sequence involved in the
generation of the large inversion. As inferred from unpub-
lished marker frequency data, the probable zone of replica-
tion termination in Tus™ conditions is indicated by a curved
dotted line (termination in Tus™ conditions takes place in

the vicinity of psrC).

in Figure 3, indicate clearly that in the inversion strain
the zone around dif is also a zone of hyperfrequent
recombination between direct repeats; furthermore, at
each point tested the frequencies of recombination
seen in the inversion strain are in the same range of
values as seen without the inversion. In addition, the
effect of the orientation of tet at position zdd355 is con-
served in the inverted strain. Thus, the combined ef-
fects of a major chromosomal inversion plus inactiva-
tion of the replication pause system do not alter either
the positioning of the TRZ on the chromosome, which
in strain LN3412 is now located close to oriC and far
from the termination region, nor the orientation de-
pendence. Clearly, the TRZ location is determined by
intrinsic features of the zone and not by features of the
replication process.

Excisions at high frequency in the TRZ depend on
RecBCD: The orientation effect implies the presence
in the tet sequence of elements able to orient the action
of recombination enzymes. One such element could be
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the 5'GCTGGTGG3’ octamer, x (SMITH et al. 1981).
RecBCD loaded on double-stranded DNA at a free end
degrades DNA from this end until it encounters the
3’ end of a x site, as written above; it then creates
recombinogenic single-stranded material that favors re-
combination on the 5" side of xy (KOWALCZYKOWSKI et
al. 1994). The sequences involved in the excision assay
harbor a x site within each tet repeat (Figure 1C). It
was thus reasonable to examine the role of the RecBCD
complex in the orientation effect.

Analysis of the role of RecBCD in terminal recombi-
nation has been made easier by the construction of
a tagged deletion A (recBC)::Ap" (see MATERIALS AND
METHODS). Table 1 shows the effect of the recBC dele-
tion on prophage excision frequencies as a function of
the prophage chromosomal location and orientation.
At all positions tested outside the TRZ, excision fre-
quencies, already low, were decreased only three- to
fourfold in RecBC™ conditions. This indicates that
along most of the chromosome, excisive recombination
does not depend strictly on RecBCD, as already pointed
out by MAHAN and ROTH (1989). In contrast, within
the TRZ, introduction of the A(recBC)::Ap" mutation
into lysogens displaying hyperexcisive recombination
resulted in a dramatic decrease of the excision fre-
quency down to the level observed at positions outside
the TRZ (Table 1). These data demonstrate that the
RecBC enzyme is responsible for the high excision fre-
quencies characteristic of terminal recombination and
support the possibility that the orientation of the tet
sequence controls the efficiency of terminal recombina-
tion because it harbors a unique x site.

Distribution of resistance characters among cured
bacteria in terminal recombination: If usage of the et x
sites is responsible for the orientation effect on excision
frequency, the crossover point within the duplicated tet
sequences and hence the antibiotic resistance of the
excisants recovered should be determined by the X site
location. The situation is illustrated in Figure 4, which
shows that the tet x site correctly oriented to favor exci-
sional exchanges is the one located on tek. This site
would activate RecBCD recombinase only when the en-
zyme travels in the prophage-to-chromosome direction
and after passing through the Kn" determinant. In con-
sequence, RecBCD recombinase should tend to ex-
clude the Kn" determinant from the Tr recombinants,
and this effect was expected to be strong at least at these
positions of the TRZ where excisive recombination is
both RecBC- and orientation-dependent. To test this
possibility, we have determined the relative frequency
of the three types of excisants at various positions, by
testing colonies of cured Tr bacteria for conserved anti-
biotic resistances. Results are reported in Table 2.

Outside the TRZ: Whatever the location of the chro-
mosomal tet insertion outside the TRZ and in RecBCD™
conditions, Kn" excisants were always found at a lower
frequency than Sm" or Tc" excisants. They constituted

degraded or

< lost zone 3

KmR

prophage .:- tek
|W
i S Sthc favored exchanges

h 2 S rophage
chromosome 103 prophag

SmR

FIGURE 4.—Prophage curing by RecBCD-catalyzed recom-
bination between the repeats flanking the prophage. The
paired tes and tek sequences are drawn irrespective of their
belonging or not to sister chromosomes. When the tet x site
controls the unequal exchange and considering the mode
of action of RecBCD (KOWALCZKOWSKY et al. 1994), excisive
recombination is observed when RecBCD, loaded at a DSB
located to the left of ek, degrades successively prophage mate-
rial, the ¢ part of the tet segment (with reference to Figure
1B) and the Kn" insertion before it reaches the correctly ori-
ented tet x site, which belongs to tek. Recombination must
eventually proceed between the b regions (ending with Tr
Tc" excisants) or the a regions (ending with Tr Sm" excisants)
of tek and tes partners. The zig-zags indicate the recombinant
molecules linked during the process.

chromosome

on the average ~10% of excisants. This low Kn" fre-
quency was only slightly increased in RecBC™ condi-
tions (data not shown) and therefore is a characteristic
of the system largely independent of RecBCD usage.

In the TRZ flanking regions: At zdal92, zdc310, zdd355
and zdd370 positions, Kn" excisants were also found,
in proportions quite comparable to those observed at
positions outside the TRZ and irrespective of tef orienta-
tion. Again, Kn" excisant frequencies were not much
increased in RecBC™ conditions (not shown). This is at
variance with our prediction.

In the center of the TRZ: At A(dif58):: tet position, where
both orientations are equally active, the situation was
quite different: Kn" recombinants became very rare
(less than 1% of excisants at both situations analyzed),
and the involvement of RecBC in this deficit was dem-
onstrated by an ordinary frequency of Kn' excisants
when these strains were made RecBC™ (Table 2). The
prediction that the action of RecBCD should hinder
the generation of Kn" excisants seems therefore to be
valid at this position only. The lack of Kn" recombinants
is not due solely to the inactivation of dif when the
prophage was inserted at positions zda310::tel., or
zdd370: tet., (both displaying high excision frequency;
Figure 2), the presence of A(dif2600::Ap’) had no ef-
fect either on excision frequency (not shown) or on
the proportion of Kn" excisants (Table 2; compare
LLN3438 to LN3472, and LN3158 to LN3537).

DISCUSSION

The present data confirm the absence of direct rela-
tionship between terminal recombination and termina-
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TABLE 2

Distribution of antibiotic resistance markers
among cured bacteria

Frequency
. among excisants
TnlOor tet  Rec functions of*
location/ (relevant -
Strain orientation genotype) Sm* Tc¢" Kn'
Outside the TRZ
LN2464 lacZ + 58 25 17
LN3458  thr + 75 22 3
LN3459  proAB + 58 32 10
In the left region of the TRZ
LN3473  zdal92/cw + 46 36 18
LN3474  zdal92/ccw + 52 45 3
LN3432  2dc310/cw + 54 39 7
IN3438  2dc310/ccw + 32 49 19
LN3472  zdc310/ccw  Adif2600 26 37 37
In the central region of the TRZ
LN2947  dif /cw Adif58 70 30 <1
LN2977  dif/cw Adif58 ArecBC 37 43 20
LN3471  dif /ccw Adif58 70 30 <1
LN3479  dif/ccw Adif58 ArecBC 34 44 22
In the right region of the TRZ
LN3159  zdd355/cw + 53 38 9
LN3154  2dd355/ccw + 44 41 15
LN3158  zdd370/cw + 46 45 9
LN38537  zdd370/cw Adif2600 59 36 5
LN3507  zdd370/ccw + 37 58 5

*Values are percentages; Kn' values are average of at least
three determinations performed on independent clones, in-
volving a total number of cured clones over 100 for each
strain. Important clone-to-clone variations (more than a fac-
tor of 2) could be observed in the frequencies of a given
recombinant type.

tion of replication and leave no doubt about the central
role of the RecBC complex in the frequent excision
events characteristic of terminal recombination. These
findings help to clarify our understanding of events
occuring in the terminus region, but it must be kept in
mind that the artificial system used in our analysis may
interfere with and modify the course of events oc-
curring on normal chromosomes (i.e.,, harboring no
duplicated sequences in the region).

Our results show that elevated recombination occurs
in the TRZ even when that region is displaced to a
position close to oriC. This demonstrates the lack of a
link to site-specific pausing or termination of replica-
tion. This absence of a relationship with termination of
replication does not support the previously proposed
possibility that events occuring at stalled replication
forks are inducers of the strong recombinogenic activity
of the terminus (LOUARN et al. 1991; HORIUCHI et al.
1994; KuzMminov 1995).

The invariance of the TRZ activity fits in with our
current view of how the regional control may operate
(LOUARN et al. 1994; CORNET et al. 1996). The major
contention is that a sequence-dependent structure is
assembled on each side of the nucleoid terminus and
must be reconstructed after each replication cycle. The
reconstruction may proceed through a strictly defined
(but unknown) series of events, so that it ends near dif.
Catenation links between the two sister chromosomes
after replication may be propelled toward the nucleoid
terminus by the reconstruction process. Accumulation
of catenation links in the nucleoid terminus may create
a synapsis between the sister chromosomes in this re-
gion, and cuts introduced by topoisomerases/decaten-
ases may initiate terminal recombination events.

Though largely speculative, this picture of postrepli-
cative events in the terminus region is consistent with
existing results and provides a convenient framework
for interpreting not only terminal recombination, but
also the confinement of dif activity to the same zone
(CORNET et al. 1996; KUEMPEL et al. 1996). It also helps
understanding of the observation that many segments
of the region are refractory to genetic inversion (RE-
BOLLO et al. 1988). In the chromosome harboring the
large inversion, at least one of the structural units (on
the z2dd355 side of dify should remain unaffected.

A first question is raised by the involvement of RecBC
in terminal recombination. The RecBCD complex,
once loaded on DNA at a free end, first acts as a
nuclease until it finds a correctly oriented x site. How
does a cell undergoing terminal recombination cope
with this extensive chromosome degradation? When
RecBC-dependent terminal recombination occurs on
normal chromosomes (i.e., carrying no duplicated se-
quences), the repair of the double-strand break (DSB)
required for RecBCD loading must involve sequences
from a second chromosome present in the affected cell.
A second copy is needed to repair the loss of material
due to exonuclease V activity. Being RecBC-dependent,
terminal recombination is most probably an interchro-
mosomal event, as is difspecific recombination. How-
ever, in our assay, intrachromosomal RecBC-dependent
recombination is not a priori excluded: when a DSB
occurs within the prophage, the RecBCD complex that
travels towards tek will encounter a x site correctly ori-
ented for promoting the excision exchanges depicted
in Figure 4. Could terminal recombination be induced
by a special behavior of the A prophage when present
in the terminus region? This seems quite unlikely be-
cause this prophage is noninducible and, moreover,
the effect of flanking sequence orientation on terminal
recombination cannot be accounted for by the genera-
tion of DSBs at a fixed position within the prophage.
The RecBC dependence indicates strongly that termi-
nal recombination occurs between two complete sister
chromosomes, since the TRZ is normally the last part
of the chromosome to be replicated.
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A second question is raised by the involvement of
RecBCD. How is the free end (DSB) generated, which
is required for RecBCD loading? Though the effects of
inactivation of the tet x site have not yet been tested,
the orientation effect and the requirement for RecBC
are consistent with a key role of this site in controlling
the frequency of excisive recombination. The active ori-
entation (i.e., giving rise to high excision frequency;
Figure 2) makes this site trigger the recombinase activ-
ity of RecBCD complexes only when they travel along
the chromosome in the difto-oriC direction on either
side of dif. The simplest explanation is that a DSB is
generated in the central region of the TRZ of one of
the sister chromosomes (cutting of the two sister chro-
mosomes simultaneously and at the same location must
be lethal); this cutting would provide a fixed region for
RecBCD loading on the chromosome. This possibility
(to which we refer as the terminal DSB model) is illus-
trated Figure 5. Figure 5A shows how prophage excision
is generated, according to this model, when the tet se-
quences are in the active orientation. It demands that
tek', distal from dif on the linearized chromosome, re-
combines with tes, proximal to dif on the uncut chromo-
some. But repair events initiated at the tes’ x site, which
lies between the postulated DSB and the tek’ x site,
should result in equal exchanges, not in excision ex-
changes, and these equal exchanges should be in the
majority. The occurence of DSB in the region should
be extremely high if this model were correct.

The model of a systematic DSB in the center of the
TRZ has several problems. One is that the region can
be deleted without affecting terminal recombination
(LOUARN et al. 1994). Thus, the region carries no essen-
tial cut site. A second negative aspect of the model is
shown in Figure 5B. The repair of a terminal DSB
should preferentially generate a dimeric chromosome,
because RecBCD creates preferentially 3’-recombino-
genic ends (KOWALCZYKOWSKI et al. 1994) and because
resolution cuts might be preferentially placed in non-
crossover strands (as shown for RuvC in vitro, BENNETT
and WEST 1995). Such dimers should require difspe-
cific recombination for resolution. If this were the pref-
erential pathway for excisive terminal recombination,
we would expect high excision frequencies to depend
on Dif" phenotype. No such dependence has been ob-
served (LOUARN et al. 1994). A third line of argument
comes from the survey of the E. coli chromosome se-
quence for x sites along ~90 kb on either side of dif.
Figure 6 shows that (i) along more than 40 kb centered
on dif only one Y site is found, facing dif [the orienta-
tion opposite that of the fet x site when prophage exci-
sion is high (Figure 2)], (ii) further away on either side
of dif, there is a strong preference (two thirds of the
sites) for x sites in the active orientation (facing oriC).
When a DSB is generated near dif, this x site distribu-
tion would allow RecBCD to degrade ~1% of the chro-
mosome before carrying out repair, and this repair
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FIGURE 5.—The terminal double-strand break (DSB)
model. (A) Events required for prophage excision after gener-
ation of a DSB in the difregion on one of sister chromosomes.
The tet sequences are drawn in the active orientation. The
required recombination between tek’ and tes can occur only
after RecBCD had travelled along the cut chromosome from
the point of entry near dif to tek’. The complex must find the
tes' x site on its way and may catalyze an equal exchange with
the sister chromosome. RecBCD should seldom reach tek'.
(B) Possible sequence of events for terminal DSB repair. (Ba)
RecBCD complexes loaded onto each DNA end degrade DNA
till they meet a correctly oriented  site and create 3’ recombi-
nogenic ends. Like strands are shown by continuous or
dashed lines. (Bb) One heteroduplex joint after invasion by
the 3’ tail. The noncrossover strand is shown after the resolu-
tion cut at the junction, but prior to the presumed migration
of this junction driven by RecG (see LLOYD and Low 1996
for further insights). (Bc) A later stage after joining of the 3’
end generated by the resolvase on the invaded chromosome
to the 5’ end generated by RecBCD on the invading one: the
recombination junctions resemble replication forks and may
be converted into them by recruitment of replication en-
zymes. Eventually, these forks replicate the intervening por-
tion of the chromosome, with formation a chromosome di-
mer whose resolution may involve site-specific recombination
at dif.

should be initiated at one of the oriGfacing x sites
found at ~20kb from dif on either side. Consequently,
a RecBCD complex loaded at a DSB close to dif should
have much less chance to reach, for instance, zdc310:: tet
or zdd370:: tet (several active x sites between dif and
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FIGURE 6.—Distribution of x sites in the TRZ. Ordinates refer to segments of the E. coli genome sequence established by F. R.
BLATTNER and collaborators: GenBank accession no. U00096, segments EA000240-EA000255. The x sites (approximate posi-
tions) are represented by arrows as in Figure 1C; in the “‘active” orientation (with reference to the excision test) the arrowhead
faces oriC. The location (in kb) on this map of several other loci of interest is also given.

these insertions) than zdd355:: tet (within the y-free re-
gion; Figure 6). In spite of this, at these three positions
excision efficiencies remain within the same order of
magnitude and display strong orientation dependence
(Figure 2).

The alternative possibility is that the events of termi-
nal recombination that we are able to detect are two-
step processes in which RecBCD acts at a late phase.
The model, here referred to as the terminal strand
invasion model, assumes that the initial event is a nick
that allows a first step of single-strand exchange be-
tween intercatenated sister chromosomes. Catenation
links might facilitate the alignment of partner mole-
cules, which in turn could favor invasion of the nicked
duplex by a strand from the sister chromosome. The
nick might arise from the decatenation process itself
(D1GATE and MARIANS 1989; KATO et al. 1990; ADAMS et
al. 1992). The DSB responsible for the RecBCD-depen-
dent second step would be created at resolution of
strand invasion, when the resolvase cuts the noncross-
over strands. Formally, the recombinant structure
formed during the first step (Figure 7) resembles that
postulated for integration of a donor single-stranded
DNA into the recipient chromosome during transfor-
mation in Streptococcus pneumoniae (MARTIN et al. 1996).

In this model, the prophage deletion event may be
generated in two ways: (i) when strand invasion occurs
between prophage sequences and (ii) when unequal
strand invasion occurs between fes on one chromosome
and t¢k on the second chromosome. In the first mode,
shown in Figure 8, the deletion can only be generated
during the RecBCD-dependent DSB repair, entailing a
systematic loss of the Kn" marker (see also Figure 4).
In the second mode, strand invasion itself may generate
the deletion, as shown in Figure 9, so that the Kn"
marker may remain associated with the deletion. The
observation that Kn" excisants were quite scarce when

the prophage was inserted at the dif position suggests
that the first mode was predominant at this position,
whereas in the flanking regions the higher frequency
of Kn" recombinants might indicate a higher contribu-
tion of the second mode. The ratio between the two
modes is probably controlled by various parameters.
One of them may be the tightness of pairing between
sister chromosomes. It may be that the sliding of the
intercatenated chromosomes along each other, which
is required for the unequal pairing characteristic of the
second mode, is reduced in the difregion. This suggests
the possibility that the sister chromosomes might form
a synaptic structure in the dif region.

The terminal strand invasion model fits in with most
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FIGURE 7.—The terminal strand invasion model: intercatena-
tion and structural strain. We postulate that a nick on one of
the intercatenated chromosomes allows a nonreciprocal re-
placement of the nicked strand by the identical strand from
the second chromosome. Such nicks might be due to the activity
of decatenases. An additional postulate is that the tensions im-
posed on the exchanging molecules by the process of nucleoid
reorganization will orient in the difto-oriC direction strand dis-
placement and subsequent strand invasion/branch migration.
If resolution occurs on a noncrossover strand, as indicated, a
free end with single-strand overhang is generated. Only when
this free end is made blunt can RecBCD act. For the sake of
clarity, catenation links are not shown.
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FIGURE 8.—A possible model for two-step terminal recom-
bination resulting from equal strand invasion. (A) Equal
strand invasion, as proposed in Figure 7, has occured between
prophage DNAs. Invasion has already proceeded in the dif
to-oriC direction, and resolution will create a free end located
within prophage DNA. (B) Subsequent evolution under
RecBCD control. RecBCD (black triangle), once converted
into a helicase at the tek x site (after having degraded the
Kn" determinant), may catalyze recombination between tek
and tes (indicated by the zigzag). The net result is the immedi-
ate creation of two monomeric chromosomes, one cured and
the second still lysogenic, with no need for subsequent dif
specific recombination. The chromosome orientation is de-
duced relative to the positions of the trp (28 min) and his (45
min) operons. Other conventions as in Figure 5.

of the other observations. For instance, the scheme
drawn in Figure 8 shows how excisive recombination
may occur without generation of a chromosome dimer
and subsequent requirement for resolution at dif It
does however leave a difficulty in that, by itself, it gener-
ates no polarity of excisive exchanges. What could be
responsible for the directionality of terminal recombi-
nation, which diverges on either side of the dif region?
Some directionality may result from the tensions ex-
erted on the DNA of this region by the reconstruction
of nucleoid structure after replication. We suspect that
these tensions drive branch migration preferentially in
one direction. The rule should be that the recombina-
tion branch migrates against the flux of catenation links
(Figure 7), that is in the difto-oriC direction. This pre-
diction comes from considerations of events required

A Ist step RecBCD independent

B 2nd step RecBCD ¢
dependent

RecBCD
x RecBCD +—
controlled *

¢exchangc

C  dimer resolution at dif

t

tek g A s J.tes /::f

lysogenic chromosome

cured chromosome

FIGURE 9.— A possible model for two-step terminal recom-
bination resulting from unequal strand invasion. (A) First
step. Unequal strand invasion had occurred between the ¢
regions (with respect to Figure 1B) of tek’ and tes. Prophage
excision will result from resolution cuts on noncrossover
strands (indicated by vertical arrowheads). The drawing
shows the generation of a junction tek (j.tek) sequence be-
tween the sister chromosomes. (B) Second-step. RecBCD
(black triangle), loaded at the free end resulting from reso-
lution, immediately meets the fes x site and catalyses recom-
bination (symbolized by a zigzag) between fes and tes’ or
between A sequences, with creation of a chromosome dimer.
Prophage material still attached to the j.tek sequence will be
eventually lost. (C) Chromosome monomerization. XerC/
XerD-mediated recombination between dif sites (symbol-
ized by a double arrow) will yield one cured chromosome
harboring a tek sequence and one lysogenic one. Other con-
ventions as in Figure 8,

to generate the expected deletion when the tef se-
quences are in the active orientation (see Figures 8
and 9). In consequence, resolution of terminal strand
invasions should occur at the branch distal from dif.
It is safe to postulate that terminal strand invasion
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events can generate DSBs in the TRZ even in the ab-
sence of repeated sequences. When their RecBCD-con-
trolled repair results in circular dimer formation as
shown in Figure 5B, such dimers may be preferentially
resolved by difspecific recombination. It could well be
that RecBC™ bacteria display a low viability (CAPALDO-
KiMBALL and BARBOUR 1971; RYDER et al. 1996; in our
hands only 40% of A (recBC) bacteria give rise to a col-
ony) mainly because they cannot repair the DSBs issu-
ing from terminal strand invasion events and that Dif~
mutants display a poor viability [only 60-70% of the
bacteria are able to give rise to a colony (BLAKELY et al.
1991; KUEMPEL et al. 1991; CORNET et al. 1996)] because
they cannot resolve the dimers due to RecBCD fixing
the DSBs sometimes associated with terminal strand in-
vasions. The observation that the double deficiency
A(dify A(recBC) is no more detrimental than either
single deficiency (data not shown) is consistent with
this view.

Finally, it may appear surprising that a large region
around dif is poor in X sites, considering its propensity
for recombination. This is true also for y-like sites: no
GCTAGTGG and ACTGGTGG sequences, which dis-
play some x activity (CHENG and SMITH 1987), are pres-
ent in a 50-kb segment around dif. This could be related
to the second function that has been recently attributed
to x sites: initiation of binding and pairing of DNA by
RecA (Tracy and KowaLczykOwskr 1996). We suspect
that the absence of ¥ sites protects the cell against situa-
tions (nicks, etc.) that might otherwise evolve toward
recombination between sister chromosomes. Too many
recombination figures might entangle the sister chro-
mosomes rather than free them.
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