Proc. Natl. Acad. Sci. USA
Vol. 81, pp. 824-828, February 1984
Genetics

Unusual alleles of recB and recC stimulate excision of inverted

repeat transposons Tn10 and Tn5

(inverted and direct repeats/precise and nearly precise excision/recA/\ recombination/x)

VicToriA LUNDBLAD*, ANDREW F. TAYLORT#, GERALD R. SMITH'#, AND NANCY KLECKNER*

*Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, MA 02138; and tInstitute of Molecular Biology, University of Oregon,

Eugene, OR 97403

Communicated by Gerald R. Fink, September 27, 1983

ABSTRACT Precise and nearly precise excision of trans-
poson Tn10 occur by host-mediated processes unrelated to
transposition. Both types of excision involve interactions be-
tween short (9 or 24 base-pair) direct repeat sequences at or
near the termini of the transposon and are stimulated by the
large (1,329-base-pair) inverted repeats that form the ends of
Tn10. We describe here three mutations of Escherichia coli K-
12, designated texA, that enhance excision of Tn 10 and of the
structurally analogous transposon Tn5. Genetic mapping and
complementation analysis show that these mutations are un-
usual alleles of the recB and recC genes that alter but do not
abolish RecBC function. As Tn 10 excision normally does not
depend on RecA or RecBC functions, fexA mutations appear
to provide another pathway for excision that depends on al-
:ered RecBC function; for one zexA allele, excision has become
dependent on RecA function as well. The available evidence
suggests that texA mutations alter the stimulatory interaction
between the inverted repeats of Tn10.

The prokaryotic transposon Tn/0 is 9,300 base pairs long
and has at its ends 1,329-base-pair inverted repeats of inser-
tion sequence IS/0. Tnl0 inserts into many different sites in
a bacterial chromosome by a process that depends on IS10-
encoded functions and on specific sites at the termini of the
transposon (1). Insertion of Tn/0 is accompanied by duplica-
tion of a nine-base-pair target DNA sequence and the final
product contains Tn/0 material inserted between direct re-
peats of the short target sequence.

TnlI0 can also be excised from the bacterial chromosome,
either partially or completely. Three specific Tn/0-associat-
ed excision events have been described (2, 3). Precise exci-
sion reconstructs the interrupted target chromosome to its
original wild-type sequence and can be detected as reversion
to wild type of a Tnl0 insertion mutation in a structural gene.
The entire Tnl0 element and one copy of the 9 base-pair di-
rect repeat are removed during precise excision. Nearly pre-
cise excision is a second specific deletion event involving
short repeats near each end of Tnl0 and resulting in excision
of all but 50 base pairs of Tn/0 material. This 50-base-pair
remnant can itself be further excised to give a precise exci-
sion product.

Precise and nearly precise excision are closely related
processes. In both cases, excision occurs between two short
direct repeat sequences and results in deletion of all inter-
vening material together with one copy of the direct repeat.
The short direct repeats occur at either end of a lengthy in-
verted repeat formed by the IS/0 elements at the ends of
Tnl0, and in both cases these inverted repeats act in a struc-
tural way to stimulate excision. All of the host mutations
analyzed thus far affect precise excision and nearly precise
excision coordinately (2, 4). The third excision event, exci-
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Table 1. Bacterial and phage strains used
Strain Genotype

Bacterial
NKS661 W3110 lacZ2900::Tnl0
VL101  W3110 lacZ2900::Tnl0 texA343
VL323  W3110 lacZ2900::Tnl0 texA344
VL211 W3110 lacZ2900::Tnl10 texA345
JCS220  F~ thr-1 leuB6 thi-1 lacYl galK2 ara-14 xyl-5 mtl-1

proA2 his-4 argE3 rpsL tsx-33

JC7752  F~ leu-307 trpE-9829 lac-301 rpsL-321 recB21 sbcB15
JC5489  Same markers as JC5220 and also supE44 recC22
JC4456  Same markers as JC5220 and also supE44 recC73
AB2470 Same markers as JC5220 and also supE44 recB21
AFT159 Same markers as JC5220 and also thyA recF143
AFT314  his<4 met recF143 rpsL thyA
JC5488  Same markers as JC5220 and also supE44/F’15
JC5497  recA67 rpsE lac sup™ his trp thy/F'15recB21
V79 his-4 met recF143 rpsL argA recC73/F'15recC73
AFT407 W3110 argA::Tnl0/F'15 texA343 thyA
AFT409 W3110 argA::Tnl0/F’'15 texA344 thyA

Phage A
A 108 red270 cI857
A 618 gam210
A 620 gam210 red270 cI857
A 112 +

Strains JC5220, JC5489, JC4456, JC7539, AB2470 (all derivatives
of AB1157), and JC7752 were from A. J. Clark; JC5488 and JC5497,
from D. Mount; V79, from D. W. Schultz; phage strains A 108, A
618, and A 620 were from E. Signer. All other strains are derived
from the work presented in this paper.

sion of the 50-base-pair remnant, appears to occur by an un-
related pathway.

Precise and nearly precise excision normally do not de-
pend on either transposon-encoded functions or the host ho-
mologous recombination functions RecA, RecB, and RecC
(refs. 2 and 4; this work). We describe here three mutations
of Escherichia coli K-12, identified among a larger set of mu-
tations that enhance Tnl0 excision, that lie in the recB and
recC genes. These mutations, called rexA, are unusual al-
leles of recB and recC that stimulate transposon excision
above their normal RecBC-independent levels. texA muta-
tions do not greatly reduce the frequency of homologous re-
combination but do alter host sensitivity to UV irradiation
and growth of certain phage A mutants. For one texA muta-
tion, enhancement of excision is dependent on RecA func-
tion. These and other observations suggest that fexA muta-
tions may create another pathway(s) for transposon exci-
sion. Other properties of texA mutations suggest that they
enhance excision by altering the interaction between invert-
ed repeats.

¥Present address: Hutchinson Cancer Research Center, 1124 Co-
lumbia Street, Seattle, WA 98104.
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MATERIALS AND METHODS

Bacterial and Phage Strains. The genotypes of the E. coli
strains and A\ phages used in this work are described in Table
1.

E. coli K-12 W3110 derivatives. Isogenic strains listed in
Table 2 were constructed by transducing each Tn5, Tnl0, or
Tn9 insertion into NK6922 (W3110 thyA), followed by trans-
duction to Thy* using as donors NK5661 (Tex*), VL101
(texA343), VL323 (texA344), VL211 (texA345), JC7752
(recB21), and JC5489 (recC22). Tex™ or Rec™ transductants
were identified by aberrant plating behavior of A 620 (Table
3). Strains listed in Table 4 were constructed from deriva-
tives of the isogenic strains of Table 2 by introduction of
appropriate F'15 elements from JC5497, JC5488, V79,
AFT407, and AFT409. Strains listed in Table 5 are isogenic
derivatives of NK6927 (W3110 lacZ2900::Tnl0 tet®::Tn5
thyA); the presence of Tn5 in the tetracycline-resistance
gene of Tnl0 does not alter the frequency of precise or near-
ly precise excision of the lacZ2900 element. Tex~ or Rec™
alleles were introduced first and RecA~'* derivatives were
constructed by Plvir transduction using DF475 (srl::Tnl0
recA56) as donor.

ABI1157 recF143 derivatives. Strains used in Table 4 were
derived from AFT314, a derivative of AFT159 lacking some
auxotrophic markers. argA and argA thyA derivatives were
constructed, and Rec or Tex alleles were introduced into the
Thy~ versions by P1 cotransduction with thyA using as do-
nors AFT229 (W3110 lacZ2900::Tnl0 texA343), AFT231
(W3110 lacZ2900::Tnl0 texA344), AB2470, and JC4456.
F’1S5 derivatives were introduced into the resulting strains
from JC5497, JC5488, V79, AFT407, and AFT409 by selec-
tion for Arg®.

Media. Luria broth and minimal medium (M9) have been
described by Miller (5); for solid media, 1.5% agar was add-
ed. \ broth, A agar, and SM buffer have been described by
Kleckner et al. (6). MacConkey agar (Difco) indicator plates
were supplemented with 1% (wt/vol) lactose.

Tsolation of Mutant Strains. Host mutants increased for the
frequency of precise excision of Tnl0 were isolated from
NKS5661, after mutagenesis with ethylmethanesulfonate or
with nitrosoguanidine using a Lac™ papillation assay as de-
scribed (2). Mutant strains were identified on MacConkey
lactose indicator plates as single colonies that contained
more Lac* papillae than normal. VL101 (texA343) was iso-
lated from an ethylmethanesulfonate-mutagenized culture of
NKS5661; VL323 (texA344) and VL211 (texA345) were isolat-
ed from two independently nitrosoguanidine-mutagenized
cultures.

Precise and Nearly Precise Excision Assays. Experiments
were carried out as described in Foster et al. (2). Within any
particular experiment, individual clones having more than 10
times the average frequency of revertants were excluded as

Table 2. Effect of rexA, recB, and recC on transposon excision
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“jackpots” (7). For a given strain, average excision frequen-
cies vary no more than 2- to 4-fold from one experiment to

another.

RESULTS

Identification of TexA Mutants. The isolation and partial
characterization of 39 mutations of E. coli K-12 that increase
the frequency of precise and nearly precise excision of Tnl0
have been described (2, 4). These mutations are called rex
for Tnl0 excision. General screening of Tex™ mutants re-
vealed three mutations, designated rexA, whose specific
phenotype suggested they might be altered in RecBC func-
tion: these three mutants plated A Gam™ phages with drasti-
cally reduced efficiency but A Gam* phages with normal effi-
ciency. The only known function of the y gene product is to
efficiently inhibit, by direct protein—protein interaction, all of
the known activities of the RecBC enzyme (8). The nature
and properties of these three texA mutations form the basis
of this report.

Each of the three texA mutations increases precise exci-
sion of Tnl0, precise excision of the structurally similar
transposon TnS, and nearly precise excision of Tnl0. Exci-
sion is enhanced from 1.3- to 140-fold depending on the par-
ticular rexA allele (Table 2). The degree of enhancement of
excision varies with the site of the transposon; this variation
has been observed for all mutants of E. coli that increase
transposon excision (2, 9). Excision of Tn9, a transposon
having direct rather than inverted repeats at its ends (10), is
not enhanced. The effects of the rexA mutations on phage
plating are shown in Table 3: each mutation decreases plat-
ing of A Gam™ phages and abolishes plating of A Red” Gam™
phages but has no effect on A Red™ plating behavior. The
three fexA mutations are very different from previously iso-
lated recB and recC mutations, including nonsense muta-
tions, which improve plating of A Gam™ phages (11) and
have no effect on the frequency of precise or nearly precise
excision (Tables 2 and 3).

Mapping and Complementation Analysis. By P1-mediated
transductional crosses, the texA mutations have been local-
ized to the genetic interval between the thyA and argA
genes, a 0.5-min interval that includes the recB and recC
genes (12, 13). Two factor crosses place texA343 near recC
and texA344 near recB (Fig. 1). Three factor crosses place
both of these texA mutations and recB and recC mutations
between thyA and argA (data not shown). The third texA
allele, texA345, is linked to thyA (33%) but has not been fur-
ther mapped. In these and other mapping experiments, texA
mutations have been monitored by their enhancement of
transposon excision, by their inhibition of A Red™ Gam™
phage growth, and by a third phenotype, sensitivity to UV
irradiation (see below). All three of these TexA phenotypes

Tnl0
Nearly
. . precise . . . .
Tex/Rec Precise excision excision TnS precise excision Tn9 precise excision
genotype lacZ2900 nadA6933 (lacZ2900) met6000 trp6006 pheA6060 leu5783
Tex*Rec™ 1.0 1.0 1.0 1.0 1.0 1.0 1.0
0.2 X 1079 4.6 x 107°) (0.8 X 1079) (5.0 x 1079 8.3 X 1079 (5.8 x 107%) 2.1 x 1079
texA343 140.0 7.5 13.0 12.0 130.0 1.0 3.6
texA344 60.0 2.5 16.0 7.0 40.0 1.0 2.0
texA345 25.0 1.3 2.8 8.0 35.0 0.9 1.0
recB21 0.5 0.7 2.8 NT NT 0.9 1.1
recC22 1.0 0.3 0.6 NT NT 1.6 1.0

Excision frequencies for mutant strains are expressed relative to those for wild-type strains, for which absolute values are given in parenthe-

ses.
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Table 3. Plating behavior of A mutants on TexA, RecB and RecC
mutant strains

Efficiency of plating

Tex/Rec A gam210

genotype plaque size* X gam210 red270 \ red270%

Tex*Rec* Small 1.0 1.0
(small plaques)

texA343 Minute <1073 1.0

texA344 Minute <1073 1.0

texA345 Minute <102 1.0

recB21 Large 1.0 1.0
(large plaques)

recC22 Large 1.0 1.0

(large plaques)

Plaque morphology and efficiency of plating were determined by
spotting appropriate dilutions of phage stocks on bacterial lawns
prepared from midlogarithmic cultures. Phage dilutions were chosen
such that individual plaques would be observed for plating efficien-
cies ranging from 1.0 to 0.001 relative to the Tex™ parental strain.
Strains were isogenic derivatives of NK5661 listed in Table 2.
*Efficiency of plating is 1.0 for all strains. :
tPlaque morphology is normal for all strains.

cosegregate in transductional crosses: no recombinants with
only one or two of the three TexA phenotypes have been
observed among the hundreds of transductants scored. We
conclude that all three phenotypes are the result of a single
(or more than one tightlytlinked) mutation(s) located be-
tween thyA and argA.

Complementation tests show that rexA343 is an allele of
the recC gene while texA344 is an allele of the recB gene.
Merodiploids containing appropriate combinations of texA,
recB, recC, and wild-type alleles were constructed using
F'15 episomes carrying the thyA-recC-recB-argA region.
These merodiploids have been tested for Tn/0 precise exci-
sion, for plating efficiency of A Red™ Gam™ phages, and for a
third phenotype, activity of x sites in A recombination, de-
scribed below. Precise excision tests have been used in only
a limited number of cases because the F episome alone en-
hances Tnl0 excision (Table 4; ref. 15), thus complicating
data interpretation. As shown in Table 4, texA343/F'recC73
and texA344/F'recB21 merodiploids have the same pheno-
types as the corresponding texA/F’texA homozygous mero-
diploids and rexA haploids (compare lines 2, 3, 11, 13, 16,

NumBer oF Arc®
TRANSDUCTANTS SCORED

NumBer of Thy*
TRANSDUCTANTS SCORED

185 D £ . M 1
189 Tl —— (T3 —— - — 55— ———> 179
182 -« §F— A3 ——— 751 ——» 181
187 «— - B gecB2l ——631-———»> 186
+ "
THYA ARGA

L S Y

743 +— - 40%.

FiG. 1. Two-factor co-transduction frequencies of texA, recB,
and recC mutations with thyA and argA. P1 stocks grown on
AFT229 (texA343), AFT231 (texA344), JC4456 (recC73) and AB2470
(recB21) were used to transduce AFT325 (AB1157 recFi143 thyA
argA). Thy* or Arg* transductants were selected and examined for
acquisition of TexA or RecBC phenotypes by screening for in-
creased sensitivity to UV light and aberrant plating behavior of a A
Red™ Gam™ phage. The arrowhead is at the selected marker; the
percentage of selected recombinants inheriting the unselected mark-
er is shown.

*This co-transduction frequency is reproducibly higher than expect-
ed for a recC mutation; however, complementation analysis indi-
cates that texA343 is an allele of recC (see Table 4).

Proc. Natl. Acad. Sci. USA 81 (1984)

and 17), whereas rexA343/F'recB21 and texA344/F'recC73
strains are the same as the correspopding rexA/F'Rec*
strains (compare lines 12, 14, 18, and 19). The assignment of
texA343 and texA344 to separate genes is further supported
by complementation between these two mutations: hetero-
zygous merodiploids (texA343/F'texA344 and texA344/
F'texA343) are more similar to wild type than to the corre-
sponding homozygous diploids (compare lines 6, 11, 15, 16,
and 20). The same conclusions were reached from comple-
mentation experiments using cloned recB or recC genes on
multicopy plasmids (16). Merodiploid analysis of the weak-
est texA mutation, texA345, indicates that this mutation is an
allele of recB (data not shown).

The phenotypes of all Tex™/F'Tex” merodiploids and of
texA343/F'recB21 and texA344/F'recC73- merodiploids are
intermediate between those of texA/F’texA and Tex*/
F'Tex* merodiploids (lines 6, 9, 10, 12, 14, 18, and 19 of
Table 4). Since nonsense alleles of recB and recC are fully
recessive (ref. 12 and lines 6-8 of Table 4), we interpret this
result to mean that the texA alleles are partially dominant
with respect to wild type.

Effects of texA Mutations on Homologous Recombination.
texA mutations have little or no effect on the frequency of
cellular homologous recombination. Previously isolated
re¢B21 and recC73 mutations reduce the frequency of re-
combinants obtained in P1-mediated transductional crosses
by factors of 12 to 15 and the frequency of recombinants in
Hfr-mediated conjugational crosses by factors of 30 to 100
(12, 13). In contrast, texA mutations reduce recombination
proficiency by a factor of no more than 2 in both types of
crosses (data not shown; ref. 17). !

texA mutations do, however, exert significant effects on
growth and recombination of phage \. Although A* grows
well in TexA strains, growth of A Gam~ is sig‘n{ﬁcantly inhib-
ited and growth of A Red™ Gam™ is virtually; abolished (Ta-
ble 3). The Gam gene product is a specific inhibitor of the
RecBC enzyme, while the Red genes are responsible for
phage-specified homologous recombination. A DNA can be
packaged into mature phage particles only from dimeric or
concatemeric substrate molecules (18, 19). In a A Red™
Gam™ infection, the only pathway for production of pack-
ageable (dimeric) progeny DNA molecules is recA-depen-
dent homologous recombination between intact or partially
replicated monomers; normal rolling-circle replication inter-
mediates are eliminated by the RecBC enzyme and the phage
recombiqation} system is absent. The severe growth inhibi-
tion of Red™ Gam™ phages in TexA hosts could be explained
if the mutant RecBC enzyme retains its ability to block roll-
ing-circle replication and, in addition, has acquired the abili-
ty to interfere with or has lost the ability to promote residual
recombinational pathways for dimer formation. We report
below that TexA mutants contain nearly wild-type levels of
one activity of the RecBC enzyme.

There is also an apparent reduction in the activity of the
genetic element, x, as assayed by infection of TexA mutant
strains with A Red™ Gam™. x sites stimulate homologous re-
combination near themselves in A crosses (20). This stimula-
tion is seen only when the recombination is mediated by the
host RecBC pathway (14). In wild-type strains, the frequen-
cy of recombinants with exchanges in a x-containing interval
is increased about 6-fold relative to the frequency of recom-
binants in the same interval without x; in TexA mutant
strains, this increase is only about 2-fold (Table 4). It is pos-
sible that the RecBC enzyme interacts directly with x and
that the texA mutations have altered this interaction. How-
ever, other explanations are also possible. For example, in-
termediates or products of RecBC-promoted (x-stimulated)
recombination events may be frequently and selectively de-
stroyed in TexA hosts. Such a possibility is suggested by the
apparent reduction in the formation of packageable recombi-
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Table 4. Complementation analysis of texA, recB, and recC mutations

: Efficiency of plating X activity in A Precise excision

Genotype of A Gam™~ Red ™ * recombination lacZ::Tnl0*.

1 Tex*Rec* 1.0 6.1 0.13 x 10~°

2 texA343 <0.001 1.8 20.0 x 107°
3 texA344 <0.001 2.0 NT
4 recB21 NT 1.1 NT
5 recC73 NT 1.1 NT

6 Tex*/F'15 0.6 6.8 0.5 x 10~°

7 Tex*/F’'15recB21 1.0 7.1 1.4 x 107°

8 Tex™/F'15recC73 1.0 9.3 1.0 x 10°°

9 Tex"/F'15texA343 <0.01 5.6 13.0 x 10~°
10 Tex*/F'15texA344 0.1 5.7 NT
11 1exA343/F'15texA343 <0.001 1.8 NT
12 texA343/F'15recB21 0.3 4.3 NT
13 texA343/F'15recC73 <0.001 1.6 NT

14 t1exA343/F'15Tex* 0.1 6.7 10.0 x 107°
15 texA343/F'15texA344 <0.01 4.6 NT
16 texA344/F'15texA344 <0.001 2.8 NT
17 texA344/F'15recB21 <0.001 2.5 NT
18 texA344/F'15recC73 0.25 5.7 NT
19 texA344/F'15Tex™ 0.2 5.9 NT
20 rexA344/F'15texA343 <0.001 4.6 NT

Strains used for efficiency of plating and precise excision assays were derived from NK5661 and
strains used for y activity assays were derived from AFT159.
*Plating of N 620 (gam210 red270 cl857) was determined as described in Table 3.
*Phage crosses were carried out and x activities were determined as described by Stahl and Stahl (14).
¥Precise excision assays were carried out as described in Materials and Methods.

nants during A Rec™ Gam™ infections of TexA strains.

Excision Is recA-Dependent in One fexA Strain. Transposon
excision in wild-type strains occurs at normal frequencies in
the absence of RecA function (ref. 2; Table 5). However, for
one texA allele, the enhancement of transposon excision is
recA dependent: stimulation of precise and nearly precise
excision by rexA344 is abolished by the introduction of a
recA56 mutation. In contrast, rexA343 increases the frequen-
cy of excision in both Rec” and recA56 strain backgrounds
(Table 5). The recA dependence of texA344 is not due to an
inability of texA344 recA56 to induce SOS furictions: the en-
hancement of excision by texA344 and texA343 is not re-
duced by the presence of a lexA3 mutation, which abolishes
the ability of a cell to induce lexA-repressed genes after
DNA damage (ref. 21; data not shown).

Other Effects of texA Mutations. The recB and recC genes

together code for exonuclease V, an ATP-dependent double- .

strand DNase (22, 23); standard recBC mutants lack this
exonuclease activity. In extracts of recB21 and recC73
strains, the level of the ATP-dependent double-strand
DNase activity of exonuclease V (assayed essentially as de-
scribed in ref. 24) is <2% that of wild type, whereas extracts
of texA343 and texA344 strains have 140% and 120%, respec-
tively, of wild-type levels. Other in vitro activities of the

Table 5. Effect of recA on TexA enhancement of precise and
nearly precise excision

Relative excision frequency of lacZ::Tnl0

Tex/Rec
genotype Precise excision Nearly precise excision
Tex* 1.0 1.0
texA343 140.0 16.0
texA344 30.0 16.0
recA56 Tex* 1.0 1.0
recA56 texA343 160.0 9.9
recAS56 texA344 0.2 1.7

The absolute precise excision frequencies for the Tex™ and Tex*
recA56 strains are 0.12 and 0.3 x 10~°, respectively; the absolute
nearly precise excision frequencies are 2.6 and 1.7 x 107¢, respec-
tively.

RecBC enzyme, such as single-strand DNase activity and
DNA unwinding activity, have not been tested.

Mutations altering recombination proficiency often simul-
taneously alter sensitivity to UV. In a recFI43 strain back-
ground, the UV sensitivity of TexA mutants is intermediate
between that of standard RecBC mutants and that of
RecBC*;in a RecF* background, TexA mutants are not ap-
preciably more UV sensitive than Tex™ (data not shown).
TexA mutants also differ from standard recBC mutants in
viability. Many of the cells in standard recBC mutant cul-
tures are unable to give rise to a visible colony; the viability,
measured as the ratio of microscopically visible cells to colo-
ny-forming units, can be as low as 20% (25). In a recFI143
background, the viability of fresh overnight cultures of
texA343 was 1.0, while those of recB21 and recC73 were 0.3
and 0.2, respectively.

DISCUSSION

Genetic mapping and complementation analyses show that
the three mutations originally designated texA are in fact al-
leles of recB and recC and these alleles have been renamed
recC343, recB344, and recB345. ‘

The phenotypes of rexA mutations are most easily ac-
counted for by the assumption that they qualitatively alter
(rather than abolish) one or more activities of the RecBC
enzyme. Five properties of the rexA mutations support this
view. First, texA mutations enhance transposon excision
and severely inhibit growth of A Rec™ Gam™ phages, where-
as previously isolated recB and recC mutations, including
nonsense mutations, do not affect excision and improve
growth of A Red™ Gam™ phages. Second, TexA strains show
nearly wild-type levels of recombination in Hfr- and P1-me-
diated crosses, which are significantly reduced by standard
recB and recC mutations. Third, growth of bacteriophage A
on a TexA strain requires vy function, which specifically in-
hibits the RecBC nuclease. Fourth, rexA alleles are partially
dominant to wild-type alleles in F’ merodiploids, in contrast
to previously isolated recessive recB and recC alleles; since
this partial dominance is virtually eliminated in plasmid com-
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plementation experiments in which the wﬂd-type RecB* or
RecC* genes are present in many extra copies (16), this
eliminates the possibility that the TexA phenotype is due
solely to an increase in the amount of either the recB or recC
gene products. And finally, extracts from TexA strains con-
tain wild-type levels of the RecBC-specified ATP-dependent
exonuclease activity.

Other recC mutants, obtained as intragenic pseudorever-
tants of a recC missense mutant, also have the Tex pheno-
type (17). The properties of these mutants, like those de-
scribed here, indicate that the Tex phenotype results from a
qualitative alteration in the RecBC enzyme. One property
common to the mutant RecBC enzymes may be responsible
for their various phenotypes.

Tnl0 excision normally does not depend on the host
RecABC pathway of homologous recombination, because
excision is not affected by standard (null) mutations in any of
these three genes (Tables 2 and 5). In sharp contrast, TexA
enhancement of excision appears to depend on an altered
form of the RecBC nuclease, and for one texA allele this en-
hancement is dependent on RecA function. Thus, we infer
that Tnl10 excision in TexA strains involves new pathway(s)
that are not significant in wild-type hosts.

Tnl0 and TnS excision is normally stimulated by the pres-
ence of long inverted repeats at the ends of the element: re-
duction in the length of these repeats reduces the frequency
of excision (2, 26). Although fexA mutations stimulate exci-
sioni of both Tnl0 and TnS, none of the texA mutations en-
hances excision of any Tn9 insertion tested (Table 2). Unlike
Tnl0 and Tn5, the ends of Tn9 are long direct repeats of the
insertion sequence IS/ (10). Although there are other differ-
ences between Tn9 and the other elements (10), this observa-
tion is consistent with the possibility that rexA mutations
stimulate Tn/0 excision by altering the interaction between
the inverted repeat IS0 elements.

The genetic and biochemical properties of wild-type
RecBC enzyme suggest several particular mechanisms by
which an altered RecBC enzyme could stimulate either the
initial interaction between inverted repeats or the conversion
of the resulting structures to mature excision products: (i)
Under appropriate in vitro conditions, RecBC enzyme pro-
motes the formation of single-stranded loops from duplex
DNA in which the ends of the single-stranded region are held
together, presumably in a DNA-protein complex (27, 28).
This activity brings together in single-stranded form two re-
gions of a DNA strand that are normally thousands of base
pairs apart. Such an activity could promote formation of cru-
ciform structures or single-strand snapbacks, and texA mu-
tations might enhance or alter this activity. (iij) RecBC en-
zyme can also produce double-stranded molecules with sin-
gle-stranded tails in vitro. Such tails should be able to invade
a homologous duplex region with the assistance of RecA
protein (29). The recA-dependent allele texA344 might in-
crease excision by increasing the formation of single-strand-
ed tails of one of the inverted repeats that could invade the
other (duplex) inverted repeat, producing a cruciform struc-
ture. (iii) It has been suggested that the role of the RecBC
enzyme in homologous recombination involves specific in-
teraction of the protein with Holliday recombination struc-
tures (30). Since the structure of a Holliday junction is identi-
cal to the structure at the center of a cruciform, it is possible
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that enhanced Tnl0 excision results from altered interaction
of the TexA nuclease with such structures.
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