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Department of Molecular Biology, RuJer Bošković Institute,2 and Department of Molecular Biology, Faculty of

Science,1 University of Zagreb, Zagreb, Croatia

Received 9 September 2004/Accepted 12 November 2004

The two main recombination pathways in Escherichia coli (RecBCD and RecF) have different recombination
machineries that act independently in the initiation of recombination. Three essential enzymatic activities are
required for early recombinational processing of double-stranded DNA ends and breaks: a helicase, a 5�33�
exonuclease, and loading of RecA protein onto single-stranded DNA tails. The RecBCD enzyme performs all
of these activities, whereas the recombination machinery of the RecF pathway consists of RecQ (helicase), RecJ
(5�33� exonuclease), and RecFOR (RecA–single-stranded DNA filament formation). The recombination path-
way operating in recB (nuclease-deficient) mutants is a hybrid because it includes elements of both the RecBCD
and RecF recombination machineries. In this study, genetic analysis of recombination in a recB (nuclease-
deficient) recD double mutant was performed. We show that conjugational recombination and DNA repair after
UV and gamma irradiation in this mutant are highly dependent on recJ, partially dependent on recFOR, and
independent of recQ. These results suggest that the recombination pathway operating in a nuclease-deficient
recB recD double mutant is also a hybrid. We propose that the helicase and RecA loading activities belong to
the RecBCD recombination machinery, while the RecJ-mediated 5�33� exonuclease is an element of the RecF
recombination machinery.

Recombination is a highly regulated biological process in-
volved in DNA repair and the production of genetic variability.
In the bacterium Escherichia coli there are two main recombi-
nation pathways: the RecBCD pathway, which is predominant
in wild-type (WT) cells, and the RecF pathway, which operates
in recBC sbcBC(D) mutants (19, 43). Although these pathways
have different recombination machineries, they are thought to
share the same sequence of events and use similar enzymatic
activities for the processing of double-stranded DNA (dsDNA)
ends and recombination intermediates. The major difference
between the two pathways is in the initiation of recombination
or presynapsis. Three key enzymatic activities required for
presynapsis (helicase, 5�33� exonuclease, and loading of RecA
protein onto prepared single-stranded DNA [ssDNA] tails)
convert dsDNA ends (or dsDNA breaks) into recombinogenic
filaments (24).

The RecBCD enzyme is the major component of the
RecBCD recombination machinery. It is a multifunctional en-
zyme composed of one molecule each of the RecB, RecC, and
RecD polypeptides, which are encoded by the corresponding
recB, recC, and recD genes. The functional RecBCD enzyme
exhibits several biochemical activities in vitro. It is a DNA
helicase, a dsDNA exonuclease, a single-stranded (ss) DNA
exonuclease, an ssDNA endonuclease, and an ATPase (27, 44).
It also loads RecA protein onto 3� ssDNA tails (7). The im-
portant feature of RecBCD-mediated recombination is that it
is dependent on the � sequence (5�-GCTGGTGG-3�) (17, 23,
28, 34, 37, 45, 46). The natural substrate for the RecBCD

enzyme is linear dsDNA with blunt ends or with short (up to 25
nucleotides) ssDNA tails (27). The nuclease activity of the
RecBCD enzyme is dependent on the concentration of free
Mg2� ions. In the presence of free Mg2�, which probably
reflects the situation in vivo (27), the RecBCD enzyme binds to
dsDNA ends, starts to unwind, and cuts both DNA strands
until it encounters the � site. After interaction with a � site, the
RecBCD enzyme undergoes modification. The �-modified
RecBCD enzyme retains its helicase activity, loses its 3�35�
exonuclease activity, and enhances its 5�33� exonuclease ac-
tivity (6). It also acquires a new activity essential for recombi-
nation, which is loading of RecA protein onto a prepared
ssDNA end (7). Thus, in the RecBCD pathway all three activ-
ities essential for initiation of recombination are provided by
the RecBCD enzyme itself.

The essential components of the RecF recombination ma-
chinery are RecQ (helicase), RecJ (5�33� exonuclease), and
the RecFOR system (preparation of RecA-ssDNA filaments)
(24). The mechanism by which a recombinogenic filament is
prepared in the RecF pathway differs from the similar process in
the RecBCD pathway. It includes replacement of SSB protein
with RecA rather than direct RecA loading onto ssDNA as cat-
alyzed by the RecBCD enzyme. RecA-ssDNA filament formation
by RecFOR is not completely understood. It was shown that the
RecOR complex stimulates replacement of SSB with RecA,
whereas the RecFR complex prevents growth of the recombino-
genic filament when it reaches a dsDNA (10, 49). However, a
recent study showed that the RecFOR complex binds to the 5�
end of an ssDNA-dsDNA junction and that it loads the RecA
protein from there (36). In addition to its role in the processing of
dsDNA ends in a recBC sbcBC(D) mutant, the RecFOR system is
essential for the recombinational repair of single-strand gaps
(SSG) in WT bacteria (24, 25, 27).
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The RecBCD and RecF pathways of recombination are
completely independent in presynapsis. However, it was re-
cently shown that in the recB1080 mutant the recombination
machineries of the two pathways become interchangeable (20).
The recB1080 mutation affects the nuclease center of the
RecBCD enzyme, which is situated on the C-terminal portion
of the RecB subunit. The consequence of this mutation is that
the RecB1080CD enzyme loses its nuclease and RecA loading
activities but retains its helicase activity (8, 48, 50). However,
the recB1080 mutant is recombination proficient. Genetic anal-
ysis has shown that a hybrid recombination machinery operates
in this mutant during initiation of recombination: the
RecB1080CD enzyme (helicase) is part of the RecBCD recom-
bination machinery, while RecJ (5�33�exonuclease) and Rec-
FOR (RecA-ssDNA filament formation) are parts of the RecF
recombination machinery (20). In the same paper, we pre-
dicted that another hybrid pathway operates in the recB1080
recD double mutant for which we have shown that it is inde-
pendent of RecFOR-mediated RecA-ssDNA filament forma-
tion (20). This result was consistent with in vitro data showing
that the RecB1080C(D�) enzyme has helicase and RecA load-
ing activities but lacks nuclease activity (4). Consequently, the
hypothesis was proposed that the recombination machinery of
this hybrid pathway should consist of RecB1080C(D�) (heli-
case and RecA loading) and RecJ (5�33� exonuclease) (2, 20,
32). In this report, we provide genetic evidence that supports
the above hypothesis. We measured the effects of recJ and recQ

mutations on recombination in a recB1080 recD background
and the effects of recJ, recQ, and recFOR mutations on recom-
bination in a recB1067 recD genetic background. The recB1067
allele is another mutation in the nuclease center of the RecB
subunit. We showed that the recombination proficiency of the
recB1080 recD and recB1067 recD double mutants is highly
dependent on the RecJ nuclease but not on the RecQ helicase.
In agreement with previous results obtained in the recB1080
recD background, RecFOR-mediated RecA-ssDNA filament
formation is partially required for recombination in the
recB1067 recD background.

MATERIALS AND METHODS

Bacterial strains and bacteriophages. The bacterial strains used in this study
are presented in Table 1. The P1 vir phage used for the construction of some
bacterial strains was kindly provided by R. G. Lloyd, University of Nottingham,
Nottingham, England. The experimental procedures used for transductions were
described previously (35).

Media and growth conditions. Bacteria were grown in a high-salt Luria broth
(LB) medium composed of 10 g of Bacto Tryptone, 5 g of yeast extract, 10 g of
NaCl, and water added to create a volume of 1,000 ml. Solid media for plates
were supplemented with 16 g of agar per liter. M9 medium contained 0.5 g of
NaCl, 1 g of NH4Cl, 3 g of KH2PO4, 7.5 g of Na2HPO4 � 2H2O, 4 g of glucose,
120 mg of MgSO4, 10 mg of CaCl2, and water added to create a volume of 1,000
ml. For minimal selective plates, M9 medium was supplemented with appropri-
ate amino acids, 1 mg of thiamine, and 16 g of agar (33). All experiments were
done with exponentially growing cells at 37°C.

Cell survival after gamma and UV irradiation. For determination of cell
survival after gamma irradiation, 0.1-ml aliquots of the appropriate dilutions of

TABLE 1. Bacterial strains used in this study

Bacterial strain Relevant genotype Source or reference

Strains related to AB1157
AB1157 F� thr-1 leuB6 �(gpt-proA)62 hisG4 thi-1 argE3 lacY1 galK2 ara-14

xyl-5 mtl-1 tsx-33 supE44 rpsL31 kdgK51 rfbD1 mgl-51 �� rac
9

N4634 � recB::Tn10kan R. G. Lloyd
RIK174 � recB1080 21
RIK144 � recD1903::mini-Tn10 21
RIK123 � recB1067 21
RIK151 � recD1903::mini-Tn10 recB1067 21
LMM1032 � recJ2052::Tn10kan D. Zahradka
IRB101 � recQ1803::Tn3 39
IRB103 � recO1504::Tn5 39
IIB279 � recB1080 recQ1803::Tn3 P1. IRB101 � RIK174
IIB282 � recB1080 recO1504::Tn5 P1. IRB103 � RIK174
IIB290 � recB1080 recD1903::mini-Tn10 P1. RIK144 � RIK174
IIB291 � recB1080 recD1903::mini-Tn10 recO1504::Tn5 P1. IRB103 � IIB290
IIB319 � recB1080 recJ2052::Tn10kan P1. LMM1032 � RIK174
IIB320 � recB1080 recD1903::mini-Tn10 recJ2052::Tn10kan P1. LMM1032 � IIB290
IIB321 � recB1080 recD1903::mini-Tn10 recQ1803::Tn3 P1. IRB101 � IIB290
IIB340 � recD1903::mini-Tn10 recJ2052::Tn10kan P1. LMM1032 � RIK144
IIB343 � recB1067 recO1504::Tn5 P1. IRB103 � RIK123
IIB344 � recB1067 recR256::Tn5 P1. AM208 � RIK123
IIB345 � recB1067 recF400::Tn5 P1. WA576 � RIK123
IIB346 � recB1067 recD1903::mini-Tn10 recO1504::Tn5 P1. IRB103 � RIK151
IIB347 � recB1067 recD1903::mini-Tn10 recR256::Tn5 P1. AM208 � RIK151
IIB348 � recB1067 recD1903::mini-Tn10 recF400::Tn5 P1. WA576 � RIK151
IIB350 � recB1067 recJ2052::Tn10kan P1. LMM1032 � RIK123
IIB351 � recB1067 recD1903::mini-Tn10 recJ2052::Tn10kan P1. LMM1032 � RIK151
IIB352 � recB1067 recQ1803::Tn3 P1. IRB101 � RIK123
IIB353 � recB1067 recD1903::mini-Tn10 recQ1803::Tn3 P1. IRB101 � RIK151

Other
KL96 Hfr relA spoT1 thi-1 �� 9
V2570 �(recC-argA)234 hisD::kan rpsL31 �� F� 4

VOL. 187, 2005 RECOMBINATION IN NUCLEASE-DEFICIENT recB recD MUTANTS 1351



bacterial culture were plated on LB plates. Surviving cells formed visible colonies
during overnight incubation at 37°C, and colonies were counted the next day.
Cell survival is the ratio of the number of viable cells in a culture after admin-
istration of an appropriate dose of gamma irradiation and the number of viable
cells in the culture without gamma irradiation. For gamma irradiation, a 60Co
source with a dose rate of 11.4 Gy/s as measured by ferrous sulfate dosimetry was
used. Bacteria were irradiated at 0°C. For UV treatment, a 30-W Philips low-
pressure Hg germicidal lamp was used at a distance of 1 m. The incident dose was
�0.25 mW/cm2, as determined with a VLX-3W UV dosimeter (Bioblock,
Illkirch, France). Cell survival after UV irradiation was measured as described
previously (1). Bacteria were irradiated at room temperature.

Conjugational crosses. The procedures used for conjugational crosses were
described previously (35). Hfr strain KL96 was used as the donor, and the
selected marker was His�. Matings were performed in LB medium for 30 min
and mixed in a 1:10 donor-to-recipient ratio with recipient and donor cells grown
to an optical density at 650 nm (OD650) of 0.4. The exconjugant mixture was
interrupted by vigorous agitation, serially diluted, and plated on appropriate
minimal agar containing 100 	g of streptomycin per ml to counterselect donor
cells. Measurements of cell viability relate to the number of CFU in the recipient
cultures at an OD650 of 0.4, as determined with nonselective LB agar (41). The
frequency of conjugational recombination for each experiment was corrected for
the recipient’s viability relative to that of the WT.

RESULTS AND DISCUSSION

Recombination in a recB1067 mutant requires RecFOR
function. In a previous paper, we have shown that the recO
mutation has a strong effect in a recB1080 genetic background
but has no substantial effect on recombination in a recB1080 recD
background (20). This result was consistent with the biochemical
evidence that inactivation (deletion) of the RecD subunit restores
RecA loading activity in the RecB1080C(D�) enzyme (4). In
addition to recB1080, there is another mutation in the nuclease
center of RecB at position 1067, which also has a substitution of
D (aspartic acid) for A (alanine) and is designated the recB1067
allele. There are no in vitro reports on the RecA loading activity
of the RecB1067CD and RecB1067C(D�) enzymes. However, an
earlier genetic study showed that the recB1067 mutation had the
same phenotype as the recB1080 allele when UV sensitivity and �

recombination were measured (21). From these results it could be
concluded that the RecB1067CD enzyme is probably inactivated
for both nuclease and RecA loading activities. In accordance with
the finding that the RecD subunit is an inhibitor of RecA loading
(4), the RecB1067C(D�) enzyme should recover its RecA load-
ing activity. Therefore we wanted to test genetically whether the
recB1067 allele behaves similarly to the recB1080 allele in com-
bination with the recD and recFOR mutations. We measured
recombination proficiency with three in vivo assays: cell survival
after UV and gamma irradiation and recombination frequency
after Hfr conjugation.

The cell survival curves after treatment with UV and gamma
irradiation are presented in Fig. 1. The recB1067 recO double
mutant, as well as the recB1067 recR and recB1067 recF double
mutants (data not shown), was extremely sensitive to UV light
and gamma irradiation, as expected if the RecB1067CD en-
zyme is RecA loading deficient. On the other hand, the
recB1067 recD recO triple mutant, as well as the recB1067 recD
recR and recB1067 recD recF triple mutants (data not shown),
was more resistant, as expected if the RecB1067C(D�) enzyme
is RecA loading proficient, although it was more sensitive than
the recO and recB1067 single mutants and the recB1067 recD
double mutant. The restoration of recombination repair ability
after UV and gamma irradiation with recB1067 recD recO, as
well as with the recB1080 recD recO triple mutant (data not
shown), was somewhat smaller than in our previous paper (20),
but the general conclusion is the same. It follows that the
recB1067 allele has an effect on recombination similar to that
of the recB1080 allele. These genetic data suggest that recom-
binational repair in the recB1067 mutant requires RecFOR-
mediated RecA-ssDNA filament formation. The higher sensi-
tivity of the recB1067 recD recO triple mutant relative to that of
the recB1067 recD mutant strain can be explained by the in-
volvement of the RecFOR system in the repair of SSG after

FIG. 1. Effect of the recO mutation on DNA repair after UV (A) and gamma (B) irradiation in the WT, recB1067, and recB1067 recD genetic
backgrounds. The measure for efficiency of DNA repair was cell survival after different doses of UV and gamma irradiation. The values are means
of at least three independent experiments. Standard deviation bars are shown for each cell survival curve. Symbols: E, recB1067 (strain RIK123);
■ , recB1067 recO (strain IIB343); Œ, recB1067 recD (strain RIK151); �, recO (strain IRB103); �, recB1067 recD recO (strain IIB346).
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UV treatment and by its possible role in the repair of dsDNA
breaks after gamma irradiation (22, 42). An additional possi-
bility is that the RecB1067C(D�) form of the enzyme only
partially restores its RecA loading activity.

The relative recombination frequencies after Hfr crosses are
presented in Table 2. The recB1067 mutant had moderate
recombination proficiency with a relative recombination fre-
quency of 0.14, whereas the recB1067 recO, recB1067 recR, and
recB1067 recF double mutants had very weak recombination
frequencies, i.e., 0.032, 0.038, and 0.038, respectively, which are
comparable to the recombination proficiency of the recB null
mutants. On the other hand, the recombination proficiency of
the recB1067 recD recO (0.19), recB1067 recD recR (0.16), and
recB1067 recD recF (0.16) triple mutants was restored to the
level of the recB1067 single mutant. These data again suggest
that moderate conjugational recombination proficiency in the
recB1067 single mutant requires RecFOR function and that
the strong recombination deficiency in the recB1067 recO,
recB1067 recR, and recB1067 recF double mutants is due to a
lack of essential RecA-ssDNA filament formation. Also, the
higher recombination proficiency of triple mutants could be
explained by the fact that the RecB1080C(D�) enzyme, and
possibly the RecB1067C(D�) enzyme, has RecA loading ac-
tivity (4, 20).

Recombination in the recB1080 recD mutant is not depen-
dent on RecQ helicase. It was previously shown that recombi-
nation in the recB1080 mutant is dependent on specific RecF
pathway genes (recJ, recF, recO, and recR) but not on recQ (20).
The specific difference between the RecB1080CD and RecF

pathways is probably due to the use of different helicases in
presynapsis. The hybrid RecB1080CD pathway uses the
RecB1080CD helicase, whereas the RecQ helicase participates
in the RecF pathway (2, 20). Here we wanted to test whether
recombination in the recB1080 recD double mutant requires
RecQ. Since the RecB1080C(D�) enzyme has helicase activity
in vitro (4), one would expect that recQ function is not needed
for recombination in the recB1080 recD mutant. As shown in
Fig. 2, the recB1080 recD recQ triple mutant was highly resis-
tant to both UV light and gamma irradiation, similar to the
recB108O recD double mutant and the recQ single mutant. On
the other hand, the recB null mutant lacks all of the activities
of the RecBCD enzyme (helicase, nuclease, and RecA load-
ing), and consequently recB null mutants are recombination
and repair deficient. The missing enzymatic activities cannot be
replaced by the equivalent functions from the RecF pathway
because of the presence of the inhibitory nucleases SbcB and
SbcCD (15, 26, 29). This is not the case in WT cells since the
RecBCD enzyme is able to overcome the inhibitory effect of
the SbcB and SbcCD nucleases. The RecBCD enzyme has a
higher affinity for dsDNA ends than do the RecQ helicase and
the SbcB and SbcCD nucleases (11, 15, 18, 40). Also, it is a
much more potent helicase than RecQ (18). This implies that
possibly the helicase activity of the RecB1080C(D�) enzyme,
together with its RecA loading activity, is essential for recom-
bination in the recB1080 recD mutant. The same resistance to
UV light and gamma irradiation was observed in the recB1067
recD recQ triple mutant (Fig. 2), suggesting a similar explana-
tion for recombination in the recB1067 recD double mutant.

Recombination proficiencies after Hfr conjugations are pre-
sented in Table 2. The relative recombination frequencies of
the recB1080 recD recQ (0.39) and recB1067 recD recQ (0.39)
triple mutants were similar to the relative recombination fre-
quencies of the recB1080 recD (0.71) and recB1067 recD (0.59)
double mutants and were much higher than the recombination
frequencies of the recB null mutants (0.005 to 0.028). Thus, we
can conclude that the RecQ helicase is not essential for con-
jugational recombination in the recB1080 recD and recB1067
recD mutant strains. The possible helicases used in the initia-
tion of recombination after conjugation are RecB1080C(D�)
and RecB1067C(D�), respectively.

Recombination in the recB1080 recD mutant is dependent on
RecJ nuclease. The genetic analysis described so far suggests
that two essential activities (helicase and RecA loading) in
initiation of recombination in the recB1080 recD and recB1067
recD double mutants are parts of the RecBCD recombination
machinery. Since these double mutants produce nuclease-de-
ficient forms of the RecBCD enzyme and are recombination
proficient, it was expected that RecJ 5�33� exonuclease is
required for efficient recombination. Consistent with this, it
was shown that recB1067 recD recJ mutants are extremely sen-
sitive to UV irradiation (21). Here we wanted to test whether
the RecJ nuclease is also necessary for double-strand break
repair after gamma irradiation and for conjugational recombi-
nation in the recB1080 recD and recB1067 recD backgrounds.
We compared the recombination proficiencies of recB1080
recD recJ and recB1067 recD recJ triple mutants with those of
recB1080 recD and recB1067 recD double mutants. Figure 3
shows the cell survival curves after treatment with UV light and
gamma irradiation. The recB1080 recD recJ and recB1067 recD

TABLE 2. Recombination frequencies in Hfr-mediated
conjugational crosses

Straina Relevant
genotype

Relative
viabilty

Recombination
frequencyb

AB1157 WT 1c 1d

N4634e recB 0.37 
 0.075 0.028 
 0.016
V2570e �recBCD 0.29 
 0.08 0.005 
 0.0029
RIK123 recB1067 1 
 0.097 0.138 
 0.022
RIK144e recD 0.68 
 0.028 2.64 
 1
IRB103e recO 0.51 
 0.03 1.2 
 0.24
IRB101e recQ 1 
 0.0025 1 
 0.05
LMM1032 recJ 1.4 
 0.03 0.87 
 0.083
IIB343 recB1067 recO 0.65 
 0.13 0.032 
 0.0018
IIB344 recB1067 recR 0.63 
 0.12 0.038 
 0.006
IIB345 recB1067 recF 0.57 
 0.17 0.038 
 0.003
IIB352 recB1067 recQ 0.66 
 0.16 0.11 
 0.048
IIB350 recB1067 recJ 0.17 
 0.05 0.00085 
 0.00055
IIB319 recB1080 recJ 0.13 
 0.05 0.0015 
 0.00033
RIK151 recB1067 recD 1.1 
 0.09 0.59 
 0.14
IIB290 recB1080 recD 1.1 
 0.01 0.71 
 0.11
IIB346 recB1067 recD recO 1 
 0.05 0.19 
 0.013
IIB347 recB1067 recD recR 1.4 
 0.12 0.16 
 0.068
IIB348 recB1067 recD recF 1.2 
 0.13 0.16 
 0.108
IIB340 recD recJ 1 
 0.14 0.28 
 0.138
IIB351 recB1067 recD recJ 0.75 
 0.007 0.013 
 0.0038
IIB353 recB1067 recD recQ 1.2 
 0.12 0.39 
 0.05
IIB320 recB1080 recD recJ 0.75 
 0.005 0.015 
 0.002
IIB321 recB1080 recD recQ 1 
 0.04 0.39 
 0.05

a Mating was done with the KL96 donor; the selected marker was His�.
b Values are means of at least three separate experiments with standard

deviations, corrected for the viability of recipients.
c WT viability of 1.0 � 2 � 108 /ml, measured at an OD650 of 0.4.
d WT frequency of 1.0 � 39 exconjugants per 1,000 donors.
e Data originally presented in reference 20.
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recJ triple mutants were extremely sensitive to both UV light
and gamma irradiation, while the recB1080 recD and recB1067
recD double mutants, as well as the recJ single mutant, were
resistant. This result strongly suggests that recombination in
the recB1080 recD and recB1067 recD double mutants requires
RecJ-mediated 5�33� exonuclease and that the recombination
pathway operating in these strains is hybrid since it uses ele-
ments from both the RecBCD and RecF recombination ma-

chineries. This is further supported by data from the Hfr-
mediated conjugational recombination presented in Table 2.
The triple mutants recB1080 recD recJ (0.015) and recB1067
recD recJ (0.013) had extremely low recombination frequencies
down to the level of recB null mutants (0.005 to 0.028), whereas
the recB1080 recD (0.71) and recB1067 recD (0.59) double
mutants and the recJ (0.87) single mutant were highly recom-
bination proficient.

FIG. 2. Effect of the recQ mutation on DNA repair after UV (A) and gamma (B) irradiation in the recB1067 recD and recB1080 recD genetic
backgrounds. The measure for efficiency of DNA repair was cell survival after different doses of UV and gamma irradiation. The values are means
of at least three independent experiments. Standard deviation bars are shown for each cell survival curve. Symbols: E, recQ (strain IRB101); �,
�recBCD (strain V2570); ■ , recB1067 recD recQ (strain IIB353); �, recB1080 recD recQ (strain IIB321); Œ, recB1067 recD (strain RIK151); �,
recB1080 recD (strain IIB290); �, recD (strain RIK144); F, WT (strain AB1157); �, both recB1080 and recB1067 alleles.

FIG. 3. Effect of the recJ mutation on DNA repair after UV (A) and gamma (B) irradiation in the recB1080 recD, recB1067 recD, and recD
genetic backgrounds. The measure for efficiency of DNA repair was cell survival after different doses of UV and gamma irradiation. The values
are means of at least three independent experiments. Standard deviation bars are shown for each cell survival curve. Symbols: E, recJ (strain
LMM1032); �, recD (strain RIK144); F, �recBCD (strain V2570); �, recD recJ (strain IIB340); Œ, recB1067 recD recJ (strain IIB351); ‚, recB1080
recD recJ (strain IIB320); �, both recB1080 and recB1067 alleles.
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Weak requirement of RecJ nuclease for recombination in
the recD mutant. We also compared the recombination of the
recB1080 recD and recB1067 recD double mutants with that of
the recD single mutant, which is traditionally considered to be
nuclease deficient (3, 12, 44). In addition to deficiency in DNA
degradation, recD mutants show normal recombination, DNA
repair, and cell viability, which are abolished in recB null mu-
tants (3, 12, 27). This is in agreement with the biochemical
properties of the RecBC(D�) enzyme, which has helicase ac-
tivity (weaker than that of the WT enzyme) (25) and constitu-
tive (�-independent) RecA loading activity (14). Consequently,
recombination operating in the recD mutant is � independent
and strand exchange can occur close to dsDNA ends or
dsDNA breaks (12, 44). The RecD subunit is important for
expression of nuclease and RecA loading activities of the
RecBCD enzyme, for which its proper interaction with the
RecB and RecC subunits is crucial (4, 5, 50, 51). Also, the
RecD subunit contains a fast helicase domain (16, 47). Since
the RecBC(D�) enzyme is nuclease deficient, recombination
in the recD mutant is partially dependent on RecJ nuclease (31,
32). In fact, this recombination pathway was the first described
hybrid pathway. However, there is some controversy about the
importance of the RecJ nuclease for recombination in a recD
mutant. First, it was shown that the recJ mutation has a sub-
stantial effect on cell survival after UV treatment (31) and on
conjugational recombination (32). In contrast, another study
has shown that the effect of the recJ mutation on conjugational
recombination in recD mutants is marginal (30). We tested
again the effect of the recJ mutation on recombinational repair
after UV treatment and gamma irradiation and on conjuga-
tional recombination in a recD mutant. The recD recJ double
mutant was substantially more sensitive than the recD and recJ
single mutants after UV irradiation, although this strain was
more resistant than the recB1080 recD recJ and recB1067 recD
recJ mutant strains (Fig. 3A). This effect of the recJ mutation
on recombinational repair in the recD background after UV
treatment was similar to that reported earlier (31). However,
the cell survival of the recD recJ double mutant after gamma
irradiation was only slightly lower than the cell survival of the
recD and recJ single mutants (Fig. 3B). The effect on conjuga-
tional recombination was also marginal (Table 2) and similar
to the data of Lloyd and Buckman (30). The relative frequency
of conjugational recombination in the recD recJ double mutant
was close to 0.3, whereas in the recB1080 recD recJ and
recB1067 recD recJ triple mutants the frequencies were 0.015
and 0.013, respectively. These results suggest that the RecJ
nuclease in recD mutants is more important for recombina-
tional repair of SSG rather than processing of dsDNA ends
and breaks. Consistent with this is the higher sensitivity after
UV treatment of the recB1080 recD recJ and recB1067 recD recJ
triple mutants relative to that of the �recB null mutant (Fig.
3A). The reason for this higher sensitivity of triple mutants is
that in the triple mutants both components of recombinational
repair (dsDNA break repair and SSG repair) are deficient
whereas in the recB null mutant only the repair of dsDNA
breaks is deficient. In contrast, the triple mutants were slightly
more resistant than the recB null mutant after gamma irradi-
ation (Fig. 3B) since this repair is predominately RecBCD-
mediated double-strand break repair. The simplest explana-
tion for the weak requirement of the RecJ nuclease in double-

strand break repair and conjugational recombination could be
that the RecBC(D�) enzyme still retains some residual nucle-
ase activity (13, 21, 38, 51), which can contribute to a substan-
tial amount of recombinational events. When the nuclease
activity of the RecBCD enzyme is completely abolished be-
cause of mutations in the nuclease center (as in the recB1080
recD and recB1067 recD double mutants, as well as in the
recB1080 and recB1067 single mutants), recombination is
highly dependent on the RecJ nuclease. An additional possi-
bility is that the recB (nuclease-deficient) mutants are also
partially deficient in RecA loading.

Concluding remarks. In this study we have shown that re-
combinational processing of dsDNA ends and breaks in the
nuclease-deficient recB recD double mutants uses elements of
both the RecBCD and RecF recombination machineries. We
propose that the helicase and RecA loading activities are pro-
vided by the RecB1080C(D�) [or RecB1067C(D�)] enzyme,
while the 5�33� exonuclease activity is a function of the RecJ
nuclease. These concerted activities can produce a recombino-
genic filament that leads to DNA strand exchange and finally
to DNA repair and/or production of new genotypic variants.
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1356 IVANČIĆ-BAĆE ET AL. J. BACTERIOL.


