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Functions of the Borrelia burgdorferi RecA protein were investigated in Escherichia coli recA null mutants.
Complementation with B. burgdorferi recA increased survival of E. coli recA mutants by 3 orders of magnitude
at a UV dose of 2,000 �J/cm2. The viability at this UV dose was about 10% that provided by the homologous
recA gene. Expression of B. burgdorferi recA resulted in survival of E. coli at levels of mitomycin C that were
lethal to noncomplemented hosts. B. burgdorferi RecA was as effective as E. coli RecA in mediating homologous
recombination in E. coli. Furthermore, E. coli � phage lysogens complemented with B. burgdorferi recA produced
phage even in the absence of UV irradiation. The level of phage induction was 55-fold higher than the level in
cells complemented with the homologous recA gene, suggesting that B. burgdorferi RecA may possess an
enhanced coprotease activity. This study indicates that B. burgdorferi RecA mediates the same functions in E.
coli as the homologous E. coli protein mediates. However, the rapid loss of viability and the absence of induction
in recA expression after UV irradiation in B. burgdorferi suggest that recA is not involved in the repair of
UV-induced damage in B. burgdorferi. The primary role of RecA in B. burgdorferi is likely to be a role in some
aspect of recombination.

The spirochete Borrelia burgdorferi, the causative agent of
Lyme disease, has a unique genomic organization consisting of
a 910,725-bp linear chromosome and at least 21 linear and
circular plasmids (6, 13). Less than one-half of the 1,689 an-
notated open reading frames have an identifiable database
match (6, 13). In addition, very few genes have been charac-
terized biochemically. Functional studies of B. burgdorferi genes in
the postgenomic era have been hampered by this spirochete’s
slow growth in culture and by the limited availability of genetic
tools. A potentially useful strategy for circumventing these diffi-
culties is complementation of mutants in well-characterized bac-
teria, such as Escherichia coli. This strategy has been employed to
elucidate the functions of a number of B. burgdorferi gene prod-
ucts (1, 5, 7, 8, 15, 20, 26, 32, 44, 49, 50).

Genetic recombination may play a role in B. burgdorferi
persistence by generation of antigenic variation (2, 31, 37, 45,
47, 52, 56, 57). RecA is the key protein linking genetic recom-
bination to DNA replication and repair in bacteria (23, 24). In
E. coli, RecA promotes pairing and strand exchange between a
single-stranded DNA molecule and a homologous double-
stranded DNA molecule through a complex multistep pathway
that requires a DNA-dependent ATPase function (29). In ad-
dition to this recombinase activity, an ATP-dependent copro-
tease activity has also been ascribed to RecA. In enterobacteria
and Bacillus sp., the latter activity is part of a specialized and
regulated form of DNA repair designated SOS repair (3). In E.
coli, the SOS response involves the transcriptional repressor
LexA, whose autocatalytic cleavage is enhanced by activated
RecA following DNA damage (19). This results in the coordi-

nate expression of approximately 30 different genes, including
recA and lexA.

The B. burgdorferi recA gene was originally described from
isolate Sh-2-82 by Dew-Jager et al. (10). An orthologue of this
gene from type strain B31MI has been annotated in the B. burg-
dorferi genome as BB0131 (13). The gene encodes a 365-amino-
acid protein that exhibits 56% identity and 77% similarity with E.
coli RecA. As a first step in elucidating the mechanism of recom-
bination in B. burgdorferi, several activities of the B. burgdorferi
RecA protein were studied in E. coli recA null mutants.

MATERIALS AND METHODS

Bacterial strains and plasmids. The following E. coli K-12 strains were em-
ployed in this study: C600 (leuB6 thi-1 thr-1), DH5� (recA1 gyrA thi-1 relA1),
HB101 (recA13 leuB6 thi-1 proA), and 25404 (wild type). A pUC18-based clone
containing B. burgdorferi recA was obtained from the American Type Culture
Collection (ATCC 631007). This plasmid contains a 1,410-bp DNA insert en-
coding the entire B. burgdorferi recA gene (1,095 bp), including 291 bp of 5�
flanking sequences and 24 bp of 3� flanking sequences. This plasmid is designated
pUC18-recABb. An insertionally inactivated derivative of pUC18-recABb was con-
structed by cleaving the plasmid at a unique EcoRV site in recA and inserting a
1,190-bp kanamycin cassette derived from transposon Tn1545. This antibiotic
resistance cassette was PCR amplified from a kanamycin-resistant derivative of
plasmid pGK12 (38) by using 5�GGGAATTCTGTTATGAGCCATATTCAA
CG3� and 5�GATTAGAAAAACTCATCGAGC3� as the forward and reverse
primers, respectively. A DNA fragment containing the E. coli recA gene along
with 223 bp of 5� flanking sequence and 92 bp of 3� flanking sequence was
generated by PCR by using wild-type E. coli C600 (recA�) DNA as the template
and 5�GAGAAGCCTGTCGGCACCGTCTGG3� and 5�CTTGCTCACTGTG
ATCGCGCACCG3� as the forward and reverse primers, respectively. This frag-
ment was cloned into the unique SmaI site of pUC18 (54), and the resulting
plasmid was designated pUC18-recAEc.

The gene orientation in the inserts relative to the pUC18 backbone and the
sequences of the inserted fragments were determined by DNA sequencing
(Davis Sequencing, LLC, Davis, Calif.). In all constructs, the lacZ promoter was
located upstream of and in the same orientation as the inserted recA gene.

UV sensitivity measurements. E. coli DH5� clones complemented with various
plasmid constructs were tested for UV sensitivity by using the method of Miller
(28). Cultures of these clones were grown overnight at 37°C in Luria-Bertani
broth (LB) supplemented with 100 �g ampicillin per ml (LB-Amp). A 1:50
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dilution of each culture was regrown in LB-Amp to an A600 of 0.8. Samples (0.1
ml) of the E. coli cells were spread on LB-Amp agar plates at a 10�6 dilution and
were subsequently irradiated with increasing doses of UV light (254 nm) with a
Spectrolinker XL-1000 UV cross-linker (Spectronics, Westbury, N.Y.). The UV-
treated bacteria were protected from room light, and colonies were counted after
overnight incubation at 37°C. Identical plates which were not irradiated were
used to measure the viable counts of the starting cultures.

Measurement of MMC sensitivity. Five-milliliter portions of exponentially
growing E. coli cells were incubated for 12 h at 37°C in the presence of increasing
amounts of mitomycin C (MMC) (Sigma) in LB-Amp. Prior to plating, the
cultures were serially diluted in LB-Amp to obtain concentrations 104, 105 and
106 cells/ml, and 0.1-ml portions of each dilution were plated on LB-Amp plates
in duplicate and incubated overnight at 37°C. MMC sensitivity was measured by
counting the surviving colonies. Untreated cells grown in an identical manner
served as controls.

UV induction of lambda lysogens of E. coli. Wild-type bacteriophage lambda
lysogens were produced by cross-streaking E. coli DH5� preparations containing
the various recA plasmid constructs with a high-titer phage lysate on LB agar (4).
Colonies at the crossing points were purified and cross-streaked against both a
wild-type phage lysate and a phage cI repressor-insensitive mutant phage (�vir)
lysate. Colonies that were resistant to wild-type phage superinfection but sensi-
tive to �vir lysis were employed in subsequent experiments.

Lysogenic E. coli strains were grown overnight at 37°C in LB-Amp and were
serially diluted and plated on LB agar. The plates were exposed to increasing
doses of UV light, and this was followed by overlaying with a liquid E. coli C600
culture. Phage plaques were counted after overnight incubation at 37°C. Un-
treated lysogens served as controls.

P1 transductions. Phage P1 transductions were performed by using the pro-
tocol of Miller (28). Both phage and E. coli 25404 were purchased from the
American Type Culture Collection. Stocks of P1 were generated by plate lysis on LB
agar. Approximately 106 phage were absorbed to the exponentially growing donor E.
coli 25404 (Leu�) in LB supplemented with 5 � 10�3 M CaCl2. The infected cells
were plated on three LB agar plates in soft R-top agar. The lysates were scraped off
the plates, pooled, and treated with chloroform. Cell debris was removed by cen-
trifugation, and the lysate was stored in the presence of chloroform. The phage yield
was measured by using liquid agar overlays and E. coli 25404 as the lawn. A lysate
titer of 9.4 � 108 PFU/ml was obtained under these conditions.

Portions (0.1 ml) of overnight cultures of E. coli HB101 (Leu�) harboring the
various pUC18-based plasmid constructs were transduced with 0.1 ml of lysate,
and Leu� colonies were selected on glucose minimal medium plates containing
100 �g of ampicillin per ml. Lysate controls for bacterial contamination and host
cell controls for Leu� revertants were also included. Colonies which appeared
after 48 h of incubation were serially patched three times on glucose minimal
medium plates containing 100 �g of ampicillin per ml. All experiments were
performed in triplicate.

Determination of B. burgdorferi UV sensitivity. B. burgdorferi B31MI, an in-
fectious isolate at passage 13, was grown in BSK-H medium at 33°C to a density
of 1 � 108 organisms/ml. Cells were harvested by centrifugation and resuspended
in 0.1 ml of phosphate-buffered saline (PBS) containing 1 � 107 cells. Spiro-
chetes were rapidly transferred into and spread in culture dishes (32 by 10 mm)
and then were exposed to UV irradiation at doses of 800 to 9,000 �J/cm2. After
UV exposure the cells were kept in the dark. Then the cells were recovered by
aspiration and serially diluted in BSK-H medium so that each plate contained
approximately 100 organisms per 0.1 ml. Each 0.1-ml dilution was added to 2 ml
of BSK-H medium containing 0.8% molten agarose and was overlaid onto plates
(60 by 15 mm) containing solid BSK-H medium. The agar plates were incubated
at 33°C for 9 days in a 5% CO2 incubator, and colonies were counted. B.
burgdorferi not exposed to UV irradiation served as a control.

Determination of recA expression by quantitative reverse transcription (RT)-
PCR. A 40-ml culture of B. burgdorferi B31MI was grown to a density of 1 � 108

cells/ml in BSK-H medium at 33°C. Cells were harvested by centrifugation at
12,000 � g for 10 min and were suspended in 1.2 ml of sterile PBS. Then 0.3-ml
aliquots were placed into culture dishes (35 by 10 mm) and exposed to increasing
doses of UV irradiation. Following irradiation, the cells were kept in the dark, 10
ml of BSK-H medium was added, and the cells were incubated at 33°C for 2 h.

Forty milliliters of LB was inoculated with an E. coli C600 overnight culture by
using a 1:50 dilution, and the culture was grown at 37°C to an A600 of 1.0. Cells
were harvested by centrifugation at 12,000 � g for 10 min and were suspended
in 4 ml of sterile PBS. One-milliliter aliquots were placed into culture dishes (100
by 15 mm) and exposed to increasing doses of UV. Following irradiation, the
cells were protected from room light and following addition of 10 ml of LB were
incubated at 37°C for 2 h.

B. burgdorferi or E. coli cells were recovered by centrifugation at 12,000 � g for

10 min, and the pellets were washed twice with sterile PBS. RNA extraction was
performed individually for each sample by using a PURESCRIPT kit (Gentra
Systems, Minneapolis, Minn.) according to the manufacturer’s protocol for
gram-negative bacteria. Total RNA was treated with DNase (AMBION DNase
kit), and RNA concentrations were determined spectrophotometrically at 260
nm. cDNA was generated by RT. Each reaction mixture contained first strand
buffer, each deoxynucleoside triphosphate at a concentration of 0.4 mM, 10 U of
RNase inhibitor, 500 ng of each random hexamer primer, 500 ng of total RNA,
and 100 U of Superscript II. Following 1 h of incubation at 42°C, 5 ng of cDNA
was retrieved, and RT-PCR was performed by using SYBR Green and a Light-
cycler (Roche Diagnostics). The conditions used for RT-PCR amplification and
the recA-specific primer sequences for B. burgdorferi have been described previ-
ously (27). The E. coli recA RT-PCR amplification conditions were essentially the
same as those reported for B. burgdorferi, with the following exceptions. The PCR
primer sequences employed for E. coli recA RT-PCR amplification were 5�AT
GTGGAAACCATCTCTACCGG 3� and 5�GTTGGACTGCTTCAGGTTACC
3� for the forward and reverse primers, respectively, and an annealing temper-
ature of 48°C was used. Each RT-PCR was performed in triplicate, and control
mixtures containing no reverse transcriptase or no cDNA were included.

RESULTS

Complementation of E. coli RecA null mutants with B. burg-
dorferi RecA. The activity of the B. burgdorferi RecA protein
was assessed by measuring survival of an E. coli recA null mutant
complemented with plasmid-borne B. burgdorferi recA after UV
irradiation. The data in Fig. 1 show that B. burgdorferi recA in-
creased the survival of an E. coli recA mutant by 3 orders of
magnitude at a UV dose of 2,000 �J/cm2. This complementation
was about 10% that provided by the homologous E. coli recA gene
expressed from the same vector construct at comparable UV
doses. Complementation with a plasmid containing a variant of B.
burgdorferi recA inactivated by insertion of a Kmr cassette did not
result in increased survival. This clearly indicates that the spiro-
chetal recA is functional in E. coli.

Complementation of MMC-treated E. coli by B. burgdorferi
recA. UV irradiation results in mostly intrastrand thymine
dimers in DNA, and repair of this damage reflects nucleotide
excision (39). In order to assess the ability of B. burgdorferi recA

FIG. 1. Survival of DH5� complemented with various pUC18-recA
constructs after UV irradiation. ■ , pUC18-recAEc; �, pUC18-recABb;
�, pUC18; �, pUC18-recABb: Kmr. The enhanced survival of pUC18-
recAEc- or pUC18-recABb-complemented E. coli at a UV dose of 4,000
�J/cm2 relative to the survival of pUC18-complemented E. coli was
statistically significant at a P value of 0.002 (indicated by asterisks).
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to promote repair of interstrand cross-links, similar survival
studies were performed with cells exposed to increasing con-
centrations of MMC. Complementation of E. coli DH5� with
either wild-type E. coli recA or B. burgdorferi recA resulted in a
6-log increase in survival at the highest concentration of MMC
(0.02 �g/ml) (Fig. 2). In this case, the insertionally inactivated
B. burgdorferi recA gene did not provide any protection. To-
gether, the findings obtained with UV irradiation and MMC
exposure demonstrated that B. burgdorferi recA can mediate
repair of both intra- and interstrand DNA damage.

Prophage induction by B. burgdorferi RecA. RecA activates
the SOS response by cleavage of the LexA transcriptional
repressor. Another substrate for the RecA coprotease activity
is the � phage cI repressor protein. In contrast to the rapid
LexA cleavage by RecA, autocleavage of cI and other lambdoid
phage repressors is slow and occurs at the high Mg2� concentra-
tions (�10 mM) often found in moribund cells (19, 36).

Phage � cI repressor cleavage by B. burgdorferi RecA was
measured by phage induction of E. coli lysogens. In this assay,
the number of plaques obtained under each condition directly
reflected the number of host cells that contained cI repressor

cleaved by RecA and that were subsequently converted into
lytic centers, thereby producing detectable plaques. Table 1
shows the efficiencies of phage induction in E. coli DH5�
complemented with plasmids containing the various recA con-
structs. In uncomplemented E. coli DH5�, no active phage
production was observed since RecA is absolutely required for
this process. Complementation with a plasmid containing ei-
ther E. coli recA or B. burgdorferi recA resulted in production of
active phage. Furthermore, exposure to increasing doses of
UV irradiation resulted in significantly more plaques, as ex-
pected. Interestingly, even prior to UV irradiation, there was a
55-fold enhancement of � phage induction in B. burgdorferi
recA-complemented lysogens compared with that observed in
cells complemented with the E. coli recA gene. This suggests
that the B. burgdorferi RecA protein is able to induce the
autocatalytic activity of the cI repressor even more efficiently
than the homologous RecA is.

Recombinational activity of the B. burgdorferi RecA protein.
The ability of B. burgdorferi RecA to promote homologous
recombination in E. coli was assayed by generalized P1 trans-
duction for leucine prototrophs. In this case, HB101 was used
as a surrogate host because it has a Leu� phenotype. HB101
complemented with pUC18 did not yield any Leu� transduc-
tants. In contrast, complementation with plasmids containing
either wild-type E. coli recA or B. burgdorferi recA resulted in
viable Leu� recombinants (Fig. 3). In this case, B. burgdorferi
recA disrupted with a kanamycin cassette could not provide the
necessary RecA activity.

Effect of UV irradiation on B. burgdorferi viability. The stud-
ies described above demonstrated that the B. burgdorferi ge-
nome encodes a RecA protein that can participate in DNA
repair and recombination. However, the B. burgdorferi genome
apparently does not contain a LexA gene (13). Furthermore,
the B. burgdorferi life cycle involves propagation in either a
mammalian host or a tick vector and likely does not provide an
opportunity for exposure to UV irradiation. In an initial effort
to ascertain the possible role(s) of the RecA protein in B.
burgdorferi, sensitivity to UV irradiation was measured.

A UV survival curve for B. burgdorferi B31MI is shown in
Fig. 4. A UV dose of only 800 �J/cm2 resulted in a 76% loss of
viability. At this UV dose, no reduction in viability was ob-
served for wild-type E. coli; however, the response was similar
to that observed with E. coli recA null mutants. Interestingly, a
similar UV dose curve has been reported for Leptospira biflexa

FIG. 2. Survival of DH5� containing various pUC18-recA plasmids
after 12 h of exposure to different doses of MMC. ■ , pUC18-recAEc;
�, pUC18-recABb; �, pUC18; �, pUC18-recABb:Kmr. Viable cells
were counted by plating dilutions of MMC-treated and control cells on
LB-Amp plates.

TABLE 1. Production of � infective centers in E. coli DH5�, complemented with plasmids containing recAa

Plasmid Viable counts (cells/ml)b
PFU/ml with:

No UV irradiation 4,000 �J of UV/cm2 8,000 �J of UV/cm2

pUC18 4.0 � 108 	 1.4 � 108 0 0 0
pUC18-recABb 5.8 � 108 	 3.0 � 108 8.8 � 107 	 4.5 � 107c 5.7 � 108 	 1.3 � 108d 4.0 � 108 	 1.3 � 108

pUC18-recABb:Kmr 4.6 � 108 	 2.1 � 108 0 0 0
pUC18-recAEc 8.3 � 108 	 2.3 � 108 1.4 � 106 	 5.3 � 105c 6.9 � 107 	 4.4 � 107d 1.8 � 108 	 9.2 � 107

pUC18 (C600)e 1.7 � 109 	 2.2 � 108 4.2 � 107 	 1.8 � 107 5.0 � 108 	 4.0 � 107 6.0 � 108 	 1.3 � 108

a The results are averages for three independent experiments.
b Average 	 standard deviation.
c With no irradiation the difference between the value for pUC18-recABb and the value for pUC18-recAEc was statistically significant at a P value of 0.0005.
d With 4,000 �J/cm2 the difference between the value for pUC18-recABb and the value for pUC18-recAEc was statistically significant at a P value of 0.0108.
e An E. coli C600 (RecA�) � lysogen harboring vector pUC18 was employed to estimate the contribution of chromosomal recA to � phage induction by UV

irradiation.
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(48). The rather steep slope of the survival curve indicates that
the accumulated damage in B. burgdorferi DNA cannot be
effectively repaired.

In E. coli, UV irradiation led to a dose-dependent increase in
recA transcription (Fig. 5). Irradiation of B. burgdorferi with UV
doses as high as 3,000 �J/cm2 did not lead to any increase in recA
expression. These UV exposure studies suggested that recA is not
involved in the repair of UV-induced damage in B. burgdorferi.

DISCUSSION

Three different but interrelated functions of the B. burgdor-
feri RecA protein were measured in a complementation model
system by using E. coli recA null mutants as surrogate hosts.
The results of the present study suggest that B. burgdorferi
RecA functions in the activation of both the E. coli SOS re-
sponse and � phage lysogen induction. B. burgdorferi RecA is
also able to mediate homologous recombination in E. coli.
Similar results for an E. coli complementation model have
been reported by Putteet-Driver et al. (33). These findings are
not surprising in view of the extensive studies demonstrating

complementation of E. coli with heterologous recA (21, 29, 43),
which is likely the result of extensive conservation of this pro-
tein at the amino acid level. Alignment of the deduced amino
acid sequences of the RecA proteins of B. burgdorferi, Trepo-
nema pallidum, and L. biflexa and E. coli RecA showed that B.
burgdorferi RecA exhibits 56% amino acid identity and 77%
similarity with E. coli RecA, 63% identity and 84% similarity
with T. pallidum RecA, and 62% identity and 80% similarity
with L. biflexa RecA.

The functional domains of the E. coli protein have been
assigned by both structural and mutational studies (23). On the
basis of sequence alignment and conservation, it is possible
deduce the identities of these functional domains in RecA
proteins from other organisms. The nucleotide binding and
hydrolysis regions defined by E. coli RecA residues G66 to T73
(A site), E96, D100, Y103, and I140 to D144 (B site) are
invariant. The two domains designated loop 1 and loop 2
corresponding to residues E156 to D161 and Q194 to T210 in
the E. coli are involved in DNA binding (23). Both loop se-
quences are completely conserved in B. burgdorferi, except for
an E156D substitution. Individual RecA monomers interact
with each other and single-stranded DNA, and filaments
formed in this manner can participate in filament-filament
interactions. These protein-protein interactions are required
for all RecA functions (23). The residues that have been im-
plicated in these interactions in E. coli RecA are highly con-
served in the spirochetal proteins.

Although complementation with B. burgdorferi RecA con-
ferred resistance to both UV irradiation and MMC exposure,
the extent of complementation was different. Whereas com-
plete repair of MMC-induced damage was observed in the
complemented mutants, the level of survival after UV irradi-
ation was only 10% of that observed in mutants complemented
with the homologous gene. Essentially similar results were
obtained by Putteet-Driver et al. (33), although only a moder-
ate increase in survival following MMC treatment was ob-
served. It is likely that the difference between the observed
responses in the two studies was due to differences in the
experimental design. UV exposure causes mostly intrastrand
thymine dimers in DNA, the repair of which involves nucleo-
tide excision. This pathway is induced by a rapid, transient,

FIG. 3. Phage P1 transduction frequencies of HB101 comple-
mented with various pUC18 recA constructs. The frequency was mea-
sured by determining the ratio of the number of Leu� transductants to
the total number of viable cells recovered at comparable multiplicities
of infection.

FIG. 4. Survival of B. burgdorferi B31MI after UV irradiation. The
numbers of viable cells were determined by plating dilutions of UV-
treated cells on BSK-H medium plates. The experiment was performed
in triplicate.

FIG. 5. Induction of recA mRNA after UV irradiation as deter-
mined by quantitative RT-PCR. �, E. coli C600; ■ , B. burgdorferi
B31MI. The level of recA mRNA was measured by real-time RT-PCR
as described in Materials and Methods. mRNA levels are expressed as
the fold induction relative to the induction of unirradiated cells, which
was defined as 1. The values are the averages obtained in three inde-
pendent experiments.
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RecA-mediated SOS response that removes the damage and
quickly returns the cell to its normal preirradiation status (9).
In contrast, growth in the presence of MMC induces inter-
strand cross-links in the DNA, resulting in a more extended
SOS response that may involve the differential expression of
more than 1,000 genes (22). Thus, although SOS induction is
the common outcome of both UV and MMC exposure in E.
coli, the extent of the response is greater in MMC-treated cells.
Therefore, it is possible that the rapid response after UV
exposure cannot be fully provided by B. burgdorferi RecA in E.
coli, whereas the longer-lived response to MMC can be fully
complemented.

DNA damage-induced alterations in RecA structure pro-
mote an increased protein docking function which enhances
the normally slow autocatalytic activity of LexA (25, 40). Rapid
degradation of intracellular LexA by this coprotease activity of
RecA in E. coli results in a 12-fold increase in recA expression
and the coordinate induction of over 30 genes repressed by
LexA (24). This is referred to as the SOS response (34). In E.
coli, this response is induced by the persistence of single-
stranded DNA (ssDNA), an indication of replisome inhibition
at frequent DNA lesions (16, 24). This response appears to
controlled by competition for ssDNA between single-stranded
binding protein (SSB) and RecA. Under normal in vivo con-
ditions, SSB prevents RecA from polymerizing onto ssDNA;
however, when replication forks are stalled due to DNA dam-
age, SSB assists RecA binding to ssDNA (24). The functional
form of RecA is a polymerized filament around an ssDNA
molecule that presents a LexA docking site deep in its groove
(19, 55). Binding of LexA to this site promotes rapid autocleav-
age, which results in coordinate activation of the genes in the
SOS regulon.

The B. burgdorferi genome does not encode an orthologue of
LexA (13), and a scan of the regions upstream of recA and
other genes that comprise the SOS regulon in E. coli did not
reveal any consensus LexA binding sites in B. burgdorferi. De-
spite this, the B. burgdorferi RecA protein was able to facilitate
DNA repair in E. coli, indicating that it could interact with E.
coli LexA. Furthermore, B. burgdorferi RecA was also compe-
tent for induction of � phage, which requires RecA-mediated
� cI repressor autocleavage. Indeed, � phage induction medi-
ated by RecA was enhanced �50-fold compared with that
observed in E. coli DH5� complemented with the homologous
RecA protein. This suggests that the B. burgdorferi protein
harbors an enhanced coprotease activity. The presence of ei-
ther of two point mutations, E39K and Q174K, in E. coli RecA
results in increased coprotease activity (53). Interestingly, B.
burgdorferi RecA contains both K39 and K174 in the wild-type
sequence. These naturally occurring amino acid changes could
explain the enhanced coprotease activity observed, as first sug-
gested by Dew-Jager et al. (10).

The lack of a LexA protein has also been previously re-
ported in Bacillus fragilis (17), Thiobacillus ferrooxidans (35),
Porphyromonas gingivalis (12), and Acinetobacter calcoaceticus
(18). In radiation-resistant Deinococcus radiodurans LexA is
present, but cleavage is not enhanced by recA expression (30).
The possible presence of an alternate protein(s) in B. burgdor-
feri that may provide LexA-like regulatory functions remains
an open question.

The experiment whose results are shown in Fig. 4 demon-

strated that B. burgdorferi cannot effectively repair UV-induced
damage. Furthermore, several findings suggest that the RecA
function in B. burgdorferi is different from the role that this
protein plays in E. coli. RecA-mediated DNA repair is exerted
through its cleavage of LexA. As described above, no lexA
orthologue has been identified in B. burgdorferi. Additionally,
UV irradiation of E. coli results increased expression of recA,
but such induction does not occur in B. burgdorferi (Fig. 5).
Thus, the role that RecA plays in normal B. burgdorferi biology
remains to be clarified.

Little is known about the natural mechanism(s) of gene
transfer, homologous recombination, and DNA repair in B.
burgdorferi. Evidence suggests that vls, erp, and ospC loci un-
dergo sequence variation that may require homologous recom-
bination (45, 51, 57). Additionally, evolution of the B. burgdor-
feri genome by recombination between the linear chromosome
and plasmids, as well as genetic exchange among various plas-
mids, has been suggested (6). Dykhuizen and Baranton esti-
mated recombination frequencies for many B. burgdorferi iso-
lates and concluded that this organism is mostly clonal and that
there is limited genetic exchange between individual isolates
(11). They hypothesized that B. burgdorferi contains a genetic
transfer system that may permit the recombination of small
(
1-kb) DNA fragments into its genome.

The results of the present study and those of Putteet-Driver
et al. (33) demonstrate that B. burgdorferi RecA possesses both
intermolecular and intramolecular recombination activities. It
is, therefore, reasonable to suggest that this is the primary role
of recA in B. burgdorferi. It is noteworthy that B. burgdorferi and
T. pallidum both contain a reduced number of genes involved
in recombination and DNA repair compared to E. coli. Inter-
estingly, B. burgdorferi contains genes encoding only the
RecBCD recombinational pathway, whereas only the RecF
pathway genes are evident in T. pallidum (13, 14, 46). In E. coli,
recombination is mediated primarily via proteins of the
RecBCD pathway, and the function of the RecF pathway be-
comes evident only in recBCD mutants (23, 41, 42). The pos-
sible role that RecA may play in recombination in B. burgdor-
feri is currently under investigation.
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