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Abstract

In this work, we predict a structural model for the RecA protein from M. synoviae (MsRecA) by theoretical homology
modeling and evaluate the occurrence of polymorphisms in this protein within several isolates of this species. The
structural model suggested for MsRecA conserves the main domains present in MtRecA and EcRecA. The L1 and
L2 regions showed six and three amino acid substitutions, respectively, which apparently do not affect the conforma-
tion and function of MsRecA. The C-terminal domain is shorter than that found in EcRecA and MtRecA, which may in-
crease its capacity to bind dsDNA and displace SSB, compensating the absence of recombination initiation
enzymes. The MS59 isolate RecA sequence showed one polymorphism which does not affect its functions since
these belong to the same physical-chemical group.
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Mycoplasmas are prokaryotes distinguished, pheno-
typically, from other bacteria due to their small size and
their complete lack of a cell wall. Currently, there are more
than 190 species of mycoplasmas described, several with
medical and veterinary importance since they are patho-
gens of humans and domesticated animals (Maniloff, 1996;
Razin et al., 1998).

One of the major characteristics that allow mycoplas-
mas to establish chronic infection is their great genomic
flexibility. The chromosomes of these organisms are dy-
namic structures that frequently go through rearrange-
ments, insertions, deletions, and inversions of genes or
whole genomic segments. The majority of those chromo-
some rearrangements are usually induced by homologous
recombination, mediated by the RecA protein (Rocha and
Blanchard, 2002).

The RecA protein is the key component of bacterial
homologous recombination. It is involved in the initial
steps of this process, where it is responsible for the invasion
and exchange of DNA filaments. This protein is also in-
volved in recombinational repair and has a coprotease ac-

tivity important for the induction of the SOS response (Cox,
2003). The M. synoviae recA gene is 990 nucleotides long
and encodes a protein of 329 amino acids (MsRecA).

In Escherichia coli, the RecA protein (EcRecA) has
352 amino acids and its monomers are packed head-to-tail
with an extensive monomer-monomer interface (Story et

al., 1992). RecA presents three structural domains. The
N-terminal domain comprises the residues 1-33 which are
responsible for forming the monomer-monomer interface.
The central core (residues 34-268) contains the ATP bind-
ing site, represented in the protein by the highly conserved
signature motif GPESSGKT. This region also has two
loops, L1 (residues 157-164) and L2 (residues 195-209),
thought to be the DNA-binding sites of the RecA protein
(Malkov and Camerini-Otero, 1995; Lusetti and Cox,
2002). The residues 269-328 form the C-terminal domain,
which is projected away from the body of the filament and,
according to crystal packing, contacts a monomer of a
neighboring filament. The terminal residues 329-352 are
mostly highly negatively charged and form a tail that ap-
pears disordered in the crystal structure. The presence of
these residues may regulate the direct binding of RecA to
DNA through electrostatic repulsion of the DNA phosphate
chain (Tateishi et al., 1992; Eggler et al., 2003). Since
RecA is highly conserved, the aspects described above for
EcRecA could be used for studies comprising other organ-
isms.
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Studies conducted by Kleven et al. (1975) showed
that there is considerable variation among populations of
the same M. synoviae isolate in their ability to produce clin-
ical disease. This finding is corroborated by the work of
Citti and Rosengarten (1997), as well as that of Narat et al.

(1998), who verified that the hemagglutination-positive
phenotype of M. synoviae induces experimental acute
synovitis infection in chickens more frequently than does
its hemagglutination-negative phenotype.

The presence of numerous combinations of antigenic
phenotypes is due to the high oscillation frequency of each
individual gene. This variation can be related to the on and
off expression state and to the ability to produce genomic
variation, either by size (insertion and deletion) or through
nucleotide substitution (Robertson and Meyer, 1992;
Lysnyansky et al., 2001). Among the already sequenced
small-size genomes (less than 1 Mb), mycoplasmas exhibit
high density of large repetitive regions (Rocha et al., 1999).
The source of these repetitive regions is related to recombi-
nation processes, which in bacteria are generally associated
with RecA action, as suggested by Cox and Roca (1997).

Considering the importance of the RecA protein for
genome variation in Mycoplasma, the present work aimed
to generate a theoretical structural model for the RecA from
M. synoviae (MsRecA) and to evaluate the occurrence of
polymorphisms of this protein in several isolates of this
species.

The model for MsRecA was constructed by using the
homology molecular modeling method based on templates
from Mycobacterium tuberculosis (PDB access: 1g19,
1mo3) and Escherichia coli (PDB access: 2reb, 1u94),
whose protein structures were experimentally resolved
(Story et al., 1992; Datta et al., 2000; Datta et al., 2003).

Atomic coordinates of all bacterial RecAs available at
RCSB (Berman et al., 2000) were used to define a struc-
tural framework for MsRecA models. All models and their
parts were calculated using the program MODELLER 8v1
(Sali and Blundell, 1993; Marti-Renom et al., 2000) by the
previous calculation of pairwise and multiple alignments
between the template structures/sequences and the target
sequence (RecA sequence from M. synoviae). To obtain the
final model presented in this study, models that matched the
lowest objective function score were chosen by both visual
and stereochemical inspection. Stereochemical validation
was performed by using the package PROCHECK v.3.5.4
(Morris et al., 1992; Laskowski et al., 1993).

The genomic DNA samples from six M. synoviae iso-
lates, named MS35, MS59, MS443, MS541, MS542 and
MSWVN, kindly provided by Dr. Laurimar Fiorentin (EM-
BRAPA, Brazil), were amplified by PCR (Mastercycler
Gradient - Eppendorf), using primer pairs designed for the
recA gene (Forward primer: TTAGGAGACAAAATGA
TAGA; Reverse primer: TTATAATTTATTACTTTTA).
Cycling was as follows: after an initial denaturation step at
95 °C for 3 min, the reactions were subjected to 39 cycles of

denaturation at 94 °C for 40 s, annealing at 45 °C for 90 s,
and polymerization at 72 °C for 90 s. After that, an aliquot
was analyzed by electrophoresis through a 0.7% agarose
gel.

Positive samples were purified, and the resulting
DNA was cloned in pGEM-T Easy vector (Promega) and
used to transform E. coli DH10B-competent cells prepared
by electroporation using standard procedures (Taketo,
1988).

DNA minipreparations of MsRecA clones (Birn-
boim, 1988) were sequenced using the enzymatic sequenc-
ing technique adapted from Sanger et al. (1977), through
PCR with DYEnamic ET - Dye Terminator cycle sequenc-
ing kit for Mega BACE (GE Healthcare, Life Sciences),
following manufacturer’s instructions.

Several independent clones of each isolate were se-
quenced and the consensus sequences were assembled us-
ing Phred Phrap software (Ewing and Green, 1998) and
analyzed using Consed (Gordon et al., 1998). Other bio-
informatics tools were also utilized, such as BLAST, ORF
Finder and ClustalW 1.8 (protein weight matrix:
GONNET).

Bacterial recombination is a complex pathway in-
volving more than 40 enzymes, and is divided into four
steps: initiation, strand exchange, migration of the Holliday
junction and its resolution, with the possible participation
of many alternative enzymes in each step (Amundsen and
Smith, 2003). M. synoviae has a reduced recombinational
apparatus, with only seven of the classical enzymes. The
initiation pathways RecBCD and RecFOR are incomplete
(Carvalho et al., 2005). These complexes are involved with
RecA loading and stabilization in alternative pathways
(Amundsen and Smith, 2003). RecA protein plays a pivotal
role in this process. The mechanism of action of this en-
zyme includes: polymerization on ssDNA, forming a
nucleoprotein filament; subsequently, dsDNA is bound and
the search for segments homologous to the ssDNA is initi-
ated; finally, homologous strands are exchanged, a new
DNA duplex is formed, and ssDNA is displaced. In addi-
tion , RecA presents a coprotease activity that is important
for LexA and UmuD cleavage during SOS response induc-
tion (Lusetti and Cox, 2002; Prévost and Takahashi, 2004).

In this work, we calculated structural models for the
Mycoplasma synoviae MsRecA protein using protein
homology molecular modeling approaches with EcRecA
and MtRecA as templates, whose crystal structures were
determined experimentally (Story et al., 1992; Datta et al.,
2000; Datta et al., 2003). Using the E. coli RecA protein as
a reference, the percentage of identical amino acids resi-
dues in bacterial homologous proteins was found to range
from 49% for Mycoplasma pulmonis to 100% for Shigella

flexneri. Even though M. tuberculosis RecA is only 62%
identical to E. coli RecA (Table 1), the structures of RecA
proteins obtained were very similar (Lusetti and Cox,
2002).
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The structure suggested for MsRecA (Figure 1)
shows a structural pattern similar to the ones described for
MtRecA and EcRecA. Table 1 shows the identity and
strong similarity of RecA proteins from mycoplasmas, E.

coli and M. tuberculosis. Despite the fact that M. synoviae

(Mollicutes class) is phylogenetically closer to M. tubercu-

losis (Actinobacteria class) than to E. coli (Gammaproteo-
bacteria class) (Doolittle, 1999), the amino acid sequence
identity is higher between RecA proteins from E. coli

(51%) than M. tuberculosis (49%) (Table 1), which may be
a consequence of the high mutation frequency typical of
mycoplasmas (Rocha and Blanchard, 2002). RecA from
Mycoplasma shows the highest degree of variation in the
C-terminal domain. However, the crucial amino acids in-
volved in the monomer-monomer interface, are well con-
served in MsRecA, such as the residues 97, 117-128 and
214-227 (Lusetti and Cox, 2002), likewise, the ATP bind-
ing sites (residues 67-74, 90-100 and 140-150), DNA bind-
ing sites (L1 and L2 regions) and the amino acid threonine
(T) at position 73, which interacts with Mg2+, are present
(Story et al., 1992).

Six amino acids substitutions were observed at the
loop L1 region of MsRecA when compared to EcRecA,
some of them were also found in other Mycoplasma spe-
cies. A significant substitution from Lys152 to Glu152 results
in the inhibition of DNA repair activity (Nastri and Knight,
1994). However, in MsRecA, this deficiency is suppressed
by a second substitution, Gly160 to Lys160. Substitutions at
positions 155, 156, 159, 160 and 162 should not result in a
reduction in MsRecA activity, since they occur between
amino acids belonging to the same family.

Studies conducted by Hörtnagel et al. (1999), using
L2 EcRecA mutants had shown that positions 199 and 202
tolerate a number of substitutions of varying chemical char-
acter with no adverse effect on either RecA activity. The
third substitution in the L2 region of MsRecA, from Glu197

to Met197, although occurring between amino acids from
different physicochemical groups, also should not alter
RecA activities, since a large number of mutations are tol-
erated at this position.

Another difference observed in the MsRecA model is
the C-terminal domain, which is shorter than that found in
EcRecA and MtRecA. Among bacterial RecAs, this region
exhibits the lowest sequence conservation in relation to
N-terminal and central regions. However, the deletion of
the final residues of the C-terminal domain is observed in
Mycoplasma species (data not shown). In E. coli, this do-
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Table 1 - Identity and similarity of amino acids between RecA proteins analyzed through CLUSTAL W.

Species compared Complete RecA protein RecA C-terminal domain

Identitya Strong similarityb Identitya Strong similarityb

EcRecA x MtRecA 62% 17% 46% 18%

EcRecA x MsRecA 51% 22% 26% 22%

MtRecA x MsRecA 49% 22% 18% 26%

MsRecA x MhRecA 67% 13% 38% 21%

MsRecA x MpRecA 41% 27% 19% 34%

Ec = Escherichia coli; Mt = Mycobacterium turbeculosis; Ms = Mycoplasma synoviae; Mh - Mycoplasma hyopneumoniae; Mp = Mycoplasma

pneumoniae. aIdentity = means that the residues are identical in all sequences in the alignment. bStrong similarity = means that conserved substitutions
have been observed in a certain position of the alignment.

Figure 1 - Molecular structure of MsRecA: A = N-terminal (red), central
(green) and C-terminal (blue) regions of MsRecA; B = Alignment of

RecA protein and structural domains of MsRecA: regions of β-sheets and

α-helixes are highlighted in dark and light gray respectively; N-terminal
and C-terminal domains are underlined; L1 region is in the continuous
box, the Lys161 is in bold; L2 region is in the discontinuous box.



main (residues 270-352) folds into three α-helices and two

�-sheets and can be related to the initial docking site for
dsDNA during the recombination reaction (Aihara et al.,
1997). Furthermore, this domain is also associated with
coprotease activity (Liu et al., 1993). Yu et al. (2001) have
observed that the C-terminal domain movement relative to
the core domain may be responsible for the active or inac-
tive state of the RecA filament. Recently, the X-ray crystal
structure of the uncomplexed EcRecA protein has been de-
termined in three new crystal forms at resolutions of 1.9 Å,
2.0 Å, and 2.6 Å. These new structures show significant
variation in the orientation and conformation of the C-
terminal domain, as well as in the inter-filament packing in-
teractions, suggesting that this conformational variability
of the C-terminal domain of RecA protein is important for
many aspects of RecA functions (Xing and Bell, 2004).

Studies with EcRecA mutants, presenting deletions at
the last 24 residues of the C-terminal domain (C-terminus),
have shown that these mutants have an enhanced capacity
to bind dsDNA in vitro and to displace single-strand DNA
binding protein (SSB) and, also, that these activities are de-
pendent on the Mg2+ concentration. It has been proposed
that the negatively charged C-terminus of RecA regulates
the direct binding of RecA to dsDNA by electrostatically
repelling the phosphate backbone of the DNA, since this
C-terminal region has six negatively charged amino acids.
In addition, the initiation proteins (such as RecBCD and
RecFOR) might interact directly with the RecA protein
during the filament nucleation process, altering RecA con-
formation so that the C-terminus is no longer inhibitory.
These data sets suggest that the DNA binding regulation
ability of RecA and/or its ability to compete with SSB
would allow RecA to gain access to SSB-coated DNA only
at the appropriate time, such as after a replication fork
stalls, and that the C-terminus acts as a regulatory switch,
modulating the access of double-stranded DNA to the
presynaptic filament, thereby inhibiting homologous DNA
pairing and strand exchange at low magnesium ion concen-
trations (Eggler et al., 2003; Lusetti et al., 2003a, 2003b).
In MsRecA, the absence of the last 25 amino acids from the
C-terminal domain (a region rich in negatively charged
amino acids) could have implications for its functions since
regulatory mechanisms, such as those described for
EcRecA, can be affected. Considering these aspects, it is
possible that the deletion observed in MsRecA can enhance
its capacity to displace SSB and bind to dsDNA, compen-
sating the absence of initiation enzymes such as RecBCD
and RecFOR complexes.

MsRecA presents a similar distribution in electro-
static potential, showing a clear electric polarization (Fig-
ure 2), as described for other bacterial RecA proteins (Ra-
jan and Bell, 2004). This can contribute to RecA monomer
interactions that are important for RecA polymer forma-
tion, RecA stability, and folding or specific protein-protein
recognition.

In this work, we also investigated the occurrence of
RecA polymorphism in six isolates from M. synoviae. Only
one difference was observed in the RecA from the isolate
MS59, which presents an amino acid substitution of Val for
Ile at position 195 (data not shown). This change should not
affect the L2 function, since both amino acids belong to the
same physicochemical group. With these isolate samples it
was not possible to detect significant differences in RecA
proteins, as increased sampling is necessary for this kind of
analysis, which aims to generate data that can be used for
comparisons between recombination and pathogenicity as-
pects.

The high frequency of antigenic variation in lipopro-
teins, such as haemagglutinins, has been described as an
important aspect of pathogenesis of mycoplasmas, since
they are found on the cellular surface, an important aspect
for bacterial pathogens that need to escape from immuno-
logical responses to survive (Chambaud et al., 1999).
Moreover, these regions are constant targets of recombina-
tion events. In M. synoviae these proteins are codified by
the vlhA gene, formed by a promoter region, by part of a
conserved 5’ coding sequence that occurs as a single copy,
and by a remainder of the coding sequence that occurs as
multiple copies. In the strain sequenced by the Brazilian
Genome Project, the haemagglutinin genes are within a
DNA segment of approximately 70 kb, containing a single
gene and about 70 pseudogenes (Vasconcelos et al., 2005).
Post-translational cleavage of the VlhA protein generates
an amino-terminal part (the lipoprotein MSPB) and a car-
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Figure 2 - Distribution of electrostatic potential of MsRecA protein: posi-
tive charges (red) and negative charges (blue) are shown.



boxyl-terminal part (MSPA), (Noormohammadi et al.,
2000; Allen et al., 2005). Recombination events between
the 5’vlhA gene and pseudogenes in the genome generate
changes in antigenic determinants in the carboxyl two-
thirds of the MSPB molecule, as well as in MSPA, resulting
in changes in the domains involved in the binding of M.

synoviae to erythrocytes (Noormohammadi et al., 2000;
Bencina, 2002).

The recombinational apparatus in M. synoviae is re-
duced and the molecular mechanism of vlhA recombination
is still not well understood. Furthermore, classical site spe-
cific proteins (such as integrases and recombinases) were
not found in this genome (Vasconcelos et al., 2005) and
new mechanisms of illegitimate recombination, such as
those involving RecA systems and restriction enzymes,
have been described (Kusano et al., 2003; Handa and
Kobayashi, 2005). It is, therefore, possible that the RecA-
dependent recombination mechanism in M. synoviae is in-
volved in vlhA antigenic variation and that structural and
polymorphism analyses, as described in this study, can be
useful to understanding the recombination mechanisms in
M. synoviae.

Acknowledgments

We would like to thank Dr. Laurimar Fiorentin (EM-
BRAPA, Brazil, in memoriam) for having kindly supplied
the DNA samples of M. synoviae isolates and Mr. Glenn
Haves (from the American Language Program of the Uni-
versity of Georgia) for editing this manuscript. This work
received financial support from CNPq (Brazil) LFAL, and
a CNPq fellowship.

Abbreviations

EcRecA: RecA from Escherichia coli.

MtRecA - RecA from Mycobacterium tuberculosis.

MsRecA - RecA from Mycoplasma synoviae.

PDB - Protein Data Bank.

RCSB - Research Collaboratory for Structural Bioinfor-
matics.

References

Aihara H, Ito Y, Kurumizaka H, Terada T, Yokoyama S and
Shibata T (1997) An interaction between a specified surface
of the C-terminal domain of RecA protein and double-
stranded DNA for homologous pairing. J Mol Biol
274:213-221.

Allen JL, Noormohammadi AH and Browning GF (2005) The
vlhA loci of Mycoplasma synoviae are confined to a re-
stricted region of the genome. Microbiology 151:935-940.

Amundsen SK and Smith GR (2003) Interchangeable parts of the
Escherichia coli recombination machinery. Cell 112:741-
744.

Bencina D (2002) Haemagglutinins of pathogenic avian myco-
plasmas. Avian Pathol 31:535-547.

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig
H, Shindyalov IN and Bourne PE (2000) The protein data
bank. Nucleic Acids Res 28:235-242.

Birnboim HC (1988) Rapid extraction of high molecular weight
RNA from cultured cells and granulocytes for Northern
analysis. Nucleic Acids Res 16:1487-1497.

Carvalho FM, Fonseca MM, Batistuzzo De Medeiros S, Scortecci
KC, Blaha CA and Agnez-Lima LF (2005) DNA repair in
reduced genome: The Mycoplasma model. Gene 7:111-119.

Chambaud L, Wroblewski H and Blanchard A (1999) Interaction
between mycoplasma lipoprotein and the host immune sys-
tem. Trends Microbiol 7:493-499.

Citti C and Rosengarten R (1997) Mycoplasma genetic variation
and its implication for pathogenesis. Wien Klin Wochenschr
109:562-568.

Cox MM and Roca AI (1997) RecA protein: Structure, function,
and role in recombinational DNA repair. Prog Nucleic Acid
Res Mol Biol 56:129-223.

Cox MM (2003) The bacterial RecA protein as a motor protein.
Annu Rev Microbiol 57:551-577.

Datta S, Prabu MM, Vaze MB, Ganesh N, Chandra NR,
Muniyappa K and Vijayan M (2000) Crystal structures of
Mycobacterium tuberculosis RecA and its complex with
ADP-AlF(4): Implications for decreased ATPase activity
and molecular aggregation. Nucleic Acids Res 28:4964-
4973.

Datta S, Ganesh N, Chandra NR, Muniyappa K and Vijayan M
(2003) Structural studies on MtRecA-nucleotide complexes:
Insights into DNA and nucleotide binding and the structural
signature of NTP recognition. Proteins 50:474-485.

Doolittle WF (1999) Phylogenetic classification and the universal
tree. Science 284:2124-2129.

Eggler AL, Lusetti SL and Cox MM (2003) The C terminus of the
Escherichia coli RecA protein modulates the DNA binding
competition with single-stranded DNA-binding protein. J
Biol Chem 278:16389-16396.

Ewing B and Green P (1998) Base-calling of automated sequencer
traces using phred. II. Error probabilities. Genome Res
8:186-194.

Gordon D, Abajian C and Green P (1998) CONSED: A graphical
tool for sequence finishing. Genome Res 8:95-202.

Handa N and Kobayashi I (2005) Type III Restriction is alleviated
by bacteriophage (RecE) homologous recombination func-
tion but enhanced by bacterial (RecBCD) function. J Bac-
teriol 187:7362-7373.

Hörtnagel K, Voloshin ON, Kinal HH, Ma N, Schaffer-Judge C
and Camerini-Otero RD (1999) Saturation mutagenesis of
the E. coli RecA loop L2 homologous DNA pairing region
reveals residues essential for recombination and recombi-
national repair. J Mol Biol 286:1097-1106.

Kleven SH, Fletcher OJ and Davis RB (1975) Influence of strain
of Mycoplasma synoviae and route of infection on develop-
ment of synovitis or air-sacculitis in broilers. Avian Dis
19:126-135.

Kusano K, Asami Y, Fujita A, Tanokura M and Kobayashi I
(2003) Type I restriction enzyme with RecA protein pro-
motes illegitimate recombination. Plasmid 50:202-212.

Laskowski RA, MacArthur MW, Moss DS and Thornton JM
(1993). PROCHECK: A program to check the stereoche-
mical quality of protein structures. J Appl Cryst 26:283-291.

294 RecA from M. synoviae



Liu SK, Eisen JA, Hanawalt PC and Tessman I (1993) recA muta-
tions that reduce the constitutive coprotease activity of the
RecA1202(Prtc) protein: Possible involvement of interfila-
ment association in proteolytic and recombination activities.
J Bacteriol 175:6518-6529.

Lysnyansky I, Ron Y, Sachse K and Yogev D (2001) Intra-
chromosomal recombination within the vsp Locus of
Mycoplasma bovis generates a chimeric variable surface li-
poprotein antigen. Infect Immun 6:3703-3712.

Lusetti SL and Cox MM (2002) The bacterial RecA protein and
the recombinational DNA repair of stalled replication forks.
Annu Rev Biochem 71:71-100.

Lusetti SL, Shaw JJ and Cox MM (2003a) Magnesium ion-
dependent activation of the RecA protein involves the C ter-
minus. J Biol Chem 278:16381-16388.

Lusetti SL, Wood EA, Fleming CD, Modica MJ, Korth J, Abbott
L, Dwyer DW, Roca AI, Inman RB and Cox MM (2003b)
C-terminal deletions of the Escherichia coli RecA protein.
Characterization of in vivo and in vitro effects. J Biol Chem
278:16372-16380.

Malkov VA and Camerini-Otero RD (1995) Photocross-links be-
tween single-stranded DNA and Escherichia coli RecA pro-
tein map to loops L1 (amino acid residues 157-164) and L2
(amino acid residues 195-209). J Biol Chem 270:30230-
30233.

Maniloff J (1996) The minimal cell genome: “On being the right
size”. Proc Natl Acad Sci USA 93:10004-10006.

Marti-Renom MA, Stuart A, Fiser A, Sánchez R, Melo F and Sali
F (2000) Comparative protein structure modeling of genes
and genomes. Annu Rev Biophys Biomol Struct 29:291-
325.

Morris AL, MacArthur MW, Hutchinson EG and Thornton JM
(1992). Stereochemical quality of protein structure coordi-
nates. Proteins 12:345-364.

Narat M, Bencina D, Kleven SH and Habe F (1998) Hemagglu-
tination-positive phenotype of Mycoplasma synoviae in-
duces experimental infectious synovitis in chickens with a
higher frequency than the hemagglutination-negative phe-
notype. Infect Immun 66:6004-6009.

Nastri HG and Knight KL (1994) Identification of residues in the
L1 region of the RecA protein which are important to recom-
bination or coprotease activities. J Biol Chem 269:26311-
26322.

Noormohammadi AH, Markham PF, Kanci A, Whithear KG and
Browning GF (2000) A novel mechanism for control of anti-
genic variation in the haemagglutinin gene family of
Mycoplasma synoviae. Mol Microbiol 35:911-923.

Prévost C and Takahashi M (2004) Geometry of the DNA strands
within the RecA nucleofilament: Role in homologous re-
combination. Quart Rev Biophys 36:429-453.

Rajan R and Bell CE (2004) Crystal structure of RecA from
Deinococcus radiodurans: Insights into the structural basis
of extreme radioresistance. J Mol Biol 344:951-963.

Razin S, Yogev D and Naot Y (1998) Molecular biology and
pathogenicity of mycoplasmas. Microbiol Mol Biol Rev
62:1094-1156.

Robertson BD and Meyer TF (1992) Antigenic variation in bacte-
rial pathogens. In: Hormaeche CW, Penn CW and Smyth CJ
(eds) Molecular Biology of Bacterial Infection. Cambridge
University Press, Cambridge, pp 61-73.

Rocha EP, Danchin A and Viari A (1999) Functional and evolu-
tionary roles of long repeats in prokaryotes. Res Microbiol
150:725-733.

Rocha EP and Blanchard A (2002) Genomic repeats, genome
plasticity and the dynamics of Mycoplasma evolution. Nu-
cleic Acids Res 30:2031-2042.

Sali A and Blundell TL (1993) Comparative protein modelling by
satisfaction of spatial restraints. J Mol Biol 234:779-815.

Sanger F, Air GM, Barrell BG, Brown NL, Coulson AR, Fiddes
CA, Hutchison CA, Slocombe PM and Smith M (1977) Nu-
cleotide sequence of bacteriophage phi X174 DNA. Nature
24:687-695.

Story RM, Weber IT and Steitz TA (1992) The structure of the E.

coli recA protein monomer and polymer. Nature 355:318-
325.

Tateishi S, Horii T, Ogawa T and Ogawa H (1992) C-terminal
truncated Escherichia coli RecA protein RecA5327 has en-
hanced binding affinities to single- and double-stranded
DNAs. J Mol Biol 223:115-129.

Taketo A (1988) DNA transfection of Escherichia coli by elec-
troporation. Biochim Biophys Acta 949:318-324.

Vasconcelos AT, Ferreira HB, Bizarro CV, Bonatto SL, Carvalho
MO, Pinto PM, Almeida DF, Almeida LG, Almeida R,
Alves-Filho L et al. (2005) Swine and poultry pathogens:
The complete genome sequences of two strains of
Mycoplasma hyopneumoniae and a strain of Mycoplasma

synoviae. J Bacteriol 187:5568-5577.
Yu X, Jacobs SA, West SC, Ogawa T and Egelman EH (2001)

Domain structure and dynamics in the helical filaments
formed by RecA and Rad51 on DNA. Proc Natl Acad Sci
USA 98:8419-8424.

Xing X and Bell CE (2004) Crystal structures of Escherichia coli

RecA in a compressed helical filament. J Mol Biol
342:1471-1485.

Internet Resources
Basic Local Alignment Search Tool (BLAST), http://www.ncbi.

nlm.nih.gov/BLAST. (April 20, 2005).
ClustalW, http://npsa-pbil.ibcp.fr. (April 25, 2005).
MODELLER 8v1, http://salilab.org/modeller/ (April 30, 2005).
Open Reading Frame (ORF) Finder, http://www.ncbi.nlm.nih.

gov/gorf/gorf.html (February 5, 2005).
PROCHECK v.3.5.4, http://www.biochem.ucl.ac.uk/~roman/

procheck/procheck.html (May 15, 2005).
Protein Data Bank (PDB), http://www.rcsb.org/pdb (March 15,

2005).
Associate Editor: Arnaldo Zaha

Fonseca et al. 295


