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ABSTRACT. Mycoplasma ovipneumoniae, a bacterial species that
specifically affects ovine and goat, is the cause of ovine infectious
pleuropneumonia. We cloned, sequenced and analyzed heat shock
protein 70 (HSP70) (dnaK) gene of M. ovipneumoniae. The full
length open reading frame of the M. ovipneumoniae HSP70 gene
consists of 1812 nucleotides, with a G+C content of 34.16%, en-
coding 604 amino acids. Comparative analysis with the HSP70
sequences of 15 Mycoplasma species revealed 59 to 87% DNA
sequence identity, with an amino acid sequence identity range of
58 to 94%. M. ovipneumoniae and M. hyopneumoniae shared the
highest DNA and amino acid sequence identity (87 and 94%, respec-
tively). Based on phylogenetic analysis, both the DNA and amino
acid identities of M. ovipneumoniae with other mycoplasmal HSP70
were correlated with the degree of relationship between the species.
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The C-terminus of the HSP70 was cloned into a bacterial expression
vector and expressed in Escherichia coli cells. The recombinant
C-terminal portion of HSP70 protein strongly reacted with conva-
lescent sera from M. ovipneumoniae-infected sheep, based on an
immunoblotting assay. This indicates that HSP70 is immunogenic
in a natural M. ovipneumoniae infection and may be a relevant
antigen for vaccine development.

Key words: Mycoplasma ovipneumoniae; Heat shock protein 70; HSP70;
Immune response; Recombinant protein; Bioinformatic analysis

INTRODUCTION

Mycoplasmas, the smallest and simplest self-replicating organisms, lack a cell
wall and contain the minimal complement of life enabling genes (Razin et al., 1998).
Many species of mycoplasmas are known pathogens of man and other mammals, in-
cluding M. genitalium, M. pneumoniae and M. hyopneumoniae (M. hyo). Despite the
genome and cellular structure simplicities, diseases caused by mycoplasma infection
are complex. To date, relatively less attention has been paid to mycoplasmal diseases.
Genomic sequencing of mycoplasmas, including M. genitalium (Fraser et al., 1995), M.
pneumoniae (Himmelreich et al., 1996) and M. hyo (Minion et al., 2004), has led to a
better understanding of the entire machinery of a self-replicating cell and mycoplasma
pathogenesis. Pathogenic mycoplasma infections in mammals are usually chronic in na-
ture. The host immune and inflammatory responses induced by mycoplasma infections
are more suggestive of damage rather than the direct effects of mycoplasmal cell viru-
lent components (Biberfeld, 1985). Mycoplasma infection is able to induce specific and
nonspecific immune reactions that modulate host immune responsiveness contributing to
their pathogenic properties. The properties of immunomodulation of mycoplasmas sup-
press and evade the host defense mechanisms, leading to chronic and persistent infection
(Biberfeld, 1985).

The heat-shock proteins (HSPs) are a group of proteins induced by environmental
stress conditions, which play an important role in stimulating both host innate and adaptive
immunities (Craig, 1985; Torigoe et al., 2009). HSPs can be classified into six families by
their molecular weight: large molecular weight HSP family, HSP90 family, HSP70 family,
HSP60 family, small molecular weight HSP family, and ubiquitin (Craig et al., 1993).
HSP60 and HSP70 families are the most conserved and abundant (Craig, 1985; Craig et
al., 1993). HSP70 has been extensively studied and is known to function as a molecular
chaperone, anti-cell apoptosis agent, antioxidant, inducing immune responses, improving
stress tolerance, cell proliferation promotion, cytoskeleton formation, and repair (Kiang and
Tsokos, 1998). Both HSP70 and HSP60 are immunodominant antigens and pathogens in
bacteria and mycoplasmas. They have been shown to induce immune responses protecting
hosts against bacterial and mycoplasmal infections (Scherm et al., 2002; Floto et al., 2006;
Amemiya et al., 2007; Rasoli et al., 2010). Previous bioinformatic analysis of M. hyo and the
other nine mycoplasmas whose genomes have been sequenced has suggested that HSP70

Genetics and Molecular Research 10 (2): 834-848 (2011) ©FUNPEC-RP www.funpecrp.com.br



M. Li et al. 836

(DnaK) with the downstream DnalJ and Grp formed a chaperone protein complex (DnaK-
DnalJ-GrpE). The N-terminal domain of the HSP70 protein is important in its chaperone
function. The C-terminal portion is featured as the immunodominant antigen and functions
as an immune adjuvant that induces and/or enhances the host immune responses (Kakeya
et al., 1999). Of note, the HSP60 (GroEL) is absent in the strain of M. hyo (Barré et al.,
2004; Minion et al., 2004).

Mycoplasma ovipneumoniae is a species of Mycoplasma bacteria that specifically
infects ovine. M. ovipneumoniae is the infectious agent in ovine pleuropneumonia caus-
ing lethal pneumonia in sheep and goats (Staint George and Carmichael, 1975; Foggie et
al., 1976; Ionas et al., 1991; Lin et al., 2008; Dassanayake et al., 2010). This organism is
highly infectious and is prevalent in almost every flock, resulting in major economic losses
worldwide in the ovine industry. Compared to other pathogenic mycoplasmas, studies on M.
ovipneumoniae are limited by many aspects including the lack of the entire genomic sequence.
This substantially hinders the understanding of the molecular basis and pathogenic mecha-
nisms of M. ovipneumoniae infection. Both M. ovipneumoniae and M. hyopneumoniae are
members of the order Mycoplasmales. Bioinformatic analysis of M. ovipneumoniae known
genomic sequences, also revealed that M. ovipneumoniae and M. hyopneumoniae share high
homology, suggesting that the two species of Mycoplasma may exhibit similar mechanisms
of active phenotypic switch and antigenic variation (Minion et al., 2004). It has been shown
that M. hyopneumoniae lacks the HSP60 (GroEL) gene and that monoclonal antibodies gen-
erated against part of M. hyo HSP70 with sequence homologies to HSP70 of M. genitalium
and Bacillus subtilis were capable of blocking the growth of Mhp (Chou et al., 1997). This
could imply that M. ovipneumoniae HSP70 may be used as a vaccine candidate to induce
host immune responses against M. ovipneumoniae infection.

The M. ovipneumoniae HSP70 gene was cloned and characterized in the present
study to better understand the potential immunogenic function of HSP70 of M. ovipneu-
moniae against mycoplasma infection in ovine. The immune responses against HSP70 in M.
ovipneumoniae-infected animals were also evaluated by immunoblotting using sheep conva-
lescent sera.

MATERIAL AND METHODS

Plasmids, cell lines and bacterial strains

M. ovipneumoniae Queensland Strain Y98 (Jones et al., 1976) was purchased from
the China Institute of Veterinary Drug Control (Beijing, China). The mycoplasma bacterial
strain was cultured in the media described previously (Jones et al., 1976). Escherichia coli
competent cells JM109 and BL21 (DE3) were used to produce recombinant plasmids and
recombinant proteins. E. coli strains were grown in LB medium supplemented with ampicil-
lin. Bacterial expressing plasmid pET-28a was used for generation of recombinant proteins
(Novagen, USA).

Reagents

Restriction endonuclease and DNA modifying enzymes were products from Takara
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Biologicals (Japan), New England Biobabs (USA) or Promega (USA). Chemicals used in this
study were products from Sigma (USA). Bacterial genomic DNA isolation kit, Plasmid mini-
prep kit, reverse transcriptase polymerase chain reaction (RT-PCR) kit, TA Clone kit, DNA
ladder, Pre-stained protein marker, Mouse Anti-6X His antibody, and HRP-goat anti-IgG were
purchased from TianQen Biological Inc. (China). The M. ovipneumoniae detection ELISA kit
(M. ovipneumoniae Queensland Strain Y98 was used as antigen component in the kit) was
certified by the China Institute of Veterinary Drug Control, and manufactured by the Lanzhou
Institute of Biological Products (Lanzhou, China).

M. ovipneumoniae HSP70 DNA cloning

M. ovipneumoniae bacterial genomic DNA was isolated using a bacterial genomic
isolation kit and used as a template for PCR cloning of the HSP70 DNA fragments. To
amplify, clone and sequence HSP70 DNA of M. ovipneumoniae, the experimental proce-
dure comprised five sequential steps. Primers used in this procedure are listed in Table
1. Degenerate primers were designed based on the conserved amino acid and DNA se-
quences of 15 species of Mycoplasma HSP70. Step 1: Seven degenerate primers (three
forward and four reverse with 12 pairs of primer combinations) were used to perform
12 individual PCRs for amplification of HSP70 DNA fragment 1 (F1 in Table 1). PCRs
were carried out using a Touchdown (TD) PCR program for 20 cycles (45 s at 95°C, 30
s at 60°C, 60 s at 72°C, followed by a 0.5°C decrease in the annealing temperature ev-
ery cycle). After completion of the TD program, 15 cycles were subsequently performed
(95°C for 30 s, 50°C for 30 s and 72°C for 60 s) ending with a 5-min extension at 72°C.
The resulting PCR products were cloned into a pMDI18-T vector (Takara Biologicals,
Japan) and sequenced. The clones harboring an F1 of M. ovipneumoniae HSP70 DNA
fragment were identified by homological analysis using the HSP70 sequences from other
Mycoplasma species. Step 2: Using the F1 fragment sequence of the HSP70, three specific
forward primers and one reverse degenerate primer (3 pairs of primer combinations) were
employed in three PCRs to amplify HSP70 DNA fragment 2 (F2 in Table 1), using the
TD PCR program identical to Step 1. The PCR products were cloned into the pMD18-T
vector, sequenced and identified as described in Step 1. Step 3: Based on the sequence
of the above F2 fragment of HSP70, a specific forward primer and two reverse degener-
ate Dnal primers (2 pairs of primer combinations) were used for two PCRs to amplify a
3'-terminal fragment (Table 1). This was done by using a TD PCR program for 10 cycles
(45 s at 95°C, 30 s at 60°C, 60 s at 72°C, followed by a 1.0°C decrease of the annealing
temperature every cycle), followed by 20 cycles of PCR amplification (95°C for 30 s,
50°C for 30 s and 72°C for 60 s) ending with a 5-min extension at 72°C. PCR products
were cloned, sequenced and identified as in Step 1. Step 4: The tail-PCR strategy was
used for the 5'-terminal fragment of MO HSP70 DNA. An adaptor primer obtained from
the genome walking kit was used as the forward primer and three reverse primers were
designed based on fragment 1 of HSP70 DNA for nested PCR. The final PCR product
was cloned, sequenced and identified as in Step 1. Step 5: The final HSP70 sequence
was compiled from the above PCR fragment sequences using the Vector NTI 11 Con-
tigExpress software. PCR amplification using P1 and P3 primers (Table 1) was used for
amplification of the full length of M. ovipneumoniae HSP70 DNA. The PCR fragment
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Table 1. Primers used for the amplification and cloning of the Mycoplasma ovipneumoniae HSP70 gene.

Fragment Primer Sequence (5' — 3') Degeneracy
F1 HS1A Fwd: GAYYTWGGWACHACHAACTC 144
HS1B Fwd: GAYYTWGGWACHACHAATTC 144
HS2 Fwd: GGWACNTTTGAYGTHTC 48
HA2 Rev: GADACRTCAAANGTWCC 48
HA3 Rev: ACHACYTCRTCHGGRTT 72
HA4A Rev: GWWADHGGDGTWACATC 216
HA4B Rev: GWWADHGGDGTWACGTC 216
F2 HSS1 Fwd: ATTGGTCACAAAGTTTCAAAAGCTGT NA
HSS2 Fwd: GATAATGCTCAACGTGAAGCGACA NA
HSS3 Fwd: GAACCAACAGCAGCCGCACTGACATT NA
HA4 Rev: GWWADHGGDGTWACRTC 432
3'-terminus HSS7 Fwd: GCCAAATCGTTCAATAAATCCTGATG NA
DnaJl Rev: RTCNGGRTGRTA 32
DnaJ2 Rev: ARDATYTCRTANGCYTC 192
5'-terminus AP Fwd: Adaptor Primer (Takara Genome Walking kit) NA
HSAL1 Rev: ACAGATGCGATTGCTTCAGGGTTAGT NA
HSA2 Rev: ACAATTTCCTCACCATTTTTGAAGGC NA
HSA3 Rev: ACAGGTTTTTGATTTTCGATAATTGC NA
Full length P1 Fwd: ATGAAAGGAAAACATAATATGGC NA
P3 Rev: GGGGTCGACTTAATTTTGTTTGATTTC NA
C-terminal P2 Fwd: CAGGGATCCACTCCTTTAACTTTAGG NA
cloning P3 Rev: GGGGTCGACTTAATTTTGTTTGATTTC NA

NA = not available. The italic and underlined sequences indicate the restriction enzyme sites used for cloning (Sa/l
and BamHI).

was cloned into the pMD-18T vector to generate the pMD-MoHsp70 plasmid containing
a full length of M. ovipneumoniae HSP70 DNA.

Expression of the recombinant C-terminal portion of the M. ovipneumoniae HSP70

The above pMD-MoHsp70 plasmid served as the template to amplify the 3'-ter-
minus of the M. ovipneumoniae HSP70 gene using primers P2 and P3. The PCR fragment
was cloned in frame into the pET-28a(+) bacterial expression vector. After being modified
by BamHI-Sall digestions, the resultant vector was designated as pET-MoHsp70C and used
for expression of recombinant His-tag-HSP70C fusion protein in E. coli BL21 (DE3) cells
according to the manufacturer instruction.

Genetic analysis of the M. ovipneumoniae HSP70 gene

The NCBI Open Reading Frame (ORF) Finder was utilized to identify the ORF of
M. ovipneumoniae HSP70 for the above cloned DNA sequence (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html). Sequence alignments, translations, and comparisons were carried out
using DNAMAN (v. 4.1, Lynnon Bio-Soft, Vaudreuil, Canada). The BLAST algorithm was
used to search the NCBI GenBank (http://www.ncbi.nlm.nih.gov/) databases for HSP70 ho-
mologous sequences of the 15 known Mycoplasma species (strains). Phylogenetic trees of
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DNA and protein were constructed using the neighbor-joining method with the DNAMAN
software; bootstrap values were calculated on 1000 replicates of the alignment (Saitou and
Nei, 1987; Kumar et al., 2004). The DNA Star software was used to analyze the antigenicity
and surface probability.

Detection of anti-HSP70 antibodies in the convalescent sera of M. ovipneumoniae-
infected sheep

E. coli BL21 (DE3) cells expressing recombinant His-tag-HSP70C fusion protein
were lysated in lysis buffer (20 mM Tris-Bis propane, 50 mM NaCl, 1 mM DTT, 2 mM
EDTA, 2.5 pg/mL Lyzozyme, pH 8.5), sonicated and centrifuged. The protein concentra-
tion of the above supernatant was determined by a slightly modified Bradford method us-
ing known standards (Ramagli, 1999). The samples were electrophoretically separated on
a 10% SDS-PAGE, followed by Coomassie G250 blue silver staining to evaluate protein
expression (Candiano et al., 2004). The nitro-cellulose membranes blotted with the E.
coli lysate containing His-tag-HSP70C protein were used to determine the anti-mycoplas-
mal antibodies in the convalescent sera of sheep by Western blotting. The convalescent
sera were collected from the M. ovipneumoniae-infected sheep, which were confirmed
by ELISA. The primary M. ovipneumoniae HSP70 antibody in the convalescent sera was
detected by horseradish peroxidase-coupled horse anti-sheep conjugate and visualized
using DAB substrate.

RESULTS
Cloning of the M. ovipneumoniae full-length HSP70 DNA

Conservative homology alignments of the HSP70 gene were performed between
15 Mycoplasma species (strains) (Table 2). Degenerative primers were used to clone
M. ovipneumoniae HSP70 DNA fragments step by step as illustrated in Figure 1A.
The PCR fragments were cloned into the pMD-18T vector, sequenced and identified
as fragments of the HSP70 gene by alignment of their nucleotide and predicted amino
acid sequences to HSP70 sequences of M. hyopneumoniae. Specific PCR products were
only obtained from reactions containing primers with a combination of HS1A and HA2
for fragment 1 (Step 1), and HSS7 and DnalJ1 for the 3'-terminus (Step 3) (Figure 1B).
PCRs using the primer combinations in Steps 2, 4 and 5 produced the expected products
(Figure 2B and data not shown). The PCR fragment sequences obtained from the series
cloning steps above were assembled using the Vector NTI 11 ContigExpress software
by comparing the HSP70 sequences of the other Mycoplasma species (strains) (Figure
2). The resulting sequence was identical to the sequence of the PCR product amplified
from the M. ovipneumoniae genomic DNA using the P1 and P3 primers. The PCR prod-
uct of the full-length HSP70 gene was cloned into the pMD-18T vector to generate the
pMD-MoHsp70 vector. The identified full-length HSP70 gene was highly conserved
between the other Mycoplasma species (strains), suggesting successful cloning of M.
ovipneumoniae HSP70.
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Step 5 (full length) =
Fwd Primer HS1A HS1B HSS1 HSS2 HSS3 HSS7 AP AP AP P1
Rev Primer HA2 HA2 HA4 HA4 HA4 DnaJ1 HSA1 HSA2 HSA3

Step 1 Step 2 Step 3 Step 4 Step 5

Figure 1. Cloning of Mycoplasma ovipneumoniae HSP70 DNA. A. Schematic diagram illustrating the procedure
and strategy of M. ovipneumoniae HSP70 DNA cloning. The procedure was conducted step by step as described in
the Material and Methods section. B. Ethidium bromide agarose gel images of PCR products of each step (bottom)
using the indicated primer set(s) (top). A DNA ladder was loaded in the left lane of each gel.

Bioinformatic analysis of the M. ovipneumoniae HSP70 gene

The ORF of the M. ovipneumoniae HSP70 gene was determined by inputting the iden-
tified sequence and the homology with other Mycoplasma HSP70 proteins using the NCBI
ORF finder software. The full-length gene is 1812 in length encoding 604 amino acids with
a predicted molecular mass of 66.1 kDa (Figure 2). The codon usage in the coding region of
HSP70 had a strong preference for A or T at the third position. Similar to mitochondrial and
other mycoplasma genomes, tryptophan was encoded by the UGA codon. This was consistent
with previous findings (Chou et al., 1997; Falah and Gupta, 1997). The molecular mass of the
M. ovipneumoniae HSP70 gene is 1098.5 kDa. The G/C content was 34.16%, which is higher
than the 28% average seen in mycoplasmal genomic DNA (Razin et al., 1998). Comparative
DNA and amino acid sequence analysis between 16 mycoplasmal HSP70 genes revealed that
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CGTCGAGTGAGATGAAGGATTTCGAACCGAATTTGTCGAGGCAACTTGACTTGCAATAGCATTATTGTCAGCTGTAATTGCAATAGTTTT 90
TTTAGTTTCTTTTTTTATCGGAATTTATAAAATAAAAGCGATGAAAAAAGTTGAGAAARAATATCGAAAGTCAACTARAAGAACTTTAAAA 180
TTTTTAATTTAAGTTCAAAAAAACCCTTGAATTTATTGCCTTTTTTATTTCTTTAAAAAAAATTAGCACTTTTTGCTTGTGAGTGCCAAA 270
AAATATGTTATACTATTTGTTGTCAAACAAAAAAGACAAATTTTATTCTTATTTTTTTAAATGAAAGGAAAACATAATATGGCAAAAGAA 360
M K G K HNMAIKE
ATAATTTTAGGTATTGACTTAGGAACAACAAACTCAGTTGTTGCAATTATCGAAAATCAAAAACCTGTTGTTCTTGAAAATCCTAACGGA 450
I @ ki I DL €' I NS WM V¥ A T I B NQ K E VIV L BB NP N 6
AAAAGAACAACTCCTTCTGTTGTTGCCTTCAAAAATGGTGAGGAAATTGTTGGTGATGCTGCAAAACGTCAACTAGAAACTAACCCTGAA 540
K R T W@ @ IV VY OA B KN G E BT VG DBAMAKRQ L BTN PEE
GCAATCGCATCTGTTAAAAGATTAATGGGTAGCGATAAAACTGTTCGTGCTAACCAAAGAGACTACAAACCTGAAGAAATTTCAGCAAAA 630
A& L A3 W R OO OM G S DK D ¥V R A N QR DY KRB B LS A K
ATTCTTGCATATTTAAAAGAATATGCTGAAAAAAAGATTGGTCACAAAGTTTCAAAAGCTGTTATCACAGTTCCTGCTTATTTTGATAAT 720
I o A ¥ L K OE Y A E K K I 6 B K V¥ 8 KA ¥ £ WV @ & ¥ B D N
GCTCAACGTGAAGCGACAAAAAATGCCGGAAAAATCGCAGGATTAGAAGTTGAAAGAATAATTAACGAACCAACAGCAGCCGCACTTGCA 810
A @ R E AT KN A G KE A 6 Iy B V B R I o N B 2 ‘FF A A A L A
TTTGGACTTGACAAAACAGAAAAAGAAATGAAAGTGCTTGTTTATGACTTAGGTGGTGGAACTTTTGACGTTTCAGTTCTTGAATTATCT 900
F G L D K T E K E MKV L, VY DL 66 & T DV S WV L E L S
AACGGAACTTTTGAAGTTTTATCAACAAGTGGTGATAACCATTTAGGTGGTGATGACTGAGATAATCAAATTGTTGAATGAATGGTTAAA 990
N G TP EBE VL S FE S G DN HIELZGEG D D W D N @ ¥V B WM WV K
AGAATTAAAGAAGAGTACGATTTTGATGCAAAAAGCGACAAAATGGCACTTACTCGTCTAAAAGAAGAAGCTGAAAAAACCAAAATTAAC 1080
R I kK E E ¥ D P DA KIS D KMAaIDLT RDL K B B A E KT K I N
CTATCAAATCAAAGTGTTTCAACAATTTCCTTACCATTTTTAGGTCTAGGAAAAAATGGTCCAATTAACGTTGAACTTGAACTAAAAAGA 1170
Inn 8 N@ & ¥ 8 T E § In B E Iy G I G K N 6 & T N ¥V E I B I K R
TCAGACTTTGAAAAAATGACAGCTCACCTAATTGACCGAACAAGAAAACCAATCGTTGATGCCTTAAAACAGGCTAAAATTGAAGCAAGT 1260
S D EE K M T A B L T D RO R K B T N DA I KOQ A KL GE A IS
GAGCTTGACGAGGTTCTTCTTGTTGGTGGATCAACACGTATGCCAGCTGTTCAGACAATGATTGAACACACTTTAAATAAAAAGCCAAAT 1350
Bl & D E W I, In 'V i G S ' R M P A W o o M T Ef H T L N K K P N
CGTTCAATAAATCCTGATGAAGTTGTTGCAATTGGAGCTGCAATCCAAGGTGGAGTTCTTGCTGGTGAAATTAGTGATGTTTTATTATTG 1440
R i © N P D B VvV VA T 6 AA I 0 G v AGEB T SDVILEL LT L
GACGTTACTCCTTTAACTTTAGGAATTGAAACCTTAGGTGGAGTTTCAACCCCATTAATTCCAAGAAATACAACAATTCCGGTAACAAAA 1530
DY Wi TSP My T 6 [t MEE T T MG G W 9 PV P B i P RS ONt G FV ST pE W SR IS
TCACAAATTTTCTCAACAGCTGAAGACAATCAAACCGAAGTTACAATTTCTGTAGTTCAAGGTGAAAGACAACTTGCTGCTGATAATAAA 1620
S 0 I F S T A E D N QO T E V T I 8§ V V 0 G E R O L A A D N K
ATGTTAGGACGCTTTAATCTTTCAGGAATCGAGCCTGCTCCTCGTGGTCTTCCACAAATTGAAGTTAGTTTTTCAATTGACGTTAACGGT 1710
M L G R F N L S G I E P A P R G L P O I E V S F S I D V N G
ATTACAACTGTTTCGGCAAAAGATAAAAAAACTGGAAAAGAACAAACAATTACAATTAAAAATACTTCAACTTTATCTGAAGAAGAAATT 1800
o R U N < OO o ) o S S LT G S - S I T
AACAGAATGATTCAAGAAGCCGAAGAAAATCGTGAAGCTGATGCAATCAAAAAAGATAAAATTGAAACAACAGTTCGTGCCGAAGGTCTT 1890
N R M T O F A E E N R E A DA T K K D K L F T T VvV R A E G L
ATTAATCAACTTGAAAAATCAATAACTGATCAAGGTGAAAAAATTGATCCTAAACAAAAAGAACTTCTTGAAAAACAAATTCAAGAACTC 1970
I N O L E K S I T D O G E K I D P K O K E L L E K O I O E L
AAAGATCTTTTAAAAGAAGAAAAAATTGACGAACTAAAAACAAAATTAGACCAAATTGAGCAAGCAGCCCAAGCTTTTGCCCAAGCAAGC 2060
K Pt L I K E R K L DR L K o K L P O T E QO A A QO AP A QO A D
GCTCAACAAGCTAACAGTGCAAGTGAAACTGATTCAGATTCAAACACAATTGATGCTGAAATCAAACAAAATTAARACCTAAAATTTATA 2150
A o9 A N S5 A S F F DS p S NT T D oAE E K O N K
AAAAACACACTTGCTTTTTGGCGGTGTGTCTTTTTTATATTAATATTTAAGACTTTTGCTTTAAAAAGTCTTAAATTTTTATTATTTTTC 2240
CCAAAATAATAAAAAAGTTTTTAAATTTAAAAAAGGAAATGTCAATTTTATGGCAAAACAAGATTACTATAAAACTTTAGGAATTTGACA 2240
AAAACGCAACATTATCTGATATTAAAAAAGCCTATCGAAACTTAGTTAATATTACCACCCCGAC 2304

Figure 2. DNA sequence and predicted amino acid sequence of Mycoplasma ovipneumoniae HSP70. The italic letters
represent HSP70 coding sequences. The bold italic M shows the predicted start methionine of the ORF, with an asterisk
(*) indicating the stop codon. The underlined amino acid sequences indicate the COOH-terminus of the HSP70 gene
that was cloned into the Escherichia coli expression vector pET-28a(+) for generation of recombinant protein.

the M. ovipneumoniae had an identity between 59 to 87% and 58 to 94%, respectively. Fur-
thermore, M. ovipneumoniae and M. hyo shared the highest DNA and amino acid sequence
identity of 87 and 94%, respectively (Table 2). To understand the genetic relationship between
M. ovipneumoniae HSP70 and other Mycoplasma HSP70s, phylogenic trees were produced
using the nucleotide and amino acid sequences (Figure 3). Phylogenetic analysis revealed
that Mycoplasma HSP70 was divided into two major branches. The first branch included M.
ovipneumoniae and M. hyo. The other branch was more diverse including M. capricolum, M.
pneumoniae and M. genitalium. These two branches contained several sub-branches (Figure
3). Both the DNA and amino acid identities to other mycoplasmal HSP70 genes decreased
according to the degree of phylogenetic relationship between Mycoplasma species (strains),
and exhibited the lowest sequence identity of both DNA and amino acid with M. pneumoniae,
which were 58 and 59%, respectively (Table 2 and Figure 3).
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Figure 3. Continued on next page.
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Figure 3. Dendrogram of the phylogenetic relationship. The phylogenetic relationship between the HSP70 DNA (A)
and protein sequences (B) of 16 different Mycoplasma species (strains) was based on a neighbor-joining algorithm.
The trees were constructed using the p-distance method; bootstrap values are shown next to the branches. The size
of each branch is proportional to the evolutionary distances used to generate the phylogenetic tree. The accession
numbers of Mycoplasma HSP70 were obtained from the NCBI database.
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Expression of the recombinant C-terminus of the M. ovipneumoniae HSP70 protein

The carboxy-terminal portion of HSP70 has been suggested as the major target for the
humoral immune response (Kakeya et al., 1999). A bacterial expression vector, pET-MoHsp70C,
capable of expressing the C-terminal portion of M. ovipneumoniae HSP70, was generated to
evaluate its potential immunogenic function. E. coli BL21 (DE3) cells were transformed
with pET-MoHsp70C and incubated in LB media containing appropriate antibiotics for
18-24 h. This was followed by a 4-h 1.0 mM IPTG induction. SDS-PAGE analysis of
whole cell lysate demonstrated a ~29-kDa target band corresponding to the expected band
(left Panel in Figure 4A). A 6X His-tag fused to the C-terminal portion of the target pro-
teins is achieved by expressing proteins using a pET vector. The integrity and identity
of the fusion protein may be ascertained by His-tag detection by Western blot analysis.
Blotting for this tag demonstrated a single 29-kDa protein band (right Panel in Figure 4A)
representing the recombinant C-terminal portion of HSP70.
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Figure 4. Expression and immunoblotting analysis of recombinant HSP70 protein. A. Western blotting analysis of
the expression of recombinant C-terminus HSP70 of Mycoplasma ovipneumoniae. The left panel shows the SDS-
PAGE result of cell lysate derived from Escherichia coli BL21 (DE3) transformed with pET-28a (Lane 1), protein
molecular weight markers (Lane 2) and pET-MoHSP70C with IPTG induction (Lane 3). The right panel displays
the resulting Western blot (WB) of recombinant fusion protein detected with anti-His antibody. B. Immunoblotting
analysis of the recombinant HSP70 fusion protein using ELISA-positive sheep convalescent sera (P1-P5 were sera
from 5 individual sheep) and ELISA-negative sheep sera (N1-N4 were sera from 4 individual sheep).
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Antibody reaction of convalescent sera with the recombinant C-terminal portion
of the M. ovipneumoniae HSP70 protein

Western blot analysis was used to verify whether HSP70 expression induces an im-
mune response by using antibodies generated against HSP70 to screen convalescent sera de-
rived from M. ovipneumoniae-infected sheep. The recombinant C-terminal portion of the M.
ovipneumoniae HSP70 protein was detected by Western immunoblot using ELISA-positive
sheep convalescent sera, but not in the ELISA-negative sera (Figure 4B). This result suggests
that the HSP70 may be a dominant immunogen that induces the host immune response against
mycoplasmal infection. Furthermore, recombinant HSP70 may be a potential vaccine candi-
date and/or vaccine adjuvant against M. ovipneumoniae infections.

DISCUSSION

A number of studies have demonstrated that HSPs play critical roles in both the innate
and adaptive immunity functioning as immune adjuvant and/or immunogens (Craig, 1985).
HSP70 has been suggested to be involved in the antigen processing and presentation machin-
ery associated with a transporter related to antigen processing and proteasomes that degrade
cellular proteins to produce antigen peptides (Torigoe et al., 2009). M. tuberculosis HSP70 has
been shown to be a strong antigen containing multiple B- and T-cell epitopes. Furthermore,
it has been demonstrated that the antigenic properties can be exploited to enhance and in-
duce the humoral and cellular immune responses as both an adjuvant and immunogen (Suzue
and Young, 1996; Li et al., 2006). A previous study has identified a 42-kDa recombinant M.
hyopneumoniae HSP70 protein by an immunoscreening assay with porcine convalescent and
hyperimmune sera. This part of M. hyopneumoniae HSP70 was sequence homologous to that
of M. genitalium and B. subtilis. Evidence that purified monospecific antibodies to a portion
of HSP70 was capable of inhibiting the growth of M. hyopneumoniae suggested the potential
use of HSP70 as a vaccine (Chou et al., 1997). M. ovipneumoniae and M. hyopneumoniae
are members of the order Mycoplasmales and were the sequences with the highest homol-
ogy (Minion et al., 2004). These studies implied an importance of HSP70 in host immune
responses against M. ovipneumoniae infection. However, neither the entire genome nor the
HSP70 gene of M. ovipneumoniae has been sequenced.

In this report, we described the cloning and phylogenetic analysis of the M. ovipneu-
moniae HSP70/DnaK gene. The M. ovipneumoniae HSP70 gene encompasses 1812 protein-
encoding sequences and is located downstream of Dnal. Previous phylogenetic analysis of
HSP70 has demonstrated that Mycoplasma species are closely related to Gram-positive bacte-
ria with evidence of low G/C content in all 16 Mycoplasma HSP70 sequences analyzed (Falah
and Gupta, 1994, 1997). In the present study, the analysis of DNA and predicted amino acid
sequences of Mycoplasma HSP70 revealed a high degree of identity between the HSP70 gene
of M. ovipneumoniae and M. hyopneumoniae, the identity of the HSP70 sequence decreased
with the degree of phylogenetic relationship between Mycoplasma species.

HSP70 is a major antigen of pathogenic bacteria and mycoplasmas, such as M. tuber-
culosis and M. hyopneumoniae (Suzue and Young, 1996; Chou et al., 1997; Li et al., 2006).
The predicted tertiary structure of M. ovipneumoniae HSP70 revealed that the C-terminus of
the protein was outside of the tertiary structure, implying that an antigenic epitope against M.
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ovipneumoniae infection may exist in the C-terminus of the HSP70 protein. To investigate the
antigenicity of HSP70 in M. ovipneumoniae infections, the C-terminal portion of the HSP70
gene was cloned into a bacterial expression vector and expressed in E. coli cells. The bacterial
recombinant protein was used to detect specific antibodies against the HSP70 protein in sheep
convalescent sera. As demonstrated with M. hyopneumoniae HSP70 (Chou et al., 1997), the
immunoblotting assay demonstrated that the recombinant protein strongly reacted with the
ELISA-positive sera, with only weak or no reaction to the negative sera. This suggests that M.
ovipneumoniae HSP70 protein may be a relevant antigen for vaccine development against M.
ovipneumoniae infections.

In conclusion, this study described the cloning and characterization of the M. ovipneu-
moniae HSP70 gene. Comparative analysis of 16 Mycoplasma HSP70 genes demonstrated
that the HSP70 shared the highest sequence identity with M. hyopneumoniae HSP70. The
evidence that the recombinant C-terminal portion of the HSP70 protein enables it to react with
convalescent sera from M. ovipneumoniae-infected sheep suggested that HSP70 may be a
relevant antigen for vaccine development.
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