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Mycoplasma hyopneumoniae mhp379 is a putative lipoprotein that shares significant amino acid sequence
similarity with a family of bacterial thermostable nucleases. To examine the nuclease activity of mhp379, the
gene was cloned and expressed in Escherichia coli following the deletion of the amino-terminal signal sequence
and prokaryotic lipoprotein cleavage site and mutagenesis of the mycoplasma TGA tryptophan codons to TGG.
The recombinant fusion protein yielded a 33-kDa thrombin cleavage product, corresponding in size to the
mature mhp379 protein. Exonuclease activity was indicated by agarose gel electrophoresis analysis of the
reaction products that were released when different nucleic acid substrates were used. Endonuclease activity
was also indicated by the digestion of closed circular plasmid DNA. The recombinant mhp379 fusion protein
completely digested single-stranded DNA, double-stranded DNA (dsDNA), and RNA. The optimal reaction
conditions were determined with a novel nuclease assay based on the enhancement of fluorescence of SYBR
green I bound to dsDNA. Optimal activity was observed in the presence of calcium ions at a concentration of
15 mM and a pH of 9.5. No nuclease activity was observed in the absence of calcium ions. Mycoplasmas do not
have the ability to synthesize nucleic acid precursors, and thus, nucleases are likely to be important in the
acquisition of precursors for the synthesis of nucleic acids. Homologs of an ATP-binding cassette (ABC)
transport system were identified immediately downstream of the gene encoding mhp379, and two homologs of
M. pneumoniae lipoprotein multigene family 2 were also identified immediately upstream. Homologs of mhp379
were identified in the sequenced genomes of a number of mycoplasma species, and in most cases the homol-
ogous ABC transport system was identified immediately downstream of the homologous gene; in several cases
a homolog of M. pneumoniae lipoprotein multigene family 2 was also identified immediately upstream. These
observations suggest that mhp379 comprises part of a conserved ABC transport operon in mycoplasmas and
that the exonuclease activity of mhp379 may be associated with the conserved function of the ABC transport
system in the import of nucleic acid precursors. This is the first study to identify the gene and characterize the
activity of a mycoplasma exonuclease.

Neither the genes nor the enzymes for the biosynthesis of
nucleic acid precursors in mycoplasmas have been identified
(5, 21, 24, 34, 42, 46, 47, 51, 57, 59). However, genomic se-
quence analyses of a number of mycoplasma species have iden-
tified novel enzymes associated with salvage pathways for the
biosynthesis of nucleic acids from nucleotides (5, 21, 24, 34, 42,
44, 51, 57–59). These salvage pathways have been functionally
characterized in Mycoplasma mycoides subspecies mycoides
(35–37, 58). Mycoplasma nucleases are thought to play a met-
abolic role in the production of nucleotide substrates from host
or microbial nucleic acids released through natural and in-
duced cell death. These nucleotide substrates may be produced
following the import of small oligonucleotides into the cyto-
plasm or through the extracellular activity of nucleases at-
tached to or secreted from the cell surface. One or more
transport mechanisms for the import of intact exogenous nu-
cleotides have been identified in M. mycoides subspecies my-
coides (38, 39, 60). Membrane-associated nuclease activity has
been identified in all mycoplasma species studied so far (33),
and a comparatively large number of mycoplasmas have addi-

tionally been shown to produce extracellular nuclease activity
(33).

The identification of intracellular, extracellular, and mem-
brane-associated nuclease activities in a number of myco-
plasma species suggests the involvement of nucleases in a va-
riety of cellular processes (2, 25, 33, 45). This is supported by
the identification of one or more nucleases in most myco-
plasma species studied so far (33) and the concomitant iden-
tification of multiple genes encoding putative nucleases in
genomic sequence analyses (5, 21, 24, 34, 42, 51, 57, 59). How-
ever, many of these nucleases do not appear to be conserved
between mycoplasma species, based on differences in size and
reaction conditions (2, 25, 33, 45). In particular, these nucle-
ases differ in the requirement for specific divalent cations,
which is an important criterion in their classification (6). Early
studies of the biochemical properties of a number of myco-
plasma nucleases used crude lysates of whole cells that con-
tained multiple nuclease activities (43). For Mycoplasma pul-
monis, the biochemical properties of membrane-associated
nucleases have been partially characterized (25, 43) and the
gene encoding the nuclease that is reportedly associated with
the majority of this membrane-associated activity, designated
mnuA, has been cloned and expressed (25). Only the major
membrane-associated nuclease of Mycoplasma penetrans has
been purified to homogeneity and the biochemical properties
completely characterized (2). The nucleases of M. penetrans
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and M. pulmonis displayed endonuclease activity that was
strictly dependent on the presence of calcium and/or magne-
sium ions (2, 43). Calcium and magnesium ion-dependent en-
donuclease activity has also been found in a number of other
mycoplasma species (43). While the mnuA membrane nuclease
gene of M. pulmonis encodes a putative prokaryotic lipoprotein
cleavage site (25), preliminary studies have failed to identify a
nuclease of M. pulmonis that is covalently modified by the fatty
acid palmitate (33). Homologs of mnuA in a number of other
mycoplasma species, including Mycoplasma hyopneumoniae,
have been identified by nucleic acid hybridization and genomic
sequence analyses (5, 25, 34, 42, 51).

In addition to their importance in the life cycle of mycoplas-
mas, nucleases attached to or secreted from the cell surface
have been implicated as potential pathogenic determinants.
Apoptotic changes characterized by the internucleosomal frag-
mentation of chromatin in epithelial cells cultured in the pres-
ence of Mycoplasma hyorhinis were due to the activity of a
calcium and magnesium ion-dependent endonuclease (40, 41).
A 40-kDa calcium and magnesium ion-dependent endonucle-
ase of M. penetrans has also been shown to induce similar
apoptotic changes in cultured lymphocytes (3). The activity of a
family of phase-variable site-specific restriction endonucleases
is reportedly associated with the colonization of the lower
respiratory tract of infected rats by M. pulmonis (12, 17, 54).
While site-specific restriction endonucleases are known to be
important in protecting against the entry of foreign nucleic
acids, the phase-variable restriction endonucleases of M. pul-
monis appear to have an alternate, and as-yet-unknown, func-
tion (17). Putative restriction endonucleases in a number of
mycoplasma genomes have been annotated (21, 24, 59), and a
restriction endonuclease has been isolated from Mycoplasma
fermentans (18). The indirect role of nucleases in both the life
cycle and pathogenesis of mycoplasmas is a recurring theme in
studies of mycoplasma-host interactions (49).

The aim of this study was to examine the function of M.
hyopneumoniae mhp379. mhp379 is a putative lipoprotein with
amino acid sequence similarity to a family of thermostable
nucleases identified in other bacteria. The gene encoding
mhp379 was cloned and expressed in Escherichia coli, and the
nuclease activity, substrate specificity, and biochemical prop-
erties of the purified recombinant glutathione S-transferase
(GST)-mhp379 protein were examined.

MATERIALS AND METHODS

Bacterial strains and media. M. hyopneumoniae strains LKR (29) and Ade-
laide Beaufort (13) were grown at 37°C in Friis broth or on Friis agar (15). Cells
were harvested at the late logarithmic phase of growth. Plasmid-transformed E.
coli JM109 cells were grown at 37°C in Luria-Bertani broth or on Luria-Bertani
agar containing 50 �g of ampicillin/ml (50).

Triton X-114 phase fractionation. Triton X-114 (TX-114) detergent-soluble
M. hyopneumoniae proteins were prepared as described previously (10) with
some modifications. M. hyopneumoniae cells were resuspended in 0.5% (vol/vol)
TX-114 (Sigma Aldrich) in phosphate-buffered saline (PBS) and incubated for
1 h at 4°C. Insoluble material was removed by centrifugation, and the superna-
tant was carefully added to a sucrose solution (0.6% [wt/vol] sucrose and 0.06%
[vol/vol] TX-114 in PBS) and incubated for 10 min at 37°C. The solution was
centrifuged at 37°C, and the supernatant containing the hydrophilic proteins was
collected. Hydrophobic proteins in the TX-114 pellet were harvested by centrif-
ugation following the addition of at least 3 volumes of a 1:4 mixture of chloro-
form and methanol. The pellet containing the hydrophobic proteins was dried
under vacuum and resuspended in sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) sample buffer for analysis by SDS-PAGE and
Western immunoblotting.

Trypsin treatment. Intact M. hyopneumoniae cells were treated with trypsin to
partially digest cell surface proteins, as described previously (10). A 20-ml culture
of M. hyopneumoniae was resuspended in Tris-buffered saline (TBS) (50 mM Tris
and 145 mM NaCl [pH 7.4]) and divided into five equal aliquots. Trypsin (Sigma
Aldrich) was prepared fresh in TBS buffer at concentrations of 64, 16, 4, 1, and
0.25 �g/ml, and an equal volume of each dilution was added to each aliquot of
cells. Samples were incubated for 30 min at 37°C, and trypsin digestion was
stopped by the addition of soybean trypsin inhibitor (Sigma Aldrich) to a final
concentration of 0.06% (wt/vol). Cells were harvested and resuspended in SDS-
PAGE sample buffer for analysis by SDS-PAGE and Western immunoblotting.

SDS-PAGE and Western immunoblotting. SDS-PAGE was performed as de-
scribed previously (11, 28) with the Bio-Rad Mini Protean II gel system, accord-
ing to the manufacturer’s instructions. For Western immunoblotting, proteins
were transferred from the electrophoresed gel to a nitrocellulose membrane
(Hybond-C; GE Healthcare) with the Bio-Rad Western transfer apparatus, ac-
cording to the manufacturer’s instructions. The immunological detection of the
transferred proteins was performed as described previously (11) with some mod-
ifications. Nitrocellulose membranes were incubated for at least 2 h in 10%
(wt/vol) skim milk (Difco) and washed in 0.5% (vol/vol) Tween 20 (Sigma
Aldrich) in PBS (PBS-T) between each step. The primary antibody and horse-
radish peroxidase (HRP)-conjugated secondary antibody were diluted 1:500 and
1:2,000, respectively, in PBS-T and incubated with the nitrocellulose membranes
for 1 h. The HRP-conjugated secondary antibody was detected with FAST
3,3�-diaminobenzidine tablet sets (Sigma Aldrich) or the ECL detection kit (GE
Healthcare), according to the manufacturers’ instructions. The optimal dilution
of primary antibody was determined by titration. HRP-conjugated secondary
antibodies used in this study were rabbit anti-rat (Dako) and goat anti-pig
(Kirkegaard & Perry Laboratories) immunoglobulins.

DNA cloning, sequencing, and expression of the mhp379 gene. Genomic DNA
was purified from M. hyopneumoniae as described previously (30). The DNA
sequence of the mhp379 gene from M. hyopneumoniae strain 232 (GenBank
accession no. NC006360) was used to design oligonucleotide primers for the
PCR amplification of mhp379 from strain LKR. The mhp379 gene was amplified
downstream of the predicted prokaryotic lipoprotein cleavage site, and the my-
coplasma TGA tryptophan codons were mutagenized to TGG by overlap exten-
sion PCR to enable the expression of the truncated mhp379 sequence in E. coli.
Briefly, separate PCRs were performed with 1 �l of genomic DNA template for
each of the oligonucleotide primer pairs BAMH1F-1WR, 1WF-2WR, and 2WF-
SAL1R (Table 1) in a reaction volume of 50 �l containing 2 mM MgSO4, 100 �M
concentrations of each deoxynucleoside triphosphate, 0.4 �M concentrations of
each primer, and 1.5 U of Platinum Taq thermopolymerase (Life Technologies
Inc.). Touchdown PCRs were performed in a thermocycler (Hybaid) under the
following conditions: for primer pair BAMH1F-1WR, 95°C for 5 min, then 18
cycles of 95°C for 1 min, 62.5°C lowered to 52.5°C (approximately 1.25°C every
two cycles) for 1 min, and 68°C for 2 min, followed by 25 cycles of 95°C for 1 min,
52.5°C for 1 min, and 68°C for 2 min, with a final extension at 68°C for 10 min;
and for primer pairs 1WF-2WR and 2WF-SAL1R, 95°C for 5 min, then 18 cycles
of 95°C for 1 min, 65°C lowered to 55°C (approximately 1.25°C every two cycles)
for 1 min, and 68°C for 2 min followed by 25 cycles of 95°C for 1 min, 55°C for
1 min, and 68°C for 2 min, with a final extension at 68°C for 10 min. The PCR
products were resolved by agarose gel electrophoresis and purified with the
QIAquick gel extraction kit (QIAGEN) according to the manufacturer’s instruc-
tions. Approximately equimolar amounts of all three PCR products were used as
templates in an overlap extension touchdown PCR with the oligonucleotide

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Sequence (5�33�)a

BAMH1F ..............TATTggatccTATCAAAATGAAGCAACTCG
1WR.......................GTTTATCTTGTTGAGTcCATTGATAATTTTG
1WF .......................GATCAAAATTATCAATGgACTCAACAAGATAAAC
2WR.......................GTATCTCCATCTTTcCATTCAACAATTTCGGC
2WF .......................GCCGAAATTGTTGAATGgAAAGATGGAGATAC
SAL1R...................TAGgtcgacTATTTTTTTTCCTTTAATTCTCGACC
pGEXfwd ..............GGGCTGGCAAGCCACGTTTGGTG
pGEXrev ...............CCGGGAGCTGCATGTGTCAGAGG

a Lowercase letters indicate nucleotide differences from the published se-
quences. These changes were introduced to create a restriction endonuclease
cleavage site or to mutate a TGA tryptophan codon to TGG. Boldface letters
indicate an introduced in-frame stop codon.
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primer pair BAMH1F-SAL1R (Table 1) under the following conditions: 95°C for
5 min, then 18 cycles of 95°C for 1 min, 65°C lowered to 55°C (approximately
1.25°C every two cycles) for 1 min, and 68°C for 2 min, followed by 25 cycles of
95°C for 1 min, 55°C for 1 min, and 68°C for 2 min, with a final extension at 68°C
for 10 min. The PCR product was purified with the QIAquick PCR purification
kit (QIAGEN), digested with BamHI and SalI, and ligated into the expression
vector pGEX-4T-1 (GE Healthcare) according to the manufacturer’s instruc-
tions. E. coli JM109 cells were transformed with the ligation mixture, and clones
containing the mutagenized mhp379 gene were selected. The pGEX-4T-1 plas-
mid construct containing the mutagenized mhp379 gene was purified with the
Plasmid Midi kit (QIAGEN) according to the manufacturer’s instructions and
was used as a template in DNA sequencing reactions using the BigDye Termi-
nator cycle sequencing kit (Applied Biosystems) and the oligonucleotides
pGEXfwd and pGEXrev (Table 1). The expression of the recombinant mhp379
fusion protein in E. coli was induced by the addition of isopropyl-�-D-thiogalac-
topyranoside to a final concentration of 2 mM. The recombinant GST-mhp379
protein was purified by affinity chromatography with a glutathione-Sepharose
column (GE Healthcare) and dialyzed against PBS overnight at 4°C. The GST
fusion partner was removed by enzymatic cleavage with thrombin (GE Healthcare)
according to the manufacturer’s instructions. The thrombin cleavage products were
analyzed by SDS-PAGE.

Preparation of antiserum. The thrombin-cleaved recombinant mhp379 pro-
tein was used to immunize rats, as described previously (20). Briefly, thrombin-
cleaved recombinant mhp379 was separated by SDS-PAGE and stained with
0.05% (wt/vol) Coomassie brilliant blue until the corresponding band was visible.
The stained thrombin-cleaved recombinant mhp379 protein band was excised,
and the polyacrylamide gel slice was emulsified in an equal volume of Freund’s
complete adjuvant and injected subcutaneously into PVG/c rats. Three further
booster immunizations were given at 1-month intervals with the thrombin-
cleaved recombinant mhp379 polyacrylamide gel slice emulsified in Freund’s
incomplete adjuvant. Serum was collected 10 days after each booster, and the
titer was assessed by Western immunoblotting. Antibodies were purified by
affinity chromatography with a protein L agarose column (Sigma Aldrich), as
described previously (20), and sterilized by passage through a 0.22-�m filter.
Immune serum was heat inactivated by incubation at 56°C for 20 min.

Polyclonal rabbit antiserum raised against M. hyopneumoniae strain LKR
whole cells was obtained from A. Kanci (School of Veterinary Science, The
University of Melbourne, Melbourne, Australia). Polyclonal antiserum from a
pig infected with M. hyopneumoniae strain Adelaide Beaufort was obtained from
T. Czaja (School of Veterinary Science, The University of Melbourne, Mel-
bourne, Australia) and has been described previously (8). Polyclonal rabbit
antiserum raised against purified recombinant GST was obtained from C.-J. Chiu
(School of Veterinary Science, The University of Melbourne, Melbourne, Aus-
tralia).

Assays for nuclease activity. The nuclease activity of recombinant GST-
mhp379 was analyzed by agarose gel electrophoresis. Approximately 4 �g of
recombinant GST-mhp379 was incubated at 37°C in 100-�l nuclease reaction
buffer (25 mM Tris-HCl [pH 8.8] and 10 mM CaCl2) containing 1 to 5 �g of
nucleic acid substrate. A 10-�l aliquot was removed at different time intervals,
and EDTA was added to a final concentration of 20 mM. The reaction products
were analyzed by 1% agarose gel electrophoresis, and the DNA was visualized by
staining with ethidium bromide. Exonuclease and endonuclease activities were
analyzed with double-stranded (ds) � phage DNA (New England BioLabs) and
closed circular plasmid DNA (pGEX-4T-1 containing the mutagenized mhp379
gene purified as described above [pGEX-mhp379]) as substrates, respectively.
Substrate specificity was analyzed with single-stranded (ss) M13 phage DNA
purified according to the method of Sambrook et al. (50), and total RNA was
purified from E. coli with the RNeasy RNA purification kit (QIAGEN). The
mode of nuclease action was further analyzed by using a DNA substrate that was
PCR amplified in the presence of a 5� digoxigenin (DIG)-labeled primer that was
obtained from C.-W. Tseng (School of Veterinary Science, The University of
Melbourne, Melbourne, Australia). The reaction products were subjected to 1%
agarose gel electrophoresis and Southern transferred to a nylon membrane
(Hybond-N�) (GE Healthcare), as described previously (50). The DIG-labeled
reaction products were detected with the DIG chemiluminescence detection kit
(Roche) and autoradiographed with Biomax film (Kodak) according to the
manufacturers’ instructions. GST was expressed and affinity purified from E. coli
transformed with pGEX-4T-1, as described above, and used as a negative control
in all assays.

The optimal nuclease reaction conditions were determined with a real-time
nuclease assay based on the enhancement of fluorescence of SYBR green I
bound to dsDNA. Approximately 4 �g of recombinant GST-mhp379 was added
to 50 �l of nuclease reaction buffer containing 1� SYBR green I (Molecular

Probes) and 50 ng of herring sperm DNA (Roche), and the mixture was incu-
bated at 37°C in an Mx3000P fluorescence detection PCR instrument (Strat-
agene). Fluorescence data were collected every 1 min. The optimal nuclease
reaction conditions were determined by comparing the initial reaction velocity,
as measured by the relative change in fluorescence under different experimental
conditions. This nuclease assay was used to examine the effects of pH, ionic
strength (sodium and potassium ions), concentration of divalent cations (calcium
and magnesium), and temperature. EDTA was added to a final concentration of
5 mM to examine the nuclease activity of recombinant GST-mhp379 in the
absence of exogenously supplied divalent cations. The effect of temperature was
examined in terms of both the nuclease activity and the stability of recombinant
GST-mhp379 at different temperatures. The temperature stability was examined
by first incubating the reaction mixture for 10 min at the designated temperature
in the absence of the DNA substrate. All reactions were repeated in triplicate.
GST was prepared as described above and used as a negative control in all assays.

Sequence analysis. Amino acid sequence similarity searches were performed
with BLASTP (1). ClustalX was used to align similar amino acid sequences.
Putative amino-terminal signal sequences and prokaryotic lipoprotein cleavage
sites were identified with SignalP (4) and LipoP (26), respectively. The
TNASE_3 thermonuclease domain profile was identified by searching the
PROSITE database (14).

RESULTS

Cloning and expression of the gene encoding mhp379. Two
TGA tryptophan codons identified by sequence analysis of the
mhp379 gene in M. hyopneumoniae strain 232A were mu-
tagenized to TGG by overlap extension PCR. The mu-
tagenized mhp379 gene encoding the mature protein immedi-
ately downstream of the cysteine residue of the prokaryotic
lipoprotein cleavage site was cloned into the expression vector
pGEX-4T-1. SDS-PAGE analysis of the expressed recombi-
nant GST-mhp379 protein identified a band of approximately
59 kDa (Fig. 1A, lane U). Thrombin cleavage of recombinant
GST-mhp379 produced two bands of approximately 26 and 33

FIG. 1. SDS-PAGE analysis and Western immunoblotting of re-
combinant GST-mhp379 expressed in E. coli and purified by affinity
chromatography. (A) Coomassie brilliant blue-stained gel of recombi-
nant GST-mhp379 (lane U) and thrombin-cleaved recombinant GST-
mhp379 (lane C) fusion products separated by SDS–10% PAGE with
molecular mass markers (Novex). (B) Western blots of uncleaved
(lanes U) and thrombin-cleaved (lanes C) recombinant GST-mhp379
probed with rat antiserum raised against gel-purified thrombin-cleaved
recombinant mhp379 (�-mhp379), rabbit antiserum raised against
GST (�-GST), rabbit antiserum raised against M. hyopneumoniae
strain LKR whole-cell proteins (rabbit �-Mhp), and antiserum from a
pig infected with M. hyopneumoniae strain Adelaide Beaufort (pig
�-Mhp). Proteins were separated by SDS–10% PAGE with prestained
molecular mass markers (New England BioLabs) and Western trans-
ferred.
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kDa (Fig. 1A, lane C), corresponding in size to the GST fusion
partner and the mhp379 protein fragment, respectively. West-
ern immunoblotting using rat antiserum against thrombin-
cleaved recombinant mhp379 identified proteins correspond-
ing in size to the expressed recombinant GST-mhp379 (59 kDa)
and thrombin-cleaved mhp379 (33 kDa) proteins (Fig. 1B,
�-mhp379 lanes U and C). Conversely, while rabbit antiserum
against GST also detected the expressed recombinant GST-
mhp379 protein (59 kDa), it detected only the GST fusion partner
(26 kDa) in the thrombin cleavage products (Fig. 1B, �-GST
lanes U and C). Western immunoblotting using rabbit antiserum
against M. hyopneumoniae whole cells and pig antiserum against
live M. hyopneumoniae did not bind the expressed recombinant
GST-mhp379 protein or thrombin cleavage products (Fig. 1B,
rabbit �-Mhp and pig �-Mhp lanes U and C).

Characterization of the expression of mhp379 in M. hyo-
pneumoniae. While rabbit and pig antiserum against M. hyo-
pneumoniae did not bind the recombinant mhp379 protein, rat
antiserum against recombinant mhp379 identified a 33-kDa
protein in Western immunoblots of M. hyopneumoniae strains
LKR and Adelaide Beaufort (Fig. 2A). The 33-kDa protein
partitioned exclusively into the hydrophobic phase following
TX-114 fractionation (Fig. 2B) and was also shown to be sus-
ceptible to proteolytic cleavage after the treatment of intact M.
hyopneumoniae cells with increasing concentrations of trypsin
(Fig. 2C).

Sequence analysis. The cloned mhp379 gene fragment was
855 bp in length and coded for a mature peptide of 285 amino
acids with a predicted molecular mass of 33.2 kDa. The pre-
dicted molecular mass was consistent with that determined by
SDS-PAGE (Fig. 1A, lane C). Two substitutions were identi-
fied in the nucleotide sequence of the cloned mhp379 gene
fragment from M. hyopneumoniae strain LKR compared to the
published nucleotide sequence of mhp379 from strain 232.

One of these substitutions was in the third position of the
codon and was not associated with a change in the translated
amino acid residue. The other nucleotide substitution changed
the translated amino acid residue from aspartate to asparagine
at position 28 of the mature peptide sequence.

In M. hyopneumoniae, the gene encoding mhp379 is located
immediately upstream of three genes that comprise the four
domains of an ATP-binding cassette (ABC) transport system
(Fig. 3). The two ATP-binding domains that couple ATP hy-
drolysis to transport are predicted to be encoded by one gene,
mhp380, and the two transmembrane domains that are asso-
ciated with the passage of the substrate into the cell are en-
coded by two separate genes, mhp381 and mhp382. The amino
acid sequence of mhp380 reportedly shows similarity to the
PotA spermidine/putrescine ATP-binding protein, and mhp381
and mhp382 show similarity to the UgpA and UgpE glycerol-3-
phosphate transport system permease proteins, respectively. It is
important to note that this similarity is based on the presence
of conserved ABC transporter family signature sequences and
conserved domains and that significant sequence similarity
could also be identified with almost every other class of ABC
transporter. Two paralogous genes encoding mhp378 and
mhp377 are located immediately upstream of mhp379 and are
homologs of M. pneumoniae lipoprotein multigene family 2
(19). mhp378 is a membrane-associated protein that is immu-
nogenic in pigs infected with M. hyopneumoniae (31). The
hypothetical protein mhp383 has been annotated only in the
complete genome of M. hyopneumoniae strain 232, not in strain
J or strain 7448 (57). However, the nucleotide sequence of the
region between mhp377 and mhp383 in M. hyopneumoniae
strain 232 is nearly identical to that of the homologous regions
in strains J and 7448 (data not shown). The differences in the
reported sizes of the homologous proteins in M. hyopneu-
moniae strains J and 7448 are due to differences in the pre-
dicted translational initiation sites.

A BLASTP search of the GenBank database identified
homologs of mhp379 in M. pulmonis (MYPU0250), Mycoplasma
genitalium (MG186), Mycoplasma gallisepticum (MGA0676), My-
coplasma pneumoniae (MPN133), and Mycoplasma synoviae
(MS530284). A homolog of mhp379 could not be identified in the
sequenced genomes of Mycoplasma capricolum, M. mobile, M.
mycoides subspecies mycoides SC, or M. penetrans. However, nu-
clease activity in M. capricolum and M. penetrans has been iden-
tified previously (2, 33). No sequence similarity could be iden-
tified between mhp379 and the MnuA major membrane
nuclease of M. pulmonis (MYPU6930). All mycoplasma ho-
mologs of mhp379 contained a hydrophobic amino-terminal
signal sequence and prokaryotic lipoprotein cleavage site.
More importantly, all mycoplasma homologs of mhp379, with
the exception of M. synoviae MS530284, were located imme-
diately upstream of homologs of the mhp380-mhp381-mhp382
ABC transport system, and most of the genes encoding the
conserved putative mhp379-mhp380-mhp381-mhp382 operon
were partially overlapping (Fig. 3). While M. synoviae
MS530284 is also located immediately downstream of a ho-
molog of mhp377-mhp378, the mhp380-mhp381-mhp382 ABC
transport system homologs are located approximately 59 kb
from these genes (Fig. 3). Homologs of mhp377-mhp378 have
also been identified upstream and downstream of the mhp380-

FIG. 2. Analysis of the expression of mhp379 in M. hyopneumoniae
by Western immunoblotting using rat antiserum raised against gel-
purified thrombin-cleaved recombinant mhp379. (A) Whole-cell pro-
teins of M. hyopneumoniae strains LKR and Adelaide Beaufort (ABF).
Whole-cell proteins of M. hyopneumoniae strains LKR were used in a
control reaction performed in the absence of rat antiserum raised
against thrombin-cleaved recombinant mhp379 (control). (B) TX-114-
fractionated proteins of M. hyopneumoniae strain LKR. TX-114-insol-
uble proteins (insoluble), hydrophilic-phase proteins (philic), and hy-
drophobic-phase proteins (phobic) are shown. (C) Trypsin treatment
of M. hyopneumoniae strain LKR whole cells. From left to right are
untreated whole cells and cells treated with 0.25, 1, 4, 16, or 64 �g of
trypsin/ml. All proteins were separated by SDS–10% PAGE with mo-
lecular mass markers (Cell Signaling Technology).
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mhp381-mhp382 ABC transport system homologs in M. syno-
viae (Fig. 3).

A search for protein family signature sequences and con-
served domains in the PROSITE database showed that the
region between amino acid positions 94 and 255 in mhp379 had
significant identity and similarity with the thermonuclease do-
main profile (TNASE_3). The TNASE_3 thermonuclease do-
main profile was first described for the Nuc thermonuclease of
Staphylococcus aureus (55) and was found to be conserved in
all of the mycoplasma homologs of mhp379. All mycoplasma
homologs of mhp379 belong to the micrococcal nuclease (ther-
monuclease) cluster of orthologous proteins (COG1525). Mul-
tiple sequence alignments indicated that much of the similarity
between mycoplasma homologs of mhp379 was associated with
the identification of the TNASE_3 thermonuclease domain
profile (Fig. 4). More importantly, the amino acid residues
aspartate, aspartate, and tyrosine, located in mhp379 at posi-
tions 108, 132, and 133, respectively, were strictly conserved.
These residues are reported to be involved in the binding of
calcium ions (23). The amino acid residues arginine, gluta-
mate, and arginine, located in mhp379 at positions 127, 135,
and 188, respectively, are also strictly conserved and comprise
the active catalytic site (23). In comparison to other myco-
plasma homologs of mhp379, M. synoviae MS530284 had an
amino-terminal extension of approximately 149 amino acids.

Nuclease activity of recombinant GST-mhp379. Recombi-
nant GST-mhp379 was incubated in solutions containing dif-
ferent nucleic acid substrates, and the reaction products were
analyzed by agarose gel electrophoresis. In the presence of
recombinant GST-mhp379, the amount of linear dsDNA sub-
strate reduced significantly over time; this was associated with
the appearance of a DNA smear (Fig. 5A). The size of the
DNA smear decreased as the reaction time increased, and this

occurred more rapidly when the reaction was repeated with a
higher concentration of recombinant GST-mhp379 (data not
shown). This indicated that recombinant GST-mhp379 had
exonuclease activity, and this was confirmed by the concomi-
tant increase in the relative absorbance at 260 nm (27) (data
not shown). The endonuclease activity of recombinant GST-
mhp379 was demonstrated by using closed circular plasmid
DNA as the substrate. In the presence of recombinant GST-
mhp379, the plasmid DNA was cleaved into an open circular
form and was subsequently digested over time in association
with the appearance of a DNA smear (Fig. 5B). Recombinant
GST-mhp379 thus displays an initial endonuclease nicking ac-
tivity against closed circular plasmid DNA. The substrate spec-
ificity of recombinant GST-mhp379 was further analyzed by
using RNA and ssDNA as substrates. Both the RNA and
ssDNA substrates were completely digested after only 2 and 5
min of incubation in the presence of 4 �g of recombinant
GST-mhp379, respectively (Fig. 5C and D). In comparison,
under the same reaction conditions, it took more than 20 min
before the dsDNA substrate was completely digested (Fig.
5A). Recombinant GST-mhp379 thus appears to be far more
active against RNA and ssDNA than against dsDNA. No nu-
clease activity was observed in parallel experiments wherein
GST was substituted for recombinant GST-mhp379 (Fig. 5).
Rat antiserum against recombinant mhp379 did not appear to
inhibit the nuclease activity of recombinant GST-mhp379, as
observed by agarose gel electrophoresis and confirmed with
the SYBR green I real-time nuclease assay (data not shown).

To determine whether the exonuclease activity of recombi-
nant GST-mhp379 was specifically associated with the cleavage
of nucleotides from the 5� or 3� end, a 2.2-kb 5� DIG-labeled
PCR product was used as the substrate and the reaction prod-
ucts were analyzed by agarose gel electrophoresis and South-

FIG. 3. Physical map of mycoplasma homologs of the putative mhp379-mhp380-mhp381-mhp382 ABC transport system. Homologous proteins
are shaded in the same pattern, and their amino acid identities to the respective M. hyopneumoniae strain LKR proteins are indicated below each
row. Amino acid identities indicated in parentheses refer to mhp377. Amino acid identity was determined by BLASTP search of the GenBank
nonredundant bacterial database. Numbers above orthologous genes indicate the size of the product expressed as the number of amino acid
residues. Hypothetical or unknown proteins are indicated by a question mark (?).
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ern immunoblotting. In the presence of recombinant GST-
mhp379, the amount of 5� DIG-labeled DNA substrate was
reduced significantly over time, and this was associated with
the appearance of a DNA smear, as previously observed (Fig.
6). While a DNA smear was also observed at 4 and 8 min in a
Southern immunoblot of the agarose gel using anti-DIG anti-
bodies, this observation appears to be an artifact, as the
amount and size of the DNA smear were no greater than those
observed at 0 min before recombinant GST-mhp379 was added
to the reaction mixture (Fig. 6). A DNA smear could not be
identified in the Southern immunoblot of the agarose gel that
was specifically associated with the cleavage of the 5� DIG-
labeled substrate by recombinant GST-mhp379. In particular,
the Southern immunoblot of the agarose gel showed that both
the amount of 5� DIG-labeled substrate and the amount and

size of the DNA smear were significantly reduced over time.
These observations indicate that DIG-labeled nucleotides
were being cleaved from the 5� end of the DNA substrate. No
nuclease activity was observed in a parallel experiment when
GST was substituted for recombinant GST-mhp379 (Fig. 6).

Biochemical characterization of nuclease activity. The ef-
fects of pH, ionic strength (sodium and potassium ions), con-
centration of divalent cations (calcium and magnesium), and
temperature on the nuclease activity of recombinant GST-
mhp379 were determined with a real-time nuclease assay based
on the enhancement of fluorescence of SYBR green I bound to
dsDNA. A similar assay using PicoGreen DNA dye was de-
scribed previously (56). SYBR green I did not appear to inhibit
the nuclease activity of recombinant GST-mhp379 under the
reactions conditions used (data not shown). The relative nu-

FIG. 4. Multiple sequence alignment of M. hyopneumoniae strain LKR mhp379 with homologous proteins identified in other mycoplasma
species and the Nuc thermonuclease of Staphylococcus aureus. The complete amino acid sequence of each homologous protein downstream of the
putative prokaryotic lipoprotein cleavage site is shown. The sequence of M. synoviae MS530284 from 149 amino acid residues downstream of the
putative prokaryotic lipoprotein cleavage site is shown. Numbers on the right indicate the position of the adjacent amino acid residue. Identical
amino acids are shaded in gray. An asterisk (*) indicates an amino acid that is conserved in all aligned sequences, a colon (:) indicates that there
is at least one substitution with a very similar amino acid, and a full stop (.) indicates that there is at least one substitution with a similar amino
acid. Dashed lines (—) indicate gaps in the amino acid sequence alignment. The TNASE_3 thermonuclease domain profile identified by searching
the PROSITE database is underlined. The conserved amino acid residues aspartate, aspartate, and tyrosine, located in mhp379 at positions 108,
132, and 133, respectively, are believed to be involved in the binding of calcium ions and are shown in boldface. The conserved active-site residues
arginine, glutamate, and arginine, located in mhp379 at positions 127, 135, and 188, respectively, are also shown in boldface.
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clease activities of recombinant GST-mhp379 were similar in
all replicate assays, which also indicates that the real-time
nuclease assay was reproducible under the reaction conditions
used. The effect of pH on the relative activity of recombinant
GST-mhp379 was shown to be dependent on the concentration
of calcium ions (Fig. 7A). However, the optimal pH did not
change in the presence of 5 or 50 mM Ca2� and was estimated
to be approximately 9.5. An increase in the concentration of
calcium ions from 5 to 50 mM increased the relative nuclease
activity of recombinant GST-mhp379 at pH values above and
below the optimum. At pH 9.5, the optimum concentration of
calcium ions was estimated to be 15 mM, and the nuclease
activity of recombinant GST-mhp379 decreased significantly as
the concentration of calcium ions increased above 15 mM (Fig.
7B). No nuclease activity was observed in the absence of cal-
cium ions or in the presence of only magnesium ions (data not
shown). At optimal pH and concentration of calcium ions, the
nuclease activity of recombinant GST-mhp379 did not signifi-
cantly increase or decrease following the addition of magne-
sium ions up to a concentration of 15 mM (data not shown).

The nuclease activity of recombinant GST-mhp379 was opti-
mal at low ionic strengths and decreased significantly as the
concentration of sodium or potassium ions increased above 10
or 15 mM, respectively (Fig. 7C). When the nuclease assay was
performed at different temperatures, the greatest activity was
observed between 35 and 45°C (Fig. 7D). While the nuclease
activity of recombinant GST-mhp379 increased slightly as the
temperature increased to 45°C, only 30% activity was observed
at 50°C. Recombinant GST-mhp379 was most stable between
35 and 40°C (Fig. 7E). Thus, while the nuclease activity of
recombinant GST-mhp379 was greater at approximately 45°C,
it was significantly less stable at this temperature. The temper-
ature stability of recombinant GST-mhp379 was shown to be
dependent on the concentration of calcium ions. When recom-
binant GST-mhp379 was incubated at 65°C for 10 min in the
presence of 150 mM Ca2�, approximately 30% of the nuclease
activity was conserved (data not shown). However, no nuclease
activity could be detected after recombinant GST-mhp379 was
incubated at 50°C for 10 min in the presence of 15 mM Ca2�

(Fig. 7E).

DISCUSSION

Nucleic acid precursors are essential for the growth of all
mycoplasmas (48). The acquisition of nucleic acid precursors is
thought to involve the degradation of exogenous nucleic acids
by mycoplasma nucleases located at or secreted from the cell
surface. This is supported by the identification of transport
mechanisms for the import of exogenous nucleotides and the
identification of membrane-associated nuclease activity in all
mycoplasma species studied so far. In particular, the nuclease
activity of most mycoplasma species appears to be largely as-
sociated with the cell membrane. No transport mechanism for
the import of oligonucleotides has yet been identified, and
nucleases located in the cytoplasm require stringent control of

FIG. 5. Nuclease activity and substrate specificity of recombinant
GST-mhp379. Approximately 4 �g of recombinant GST-mhp379
(GST-mhp379) was incubated with phage � dsDNA (A), closed circu-
lar plasmid DNA (plasmid DNA [pGEX-mhp379]) (B), total RNA
isolated from E. coli (RNA) (C), or phage M13 ssDNA (D). The
reaction products were analyzed by 1% agarose gel electrophoresis
with molecular mass markers (HindIII-digested phage � DNA or RNA
markers [Promega]), and the nucleic acid was visualized by staining
with ethidium bromide. An aliquot of each reaction mixture was ana-
lyzed at different times, as indicated for each lane. The nuclease ac-
tivity of an equimolar concentration of GST was analyzed in parallel
(GST control).

FIG. 6. Mode of nuclease activity of recombinant GST-mhp379.
Approximately 4 �g of recombinant GST-mhp379 was incubated with
PCR-amplified 5� DIG-labeled DNA substrate. The reaction products
were analyzed by 1% agarose gel electrophoresis with molecular mass
markers (HindIII-digested phage � DNA), and the DNA was visual-
ized by staining with ethidium bromide. The DIG-labeled reaction
products were detected by Southern immunoblotting of the agarose
gel. An aliquot of each reaction mixture was analyzed at different
times, as indicated for each lane. The nuclease activity of an equimolar
concentration of GST was analyzed in parallel (GST control).
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activity. Nucleases located in the cytoplasm are thought to be
primarily involved in recombination and repair and in restrict-
ing foreign nucleic acids. The import of exogenous nucleotides
usually precedes their dephosphorylation, and a membrane-
associated protein with similarity to bacterial 5� nucleotidase
was recently shown to be expressed by M. hyopneumoniae in
infected pigs (31). However, M. mycoides subspecies mycoides
has a novel ability to import and utilize nucleotide 5� mono-
phosphates without prior dephosphorylation (38, 39). Nucle-
ases are involved in a variety of cellular processes, and genomic
sequence analyses have identified multiple genes encoding pu-
tative nucleases in all mycoplasma species studied so far.

The TNASE_3 thermonuclease domain profile was identi-
fied in the hypothetical M. hyopneumoniae protein mhp379. In
order to determine whether mhp379 is a nuclease, the gene
was expressed as a recombinant GST fusion protein and the

nuclease activity of recombinant GST-mhp379 was examined.
Agarose gel electrophoresis of the nuclease reaction products
with different nucleic acid substrates showed that recombinant
GST-mhp379 is a sugar-nonspecific exonuclease that preferen-
tially cleaves nucleic acid residues from the 5� end. Signifi-
cantly greater exonuclease activity was observed against RNA
and ssDNA than against dsDNA. Recombinant GST-mhp379
also displayed endonuclease activity by nicking closed circular
plasmid DNA. The optimum reaction conditions for the exo-
nuclease activity of recombinant GST-mhp379 were deter-
mined in a real-time nuclease assay based on the enhancement
of fluorescence of SYBR green I bound to dsDNA. Activity
was optimal in the presence of 15 mM Ca2�, and no activity
could be detected in the presence of EDTA. These observa-
tions are consistent with the identification of the conserved
calcium binding site of the TNASE_3 thermonuclease domain

FIG. 7. Effects of pH (A), calcium ion concentration (B), sodium and potassium ion concentration, (C) and temperature (D) on the nuclease
activity of recombinant GST-mhp379. The stability of recombinant GST-mhp379 at different temperatures was also examined (E). The nuclease
activity and stability were determined by comparing the initial reaction velocities under the different experimental conditions with a real-time
nuclease assay based on the enhancement of fluorescence of SYBR green I bound to dsDNA.
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profile in the gene encoding mhp379. The activity of all myco-
plasma nucleases studied so far has been strictly dependent on
the presence of divalent cations (2, 32, 33, 43) and has been
optimal in the presence of both magnesium and calcium ions
(2, 32, 33, 43). Recombinant GST-mhp379 did not exhibit
exonuclease activity in the presence of only magnesium ions,
and the addition of magnesium ions did not significantly
change the exonuclease activity observed at optimal pH and
concentration of calcium ions. A decrease in exonuclease ac-
tivity with increasing ionic strength has been reported previ-
ously for other mycoplasma nucleases (2, 32, 43). The pH
optimum for recombinant GST-mhp379 was found to be ap-
proximately 9.5, and an increase in the concentration of cal-
cium ions increased the relative exonuclease activity at pH
values above and below the optimum. This is likely to be
associated with the function of calcium ions in stabilizing the
structure of the nuclease, as suggested by the ability of excess
calcium ions to conserve some activity of recombinant GST-
mhp379 at 65°C. Under optimal conditions, the exonuclease
activity of recombinant GST-mhp379 was stable between 35
and 40°C. While the pH optimum of nucleases from M. pen-
etrans and M. pulmonis ranges between 7.0 and 8.0 and be-
tween 8.0 and 9.0, respectively (2, 43), the comparatively high
pH optimum for recombinant GST-mhp379 is consistent with
that reported for the homologous Nuc thermonuclease of S.
aureus (7). It will be important to determine whether the op-
timal conditions for the exonuclease activity of recombinant
GST-mhp379 are correlated with the pH and concentration of
calcium ions in the respiratory tract of pigs colonized with M.
hyopneumoniae. It is relevant to note that the pH optimum for
recombinant GST-mhp379 is similar to that reported for the
lipase activity of a cell surface-exposed lipoprotein of M. hyo-
pneumoniae (53). The biochemical properties of mycoplasma
nucleases have been reported previously only for the calcium
and magnesium ion-dependent endonucleases of a number of
mycoplasma species (2, 32, 43). This is the first study to char-
acterize the biochemical properties of a mycoplasma exonu-
clease.

The mycoplasma membrane is rich in essential enzymes, and
most of the nuclease activity of all mycoplasma species studied
so far is either located at or secreted from the cell surface. The
identification of an amino-terminal signal sequence and pro-
karyotic lipoprotein cleavage site indicates that mhp379 is pro-
cessed for attachment to the cell membrane through the addi-
tion of a lipid moiety. The expression of mhp379 was examined
by using antiserum raised against recombinant mhp379 in
Western immunoblots of TX-114-fractionated proteins and
trypsin-treated M. hyopneumoniae cells. These results indicate
that mhp379 is a 33-kDa membrane-associated protein ex-
posed on the cell surface. While rabbit antiserum against M.
hyopneumoniae whole cells and antiserum from a pig experi-
mentally infected with M. hyopneumoniae did not bind the
recombinant mhp379 protein in Western immunoblots, it is
possible that antibodies were raised against conformational
epitopes of mhp379 that were subsequently lost when the re-
combinant mhp379 protein was reduced and denatured for
separation by SDS-PAGE. This observation may alternatively
indicate that the expression of mhp379 during the growth of M.
hyopneumoniae both in vitro and in vivo is not sufficient to
elicit an immune response in rabbits and pigs. Three cell-

associated nucleases, of approximately 15, 29, and 40 kDa, in
M. hyopneumoniae have been identified previously (33). While
the homologous Nuc thermonuclease of S. aureus is an extra-
cellular protein, mhp379 could not be detected in the super-
natants of M. hyopneumoniae cultures by antibody affinity pu-
rification and/or Western immunoblotting. Furthermore, no
extracellular nuclease activity was identified in M. hyopneu-
moniae in a real-time nuclease assay of culture supernatants.
Minion et al. (33) also failed to identify extracellular nuclease
activity in M. hyopneumoniae under the experimental condi-
tions used. However, it is relevant to note that the 40-kDa
extracellular endonuclease of M. penetrans is thought to be
derived from the proteolytic cleavage of a 50-kDa precursor
lipoprotein (2). Furthermore, although the membrane nucle-
ase of M. pulmonis contains a prokaryotic lipoprotein cleavage
site, no lipid-modified nuclease could be identified (33). The
proteolytic cleavage of a mycoplasma lipoprotein has been
previously reported for the macrophage-activating lipoprotein
of Mycoplasma fermentans (9). The possibility that mhp379
may be proteolytically processed for extracellular release can-
not be definitively excluded. In particular, the extracellular
release of mhp379 would allow the activity of the protein to be
supplied in trans to other cells; this may explain the survival of
M. genitalium transposon mutants that contained a disruption
in the mhp379 homolog when cultured in mixed populations of
mutants (16). The inability to obtain pure clonal populations of
the M. genitalium mhp379 homolog mutants suggests that
mhp379 performs an essential biological function.

The organization of mhp379 in a putative ABC transport
operon and its exposure on the cell surface suggests that the
nuclease activity of mhp379 is involved in the ABC import of
nucleic acid precursors. While mhp379 is not predicted to play
a role in pathogenesis, the indirect role of cell surface-exposed
enzymes in mycoplasma-host interactions is a recurring theme
in the functional analyses of mycoplasma proteins. Indeed, the
potential pathogenetic role of mycoplasma nucleases has been
previously reported for the extracellular endonucleases of M.
pulmonis (3) and M. hyorhinis (40, 41). The role of mhp379 in
an active ABC transport operon is supported by the identifi-
cation of overlapping transcripts between the transcriptional
initiation site of mhp377 and the transcriptional termination
site of mhp382 in preliminary reverse transcription-PCR anal-
yses (data not shown). Homologs of mhp379 immediately up-
stream of the putative homologous ABC transport system in a
number of phylogenically distant mycoplasma species have
been identified, which suggests that mhp379 is organized in a
conserved putative operon and that the functions of both
mhp379 and the putative operon are likely to be conserved.
However, the mhp379 homolog of M. synoviae is not located
immediately upstream of the homologous putative ABC trans-
port operon. In most mycoplasma species, homologs of M.
pneumoniae lipoprotein multigene family 2 could be identified
immediately upstream of the gene encoding the homolog of
mhp379. Transposon mutagenesis of this homolog in M. geni-
talium was associated with the inability of the mycoplasma to
adhere to plastic (16). Lipoproteins upstream of mycoplasma
ABC import systems are predicted to function as substrate-
binding proteins (52). Several binding protein-dependent ABC
transport systems have also been shown to function in both
import and export (22).

3422 SCHMIDT ET AL. J. BACTERIOL.



This is the first study to identify and characterize an exonu-
clease in a mycoplasma. M. hyopneumoniae mhp379 is a cell
surface-exposed exonuclease that is located in a putative ABC
transport operon and is conserved in a number of mycoplasma
species. The exonuclease activity of mhp379 is predicted to be
important in the import of nucleic acid precursors. However,
the function of mhp379 in infected pigs remains to be deter-
mined. Despite the importance of genomic sequence analyses
in predicting the function of hypothetical proteins, definitive
characterization of the functions of mycoplasma proteins,
based on biochemical analyses, is fundamental to our under-
standing of the life cycle of these minimalist prokaryotes. Fur-
ther understanding of the functional role of mycoplasma pro-
teins is likely to be essential for improving the control of
mycoplasmoses.
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