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In this study, we identified and characterized the enzymatic properties of MG_186, a calcium-dependent
Mycoplasma genitalium nuclease. MG_186 displays the hallmarks of nucleases, as indicated by its amino acid
sequence similarity to other nucleases. We cloned, UGA corrected, expressed, purified, and demonstrated that
recombinant MG_186 (rMG_186) exhibits nuclease activity similar to that of typical sugar-nonspecific endo-
nucleases and exonucleases. Biochemical characterization indicated that Ca2� alone enhances its activity,
which was inhibited by divalent cations, such as Zn2� and Mn2�. Chelating agents EGTA and EDTA also
inhibited nuclease activity. Mycoplasma membrane fractionation and Triton X-114 phase separation showed
that MG_186 was a membrane-associated lipoprotein, and electron microscopy revealed its surface membrane
location. Incubation of purified human endometrial cell nuclei with rMG_186 resulted in DNA degradation and
morphological changes typical of apoptosis. Further, immunofluorescence analysis of rMG_186-treated nuclei
indicated that morphological changes were linked to the disintegration of lamin and the internalization of
rMG_186. Since M. genitalium has the capacity to invade eukaryotic cells and localize to the perinuclear and
nuclear region of parasitized target cells, MG_186 has the potential to provide M. genitalium, which possesses
the smallest genome of any self-replicating cell, with the ability to degrade host nucleic acids both as a source
of nucleotide precursors for growth and for pathogenic purposes.

Mycoplasma genitalium was first identified as a urogenital
tract pathogen in men and subsequently implicated in a range
of women pathologies, including pelvic inflammatory diseases,
cervicitis, endometritis, salpingitis, and tubal factor infertility
(5, 37, 40). In addition to its urogenital niche, M. genitalium has
been detected in synovial and respiratory tract specimens (3,
39). M. genitalium DNA sequencing revealed a reduced ge-
nome size of 580 kb and a low GC content, along with 482
protein-encoding genes, of which 76 were categorized as hy-
pothetical proteins (18). The streamlined genome of M. geni-
talium results in gene deficits that dramatically limit its biosyn-
thetic capabilities, leading to a complete dependence on the
host for metabolic precursors, such as nucleotides, amino ac-
ids, fatty acids, and sterols.

Since M. genitalium, like most mollicutes, is unable to syn-
thesize de novo purine and pyrimidine bases (27), it must
scavenge nucleotides from the host in order to replicate and
persist. Only Mycoplasma penetrans has an orotate-related
pathway for converting carbamoyl-phosphate to uridine-5�-
monophosphate (34). The importance of nucleases in the life
cycle of mycoplasmas is reinforced by their detection in at least
20 Mycoplasma species (26). Purification of membrane-associ-
ated Ca2�/Mg2�-dependent M. penetrans and Mycoplasma
hyorhinis nucleases and their relation to mycoplasma survival
and pathogenesis have been reported (7, 8, 29, 30). Also, a
membrane nuclease gene, mnuA, was identified and cloned

from Mycoplasma pulmonis (20, 25). mnuA orthologous se-
quences were found in M. penetrans, Mycoplasma pneumoniae,
Mycoplasma hyopneumoniae, Mycoplasma gallisepticum, and
Ureaplasma urealyticum but not in M. genitalium. However,
recent nuclease studies with M. hyopneumoniae (nuclease gene
designated mhp379) revealed the existence of orthologous se-
quences in M. genitalium as well as in M. pneumoniae, M.
pulmonis, M. gallisepticum, and Mycoplasma synoviae (35).

M. genitalium was initially described as an extracellular
pathogen. Subsequently, we reported that M. genitalium can be
observed in the cytoplasmic and perinuclear regions of infected
mammalian cells and can persist long-term within these com-
partments (4, 13, 24). The latter supports the contention that
M. genitalium is capable of intracellular replication and sur-
vival. Furthermore, our recent evidence suggests that M. geni-
talium and its protein products are capable of intranuclear
localization within infected endometrial cells (41). Therefore,
understanding how M. genitalium overcomes its biosynthetic
deficiencies and successfully parasitizes host tissues may pro-
vide insights into its biological uniqueness as the smallest
pathogen capable of “independent” growth. In this report, we
characterized a putative lipoprotein, MG_186, that retains the
thermostable nuclease motif found in other bacterial nucle-
ases. The gene encoding MG_186 was cloned and expressed in
Escherichia coli, and the biochemical properties of purified
recombinant MG_186 (rMG_186) nuclease protein were ex-
amined along with its impact on intact nuclei isolated from
endometrial cells.

MATERIALS AND METHODS

Bacterial strains and cell culture conditions. M. genitalium (G37) cells were
grown to mid- to late log phase in SP-4 medium at 37°C in 150-cm2 tissue culture
flasks. Surface-attached mycoplasmas were harvested by being washed three
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times with phosphate-buffered saline (PBS; pH 7.4), scraped, and pelleted at
12,500 � g for 15 min at 4°C. Escherichia coli TOP10 (Invitrogen) and E. coli
BL21(DE3) (Stratagene) were grown in Luria-Bertani (LB) broth.

Human endometrial cell line EM42, which originated from benign prolifera-
tive endometrium (15), was grown in RPMI 1640 medium supplemented with 5%
(vol/vol) fetal bovine serum and 2 mM L-glutamine (Invitrogen). All cell cultures
were grown under air-5% CO2 at 37°C and routinely certified to be free of
mycoplasma contamination (MycoProbe Mycoplasma detection kit [R&D Sys-
tems]). Nuclei from EM42 cells were isolated as detailed below, and DNA was
purified using the Easy DNA isolation kit (Invitrogen). Total RNA was purified
using the RNeasy RNA purification kit (Qiagen).

Cloning, expression, and purification of rMG_186. M. genitalium chromo-
somal DNA was isolated using Easy DNA isolation kits (Invitrogen). Plasmid
DNA was purified using the QIAprep spin protocol according to the manufac-
turer’s instructions (Qiagen). Based on the published genome sequence, the
MG_186 gene was amplified by PCR, using M. genitalium strain G37 chromo-
somal DNA as a template. PCR amplification and UGA corrections were per-
formed as described previously for the M. pneumoniae community-acquired
respiratory distress syndrome (CARDS) toxin (21). Primers were designed
without the N-terminal signal peptide sequence to facilitate the expression of
soluble recombinant protein. Specific mg186 oligonucleotide primers are
given in Table 1.

The resulting PCR product was cloned into pCR2.1, generating a plasmid
designated pCR-MG_186, which was subsequently digested with NdeI and
BamHI and ligated into pET19b to yield pET-MG_186. This plasmid was trans-
formed into competent E. coli BL21(DE3), and recombinant colonies were
screened for resistance to ampicillin and expression of rMG_186 protein. Veri-
fication of UGA-corrected pET-MG_186 was achieved by complete DNA se-
quencing (Department of Microbiology and Immunology Nucleic Acids Core
Facility, University of Texas Health Science Center at San Antonio). Induction
of recombinant protein synthesis in E. coli was accomplished by the addition of
100 �M isopropyl-�-D-thiogalactopyranoside (IPTG; Sigma-Aldrich), and bac-
teria were incubated for 3 h at 37°C under aeration at 220 rpm. Fusion proteins
were purified by nickel affinity chromatography under native conditions (Qia-
gen). rMG_186 was desalted in 50 mM Tris-HCl buffer (pH 8.0) plus 5% glycerol
using PD-10 columns, and protein purity was analyzed by SDS-PAGE.

Quantification of protein and nucleic acids. Protein concentrations were es-
timated by the bicinchoninic acid method (Pierce, Rockford, IL) with bovine
serum albumin (BSA) as a standard. DNA, RNA, and purified plasmid sample
concentrations were assayed at 260 nm using a NanoDrop ND-1000 spectropho-
tometer (Thermo Scientific).

Assays for nuclease activity. Nuclease activity of rMG_186 was analyzed by
agarose gel electrophoresis and zymogram as described previously (29). Approx-
imately 0.5 to 1 �g of rMG_186 was incubated at 37°C in 50 �l of nuclease
reaction buffer (100 mM Tris-HCl [pH 8.3] plus 10 mM CaCl2) containing 1 to
5 �g of nucleic acid substrate (EM42 chromosomal DNA [double stranded],
EM42 RNA, or M13 phage DNA [single stranded; New England BioLabs]). To
measure endonuclease activity, we used closed circular plasmid DNA (pET-
MG_186) as the substrate. Aliquots (10 �l) were removed at different time
intervals, and reactions were arrested by adding EDTA. Reaction products were
visualized by 1% agarose gel electrophoresis, and nucleic acid degradation was
monitored by staining with ethidium bromide. To study the effect of divalent
cations or salts, each was added individually or in the presence of CaCl2, and
assays were performed as described above. To quantify and compare native and
rMG_186 nuclease activities, total M. genitalium proteins or rMG_186 were
resolved using 12% SDS-PAGE gels containing 160 �g/ml herring sperm DNA.

Nuclease activity was initiated by soaking gels in 100 mM Tris-HCl (pH 8.3), 10
mM CaCl2, and 10 mM MgCl2. Then, DNA was stained with ethidium bromide
(0.5 mg/ml) and visualized with UV light, and proteins were stained with Coo-
massie brilliant blue.

Preparation of antisera against rMG_186. New Zealand white rabbits were
immunized subcutaneously with 100 to 200 �g of rMG_186 protein suspended in
complete Freund’s adjuvant. Individual rabbits were boosted three times with the
same amounts of antigen in incomplete Freund’s adjuvant at 21-day intervals.
Serum samples were collected and used for immunological characterization and
neutralization assays as described below.

M. genitalium membrane purification and Triton X-114 phase separation.
Mid- to late log phase cultures (400 ml) of M. genitalium cells were pelleted and
subjected to membrane isolation. Membranes were purified by sucrose gradient
centrifugation as previously described (14), and protein concentrations in total
cell and membrane fractions were estimated by the bicinchoninic acid method
(Pierce, Rockford, IL). Equal amounts of each fraction were further separated
by 4 to 12% NuPAGE gel electrophoresis and then transferred to nitrocellulose
membranes. Membrane phase separation was carried out as described previously
(16, 17). In brief, pelleted mycoplasma cells were washed three times with PBS
and solubilized by adding Triton X-114 to a final concentration of 1%. Following
incubation at 4°C for 2.5 h, phase separation was induced by incubating Triton
X-114-solubilized proteins at 37°C for 10 min. After centrifugation at 2,000 � g
for 5 min, the aqueous phase and the pellet were subjected to gel electrophoresis.

Immunoblot analysis. Equal amounts of M. genitalium whole-cell lysate and
membrane-, cytoplasmic-, and Triton X-114-treated fractions were separated on
4 to 12% NuPAGE gels (Invitrogen) and transferred to nitrocellulose mem-
branes. Immunoblotting was performed using rabbit antiserum reactive against
rMG_186 (1:2,000), elongation factor G (EF-G) (1:2,000; a kind gift from R.
Herrmann), or P140 adhesin (1:2,000) (24) plus goat anti-rabbit alkaline phos-
phatase (1:2,000) antibodies.

Immunogold electron microscopy. Immunogold labeling of M. genitalium was
performed as described earlier (2). M. genitalium cells attached on Formvar-
coated nickel grids were fixed with 1% glutaraldehyde-4% formaldehyde for 20
min at room temperature (RT). Mycoplasma cells on fixed grids were then
incubated with rabbit IgG-purified antiserum raised against rMG_186 or with
prebleed serum (1:100) followed by goat anti-rabbit IgG gold particles (20 nm;
1:20) in PBS (pH 7.4) containing 1% bovine serum albumin. Individual grids
were examined by JEOL 1230 transmission electron microscopy at an 80-kV
accelerating voltage after being stained with 7% uranyl acetate followed by
Reynolds’ lead citrate.

Neutralization assays for nuclease activity. To avoid endogenous nucleases
present in test antisera, IgG fractions were purified by protein G column chro-
matography before use in the following neutralization test. rMG_186 (0.5 �g)
was preincubated with different concentrations of specific IgG (0.5 to 5 �g)
fractions from rabbit serum reactive against rMG_186 or recombinant CARDS
(rCARDS) toxin (22) at 37°C for 10 min, and nuclease activity was measured as
described above using EM42 chromosomal DNA.

Immunoreactivity of M. genitalium-infected patient sera against rMG_186. M.
genitalium-positive patient sera (20 individuals) collected from sexually transmit-
ted disease clinics throughout San Antonio, TX (34), were evaluated for MG_186
antibodies by Western blot analysis using rMG_186. Human sera were diluted at
1:100 in 3% milk in Tris-buffered saline-Tween 20 (TBST), and secondary goat
anti-human (Zymed) was diluted in TBST at a 1:2,000 dilution.

Impact of rMG_186 on EM42 nuclei and DNA. EM42 nuclei were purified as
described previously (29). Purified nuclei were resuspended in 50 mM Tris-HCl
(pH 8.0), 5 mM MgCl2, 0.1 mM EDTA, and 40% glycerol and stored on ice or

TABLE 1. Primers used to amplify and UGA correct the mg186 gene

Primer Primer sequence (5� to 3�)a Position (size in bp)b

MG186F CATATGTGCATTGCTGAAAAACCAGTTAAC 73–96 (30)
MG186R GGATCCTTAGCCATTGTTTAGTTTCAATTCATAGATG 723–753 (37)
MG186F1 GCAAGGGTTAACCACTGGAGAGATGGGGATAC 142–173 (32)
MG186R1 GTATCCCCATCTCTCCAGTGGTTAACCCTTGC 142–173 (32)
MG186F2 GTAGTGAGGTGTGGATCTGGCCACTAAATAGCTATAG 332–368 (37)
MG186R2 CTATAGCTATTTAGTGGCCAGATCCACACCTCACTAC 332–368 (37)
MG186F3 GTTGACCAAAGTTGGACAAGGTATTTAGCTC 649–679 (31)
MG186R3 GAGCTAAATACCTTGTCCAACTTTGGTCAAC 649–679 (31)

a Underlining indicates introduced restriction enzyme sites. Bolding indicates TGA-to-TGG changes of the codon to permit expression of tryptophan in E. coli.
b The position of nucleotides indicates their location within the encoding ORF.
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at �80°C. To study the effect of rMG_186 on EM42 nuclei, DNA degradation
was assessed by agarose gel electrophoresis and morphological changes of nuclei.
For analysis by agarose gel electrophoresis, nuclei were pelleted by centrifuga-
tion and resuspended in 200 �l of 100 mM Tris-HCl, pH 8.3, containing 10 mM
EDTA or CaCl2. After the addition of rMG_186, test preparations were incu-
bated at 37°C and 10-�l aliquots (containing 1 �g of rMG_186) were collected at
specific intervals. DNA was precipitated with isopropanol, washed with ethanol,
dried, and separated in 1% agarose gels.

To study morphological changes, nuclei were stained with SYTOX green
nucleic acid stain (Invitrogen) as described previously (29) and analyzed by light
microscopy. In brief, for SYTOX staining, nuclei were diluted in two volumes of
10 mM HEPES (pH 7.0), 40 mM �-glycerophosphate, 50 mM NaCl, and 10 mM
CaCl2. After the addition of 5 �l of 20 mM Tris-HCl (pH 8.3) (negative control)
or 5 �l rMG_186 nuclease (1 ng to 1 �g), nuclear preparations were incubated
for 1 h to overnight at RT. Nuclei were fixed in 2% formaldehyde and applied to
coverslips to dry for at least 2 h. Nuclear DNA was stained with 50 nM SYTOX
in PBS for 15 min, and excess dye was removed by three washes with PBS.
Finally, nuclei were mounted in Vectashield (Vector Laboratories) and exam-
ined using inverted fluorescence microscopy (Carl Zeiss Cell Observer Z1). The
SYTOX/DNA complex has excitation and emission maxima of 504 nm and 523
nm, respectively.

For indirect immunofluorescence, rMG_186-treated and untreated nuclei
were fixed in ice-cold 2% paraformaldehyde in PBS for 15 min. Nuclei were
washed three times with 0.2% goat serum in PBS and incubated with anti-
rMG_186 rabbit polyclonal antibodies (1:1,000) and/or anti-lamin A mouse
monoclonal antibody (Abcam; 1:1,000) for 1 h at 4°C. After nuclei were washed
three times with 0.2% goat serum in PBS, nuclei were incubated for 1 h at 4°C
with goat anti-rabbit Alexa Fluor 633 (Invitrogen; 1:500) to identify anti-
rMG_186 antibodies or with goat anti-mouse Alexa Fluor 488 (Invitrogen; 1:500)
to detect anti-lamin A antibodies. Individual samples were washed again with
0.2% goat serum in PBS and stained with 4�,6-diamidino-2-phenylindole (DAPI)
for 5 min. Nuclear preparations were mounted on glass slides using Vectashield

mounting medium and examined using inverted fluorescence microscopy (Carl
Zeiss Cell Observer Z1 with AxioVision 4.8 software). Nuclear morphology was
analyzed, and images were captured at �400 magnification. Serially produced
sections (0.5 �m; z-series) were obtained through fluorescent specimens by
combining a series of x-y scans taken along the z axis.

Computer-assisted analysis. Amino acid identity matches were performed
using the National Center for Biotechnology Information’s sequence similarity
search tool designed to support analysis of nucleotide and protein databases at
http://www.ncbi.nlm.nih.gov/blast/. All M. genitalium sequence data used in this
study were downloaded from the comprehensive microbial resource database at
http://cmr.jcvi.org/cgi-bin/CMR/GenomePage.cgi?org�gmg. Protein domains,
families, and functional sites were analyzed using http://expasy.org/prosite/.

RESULTS

Sequence similarities of MG_186 to calcium-dependent
nucleases. The MG_186 gene encodes a protein which consists
of 250 amino acid residues with an estimated molecular mass
of 28.28 kDa and an isoelectric point of 7.8. Analysis of the
MG_186 amino acid sequence revealed the presence of a clas-
sical lipoprotein signal peptide consisting of approximately 25
amino acid residues with a typical cysteine cleavage site at
residue 25 (Fig. 1A). BLASTP (1) sequence comparisons of
MG_186 identified more than 50 bacterial homologues in both
Gram-negative and Gram-positive species. Amino acid se-
quence 1 to 245 of MG_186 is 39% (113/288) identical to that
of M. pneumoniae MPN133, and amino acids 48 to 231 share
31% (62/197) identity with those of the recently reported M.

FIG. 1. MG_186 organization, cloning, expression, and purification. (A) Schematic of MG_186. MG_186 is comprised of 250 amino acids and
contains a hydrophobic amino-terminal signal sequence and prokaryotic lipoprotein cleavage site (indicated by the gray box and the letter C,
respectively). Amino acids 44 through 200 have significant identity and similarity with the thermonuclease domain profile first described for the
Nuc thermonuclease of Staphylococcus aureus (11, 23, 36). Conserved amino acid residues involved in binding of calcium ions (dashed vertical
lines) are aspartate (D57, D77) and tyrosine (T78). Amino acid residues arginine (R72, R126) and glutamate (E80) are also conserved and
comprise the active catalytic site (black vertical lines). Positions of UGA-encoded tryptophans (53, 117, and 221) are indicated by gray vertical lines.
(B) Expression and purification of rMG_186. The MG_186 gene without its signal peptide was cloned, expressed, and purified as a His-tagged
protein as detailed in Materials and Methods. Protein fractions were resolved on 4 to 12% NuPAGE gradient gels. Lane 1, uninduced E. coli
pET19b-MG186 total cell lysate; lane 2, induced E. coli pET19b-MG186 total cell lysate; and lane 3, Ni-NTA column-purified rMG_186. The arrow
indicates rMG_186. Molecular weight markers are indicated on the left.
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hyopneumoniae mhp379 nuclease (35). Prosite analysis reveals
that MG_186 contains key and invariant amino acid motifs, as
in thermonuclease (TNASE_3), that mediate binding of cal-
cium metal ions and active site conformation (Fig. 1A). These
motifs were first identified in the nuclease of Staphylococcus
aureus (11, 23, 36). Thus, sequence similarity and conservation
of the essential catalytic residues between M. genitalium
MG_186 and other nuclease sequences suggest that MG_186 is
a Ca2�-dependent nuclease.

Cloning, site-directed mutagenesis, expression, and purifi-
cation of rMG_186. To determine whether mg186 encoded a
functional nuclease, the open reading frame (ORF) corre-
sponding to the MG_186 protein was analyzed for UGA-en-
coded tryptophans, and three residues at positions 53, 117, and
221 were identified. To express MG_186 in E. coli, the three
tryptophan codons were changed from UGA to UGG by site-
directed mutagenesis, and the region lacking the signal peptide
(Fig. 1A and Table 1) of the complete ORF was PCR ampli-
fied, confirmed by sequencing, and cloned into expression vec-
tor pET19b to generate N-terminal His-tagged protein. Upon
IPTG induction, E. coli BL21(DE3) cells, which were trans-
formed with plasmid pET-MG_186, expressed a soluble pro-
tein that migrated with an expected molecular mass of 29 kDa
(Fig. 1B, lane 2). Uninduced cells lacked a strong protein band
in that region (Fig. 1B, lane 1). The overexpressed His-tagged
rMG_186 protein was purified to homogeneity by nickel ni-
trilotriacetic acid (Ni-NTA) chromatography (Fig. 1B, lane 3),

and its mass was identical to the theoretical molecular mass of
rMG_186 (28.56 kDa).

Nuclease activity of rMG_186. Since the MG_186 thermo-
nuclease motif is predicted to require divalent cation Ca2�

(Fig. 1A), we initially monitored rMG_186 nuclease activity in
the presence of 10 mM CaCl2 using plasmid DNA as the
substrate. Under these conditions, plasmid DNA was digested
completely within 30 min (Fig. 2A). To further examine
rMG_186 nuclease activity, we used different nucleic acids as
substrates and determined enzymatic activity by analyzing pat-
terns of degradation at different time points, as described in
Materials and Methods. With CaCl2, single-strand DNA and
RNA were degraded within 5 min, in contrast to plasmid DNA
or double-strand DNA, which required a longer time frame,
suggesting that MG_186 displays a preference for single-strand
nucleic acids (Fig. 2A). However, in the absence of Ca2�,
MG_186 did not exhibit nuclease activity. To determine
whether other divalent cations were effective in activating
rMG_186 nuclease activity, assays were performed in the pres-
ence of increasing concentrations of MnCl2 and ZnCl2. In
contrast to Ca2�, the addition of Mn2� or Zn2� inhibited
nuclease activity (Fig. 2B). Mg2�, a common divalent cation
required by many nucleases, barely stimulated rMG_186 nu-
clease activity (data not shown). Thus, with plasmid DNA as
the substrate, MG_186 shows a strong preference for Ca2�

over other divalent cations. As expected, Ca2�-stimulated nu-
clease activity was also inhibited by EGTA or EDTA (data not

FIG. 2. Nuclease activity of rMG_186. (A) Nuclease activity of rMG_186 on different nucleic acid substrates. The far left lane of each panel
includes molecular weight markers (MW). The next two lanes of each panel represent nucleic acid samples (1 �g/lane) that were not treated with
rMG_186. The subsequent lanes include rMG_186 in the presence of 10 mM CaCl2. Specific nucleic acid substrates (1 �g/lane) and incubation
times in minutes are indicated. Individual sample reactions were arrested by adding EDTA followed by incubation at 70°C for 10 min. (B) Effect
of other divalent cations and salts on nuclease activity of rMG_186. Plasmid DNA (1 �g) was treated with different concentrations (mM) of salts
and divalent cations (indicated above each lane) in the presence of rMG_186 and 10 mM CaCl2. Reactions were stopped as described above. Test
samples were resolved on 1% agarose gel along with untreated plasmid DNA (lanes designated C).
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shown). It has been reported that salt concentrations in the
reaction mixture can influence nuclease activity (7). Strikingly,
we found that the Ca2�-mediated rMG_186 nuclease activity
was stimulated to higher levels in the presence of 1 mM and 10
mM KCl (Fig. 2B), while KCl at 0.1 mM or above 50 mM did
not enhance nuclease activity. A wide range of NaCl concen-
trations showed modest or no effect (Fig. 2B). Since MG_186
possesses the thermonuclease motif, the thermostablility of
MG_186 was analyzed by performing nuclease assays at differ-
ent temperatures (37 to 65°C) in the presence of Ca2�. Highest
enzymatic activities were observed between 37°C to 55°C.
Temperatures at 65°C and above completely abolished activity.

MG_186 expression and nuclease activity in M. genitalium.
To confirm that MG_186 was synthesized during M. genitalium
growth in SP-4 medium, we examined mycoplasma cell lysates
during log (24 h) to stationary (120 h) phases for nuclease
activity. DNA-impregnated SDS-PAGE gels exhibited a clear
and intense zone in all fractions around 28 kDa, suggesting
that MG_186 is expressed at all mycoplasma growth points. No
other region of the gel exhibited similar nuclease activity. As a
representative of mycoplasma-associated nuclease activity,
72-h culture cell lysates are shown in Fig. 3 (lane 2). Interest-
ingly, Coomassie blue staining of the same gel did not identify
a prominent band around the clear zone region (Fig. 3, lane 1,
arrow), suggesting that MG_186 is active, even at low levels of
expression. To further demonstrate the enzymatic capacity of
rMG_186, we examined a concentration range of purified
rMG_186 (5 ng to 500 ng) and showed that even at 5 ng, strong
nuclease activity was detected (Fig. 3, lane 3).

Membrane-associated surface-exposed lipoprotein proper-
ties of MG_186. Prosite analysis predicted MG_186 to be a
possible lipoprotein due to its signal peptide. To examine the

distribution of MG_186 in M. genitalium, membrane fractions
and lipid-associated membrane protein (LAMP) extracts were
prepared and analyzed for the presence of MG_186. Using
rabbit anti-rMG_186 serum, we showed by immunoblot anal-
ysis that MG_186 is membrane associated, like the major ad-
hesin protein P140 of M. genitalium (Fig. 4A). Although
LAMP preparations showed slight contamination of elonga-
tion factor G, it was clear that MG_186 is enriched in the
LAMP fraction, reinforcing the lipoprotein nature of MG_186.
To further confirm the membrane location of MG_186, intact
M. genitalium cells were treated with IgG-purified rabbit anti-
serum reactive against rMG_186 or with prebleed serum, fol-
lowed by immunogold-labeled secondary antibodies and elec-
tron microscopy. As shown in Fig. 4B, panel ii, MG_186 is
surface exposed and localized to the tip organelle and other
regions of M. genitalium. Prebleed serum revealed no surface-
labeling pattern. Overall, these data implicate MG_186 as a
surface-associated lipoprotein.

Neutralization of MG_186 nuclease activity by anti-MG_186
antibodies. To investigate whether nuclease activity of
rMG_186 can be neutralized by antibodies raised against
rMG_186, rabbit IgG-purified anti-rMG_186 antibodies were
preincubated with rMG_186, or as a negative control, with
IgG-purified antibodies reactive against the M. pneumoniae
CARDS toxin. Clearly, rMG_186 nuclease activity was negated
by anti-MG_186 antibodies (Fig. 5, lane 4) and not by anti-
CARDS toxin antibodies.

Since MG_186 is surface associated and antibodies against
rMG_186 neutralize its nuclease activity, we analyzed M. geni-
talium-infected patient sera for immunoreactivity against
rMG_186. Infected patient sera exhibited weak to no response
to rMG_186 (data not shown).

Induction of morphological and structural changes in the
EM42 nucleus by rMG_186. Since it was reported that myco-
plasma nuclease activity leads to apoptosis and internucleoso-

FIG. 3. Zymogram analysis of nuclease activity of MG_186. Whole-
cell lysates of M. genitalium were prepared by sonication, and samples
were run on 10% SDS-PAGE gels impregnated with herring sperm
DNA. Nuclease activity was detected as detailed in Materials and
Methods. Purified rMG_186 was also analyzed for nuclease activity by
zymogram analysis. Lane 1, Coomassie blue staining of whole-cell
lysates of M. genitalium; lane 2, zymogram analysis of lane 1 before
Coomassie blue staining; and lane 3, zymogram analysis of purified
rMG_186.

FIG. 4. MG_186 as a membrane-associated lipoprotein. (A) Local-
ization of MG_186 in M. genitalium by immunoblotting membrane and
LAMP fractions. Total cell lysates (T), cytoplasmic fractions (C),
membrane fractions (M), and LAMP extracts (L) were resolved on 4
to 12% NuPAGE gradient gels and transferred to nitrocellulose mem-
branes, and filter sections were cut into three pieces based on the
expected protein sizes before exposure to specific antibodies (rabbit
anti-P140, anti-EF-G, and anti-rMG_186). Adhesin P140 (140 kDa),
the major surface-associated lipoprotein, served as the positive mem-
brane control, and EF-G (77 kDa), a cytoplasmic protein, served as the
internal cytosolic control. (B) Surface localization of MG_186 on in-
tact M. genitalium cells by immunogold labeling. Intact M. genitalium
cells were treated with prebleed rabbit serum (i) and anti-rabbit
rMG_186 antiserum (ii) at a 1:100 dilution, followed by goat anti-
rabbit IgG gold particles (20 nm; 1:20). Bars, 1 �m.

4880 LI ET AL. J. BACTERIOL.



mal DNA fragmentation in contaminated mammalian cells (8,
29, 30), we evaluated the impact of rMG_186 on DNA degra-
dation and the integrity of isolated and intact nuclei from
EM42 cells. After 1 h of incubation at 37°C in the presence of
rMG_186 and CaCl2, DNA degradation was apparent, which
increased dramatically over time as high-molecular-weight
DNA was fragmented to smaller sizes (Fig. 6A). Ultimately,
complete degradation of chromosomal DNA occurred. Using
phase-contrast microscopy, we observed dramatic nuclear
shrinkage in contrast to nuclei treated with buffer alone (Fig.
6B). We also stained MG_186-treated nuclei with the DNA
binding fluorescence dye SYTOX and analyzed nuclear integ-
rity by fluorescence microscopy. At low concentrations of
rMG_186 (1 to 10 ng), we detected no differences between
treated and untreated samples. However, rMG_186 concentra-
tions between 100 and 1,000 ng revealed substantial variations
in nuclear morphology. Further, the DNA appeared con-
densed, with plaque formation at the inner nuclear membrane

or completely digested with resultant ghost nuclei (Fig. 7A). In
order to further characterize the structural changes in the
morphology of EM42 nuclei treated with rMG_186, we evalu-
ated the integrity of the nuclear membrane using lamin as a
marker. As presented in Fig. 7B, rMG_186-treated nuclei
showed disintegration of lamin compared to untreated con-
trols. Interestingly, antibodies reactive against rMG_186
clearly indicate intranuclear localization of rMG_186, which
is consistent with the observed nuclear DNA degradation
(Fig. 7C and 6A).

DISCUSSION

Nucleases are ubiquitous and implicated in a range of cel-
lular functions, including replication, recombination, and DNA
degradation and repair. For microbial pathogens, especially
mycoplasmas, nuclease-mediated degradation of host nucleic
acids is essential as a source of nucleotides for biosynthetic and
survival purposes. Nucleases have been detected in numerous
Mycoplasma species and are either membrane associated or
secreted (7, 12, 26, 29, 31, 33). However, no functional M.
genitalium nuclease has yet been identified, although it was
recently reported that a homolog of M. hyopneumoniae, des-
ignated mhp379 (35), which is closely related to a family of
bacterial thermostable nucleases, exists in M. genitalium. Our
interest in the characterization of M. genitalium nuclease ac-
tivity results from its intracellular behavior, streamlined ge-
nome, and absolute parasitic dependence. Earlier, we reported
that human pathogenic mycoplasmas, including M. genitalium,
are capable of establishing an intracellular niche and display-
ing a distinct tropism for the perinuclear region of human
target cells (4, 13, 24, 41). This unusual cellular distribution
was also reinforced in the clinical setting, where we detected
intracellular M. genitalium cells located within vaginal cells of
patients infected with M. genitalium (9). Remarkably, M. geni-
talium appears capable of intranuclear penetration and possi-
bly even residence (41). How this unique and curious relation-
ship between M. genitalium and host nuclei/DNA could have
evolved is unknown, although it would require unusual biolog-
ical and biochemical subtleties.

Our current study shows that MG_186 represents the newest
member of a group of mycoplasma nucleases that share similar
domain organizations and surface protein localizations. Also,

FIG. 5. Neutralization of nuclease activity of rMG_186. rMG_186
was preincubated with anti-rMG_186 IgG or the irrelevant control (M.
pneumoniae anti-IgG rCARDS toxin) at 37°C for 20 min. Then, 1 �g
EM42 chromosomal DNA was added for 30 min, and nuclease activity
was analyzed on agarose gels. Lane 1, molecular weight markers; lane
2, untreated EM42 DNA; lane 3, EM42 DNA after incubation with
rMG_186 plus anti-rCARDS toxin IgG; and lane 4, EM42 DNA after
incubation with rMG_186 plus anti-rMG_186 IgG.

FIG. 6. Effect of rMG_186 on intact EM42 nuclei. Nuclei from EM42 mammalian cells were isolated, and the intactness of nuclear preparations
was confirmed by phase contrast microscopy. (A) Agarose gel electrophoresis analysis of nuclear DNA after treatment with rMG_186. EM42 nuclei
were incubated with 1 �g of rMG_186 in the presence of 10 mM CaCl2 and collected at different intervals (designated 1, 2, 5, or 8 [in hours] above
each lane). DNA was isolated from control and treated samples and examined on agarose gels. Nuclei incubated with carrier buffer plus CaCl2
served as controls (C represents the 8-h control sample). (B) Morphological changes of untreated control and rMG_186-treated intact nuclei after
3 h. Phase contrast microscopy was used to examine nuclei treated with buffer alone (i) and nuclei treated with rMG_186 (ii).
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the genomic organization of MG_186 indicates that several
transporter genes are located immediately downstream of
MG_186, similar to that of M. hyopneumoniae and other my-
coplasmas (35). It is possible that these transporters are in-
volved in nucleic acid precursor import (31). By combining
genomic analysis with measurements of rMG_186 enzymatic
activity, we reinforced nuclease properties of MG_186 (Fig. 2).
Further analysis of the entire M. genitalium genome and nu-
clease activity of total M. genitalium cell lysates demonstrated
the presence of only one nuclease, MG_186 (Fig. 3), in con-
trast to other mycoplasmas that possess several functional
nucleases (26). Interestingly, the expression of MG_186 in M.
genitalium cells is low, as measured by Coomassie blue-stained
total protein gels, which is consistent with evidence that pa-
tients infected with M. genitalium do not mount a strong im-
mune response to MG_186.

Like other mycoplasma nucleases (7, 29), MG_186 requires
Ca2� for optimal activity, while Mn2� and Zn2� inhibit activity
(Fig. 2B). Further, Mg2� does not stimulate MG_186 enzy-
matic activity in contrast to the major nuclease of M. penetrans
(7). Cytosolic Ca2� signals can be evoked in the host by bac-
terial infection, especially by toxins or chemical stimuli, such as
hormones and growth factors and environmental changes (i.e.,
pH or temperature shifts). Depending on the host target cell
and the nature and extent of the environmental stimulus, Ca2�

signals can be transient, oscillatory, or sustained (38) and can
occur as cellular or subcellular events (10). It has been previ-
ously shown that treatment of animals with progesterone,
which also leads to increases in intracellular calcium, is a pre-
requisite for the establishment of genital tract colonization by
M. genitalium (19). Also, estradiol, which is known to reduce
intracellular calcium, is ineffective in facilitating M. genitalium

FIG. 7. Effect of rMG_186 on morphological changes in nuclei, DNA, and lamin organization. (A) Intact EM42 nuclei were incubated with 1
ng to 1 �g of rMG_186 for various time intervals (30 to 240 min). Differences in morphology of rMG_186-treated and untreated nuclei and their
parallel SYTOX green staining are readily observed over time. (B) Lamin nuclear patterns after incubation with rMG_186. EM42 nuclei were
treated with (bottom) or without (top) 100 ng of rMG_186 for 30 min and subjected to immunofluorescence using rabbit anti-rMG_186 and
mouse anti-lamin antibodies. The upper panels (untreated control nuclei) indicate the normal organization of lamin in the intact nucleus (goat
anti-mouse Alexa Flour 488 [green]). Also, DAPI staining (blue) reveals the undisturbed nuclear DNA. The lower panels (rMG_186-treated
nuclei) indicate the disintegration of lamin topography and fragmented DNA (DAPI staining), also revealing chromatin condensation probably due
to nuclease activity of rMG_186 (anti-rabbit Alexa Flour 633 [red]). (C) Intranuclear localization of rMG_186. A magnified optical cross section
of the bottom merged panel of B clearly reveals the distribution of rMG_186 (red) at the nuclear membrane along with lamin (green) and within
DNA (blue). Bars, 5 �m.
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colonization (6, 19). Therefore, the impact of infection(s), hor-
monal changes, and other environmental stressors in the host
will likely influence calcium levels and M. genitalium nuclease
activity.

The detection of MG_186 in the Triton fraction of M. geni-
talium cell lysate (Fig. 4A), its surface-exposed distribution
(Fig. 4B), and signal peptide prediction (Fig. 1) suggest that
MG_186 functions as a surface-active protein, like the major
adhesin P140. Since intracellular M. genitalium cells preferen-
tially localize around the perinuclear region, it seems apparent
that host DNA and RNA offer potential and essential nucle-
otide pools to intracellular mycoplasmas. As a consequence,
M. genitalium competes with the host for important metabolic
precursors. Therefore, the potent membrane nucleases of my-
coplasmas, combined with other mycoplasma determinants,
may be responsible for pathogenic effects and chromosomal
aberrations observed in infected eukaryotic cells. For example,
the morphological changes in the nuclei elicited by rMG_186
(Fig. 6B and 7A) are substantial, which prompted us to exam-
ine lamin distribution and stability. Lamins are nuclear inter-
mediate filament proteins that maintain nuclear shape and
mediate chromatin-nuclear membrane interactions. Lamin dis-
integration and its impact on the morphological changes of
nuclei during apoptosis have been described (32). The abnor-
mal ultrastructure and morphology of rMG_186-treated nuclei
and the accompanying aberrant lamin appearance are consis-
tent with nuclear events associated with condensation of chro-
matin and DNA degradation (Fig. 6 and 7). These observa-
tions correspond to reports that mycoplasma infection of
mammalian cells or organ cultures or xenografts can lead to
alterations in host nucleic acid metabolism and resultant chro-
mosomal aberrations. Recently, M. genitalium infection has
also been linked to malignant transformation of benign human
prostate cells (28).

Consequently, it appears that MG_186 is a critical patho-
genic contributor to M. genitalium colonization and persistence
by providing essential nucleotide precursors for mycoplasma
biosynthetic functions and replication while also competing
with the host for nucleotide pools. These events likely trigger
pathways to host cell death and subsequent pathological con-
sequences. Therefore, therapeutic targeting of MG_186 could
result in the interruption or prevention of mycoplasma-medi-
ated inflammatory diseases and other complications in the
urogenital tract.
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