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Mycoplasma penetrans is a urogenital tract pathogen implicated in the deterioration of the immune system in
human immunodeficiency virus-infected AIDS patients. Here, we describe a 78-kDa protein from M. penetrans,
designated MYPE9110, that exhibits sequence similarity to known ADP-ribosyltransferases (ADPRTs) such as
Bordetella pertussis pertussis toxin and Mycoplasma pneumoniae community-acquired respiratory distress syndrome
toxin. MYPE9110 possesses key amino acid residues found in all ADPRTs that are essential for ADPRT activity.
Several mammalian cell proteins are ADP-ribosylated by MYPE9110, and the full-length recombinant protein
exhibits a strong auto-ADP-ribosylating activity. In the absence of target proteins, MYPE9110 demonstrates a
NAD-glycohydrolase activity by hydrolyzing NAD. Furthermore, this toxin elicits cytopathology in HeLa cells by
inducing cytoplasmic vacuolization in the presence of ammonium chloride. The deletion of the C-terminal region of
MYPE9110 significantly diminishes its binding to host cells while still exhibiting an ADPRT activity, suggesting that
MYPE9110 is a member of the family of A-B ADPRT toxins.

The Mollicutes contain several human-pathogenic mycoplas-
mas including Mycoplasma pneumoniae, Mycoplasma geni-
talium, and Mycoplasma penetrans. M. penetrans GTU-54 was
first isolated from the urine of a human immunodeficiency
virus (HIV)-positive homosexual male (20). Subsequent stud-
ies reported a higher frequency of antibodies against M. pen-
etrans (40%) in sera of HIV-infected AIDS patients than in
sera of HIV-infected non-AIDS and HIV-negative control
groups (20% and 0.3%, respectively) (36). It was previously
hypothesized that M. penetrans could exist as either an oppor-
tunist or a cofactor in AIDS progression for several reasons,
including the ability of M. penetrans to activate human T lym-
phocytes (31). Although considered predominately a urogeni-
tal tract pathogen, M. penetrans strains have also been isolated
from blood (strain HF-1) and respiratory tract cultures (strain
HF-2) of a non-HIV-infected patient with primary antiphos-
pholipid syndrome and bacteremia (37).

Among the genome-sequenced pathogenic mycoplasmas, M.
penetrans strain HF-2 is the largest, at 1.4 Mbp, with a low
G�C content of 25.7% and 1,038 predicted coding sequences
(32). The genome consists of many paralogs, including the p35
gene family, which may account for its larger genome size than
other pathogenic mycoplasmas. The p35 gene family encodes
surface lipoproteins, including the immunodominant P35 pro-
tein, which is the basis of the serological diagnosis of M. pen-
etrans infection (32). In silico analysis of the M. penetrans
genome indicates the presence of a two-component response
regulator (MYPE3960) and a putative sensory transduction
histidine kinase (MYPE2360). No such regulatory elements
have been found for other sequenced mollicute genomes, sug-

gesting that M. penetrans is unique in that it may be able to
sense and synthesize proteins in response to its survival niche
(32).

Following adherence to host cells, M. penetrans induces cy-
toskeleton rearrangement, as evidenced by the aggregation of
tubulin and �-actinin (13). This event leads to the internaliza-
tion of M. penetrans, where it resides in the host cell cytosol,
membrane-bound vacuoles, or perinuclear region for extended
periods of time (2, 10, 13). This intracellular environment
offers many benefits to the bacterium, where it can avoid host
immune responses and acquire essential nutrients (26). The
mechanism by which M. penetrans triggers cytoskeletal rear-
rangements is still poorly understood. Manipulation of the
cytoskeletal network by bacterial toxins, including ADP-ribo-
sylating toxins, was previously reported for both gram-negative
and gram-positive bacteria (26). Until recently, the only ge-
nome-encoded potential virulence factors of M. penetrans in-
cluded endonucleases, hemolysins, and proteases (3, 18, 32),
and their roles in pathogenesis remain unclear.

Recently, an ADP-ribosylating and vacuolating toxin was
described for M. pneumoniae (17). This toxin, designated com-
munity-acquired respiratory distress syndrome (CARDS)
toxin, was first identified by its interaction with the human lung
protein surfactant protein A and by its limited but critically
relevant sequence similarity to the Bordetella pertussis pertussis
toxin S1 subunit ADP-ribosyltransferase (ADPRT) domain
(17, 19). ADPRTs are found in a wide range of bacterial
pathogens and catalyze the transfer of a single ADP-ribosyl
group from �-NAD onto specific amino acid residues of host
cell proteins with the release of nicotinamide (24). Mono-
ADP-ribosylation by these ADPRTs leads to the modification
of various host cell target proteins and their activities, includ-
ing the inhibition of host protein synthesis by diphtheria toxin
(DT) (25), alterations in signal transduction pathways by per-
tussis toxin (21), and interference of actin polymerization by
Clostridium iota and C2 toxins (1, 33). Many members of these
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ADPRTs, including pertussis toxin and DT, belong to the A-B
family, which possesses an active ADPRT subunit, known as
the A subunit, and a B subunit responsible for the binding and
translocation of the active subunit across host cell membranes
(11).

Our discovery of CARDS toxin in M. pneumoniae prompted
us to look at other mycoplasma genomes for the existence of a
related protein. A hypothetical protein in the M. penetrans
genome, annotated MYPE9110, shared sequence similarity
with CARDS toxin and a conserved domain with the pertussis
toxin S1 subunit. In this study we show that MYPE9110 is
related to the family of classical A-B toxins, as it possesses an
N-terminal ADPRT domain and a C-terminal cell-binding do-
main. We also show that MYPE9110 elicits cytopathology in
host cells, indicating the virulence potential of this newly char-
acterized M. penetrans protein.

MATERIALS AND METHODS

Bacterial cultures and growth conditions. Mycoplasma penetrans GTU-54 is a
clinical isolate kindly provided by Shyh-Ching Lo (Armed Forces Institute of
Pathology, Washington, DC) (20). Clinical isolates from Texas and France were
obtained from J. G. Tully (National Institute of Allergy and Infectious Diseases,
Bethesda, MD). These isolates were routinely grown at 37°C overnight in SP-4
broth with no aeration in 150-cm2 tissue culture flasks. Escherichia coli
BL21(DE3) lpxM was used to express recombinant MYPE9110 and was kindly
provided by Jean-Francois Gauchat (7).

Eukaryotic cell growth conditions. HeLa cells (ATCC CCL-2) were obtained
from the American Type Culture Collection (ATCC) and passaged in minimal
essential medium (MEM) (ATCC) with 10% fetal bovine serum (FBS) (Atlas
Biologicals). Cells were grown at 37°C in 5% CO2 in 75-cm2 flasks.

Transcriptional analysis. M. penetrans GTU-54 cultures were grown in SP-4
broth at 37°C, and cells were harvested at 3-, 6-, 12-, 18-, 24-, and 30-h growth
intervals, washed, and suspended in phosphate-buffered saline (PBS) (pH 7.4).
Cell turbidity was measured at an optical density at 600 nm to study growth
patterns. Reverse transcription (RT)-PCR was performed using 5 �g total RNA
extracted at each time point with Tri reagent (Sigma). RNA was incubated in the
presence or absence of reverse transcriptase (Superscript II reverse transcrip-
tase; Invitrogen) and MYPE9110 or tufA gene-specific primers in order to gen-
erate cDNA and ascertain DNA contamination, respectively. PCR amplification
of M. penetrans MYPE9110 (n � 30 cycles) was performed with the following
primers, corresponding to the internal region, nucleotides 724 to 1119, of
MYPE9110: MYPE9110-FP2 (5�-GACAAAATATCTTCATGGATGAATGTT
C-3�) and reverse primer MYPE9110RT-RP (5�-GAAGTCAAAAATAAATCT
ACCTGATTTATC-3�). PCR amplification of the M. penetrans tufA gene
(MYPE320) was performed with primers corresponding to the internal region of
nucleotides 505 to 906 of tufA by using EF-Tu FP (5�-ATGGCAAAACAAAA
GTTTGATAGATCAAAAG-3�) and EF-Tu RP (5�-TTATCTAATAACTTTA

GTTACTGTACCAGC-3�). To determine whether MYPE9110 was secreted
during M. penetrans growth, supernatants of exponentially grown cultures were
ammonium sulfate precipitated (30, 50, and 80% saturations). Each fraction was
desalted, concentrated, and separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels. Analysis was performed by Western blotting with polyclonal
rabbit antibody generated against MYPE9110.

Construction of rMYPE9110 and its derivative plasmids. M. penetrans GTU-54
genomic DNA (Easy DNA kit; Invitrogen) served as a template to amplify
MYPE9110 by PCR using MYPE9110-specific oligonucleotide primers. The con-
struction and TGA corrections of full-length MYPE9110 were accomplished with
primers listed in Table 1. Overlap extension PCR (14) was used to generate the
full-length MYPE9110 gene product, which involved the overlap and annealing of
six individual DNA fragments amplified with Pfu Turbo DNA polymerase (Strat-
agene) and mutagenic primers (Table 1). The MYPE9110 PCR product was ampli-
fied with Platinum Taq polymerase (Invitrogen), cloned in the TOPO pCRII-TA
cloning vector (Invitrogen), transformed into Escherichia coli Top10 cells (Invitro-
gen), digested with NdeI and BamHI endonucleases (New England Biolabs), and
ligated (T4 DNA ligase; New England Biolabs) with expression vector pET-19b
(EMD Biosciences), which had been treated with the same enzymes. E. coli Top10
cells were transformed with the ligated mixture, and several transformants were
isolated. The selection of recombinant MYPE9110 (rMYPE9110) transformants
was accomplished by restriction digestion with NdeI and BamHI endonucleases and
by sequencing of positive clones. Similarly, using primers presented in Table 2,
rMYPE9110 N-terminal (rN-MYPE91101-300), C-terminal (rC-MYPE9110302-647),
rMYPE9110156-Glu-Ala, and rMYPE9110156-Glu-Asp constructs were amplified and
cloned in the same manner as that described above. Sequencing of all constructs was
performed in the Department of Microbiology and Immunology Nucleic Acids
Facility (University of Texas Health Science Center at San Antonio). Sequences
were analyzed using the Basic Local Alignment Sequence Tool (BLAST) program
available from the NCBI database.

Expression and purification of rMYPE9110 and its derivatives. E. coli
BL21(DE3) lpxM was transformed with plasmid pET-MYPE9110 and grown in
standard Luria-Bertani broth (LB) containing 100 �g ml�1 ampicillin (Sigma) at
37°C with aeration. To increase the yield of soluble protein, cultures were grown at
30°C to an optical density at 600 nm of 0.4 and induced with 200 �M IPTG
(isopropyl-�-D-thiogalactopyranoside) (Sigma) at 30°C for 5 h with aeration (200
rpm). Recombinant His10-tagged MYPE9110 (rMYPE9110) was purified from E.
coli BL21(DE3) lpxM cells under native conditions by nickel affinity chromatography
according to the manufacturer’s protein isolation protocol (Qiagen), with slight
modifications. Briefly, cells were lysed by sonication and collected by centrifugation
at 10,000 � g for 30 min at 4°C. rMYPE9110 was bound to the nickel affinity column,
eluted, desalted in 50 mM Tris with 5% glycerol (pH 7.4) using PD-10 columns (GE
Healthcare), concentrated by filtration (Amicon) according to the manufacturer’s
instructions (Millipore), quantified with bicinchoninic acid (Pierce), and stored at
�80°C. rMYPE9110 was sequenced by matrix-assisted laser desorption ionization–
time of flight analysis at the microsequencing facility at Baylor College of Medicine
(Houston, TX). The rN-MYPE91101-300, rC-MYPE9110302-647, rMYPE9110Glu-Ala,
and rMYPE9110Glu-Asp proteins were also expressed as His-tagged recombinant
proteins and purified under the same conditions as those described above for full-
length wild-type MYPE9110. However, expression of the C-terminal and active-site
mutant proteins did not yield sufficient levels of soluble proteins.

TABLE 1. Primers used for amplification and site-directed mutagenesis of the MYPE9110 gene

Primer Sequencea Annealing
temp (°C) Positions

MYPE9110 FP 5�-CATATGATTAACAATTGATATTAAATCATCTTGG-3� 54 1330
MYPE9110 RP 5�-GGATCCTTACTTAATATGATTTTCATTAAG-3� 53 192141944
MYPE9110 F2 5�-GACAAAATATCTTCATGGATGAATGTTC-3� 54 7243751
MYPE9110 R2 5�-GAACATTCATCCATGAAGATATTTTGTC-3� 54 7244751
MYPE9110 R2.5 5�-GATATTTTGATAAATTAACTTTCTGCCATTC-3� 54 174241711
MYPE9110 F3 5�-CATTAATTTATCATGGATGTGGAAATATC-3� 53 145831486
MYPE9110 F3.5 5�-GATGGGAAACCATATAGATGGTTAGAATGGCAG-3� 62 168731719
MYPE9110 R3.5 5�-CTTTGTCATATCTACATTTTTTCAAAACCCACATAT

TATTTTTATTTGG-3�
61 174141775

MYPE9110 R3 5�-GATATTTCCACATCCATGATAAATTAATG-3� 53 145841486
MYPE9110 F4.5 5�-CCAAATAAAAATAATATGTGGGTTTTG-3� 51 174131767
MYPE9110 R4.5 5�-GCACCCATAAATAACCATTATTG-3� 50 171441740
MYPE9110 F5.5 5�-GATTATCAGTTTTTTCAATAATGGTTATTTATG-3� 53 180131826

a In the given primer sequences, TGA-to-TGG changes are underlined, and the introduced restriction endonuclease sites are in boldface type.
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ADP-ribosylation assays. The ADPRT activity of rMYPE9110 and its deriv-
atives was determined as described previously for M. pneumoniae CARDS toxin,
with slight modifications (17). HeLa cells were grown to 80% confluence,
washed, harvested, and sonicated in 50 mM Tris (pH 7.4). HeLa cell lysates were
incubated with rMYPE9110 (2.5 �M) in a 50-�l reaction mixture volume of 1
mM GTP	S (Cytoskeleton), 10 mM thymidine (Sigma), 10 mM dithiothreitol
(Sigma), 2.5 mM MgCl2 (Sigma), 50 mM Tris (pH 7.4), and 0.2 �M [32P]NAD
(800 Ci/mmol; Perkin-Elmer). Fifty-microliter reaction mixture volumes were
incubated at 30°C for 1 h, trichloroacetic acid (Sigma) precipitated, and spun at
16,000 � g for 10 min. Cell pellets were dissolved in NuPAGE sample buffer
(Invitrogen), heated at 70°C for 10 min, and run on NuPAGE 4 to 12% Bis-Tris
gradient gels (Invitrogen) for 60 min at 200 V. Gels were transferred onto 0.2-�m
nitrocellulose membranes (Protran BA83; Schleicher & Schuell) for 1 h at 15 V
and Ponceau (Sigma) stained to determine efficient protein transfer. Membranes
were exposed to autoradiographic films (Kodak) from 1 day to 1 week at �80°C
and then developed. Similarly, ADP-ribosylation assays were carried out with
unlabeled NAD (Sigma) and ADP-ribose (Sigma) as described above. Pertussis
holotoxin was purchased from List Biologicals Laboratories, Inc.

NAD-glycohydrolase assay. NAD-glycohydrolase assays were performed ac-
cording to a modified protocol described previously by Moss et al. (23). Reaction
mixture volumes containing 50 mM potassium phosphate (pH 7.4), 4 �M
rMYPE9110, 10 mM dithiothreitol (Sigma), 2.5 mM MgCl2 (Sigma), 1 mM
GTP	S (Cytoskeleton), and 0.1 mM [carbonyl-14C]NAD (0.05 �Ci; Amersham
Biosciences) were incubated at 30°C for 1 h. Duplicate samples (100 �l) were
applied onto 1-ml columns of Dowex AG-1-X2 (Bio-Rad). Free [carbonyl-
14C]nicotinamide was collected with 6 ml of 20 mM Tris (pH 7.4), and radioac-
tivity was quantified (Beckman LS 6500 liquid scintillation counter). Clostridium
botulinum C3 exoenzyme (List Biologicals Laboratories, Inc.) was used as a
positive control for the NAD-glycohydrolase experiments.

Vacuolization conditions. Monolayers of HeLa (ATCC CCL-2) cells were
grown to 60 to 70% confluence in 25-cm2 flasks in MEM (ATCC) supplemented
with 10% FBS (Atlas Biologicals) at 37°C and 5% CO2. Depleted culture me-
dium was replaced by fresh MEM without serum and rMYPE9110 or heat-
inactivated rMYPE9110, ranging from 400 ng ml�1 to 10 �g ml�1. Heat-inacti-
vated rMYPE9110 and 50 mM Tris (pH 7.4) served as negative controls. After
3 h at 37°C, HeLa cells were incubated in the presence or absence of 10% FBS
and 5 mM ammonium chloride (Sigma) and analyzed for vacuolization up to
72 h.

Generation of mouse and rabbit anti-MYPE9110 polyclonal antibodies.
Mouse antibodies were generated by immunizing BALB/c mice (n � 5), which
had been prescreened by immunoblotting to establish the absence of preexisting
cross-reactive antibodies to MYPE9110. Mice that showed no reactivity were
then injected with a mixture of rMYPE9110 (30 �g) and complete Freund’s
adjuvant intraperitoneally, boosted with rMYPE9110 (10 �g) and incomplete
Freund’s adjuvant intraperitoneally, and screened again by Western blot analysis
against rMYPE9110 or M. penetrans whole-cell lysates. Similarly, anti-
rMYPE9110 rabbit antibodies were generated against rMYPE9110 by Strategic
Biosolutions, and sera were screened by Western blot analysis against
rMYPE9110 and M. penetrans whole-cell lysates.

Determination of cell binding by fluorescence-activated cell sorter (FACS)
analysis. HeLa cells were grown to confluence in T75 flasks (Corning),
trypsinized, and resuspended in PBS. Cells were counted using a hemocytometer,
aliquoted (1 � 106 cells/tube), and incubated with equimolar concentrations (250
nM) of full-length rMYPE9110, rN-MYPE91101-300, or PBS–3% FBS (control)
for 30 min at 4°C. Cells were washed and incubated with His6 monoclonal
antibody (1:500) (Clontech) in PBS–3% FBS for 30 min at 4°C. Cells were again
washed and counterstained with Alexa Fluor 488 goat anti-mouse immunoglob-

ulin G antibody (Invitrogen) in PBS–3% FBS for 30 min at 4°C. Cells were then
washed and resuspended in PBS–3% FBS before analysis. Flow cytometry was
performed by the Core Flow Cytometry Facility at the University of Texas Health
Science Center at San Antonio by using a FACSCalibur system with Cellquest
analysis software (Becton-Dickinson and Co., San Jose, CA). Cells were analyzed
using forward-scatter and side-scatter gates to include all individual cells stained
with Alexa Fluor 488.

Immunofluorescence microscopy analysis. HeLa cells were seeded at 1 � 106

cells/well in 24-well plates (Corning) on glass coverslips (1.5 �m; Fisher Scien-
tific) 24 h before intoxication and grown at 37°C in 5% CO2. Cells were intox-
icated with equimolar concentrations (250 nM) of full-length rMYPE9110 or
rN-MYPE91101-300 or without protein in the presence or absence of ammonium
chloride and incubated for both 30-min and 1-h postintoxication intervals at 37°C
in 5% CO2. Cells were washed in PBS, fixed in 2% paraformaldehyde (methanol
free in PBS) (Electron Microscopy Sciences), and washed three times in PBS.
Cells were permeabilized in 0.2% Triton X-100 (Thermo Scientific) in PBS and
washed in PBS–1% normal goat serum (NGS). Cells were then incubated with
His antibody (1:500) for 1 h in PBS–0.2% NGS, washed, and incubated with goat
anti-mouse Alexa Fluor 633 antibody (Invitrogen) in PBS–0.2% NGS for 1 h.
Cells were then washed in PBS, incubated with Alexa Fluor 488 phalloidin
(Invitrogen) at a dilution of 1:500 for 1 h, washed in PBS, and mounted with
Vectashield-1500 with DAPI (4�,6�-diamidino-2-phenylindole). Coverglass slips
were sealed with clear nail polish to prevent drying and movement under the
microscope. All samples were examined using a multichannel acquisition system
operated by AXIO Vision, version 4.7.2, using a Carl-Zeiss Z.1 cell observer.
Acquired z sections (0.5 �m) were processed using AXIO Vision deconvolution
software.

Immune response to M. penetrans LAMP and rMYPE9110. Sera were collected
from patients attending sexually transmitted disease clinics throughout San An-
tonio, TX (34), and were evaluated for M. penetrans antibodies by Western blot
analysis against the lipid-associated membrane proteins (LAMPs) of M. pen-
etrans. To obtain LAMP extracts, M. penetrans cells were grown to the mid-
exponential phase (16 h) and centrifuged, and membrane-associated proteins
were enriched by Triton X-114 fractionation as described previously by Rieth-
man et al. (29). Proteins were trichloroacetic acid precipitated from the deter-
gent phase, separated by gel electrophoresis on 4 to 12% NuPAGE gels, and
transferred onto nitrocellulose membranes. Protein concentrations were deter-
mined by bicinchoninic acid quantitation (Pierce). Serum samples obtained from
patients infected with M. genitalium that did not react with the LAMP extract of
M. penetrans served as negative controls. All serum samples were assessed by
immunoblotting against total M. penetrans proteins (400 ng/strip) and
rMYPE9110 (1 �g/strip). Human sera were diluted at 1:100 in 3% milk in
Tris-buffered saline–Tween 20 (TBST), while rabbit sera generated against M.
penetrans whole-cell lysate and rMYPE9110 were diluted at 1:5,000 in 3% milk
in TBST. Secondary goat anti-human (Zymed) and goat anti-rabbit (Zymed)
sera were diluted in TBST at 1:2,000 and 1:3,000 dilutions, respectively.

RESULTS

Primary sequence and conserved amino acids of M. pen-
etrans MYPE9110 suggest ADPRT activity. The identification
of the ADP-ribosylating CARDS toxin in M. pneumoniae ini-
tiated an investigation into other mycoplasma genomes for the
presence of a similar ADPRT. BLAST (http://www.ncbi.nlm
.nih.gov/BLAST/) (35) analysis revealed both CARDS toxin

TABLE 2. Primers used for generating truncated and catalytic-site-modified proteins

Primer for truncation/mutagenesis
of MYPE9110 Sequencea

N-terminal FP (MYPE9110 FP) ...........................5�-CATATGATTAACAATTGATATTAAATCATCTTGG-3�
N-terminal RP..........................................................5�-GGATCCCTAATCATAAAAAAG TGAACTTAATTC-3�
C-terminal FP ..........................................................5�-CATATGTTTATGGAAGAACAAAGATCTTTTAAC-3�
C-terminal RP (MYPE9110 RP)...........................5�-GGATCCTTACTTAATATGATTTTCATTAAG-3�
Glu to Ala MYPE9110 FP.....................................5�-CTAATAAATTTGCATGGTTCACAACTAAAAAAATTAGTAGTAAC-3�
Glu to Ala MYPE9110 RP ....................................5�-GTTACTACTATTTTTTTAGTTGTGAACCATGCAAATTTATTAG-3�
Glu to Asp MYPE9110 FP ....................................5�-GCATTTAGTGATTATGGTCAAAAATTTACTAATAAATTTGACTGG TTCACAAC-3�
Glu to Asp MYPE9110 RP....................................5�-GTTGTGAACCAGTCAAATTTATTAGTAAATTTTTGACCATAATCACTAAATGC-3�

a In the given primer sequences, GAA (Glu)-to-GCA (Ala) or -GAC (Asp) changes are underlined, and the introduced restriction endonuclease sites are in boldface type.
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and pertussis toxin S1 subunit-like domains within a hypothet-
ical protein of M. penetrans annotated MYPE9110 (Fig. 1A).
The MYPE9110 gene contains 1,944 nucleotides and is lo-
cated at positions 1223114 to 1225057 in the genome,
flanked by flavodoxin- and excinuclease-encoding genes
(Fig. 1B). MYPE9110 has an open reading frame of 647 amino
acids, an isoelectric point of 9.2, and a theoretical molecular mass
of 78,000 Da. It is predicted to have at least one transmembrane
region (amino acids 530 to 541), according to the Dense Align-
ment Surface transmembrane prediction server (9). The amino-
terminal region of MYPE9110 exhibits 27% identity (amino acids
22 to 214) and 45% similarity to M. pneumoniae CARDS toxin
(Fig. 1A). Members of the bacterial ADPRTs demonstrate lim-
ited consensus amino acid sequence conservation, yet they main-
tain key amino acid residues that are required for enzymatic
activity (12). Within the N-terminal region, MYPE9110 retains
the conserved arginine (position 28) and glutamate (position 156)
residues that are essential for ADPRT activity (Fig. 1A) (4–6).
However, unlike CARDS toxin, MYPE9110 does not possess the
Ser-Thr-Ser (STS) motif involved in NAD binding (12). The car-
boxyl region of MYPE9110 shares 23% identity (amino acids 485
to 624) and 40% similarity with the CARDS toxin carboxyl region
(Fig. 1A).

Transcriptional analysis of MYPE9110 in GTU-54. To study
the expression of MYPE9110, we analyzed the transcription of
MYPE9110 during M. penetrans GTU-54 growth. As shown in
Fig. 2, transcripts of MYPE9110 were detected by RT-PCR

using RNA isolated from early-log to stationary phases of
growth (3 to 30 h, respectively). As M. penetrans enters late-
exponential and stationary stages (24 to 30 h), we consistently
observed a marked reduction of MYPE9110 transcript levels,
suggesting that MYPE9110 is preferentially transcribed during
mid-exponential growth (12 to 18 h). The transcription of the
constitutive gene tufA, which maintained similar levels of tran-
script through most growth phases, was used for comparative
purposes (Fig. 2). RNA, in the absence of reverse transcrip-
tase, served as an internal control at all time points. Similar
transcriptional patterns of MYPE9110 were observed for two
other clinical strains of M. penetrans that were isolated in Texas
and France (data not shown) (18).

Site-directed mutagenesis, expression, and purification of
rMYPE9110. In order to obtain sufficient amounts of MYPE9110
to ascertain ADPRT activity, rMYPE9110 was expressed in E.
coli cells. Since mycoplasmas use UGA to encode tryptophan,
overlap extension PCR was used to change the seven UGA
codons in MYPE9110 to UGG. Thus, we substituted adenines
located at nucleotide positions 30, 741, 1473, 1479, 1716, 1761,
and 1860 with guanines (Fig. 3A) to encode tryptophan in E. coli
with primers listed in Table 1. rMYPE9110 was expressed and
purified by nickel affinity column chromatography. The recombi-
nant protein migrates as a single 78-kDa band on 10% SDS-
polyacrylamide gels, and its sequence was confirmed by matrix-
assisted laser desorption ionization–time of flight analysis as
described in Materials and Methods (Fig. 3B, lanes 2 and 3).

FIG. 1. Schematic representation of MYPE9110 homology with CARDS toxin and genomic organization of MYPE9110. (A) MYPE9110 is an
orthologous protein of CARDS toxin. The amino (residues 22 to 214) and carboxyl (residues 485 to 624) amino acid residues that share homology
with CARDS toxin are indicated in gray. The percentages of identity and similarity with CARDS toxin (within parentheses) are shown. The
amino-terminal region that retains the pertussis S1-like ADPRT domain is indicated. The positions of the essential amino acids necessary for
ADPRT are indicated by dotted vertical lines (R28 and E156). (B) The MYPE9110 gene is flanked upstream by fldA (flavodoxin) by 19 nucleotides
and downstream by uvrA (excinuclease ABC subunit A) by 57 nucleotides. The internal 395-bp region used to analyze the transcription of the
MYPE9110 gene is shown with bold lines.

FIG. 2. Transcriptional analysis of the MYPE9110 gene. M. penetrans cells were grown in SP-4 medium, and RNA was isolated at 3, 6, 12, 18,
24, and 30 h of growth. RT-PCR (n � 30 cycles) was used to confirm MYPE9110 and tufA mRNA syntheses in M. penetrans GTU-54, and the
corresponding cDNA was amplified and resolved by 1% agarose gel electrophoresis.
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However, on 4 to 12% gradient NuPAGE gels, which were
used for all ADP-ribosylation assays and serological analyses,
rMYPE9110 runs just above 64 kDa. In order to further charac-
terize the ADP-ribosylating activity of MYPE9110, an alanine
mutant of glutamate-156 (an amino acid essential for the ADP-
ribosylating activity of these toxins) was generated. However, this
mutant protein showed low-level expression and poor solubility
upon purification. We further substituted glutamate-156 with as-
partate in order to obtain alternative soluble mutant MYPE9110.
Unfortunately, this also yielded similar results of low-level expres-
sion and poor solubility, suggesting that a modification of the
active site substantially influences protein yield and solubility in
E. coli.

MYPE9110 exhibits ADPRT activity. To determine whether
MYPE9110 possesses ADPRT activity and modifies eukaryotic
proteins, we compared ADP-ribosylation patterns between
host cells incubated with [32P]NAD in the presence or absence
of rMYPE9110. As revealed by autoradiography, we observed
intrinsic host cell ADP-ribosylation activity in HeLa cells (Fig.
4, lane 1). However, in the presence of rMYPE9110, we de-
tected additional 32P-labeled HeLa cell proteins of about 23,
25, and 60 kDa (Fig. 4, lane 2). In addition, we observed a
broad, intense band above 64 kDa that was strongly ADP-
ribosylated (Fig. 4, lane 2). As rMYPE9110 runs near this size
on 4 to 12% gradient gels, we further investigated this obser-
vation by incubating rMYPE9110 in the presence of [32P]NAD
without host cell target proteins and noted auto-ADPRT ac-
tivity (Fig. 4, lane 3). This was in stark contrast to CARDS
toxin of M. pneumoniae, where auto-ADP-ribosylation was not
detected under similar conditions. Since the N-terminal region
of MYPE9110 shares homology to the pertussis toxin S1 sub-
unit and retains essential amino acids for ADPRT activity (Fig.
1A), we analyzed the activity of rN-MYPE91101-300 and found
that it was capable of ADP-ribosylating host proteins, comparable
to full-length MYPE9110 (data not shown). This observation in-
dicates that the N terminus is similar to the catalytic A domain of

the classical A-B toxins. Interestingly, in contrast to full-length
MYPE9110, rN-MYPE91101-300 (35 kDa) did not undergo auto-
ADP-ribosylation, suggesting that the C-terminal region of the
protein is the most probable target site for auto-ADP-ribosylation
mediated by the N terminus (Fig. 4, lane 4).

To verify that auto-ADP-ribosylation was catalyzed by an
enzymatic modification of ADP-ribose, the reaction was per-
formed in the presence of 5 mM unlabeled ADP-ribose (22).
Auto-ADP-ribosylation of rMYPE9110 was not affected, con-
sistent with the conclusion that the transfer of ADP-ribose
from NAD onto rMYPE9110 is due to enzymatic activity (data
not shown).

MYPE9110 exhibits NAD-glycohydrolase activity. In addi-
tion to the transferase activity displayed by all bacterial ADPRTs,
most of these enzymes have been shown to exhibit NAD-glyco-
hydrolase activity by hydrolyzing NAD to ADP-ribose and nico-
tinamide, with water acting as the ADP-ribose acceptor. In the
presence of nicotinamide-labeled [14C]NAD alone, rMYPE9110
was able to hydrolyze NAD with the release of free 14C-labeled
nicotinamide (mean specific activity 
 standard deviation of 39 

8.4 nmol nicotinamide released h�1). In addition, CARDS toxin
exhibited NAD-glycohydrolase activity (specific activity of 48 

9.1 nmol nicotinamide released h�1). Under the same experimen-
tal conditions, C. botulinum exoenzyme C3 (16) served as a pos-
itive control (specific activity of 146 
 4.2 nmol nicotinamide
released h�1). NAD-glycohydrolase activities of rMYPE9110 and
recombinant CARDS toxin were determined by incubating each
ADPRT with [14C]NAD radiolabeled on the nicotinamide moiety
in the presence of 50 mM potassium phosphate (pH 7.5) for 1 h
at 30°C. Released nicotinamide was quantified by liquid scintilla-
tion counting. C. botulinum C3 was used as a positive control. The
value of the buffer control (no protein added) was subtracted
from each data point. Specific activity units are nmoles of released
nicotinamide. All assays were run in duplicate.

MYPE9110 exhibits ammonium chloride-dependent vacuol-
ization of mammalian cells. As CARDS toxin of M. pneu-

FIG. 3. Cloning, expression, and purification of rMYPE9110. (A) Schematic representation of seven TGA codons corrected to TGG codons.
Six overlapping fragments were amplified with the mutagenic primers listed in Table 1 and annealed in order to change UGA-encoding tryptophans
to UGG-encoding tryptophans and generate a full-length MYPE9110 gene product to express in E. coli cells. (B) Expression and purification of
rMYPE9110. rMYPE9110 was expressed and purified in the E. coli BL21(DE3) lpxM strain, resolved by 10% Laemmli SDS-polyacrylamide gel
electrophoresis, and stained with Coomassie brilliant blue R250. Lane 1, uninduced total cell lysate; lane 2, induced total cell lysate; lane 3, purified
rMYPE9110.
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moniae caused extensive vacuolization in mammalian cells
(17), we examined whether rMYPE9110 demonstrated a sim-
ilar effect. HeLa cells did not exhibit visible cytopathology in
the presence of rMYPE9110 under the same experimental
conditions in which M. pneumoniae CARDS toxin elicits vac-
uolization. However, in the presence of ammonium chloride,
HeLa cells exposed to exogenous rMYPE9110 displayed dis-
tinct vacuolization and cell rounding with a disruption of
monolayer integrity, like Helicobacter pylori VacA (8). Cytopa-
thology was slow to develop at lower concentrations of
rMYPE9110 (400 ng/ml), requiring 48 to 60 h, whereas higher
concentrations of rMYPE9110 (5 to 10 �g/ml) elicited the
vacuolization of HeLa cells as early as 12 h postintoxication,
with widespread vacuolization by 72 h postintoxication (Fig.
5B). The vacuolization of HeLa cells was abolished by the heat
inactivation of rMYPE9110 in the presence of ammonium
chloride, demonstrating the requirement of an enzymatically
active protein in order to elicit the observed vacuolating activ-

ity (Fig. 5C). Tris buffer alone, in the presence of ammonium
chloride, served as a negative control (Fig. 5A).

Regions of MYPE9110 involved in binding to host cells.
Since MYPE9110 was able to cause vacuolization in HeLa
cells, we analyzed the binding properties of both full-length
MYPE9110 and rN-MYPE91101-300 with HeLa cells by FACS
analysis and immunofluorescence. As shown by FACS analysis
(Fig. 6A), full-length MYPE9110 was able to bind to HeLa
cells at a much higher efficiency (90% of total cells), in contrast
to rN-MYPE91101-300, which bound at a markedly reduced
level (24% of total cells). As shown in Fig. 6A, HeLa cells
intoxicated with full-length rMYPE9110 exhibited a varied dis-
tribution of fluorescent toxin, ranging from low to high relative
fluorescence intensities. The degree of toxin binding can vary
considerably in a given target cell population and could be
attributed to the differential expression of receptors in the
asynchronous cell population. Similar profiles were previously
observed for the binding of M. penetrans to human lung cells
(2). Correspondingly, as observed by immunofluorescence mi-
croscopy (Fig. 6B and C), full-length MYPE9110, irrespective
of the presence or absence of ammonium chloride, was able to
bind and internalize into the cytoplasm of HeLa cells, in con-
trast to rN-MYPE91101-300. These events reinforce data from
FACS analyses and clearly indicate that the deletion of the
C-terminal region of MYPE9110 significantly diminishes the
binding of rN-MYPE91101-300 to mammalian cells, consistent
with the role of the carboxyl terminus as the receptor-mediat-
ing B domain of the A-B family of bacterial toxins. Further-
more, we demonstrate that the binding and internalization of
MYPE9110 are not mediated by ammonium chloride.

DISCUSSION

The aim of this study was to characterize the activity of
MYPE9110, an annotated hypothetical protein from M. pen-
etrans that exhibited amino acid similarities to M. pneumoniae
CARDS toxin and the pertussis toxin S1 subunit (Fig. 1A).
Although members of the ADPRTs share little conservation in
primary amino acid sequence, they maintain key spatially con-
served amino acid residues that are essential for catalytic ac-
tivity. Based on these specific amino acid residues that have
been experimentally shown to be essential for ADP-ribosylat-
ing activity, ADPRTs have been broadly classified into two
groups, the cholera toxin (CT) and DT families (12, 24). Mem-

FIG. 4. ADPRT activity of rMYPE9110. HeLa cell lysates were
incubated with and without rMYPE9110 in the presence of [32P]NAD,
and proteins were separated on a 4 to 12% NuPAGE gel. The gel was
transferred onto a nitrocellulose membrane and exposed to X-ray film.
Lane 1, HeLa cell lysate and [32P]NAD; lane 2, HeLa cell lysate,
[32P]NAD, and rMYPE9110; lane 3, rMYPE9110 and [32P]NAD; lane
4, rN-MYPE91101-300 and [32P]NAD. Arrows indicate radiolabeled
host cell proteins and auto-ADP-ribosylated rMYPE9110. Molecular
mass markers are indicated on the left in kDa.

FIG. 5. Cytopathic effects of rMYPE9110 on HeLa cell morphology. HeLa cells were grown in the presence of 50 mM Tris (pH 7.4) and 5 mM
ammonium chloride (A), 6 �g ml�1 rMYPE9110 and 5 mM ammonium chloride (B), and 6 �g ml�1 heat-inactivated rMYPE9110 and 5 mM
ammonium chloride (C). All images were captured from HeLa cell cultures grown for 72 h at 37°C.
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FIG. 6. Properties of binding of rMYPE9110 and rN-MYPE91101-300 to mammalian cells. (A) Binding of full-length rMYPE9110 and
rN-MYPE91101-300 determined by FACS analysis. Full-length rMYPE9110 and rN-MYPE91101-300 (both 250 nM) were incubated with 1 � 106

HeLa cells for 30 min, followed by the addition of His antibody (1:500 dilution) and Alexa Fluor 488 (1:500 dilution). The representative histogram
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bers of the DT family of ADPRTs contain spatially conserved
histidine and tyrosine residues and a catalytic glutamate, whereas
CT family members retain a spatially conserved arginine and STS
motif and a catalytic glutamate residue. Like the CT family,
MYPE9110 possesses the essential arginine and glutamate amino
acid residues and exhibits ADP-ribosylating activity even in the
absence of the STS motif (Fig. 4). ADPRTs without this STS
motif, but still retaining the arginine and glutamate residues, have
been classified into the CT family by in silico analysis (24).

The synthesis of the MYPE9110 gene in M. penetrans peaks
during the mid-exponential phase of growth (Fig. 2), and sim-
ilar expression patterns were previously observed for other
ADP-ribosylating toxins, including the Bacillus and Clostridium
actin-ADP-ribosylating toxins and the B. pertussis pertussis
toxin (26, 27). Although a growth-dependent transcription of
the MYPE9110 gene was observed (Fig. 2), antibodies raised
against the recombinant protein did not detect MYPE9110
from M. penetrans lysates by Western blot analysis. Like M.
pneumoniae CARDS toxin, MYPE9110 does not contain a
canonical signal sequence, and correspondingly, analysis of
SP-4-grown M. penetrans culture supernatants did not reveal
the presence of MYPE9110 (our unpublished data). These
observations were perplexing and suggested that this protein
either was expressed in small amounts or required specific
conditions for protein stability in vitro. However, sexually
transmitted disease patients who showed strong immune re-
sponsiveness to M. penetrans-specific lipoproteins demon-
strated weak to strong immune responses to rMYPE9110, in
contrast to uninfected controls, suggesting that MYPE9110 is
expressed and immunogenic in vivo (our unpublished data).
Whether the expression of MYPE9110 is controlled at the
protein level by unique regulatory elements such as a two-
component signal transduction system, is released upon con-
tact with host cells, or is introduced during host cell invasion by
M. penetrans needs further clarification.

Differences between the two mycoplasma toxins M. pen-
etrans MYPE9110 and M. pneumoniae CARDS toxin were
particularly interesting. Even though MYPE9110 shares ho-
mology with CARDS toxin, it differs from CARDS toxin in its
ADPRT activities (17). Also, a consistent, strong auto-ADP-
ribosylation activity was observed with MYPE9110 under all
conditions examined, in contrast to CARDS toxin. Auto-ADP-
ribosylation was previously documented for other ADPRTs,
including Pseudomonas aeruginosa ExoS, which uses its C-ter-
minal ADPRT domain to regulate its amino-terminal Rho
GTPase-activating activity (28). Similarly, the auto-ADP-ribo-
sylation of MYPE9110 at the C terminus could also regulate
fundamental physiological functions.

As mentioned previously, MYPE9110 and CARDS toxin

target different host proteins, as evidenced by the unique pat-
terns observed in ADP-ribosylation assays (17). It was previ-
ously reported that the conserved polar glutamine/glutamate
(Q/E) residue located two amino acids upstream of the cata-
lytic glutamate in ADPRTs may determine substrate specificity
(15). The substitution of this glutamate with the polar lysine
residue in MYPE9110 may account for distinctions between
CARDS toxin and MYPE9110, as alterations of targets have
been linked to changes in this amino acid in eukaryotic
ADPRTs (30). Both of these mycoplasma toxins were able to
hydrolyze NAD in the absence of target proteins, although the
Clostridium C3 and M. pneumoniae CARDS toxins exhibited
higher levels of activity, which could be due to the absence of
the STS motif in MYPE9110. Amino acid changes within this
NAD-binding region have been shown to affect the strength of
NAD binding between the CT and DT family members (12).

Bacterial ADPRTs can target low-molecular-weight GTP-
binding proteins and affect a range of cellular functions, from
signaling and translocation of proteins to altering cellular
shape and movement (11). As M. penetrans triggers the aggre-
gation of cytoskeletal proteins in mammalian cells (13) and as
we have observed MYPE9110-mediated ADP-ribosylation of
low-molecular-weight proteins, we cannot rule out the possi-
bility of small G proteins as targets of MYPE9110 ADP-ribo-
sylation (Fig. 4). Whether the ADPRT activity of MYPE9110
is involved in membrane ruffling or cytoskeletal rearrange-
ments requires further clarification. An excellent experimental
approach to identify the role of MYPE9110 is to generate a
null mutant of MYPE9110 in M. penetrans. However, in con-
trast to several other mycoplasmas, genetic manipulation of M.
penetrans has not been achieved.

Like CARDS toxin, MYPE9110 also exhibits a vacuolating
activity although under different experimental conditions. As
VacA of the gastrointestinal pathogen H. pylori requires acid
activation as well as ammonium chloride for vacuolization (8),
MYPE9110 of the urogenital tract pathogen M. penetrans
needs weak bases like ammonium chloride for vacuolization,
which could change the pH of endosomes and, in turn, favor
MYPE9110 activation. This biological behavior of M. penetrans
suggests specific adaptive mechanisms for tissue tropism and
site colonization during infection and persistence. Particularly
interesting is that a vacuolating activity was previously ascribed
to actively growing M. penetrans bacteria in HeLa cell lines,
although the basis for vacuole formation was thought to be
associated with the formation of oxidative radicals (3a). Our
detection of a genome-encoded protein in M. penetrans that in
vitro exhibits an ADP-ribosylating and vacuolating activity sug-
gests a link between successful parasitism, cytopathology, and
this potential bona fide virulence determinant.

presents cell numbers plotted on the y axis and log fluorescence intensity plotted on the x axis. Cells incubated without protein were used as a control.
(B) Comparative binding and internalization activities of full-length rMYPE9110 and rN-MYPE91101-300 determined by immunofluorescence. HeLa cells
were incubated with no protein (control) (i) or intoxicated with either full-length rMYPE9110 (ii) or rN-MYPE91101-300 (iii) (250 nM) and analyzed by
fluorescence microscopy. Cells were stained with DAPI (nucleus, blue), Alexa Fluor 633 (rMYPE9110, red), and Alexa Fluor 488 (phalloidin, green). All
representative HeLa cell images are shown in the absence of ammonium chloride and at a �400 magnification. (C) Localization of rMYPE9110 within
intoxicated HeLa cells. Shown is a representative HeLa cell stained with DAPI (nucleus), Alexa Fluor 633 (rMYPE9110), and Alexa Fluor 488
(phalloidin). Digital orthogonal sections through z-series data sets (0.5 �m) confirmed that HeLa cell-associated rMYPE9110 is inside the cell. Images
show HeLa cells intoxicated with rMYPE9110 and extended views of the horizontal (a) and vertical (b) z projections of HeLa cells. Arrows (white)
indicate the localization of rMYPE9110 immunofluorescence in the horizontal and vertical z projections.
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The recent discovery of the first ADP-ribosylating toxin in
mycoplasmas, M. pneumoniae CARDS toxin, was an exciting
development in the mycoplasma field. Similarly, the detection
of a related but distinct ADP-ribosylating toxin in M. penetrans
lends credence to the role of ADPRTs in mycoplasma-medi-
ated pathogenesis. Further investigation into the role of this
unique ADP-ribosylating, vacuolating toxin would help to clar-
ify the biology and pathogenicity of M. penetrans and host
cell-mycoplasma interplay.
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