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We have determined that virulent Mycoplasma gallisepticum strain Rlow is capable of binding the extracellular
matrix protein fibronectin. Fibronectin was found to be present in M. gallisepticum Rlow protein extracts by
Western blotting and peptide sequencing. Mycoplasma gallisepticum Rhigh, the attenuated, high-passage deriv-
ative of Rlow, is deficient in this ability. MGA_1199, the M. gallisepticum homologue of the cytadherence-
associated protein P65 from Mycoplasma pneumoniae, and MGA_0928, the M. gallisepticum homologue of the M.
pneumoniae cytoskeletal protein HMW3, were identified as fibronectin-binding proteins. Peptides from the
regions of MGA_1199 and MGA_0928 exhibiting the highest degree of homology with known fibronectin-
binding proteins were shown to bind the gelatin/heparin-binding domain of fibronectin. MGA_1199 and
MGA_0928 were shown to be absent and aberrant, respectively, in Rhigh, explaining its lack of fibronectin-
binding capability. Consistent with its M. pneumoniae counterpart, MGA_1199 (renamed PlpA) was
demonstrated to be surface exposed, despite a lack of classical membrane-spanning domains. Due to its
demonstrated topology and the strength of interaction between its binding peptide and fibronectin, we
propose that PlpA functions as a fibronectin-binding protein in vivo and may possess atypical transmem-
brane domains.

The avian pathogen Mycoplasma gallisepticum is known to
cause chronic respiratory disease in chickens, infectious sinus-
itis in turkeys, and conjunctivitis in finches (23, 33, 45, 49). The
chronic nature of the infection and its effects on weight and egg
production render it a pathogen of considerable economic
importance to the poultry industry (49). Mycoplasma gallisep-
ticum, together with Mycoplasma pneumoniae and Mycoplasma
genitalium, is one of the three most prominent members of the
M. pneumoniae phylogenetic cluster. Members of this cluster
are pathogens that establish chronic infections and mediate
attachment to the host epithelium via molecules present on a
complex tip structure (33). The proteins that compose the tip
structure, as well as a model for its assembly, have been de-
scribed using M. pneumoniae (1, 18, 19).

The virulence of strain R has been previously examined by
comparing the virulent, low-passage strain (Rlow) with the atten-
uated, high-passage strain (Rhigh) (29). Initial examination of the
protein profiles of Rlow and Rhigh indicated that three proteins
were absent in Rhigh. These proteins have been identified as the
primary cytadhesin GapA, the cytadherence-related molecule
CrmA, and a high-affinity transport protein, HatA (29, 44).
Complementation experiments with Rhigh using wild-type gapA
and crmA demonstrated that coexpression of GapA and CrmA is
essential for cytadherence in M. gallisepticum (27); however, these
attachment molecules were not able to completely restore viru-
lence, suggesting that additional differences contribute to the at-
tenuation of the high-passage isolate.

With this in mind, we more closely examined the protein pro-
files of Rlow and Rhigh and found that, in addition to GapA,
CrmA, and HatA, Rhigh is deficient in two high-molecular-mass
proteins and expresses an aberrant form of a third protein. We
identify two of these proteins as being encoded by MGA_0928
and MGA_1199 and characterize these as homologues of the M.
pneumoniae tip structure proteins, HMW3 and P65, respectively.
In accordance with standard nomenclature, we henceforth refer
to these proteins of M. gallisepticum as HMW3-like protein
(Hlp3) and pneumoniae-like protein A (PlpA).

The third protein was identified as the extracellular matrix
protein fibronectin, which led us to believe that M. gallisepti-
cum Rlow was capable of binding fibronectin from the growth
medium and that one or both of the high-molecular-mass pro-
teins Hlp3 and PlpA were responsible for this binding. Many
pathogens, including M. pneumoniae (7), are known to bind
components of the extracellular matrix for various reasons.
Some bacteria utilize this ability to evade the immune system
of their host (9), to mediate cytadherence (41, 42), to initiate
biofilm formation (13, 37), or to attach to and invade host cells
(8, 26, 34, 38, 40). In addition to these activities by bacteria,
fibronectin binding has been shown to play a role in the he-
matogenous spread of cancer cells (4, 46).

We present below the identification of two proteins believed
to be involved in cytoskeletal and tip structure formation and
demonstrate their roles in fibronectin binding. In the absence
of classical transmembrane domains, we present evidence to
suggest that PlpA utilizes atypical domains to anchor itself
within the membrane. Although the current study does not
formally address the role of fibronectin binding in the virulence
of Rlow, the ability to bind fibronectin is advantageous to other
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pathogens and thus can be considered a potential component
of virulence in Rlow.

MATERIALS AND METHODS

M. gallisepticum strains and growth conditions. M. gallisepticum strains Rlow

(passage 14) and Rhigh (passage 164) (29) were grown in complete Hayflick’s
medium at 37°C. OneShot Escherichia coli DH5� (Invitrogen, Carlsbad, CA) was
grown in LB broth containing 50-�g/ml ampicillin at 37°C.

SDS-PAGE and peptide sequencing. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed as described by Laemmli (21). Pro-
teins were extracted by Triton X-114 phase partitioning as described by Bordier (3).
Triton X-114-insoluble proteins were solubilized in 10% sodium dodecyl sulfate. All
protein phases were stored at �20°C prior to separation in 5% polyacrylamide gels.
Proteins found to be present in Rlow and absent in Rhigh were subjected to in-gel
digestion and matrix-assisted laser desorption ionization–mass spectrometry
(MALDI-MS) analysis (14) (Molecular Structure Facility, University of California,
Davis, CA). The resulting amino acid data were aligned with the M. gallisepticum
strain R proteome using the FastA program (31).

Generation of antisera. Peptides were designed for the generation of antisera
against PlpA and Hlp3 (see below). These peptides were synthesized and con-
jugated to keyhole limpet hemocyanin (KLH) (Sigma-Genosys, The Woodlands,
Tex.). Peptides-KLH conjugates were coupled with complete Freund’s adjuvant
and used to immunize New Zealand White rabbits. Rabbits were boosted with
KLH-conjugated peptide in the presence of incomplete Freund’s adjuvant at
2-week intervals. After 8 weeks, rabbits were exsanguinated, and the sera were
separated and stored at �80°C. The process of generating antisera was per-
formed in its entirety by Sigma-Genosys.

Western blots. Triton X-114-insoluble phase proteins from M. gallisepticum were
separated by SDS-PAGE and transferred to nitrocellulose membranes (43). Mem-
branes were blocked with 5% bovine serum albumin or skim milk for 1 h at 37°C.
Membranes were then reacted with primary antibody, either rabbit anti-fibronectin
(Rockland Immunochemicals, Gilbertsville, PA), rabbit anti-PlpA, or rabbit anti-
HMW3 (47) (kindly provided by Duncan Krause, The University of Georgia, Ath-
ens, GA) at dilutions of 1:8,000, 1:1,000, and 1:5,000, respectively, and incubated for
12 h at 4°C. Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(IgG) (Kirkegaard and Perry Laboratories, Gaithersburg, MD) was added at a
dilution of 1:7,000 and incubated for 2 h at 37°C. Blots were developed with the
4-chloro-1-naphthol–hydrogen peroxide chromogenic substrate.

Nucleic acid extraction. Genomic DNA was isolated from Rlow and Rhigh using
the Easy DNA kit (Invitrogen) according to the manufacturer’s instructions.
RNA was extracted from Rlow and Rhigh with TRIzol reagent (Invitrogen) ac-

cording to the manufacturer’s instructions and stored in 5-�g aliquots at �70°C.
Aliquots of RNA were thawed as needed and treated with DNase I (Invitrogen)
according to the manufacturer’s instructions.

PCR conditions. PCR amplifications of plpA and hlp3 were performed using
the Expand Hi Fidelity PCR System (Roche Applied Science, Indianapolis, IN)
according to the manufacturer’s specifications. Each PCR contained 100 ng
genomic DNA and dinucleotide triphosphates at a final concentration of 200
�M. Primers SG1083 and SG1084 (hlp3) and SG1182 and SG1183 (plpA) (MWG
Biotech, Raleigh, NC) (Table 1) were used at a final concentration of 10 �M.
Initial denaturation of DNA was accomplished at 94°C for 2 min. Initial ampli-
fication was achieved by 10 cycles of the following: denaturation at 94°C for 20 s,
primer annealing at 48°C for 30 s, and extension at 71°C for 5 min. Twenty
additional cycles were performed, during which 5 s per cycle was added to the
extension time. A final extension of 10 min was performed at 71°C.

Nucleotide sequencing. PCR amplicons were cloned into pCR2.1 (Invitrogen)
according to the manufacturer’s instructions. Recombinant plasmids were chem-
ically transformed into OneShot Escherichia coli (Invitrogen) according to the
manufacturer’s instructions for propagation. DNA sequencing was accomplished
by primer walking and was performed at the University of Connecticut Bio-
science Center (Storrs, CT) using ABI BigDye (Applied Biosystems, Norwalk,
CT) and the ABI Prism 373 DNA Sequencer (Applied Biosystems). DNA se-
quence assembly and analysis were performed using Sequencher (Gene Codes
Corporation, MI).

Transcriptional analysis by RT-PCR. Transcriptional analysis was performed
by reverse transcriptase PCR (RT-PCR) using 1.7 �g RNA per reaction mixture.
Amplifications were performed using the SuperScript RT-PCR kit (Invitrogen)
according to the manufacturer’s instructions. Reverse transcription was accom-
plished by incubation of RNA in SuperScript reaction mixture at 50°C for 25 min.
cDNA was denatured for 2 min at 94°C and then amplified by 35 cycles of the
following parameters: denaturation at 94°C for 20 s, primer annealing at 49°C for
30 s, and extension at 72°C for 1 min. A final extension of 10 min was performed
at 72°C. A 500-bp fragment from the 3� end of hlp3 was amplified using the
primers SG1090.5 and SG1097 (Table 1). A 250-bp fragment was amplified from
the 3� end of plpA using primers SG1187 and SG1188 (Table 1). RNA was
examined for DNA contamination by substituting AmpliTaq DNA polymerase
(Applied BioSystems) for the SuperScript Platinum Taq under identical ampli-
fication conditions.

Peptide design and generation. Kyte-Doolittle hydrophobicity plots (20) were
used to identify antigenic peptides (Table 2) from the protein sequences of PlpA
and Hlp3 for the generation of antisera (Sigma-Genosys). Protein sequence
alignments between PlpA, Hlp3, and annotated fibronectin-binding proteins
(e.g., GenBank accession numbers ZP_00144610, CAA44726, NP_801368,
NP_764439, A41461, B64235, AAP10794, and BAB81553) were performed using
AlignX Blocks (InforMax/Invitrogen). Peptides representing the most homolo-
gous regions (see Fig. 4B) were generated by the American Peptide Company
(San Francisco, CA). Peptides representing the membrane protein-associated
motifs GG4 (GxxxG), II4 (IxxxI), an expanded motif of GG4 (GxxxGxxxG) as it
appears in PlpA, and control peptides were generated by Sigma-Genosys. The
N-terminal residue of each peptide was labeled with biotin.

Peptide-binding assay. Bovine fibronectin (Calbiochem, San Diego, CA) or
one of four subunits of human fibronectin—fragment IIIC (Sigma, St. Louis,
MO), the adhesion-promoting peptide (Sigma), residues 1377 to 1398 (Sigma),
or the gelatin/heparin-binding domain (Sigma)—were separated by SDS-PAGE
and transferred to nitrocellulose membranes as previously described. The degree
of sequence homology between bovine, human, and chicken fibronectin renders
them experimentally interchangeable. Membranes were blocked with skim milk

TABLE 1. Primer sequences and descriptions

Primer
name Sequence (5�–3�) Description

SG1083 ACCAAACGAACTAAATCTTTTAATTGACA hlp3 forward
SG1084 GGTGAATAGTTCGTATGCTTGAT hlp3 reverse
SG1090.5 CAACAACCAAGAGTGCGAAG hlp3 (RT) forward
SG1097 AACCCGTTGTGAATTGGTTC hlp3 (RT) reverse
SG1182 AATCAACCTGGACAACAAGG plpA forward
SG1183 TAACGGTTATTGTAAGGGTC plpA reverse
SG1187 CAACCTGACTATTACAG plpA (RT) forward
SG1188 GTAGCCATCGTCAAATCCAG plpA (RT) reverse

TABLE 2. Peptide sequencesa

Peptide name Sequence Motif Purpose

GG4
btnNGMLAGV GxxxG Putative transmembrane peptide

II4
btnQIPVVIK IxxxI Putative transmembrane peptide

GG4E btnYGNPIGMLPG GyxxGxxxG Putative transmembrane peptide
Ponticulin btnTTSYIVSC Undefined Transmembrane control �
PlpA� btnDEKKPRNKK yyyyxyyyy Transmembrane control �
PlpA-CTD KLHCIQPSFRRRGGRAKF NA Antiserum generation
PlpA-MID KLHAPVHYDENEELSTDDL NA Antiserum generation
Hlp3-CTD KLHGYDYDRPSTQYYRSN NA Antiserum generation

a Peptide names, sequences, motifs, sources, and experimental roles are listed. Motif spaces indicated with an x represent nonpolar amino acids, whereas those
indicated with a y represent polar or charged residues.
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for 1 h at 37°C and incubated in solutions containing 1 mg/ml putative fibronec-
tin-binding peptide in phosphate-buffered saline (PBS) at 4°C for 12 h. Following
three washes with phosphate-buffered saline–0.005% Tween 20, bound peptides
were detected with horseradish peroxidase-conjugated streptavidin (2 �g/ml).
Blots were developed with the 4-chloro-1-naphthol–hydrogen peroxide chromo-
genic substrate.

Binding inhibition assay. IgG molecules were separated from other serum
components of anti-PlpA antiserum and normal rabbit serum using the Immuno-
Pure Protein G column (Pierce, Rockford, IL) according to the manufacturer’s
instructions. Four micrograms of bovine fibronectin (Calbiochem) was placed
into each well of a 96-well polystyrene microtiter plate (Immulon 4HBX; Thermo
Electron Corporation, Milford, MA) and incubated at 37°C for 1 h. All wells
were blocked with 5% bovine serum albumin for 1 h at 37°C. Mycoplasma
gallisepticum Rlow cells from 1 ml of a mid-log-phase culture were harvested by
centrifugation (15,000 � g for 10 min) and washed three times in phosphate-
buffered saline. Solutions containing 107 CFU, 105 CFU, and 103 CFU were
preincubated for 1 h at 37°C with 3 �g of either anti-PlpA IgG or normal rabbit
serum IgG, added to fibronectin-coated wells, and incubated for 1 h at 37°C.
Unbound cells were removed by being washed three times with PBS–0.005%
Tween 20. Bound organisms were detected by incubation with chicken anti-M.
gallisepticum at a dilution of 1:5,000, followed by horseradish peroxidase-conju-
gated goat anti-chicken (Kirkegaard and Perry Laboratories) at a dilution of
1:2,000. Peroxidase activity was visualized by the addition of phosphate-citrate buffer
containing hydrogen peroxide and o-phenylenediamine. Absorbance was measured
at 460 nm. Statistical significance was determined by Student’s t test using the SAS
statistical analysis program, version 8.01 (SAS Institute, Cary, NC).

Surface proteolysis assay. Eight 2-ml aliquots of an Rlow mid-log-phase cul-
ture were harvested by centrifugation (15,000 � g for 10 min) and washed three
times with PBS. Five of the pellets were each exposed to 7.0 �g of proteinase K
(QIAGEN, Inc., Valencia, CA) at 42°C for intervals of 15, 30, 45, 60, or 300 s.
After incubation, proteinase K activity was inhibited by the addition of phenyl-
methylsulfonyl fluoride (PMSF) to a final concentration of 10 mM. The sixth
pellet was resuspended in 0.1% Triton X-114 (to allow for the degradation of all
protein) and incubated with proteinase K for 300 s prior to the addition of
PMSF. The seventh pellet was simultaneously exposed to proteinase K and
PMSF to neutralize any proteolytic activity and to serve as a zero time point. The
eighth cell pellet was left untreated. Proteins from the eight cell pellets were then

separated by SDS-PAGE and Western blotted as described above with anti-PlpA
serum.

Growth inhibition by complement-mediated lysis. Mycoplasma gallisepticum
Rlow and Rhigh cultures (approximately 108 cells) were pelleted and washed three
times with PBS. Cell pellets were resuspended in a solution of 75% guinea pig
serum (serving as a source of complement components), 12.5% hyperimmune
rabbit serum raised against the PlpA midsection (MID) peptide (Table 2), and
12.5% hyperimmune rabbit serum raised against the PlpA carboxy-terminal
(CTD) peptide (Table 2). One Rlow cell pellet was resuspended in 100% guinea
pig serum to serve as a standard for comparison. Cells in serum suspensions were
gently shaken in an orbital incubator at 50 rpm for a period of 2 h at 37°C.
Complete Hayflick’s medium was added to the suspension, and cells were incu-
bated for 24 h at 37°C. Following incubation, optical density measurements were
taken (� � 620 nm). Cell growth was considered an indication of viability and
therefore a lack of complement-mediated lysis; cell growth was assessed by a
positive change in optical density. Statistical significance was determined by
analysis of variance using the SAS statistical analysis program, version 8.01 (SAS
Institute).

Peptide incorporation into liposomes. Liposomes were generated according to
the method of Avanti Polar Lipids as originally developed by Morrissey (25).
Briefly, a solution of 32.5 mM phosphatidylcholine-chloroform, 32.5 mM phos-
phatidylethanolamine-chloroform, and 12.4 mM phosphatidylserine-chloroform
(40:40:20 molar ratio) (Avanti Polar Lipids, Alabaster, AL) was generated in the
presence of 100 �g of each membrane-associated peptide (i.e., GxxxG, IxxxI, and
GxxxGxxxG [in dimethyl sulfoxide] and controls [in water]). Dry nitrogen gas was
used to evaporate the chloroform-water supernatant. Liposomes were further
dried under a vacuum for 60 min at 30°C, then washed three times with PBS, and
incubated in 2-�g/ml horseradish-peroxidase-conjugated streptavidin (Pierce)
for 12 h at 4°C. Following incubation, liposomes were washed three times with
PBS, then dissolved in chloroform, and immobilized on paraffin wax for visual-
ization of signal. Bound streptavidin was visualized by development in the
4-chloro-1-naphthol–hydrogen peroxide chromogenic substrate.

Embedding of peptides into M. gallisepticum cell membranes. Mycoplasma
gallisepticum Rlow cells were made electrocompetent as previously described
(28), mixed with 100 �g of each membrane-associated peptide in a 0.1-mm
cuvette (Bio-Rad, Hercules, CA), and electroporated at 2.5 kV (GenePulser II;
Bio-Rad). Nonpulsed controls for each peptide were also included to exclude the

FIG. 1. Protein profiles of Rlow and Rhigh analyzed by SDS-PAGE and Western blotting. SDS-PAGE (A, B, and C) and Western blotting (D,
E, and F) demonstrate that three proteins were clearly absent (A, C, D, and F) or aberrant (D and E) in Rhigh. Arrows indicate the presence or
absence of the implicated proteins, and pertinent molecular masses are noted. Western blot analysis was performed with anti-fibronectin (D),
anti-HMW3 (E), and anti-PlpA (F).
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possibility of peptides binding the cell surface nonspecifically. Cells were allowed
to recover for 120 min in Hayflick’s medium at 37°C. Cells were washed three
times with PBS, resuspended in 25 �l PBS, and spotted onto nitrocellulose
membranes. Membranes were blocked with 5% dry milk in water for 1 h at 37°C
and incubated in horseradish peroxidase-conjugated streptavidin for 12 h at 4°C.
Bound streptavidin was visualized by development in the 4-chloro-1-naphthol–
hydrogen peroxide chromogenic substrate.

RESULTS

Peptide sequencing. As shown in Fig. 1A and C, two high-
molecular-mass proteins were absent from Rhigh that are
present in Rlow, and a third appeared to run at an aberrant
molecular mass in Rhigh (Fig. 1E). MALDI-MS analysis per-
formed on the 200-kDa (Fig. 1A) protein band produced pep-
tides that aligned with the homologue of the M. pneumoniae
cytoskeletal protein HMW3 (Hlp3) and the eukaryotic extra-
cellular matrix protein fibronectin. MALDI-MS analysis per-
formed on the 158-kDa protein (Fig. 1C) produced peptides
that aligned with PlpA, the homologue of the M. pneumoniae
cytadherence-associated protein P65. The protein bands that
appeared to be of differing molecular masses in Rlow (Fig. 1B)
were also identified as Hlp3 by N-terminal sequence analysis of
Rlow and Rhigh, indicating that the presence of Hlp3 in the
200-kDa band represented binding rather than simple comi-
gration. These alignments are shown in Fig. 2A to C.

Western blots. Blots of Triton X-114-insoluble-phase proteins
extracted from Rlow were positive when reacted with anti-fi-
bronectin and anti-PlpA antibodies (Fig. 1D and F), while blots of
insoluble-phase proteins from Rhigh were negative (Fig. 1D and
F). Blots of insoluble-phase proteins from Rhigh were weakly
reactive to antibodies raised against the M. pneumoniae homo-
logue of Hlp3 (HMW3), while blots of insoluble-phase proteins
from Rlow were strongly positive (Fig. 1E).

Nucleotide sequencing of hlp3 and plpA. Nucleotide sequencing
of hlp3 from Rhigh showed a 54-bp deletion at base 816 of 3252
(Fig. 3A). Nucleotide sequencing of plpA from Rhigh showed a
17-bp insertion at base 2070 of 2568 that results in a frameshift
mutation and subsequently a premature stop codon at base 2206
of 2568 (Fig. 3B).

Transcriptional analysis by RT-PCR. RT-PCR indicated
that transcripts for hlp3 and plpA were produced in both Rlow

and Rhigh (data not shown).
Peptide-binding assays. Peptides 1 (Hlp3) and 7 (PlpA)

(Fig. 4B) were shown to bind immobilized fibronectin (Fig. 5A
and B). The strongest interaction was between fibronectin and
peptide 7. Amino acid comparisons of peptides 1 and 7 dem-
onstrate 60% identity and 80% similarity (Fig. 4C). Peptide 7
was shown to bind the gelatin/heparin-binding domain of fi-
bronectin (Fig. 5C).

Binding inhibition assay. Whole Rlow cells preincubated
with normal rabbit serum IgG were found to bind fibronectin
at a significantly (P 	 0.02) higher level than Rlow cells prein-
cubated with anti-PlpA IgG (Fig. 6).

Surface proteolysis assay. Protein was shown to be present
in all samples not treated with Triton X-114 after treatment
with proteinase K for up to 300 s. Untreated cell pellets and
cell pellets treated with proteinase K for 0 or 15 s reacted with
anti-PlpA serum. All cell pellets treated with proteinase K for
30 s or longer were not reactive to anti-PlpA serum, indicating
that PlpA was degraded (data not shown).

Growth inhibition by complement-mediated lysis assay.
Incubation of Rlow cells in anti-PlpA serum in the presence
of complement components significantly (P 	 0.004) inhib-
ited their growth upon incubation in Hayflick’s medium
compared to Rlow cells incubated in complement compo-

FIG. 2. Sample peptide alignments. (A) Peptides generated from MALDI-MS analysis of the 158-kDa band aligned with PlpA. (B and C)
Peptides generated from the 200-kDa band aligned with Hlp3 or with fibronectin.

FIG. 3. Nucleotide sequencing of hlp3 and plpA. (A) A 54-bp deletion occurs in hlp3 in Rhigh. (B) A duplication of 17 bp occurs in plpA in Rhigh.
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nents alone (Fig. 7). This inhibition of growth was consid-
ered an indication of complement-mediated lysis.

Investigation of putative transmembrane regions. Bound
streptavidin was considered an indication of embedded pep-
tide. GxxxG and IxxxI peptides did not interact with or embed
within liposomes (Fig. 8A) or M. gallisepticum membranes

(Fig. 8B). A peptide representing the expanded motif of
GxxxG (i.e., GxxxGxxxG) embedded within liposomes (Fig.
8A), appearing in a globular pattern due to the spotting of
liposomes on paraffin wax. The expanded motif peptide also
embedded within M. gallisepticum membranes and did not bind
the cell surface nonspecifically (Fig. 8B). A hydrophilic peptide

FIG. 4. Suspected fibronectin-binding peptides. (A) AlignX Blocks was used to define homologous regions between PlpA, Hlp3, and known
fibronectin-binding proteins. (B) Peptides derived from the most homologous regions of each block are shown. Peptides shown to bind fibronectin
are displayed in red. (C) Peptides 1 (Hlp3) and 7 (PlpA) are aligned. Identical amino acids are shown in red, similar amino acids are shown in
purple, and dissimilar amino acids are shown in blue. These peptides, each shown to bind fibronectin, are 60% identical and 80% similar.
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from PlpA (PlpA�) that served as a negative control did not
embed in either liposomes or M. gallisepticum membranes (Fig.
8A and B). A peptide representing a suspected atypical mem-
brane-spanning region from the Dictyostelium discoideum pro-
tein ponticulin that served as a positive control was shown to
incorporate into liposomes. This peptide appeared to bind the
M. gallisepticum surface nonspecifically, making evaluation of
its embedding impossible (Fig. 8A and B).

DISCUSSION

We have demonstrated that in addition to the previously
characterized cytadhesin molecules GapA and CrmA and the
ABC transporter HatA (29), M. gallisepticum strain Rhigh does
not express PlpA, expresses an aberrant form of Hlp3, and
does not contain the extracellular matrix protein fibronectin in
protein profiles. As M. gallisepticum does not encode any mol-
ecules with sequence homology to fibronectin (28), we con-
cluded that the virulent M. gallisepticum strain Rlow is capable

of binding fibronectin, while the avirulent strain Rhigh is im-
paired in this ability.

Amino acid sequence data for the 200-kDa band present in
Rlow but not Rhigh identified both Hlp3 and fibronectin. Hlp3
(with an observed molecular mass of 175 kDa) bound to a
fibronectin monomer (with an observed molecular mass of 200
kDa) would be expected to run at approximately 375 kDa in
SDS-PAGE. Therefore, the observed size of 200 kDa for the
bound complex of Hlp3 and fibronectin may possibly be due to
fragments of fibronectin being bound to full-length Hlp3, frag-
ments of Hlp3 being bound to a complete fibronectin mono-
mer, or fragments of both proteins creating a smaller-than-
expected protein complex. We have not yet explored the
phenomenon of these two proteins existing in what appears to

FIG. 5. Peptide-binding assays. Biotinylated peptides from the homologous blocks were shown to bind fibronectin immobilized on nitrocellu-
lose, as indicated by arrows. Peptide 1 from Hlp3 (A) and peptide 7 from PlpA (B) were both shown to bind. These peptides were 60% identical
and 80% similar to each other. (C) Peptide 7 was exposed to immobilized subunits of fibronectin and shown to interact with the gelatin/heparin-
binding domain. Lane 1, whole fibronectin; lane 2, fragment IIIC; lane 3, adhesion-promoting peptide; lane 4, residues 1377 to 1398; lane 5,
gelatin/heparin-binding domain.

FIG. 6. Binding inhibition assay to demonstrate surface exposure
of PlpA. Decreasing titers of Rlow were incubated with preimmune
rabbit serum IgG (stippled bars) and with anti-PlpA IgG (striped bars)
and then exposed to immobilized fibronectin in microtiter plates.
Bound organisms were detected by chicken anti-Rhigh, followed by
horseradish peroxidase (HRP)-conjugated goat anti-chicken. At each
titer, a significant difference (�) (P 	 0.02) in the level of colorimetric
signal (o-phenylenediamine) generated was observed.

FIG. 7. Growth inhibition by complement-mediated lysis. Rlow cells
were incubated in the presence of hyperimmune rabbit serum raised
against the MID and CTD of PlpA and guinea pig serum or in guinea
pig serum alone. Following incubation at 37°C, Hayflick’s medium was
added. Growth of Rlow was assessed by optical density after 24 h.
Incubation in the presence of complement components and anti-PlpA
antiserum significantly (P 	 0.004) impeded the subsequent growth of
Rlow (spotted bars) compared to the growth of Rhigh (striped bars)
incubated in the presence of anti-PlpA antiserum and complement
components or Rlow (stippled bars) incubated in the presence of com-
plement components alone.
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be a complexed state in a denaturing gel; however, these for-
tuitous observations led us to further investigate the fibronec-
tin-binding capabilities of M. gallisepticum. Due to the ob-
served homology between Hlp3 and PlpA, as well as the
absence of PlpA from Rhigh, the fibronectin-binding capabili-
ties of both Hlp3 and PlpA are described in this paper.

The presence of fibronectin and PlpA in the protein profile
of Rlow (as well as their absence from the protein profile of
Rhigh) was confirmed by Western blotting. While Rhigh ex-
presses a form of Hlp3 that reacts with anti-HMW3 antiserum,
the reaction is not as strong as that observed for Rlow. This
indicates that Hlp3 in Rhigh is aberrant in both molecular mass
and in relative abundance compared to Rlow.

Nucleotide sequencing of hlp3 and plpA indicates that both
genes are disrupted in Rhigh. The disruption of hlp3 is an
in-frame deletion resulting in the removal of 18 amino acids
from the protein product. This deletion is likely responsible for
the altered mobility of Hlp3 in Rhigh. It is noteworthy that this
deletion encompasses a large portion of sequence encoding
peptide 1, an amino acid stretch shown to bind fibronectin. The
17-bp duplication in plpA disrupts the reading frame and re-
sults in a premature truncation. This defect would affect only
the C-terminal portion of the protein product; however, the
visual absence of PlpA when examined by SDS-PAGE, as well
as the lack of reactivity in Rhigh to antibodies targeting pep-
tides at both the MID and C-terminal regions of PlpA, indi-
cates that neither truncated nor full-length PlpA protein is
present in Rhigh. Despite the lack of translated product, tran-
scriptional analysis demonstrated that Rlow and Rhigh produce
mRNA for both hlp3 and plpA. This indicates that a dysfunc-
tion at the translational or posttranslational level is responsible
for the reduction and absence of Hlp3 and PlpA, respectively,
in Rhigh. Reasons for the apparent instability of PlpA are
currently under investigation.

Two peptides selected from regions aligning most closely
with annotated fibronectin-binding proteins, one from Hlp3
and one from PlpA, were shown to bind fibronectin in vitro.
Peptides 1 and 7 are 60% identical and 80% similar to each
other (Fig. 4C). As there is a difference in the reaction
intensity of each peptide with fibronectin, the critical resi-
dues for these interactions likely include one or more of the
similar amino acids.

The current model describing the topology of the proteins
comprising the attachment organelle of M. pneumoniae indi-
cates that HMW3 is intracellular (39), while the cytadherence-
associated protein P65 is surface exposed (32). The M. galli-
septicum counterparts of these proteins have been implicated
in a function that would largely necessitate an extracellular
location. We demonstrate that anti-PlpA IgG inhibits binding
of fibronectin by viable Rlow, supporting the predictions that
PlpA has an extracellular location and that it binds fibronectin.
The degradation of PlpA when whole Rlow cells are exposed to
proteinase K, as well as the ability of anti-PlpA antibodies to
bind Rlow and fix complement, thereby inhibiting growth, pro-
vides further evidence of the surface-exposed location of PlpA.
Due to the degree of homology that Hlp3 and PlpA share,
particularly in the suspected fibronectin-binding domains, we
propose that PlpA is responsible for in vivo binding of fi-
bronectin and that the in vitro binding by Hlp3 may be inci-
dental to the homology between the two proteins within the
suspected binding domain. These conclusions are further sup-
ported by the observation that the predicted fibronectin-bind-
ing domain of PlpA (peptide 7) exhibits a stronger interaction
with fibronectin than that of the Hlp3 fibronectin-binding do-
main (peptide 1) and fibronectin. Analogous experiments an-
alyzing the topology of Hlp3 were inconclusive (data not
shown); therefore, definitive statements regarding the subcel-
lular location of Hlp3 cannot be made at this time.

FIG. 8. Investigation of putative transmembrane regions of PlpA. GxxxG (GG4), IxxxI (II4), and GxxxGxxxG (GG4E) motifs from PlpA were
examined for their abilities to interact with membranes. Liposomes were generated in the presence of biotinylated peptides representing these
motifs. Excess peptide was removed by washing. Liposomes were immobilized on paraffin wax, after which incorporated peptides were detected
with streptavidin-HRP. (A) Empty liposomes, the hydrophilic peptide (PlpA�), the GG4 peptide, and the II4 peptide did not show any reactivity,
indicating that no peptide was incorporated during synthesis. The ponticulin peptide and the expanded motif of GG4 did show reactivity (arrows),
indicating that they were incorporated into the liposomes. In addition, biotinylated peptides were introduced into the membrane of M. gallisepticum
by electroporation. Resulting cells were spotted onto nitrocellulose for the detection of embedded peptide by streptavidin-HRP. (B) Panels are
labeled with the name of each peptide; those marked with a plus sign represent electroporated cells used to detect embedding, and those marked
with a minus sign represent nonpulsed cells mixed with peptides to detect nonspecific binding. The hydrophilic peptide (PlpA�), the GG4 peptide,
and the II4 peptide did not embed in the membrane or bind to it nonspecifically. The ponticulin peptide embedded in the membrane but also bound
the cell surface nonspecifically. The expanded repeat of GG4 embedded in the cell membrane and did not bind nonspecifically.
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The observed topology of PlpA is not consistent with in silico
analyses that indicate an intracellular location. Although an
extracellular location of P65 has been described for M. pneu-
moniae (16, 32, 36), the mechanism by which it becomes sur-
face exposed is unclear at this point. Neither P65 from M.
pneumoniae or M. genitalium nor PlpA from M. gallisepticum
possesses any classical transmembrane domains or signal pep-
tides (10, 15, 28). The N terminus of PlpA does, however,
possess features typical of membrane proteins, including 10
GG4 motifs (24, 28). The 10 GG4 motifs in PlpA occur as 5
expanded motifs (i.e., GxxxGxxxG), as is seen with the vacuo-
lating toxin (VacA) of Helicobacter pylori. In the case of VacA,
the expanded motif proved essential to interactions with other
proteins on the surface of H. pylori (17).

We examined the possibility that an atypical transmembrane
domain exists to facilitate the surface exposure of PlpA. The
expanded motif of GG4 (GG4E) was targeted for investigation,
due to its predicted properties in PlpA. In each of the five
repeats in PlpA, five of the six variable residues are nonpolar.
The predicted conformation of PlpA using GOR IV (11) in-
dicates that all occurrences of the motif exist primarily as
low-complexity regions (i.e., beta strands) between coiled-coil
regions. If a stretch of sequence is not in an alpha-helical
conformation, the predicted minimum number of amino acid
residues required to span a cell membrane is six (30), making
it theoretically possible for the GG4E peptide to completely
traverse a cell membrane. This lack of secondary structure, in
conjunction with the hydrophobicity of the sequence in that
region, supports the notion that this motif is implicated in
anchoring the protein in the cell membrane.

A peptide representing the expanded repeat of GG4 was shown
to incorporate within liposomes and to embed within the M.
gallisepticum membrane. Detection of this peptide in association
with both liposomes and cell membranes represents embedding,
rather than nonspecific binding. This is supported by the fact that
GG4E peptides exposed to M. gallisepticum cells in the absence of
an electrical pulse did not remain in association with the mem-
brane following washes, indicating that this peptide does not bind
the cell surface nonspecifically. The lack of positive signal in these
experiments also indicates that the streptavidin conjugate alone
does not bind the cell surface. Exposure of the streptavidin con-
jugate to unmodified liposomes eliminated the possibility of signal
being generated due to nonspecific binding. The charged, phos-
phorylated head portions of each phospholipid molecule com-
pose the surface of the liposomes and are therefore unlikely to
directly bind peptides that are composed primarily of hydropho-
bic amino acids. The lack of binding by the hydrophobic II4

(IPVVI) and GG4 (GMLAG) peptides provides experimental
evidence to support this.

In addition to PlpA, the M. pneumoniae protein PdhB (Gen
Bank accession no. NP_110080) has been shown to be a surface-
exposed fibronectin-binding protein, despite a lack of classical
transmembrane domains (7). PdhB also possesses the ex-
panded GG4 motif, wherein all of the variable residues are
hydrophobic. These preliminary data indicate that these re-
gions may be able to serve as atypical transmembrane regions.
Further investigation of these motifs within the context of
whole proteins will be necessary to gauge their potential as
membrane-spanning regions.

The identification of PlpA and Hlp3 as fibronectin-binding

proteins suggests that M. gallisepticum possesses additional mech-
anisms potentially associated with virulence that warrant further
exploration. The nature of the disease state caused by M. galli-
septicum is chronic, indicating that the organisms are accom-
plished at evading the immune system of their host. Although
much of this evasion can be attributed to antigenic variation (2,
12, 22), it is possible that a secondary evasive mechanism exists.
Evidence suggests that M. gallisepticum may enter epithelial cells
and exist within them before rapidly exiting (48). In addition, M.
gallisepticum has been isolated from several mucosal epithelial
surfaces including the trachea, lungs, air sacs, sinuses, and ovaries,
as well as nonmucosal epithelial surfaces such as the brain and
arterial walls (5, 6, 49). The organism clearly has a mechanism(s)
by which it travels from one tissue to another that has yet to be
described. Fibronectin binding may play a role in the aforemen-
tioned activities, thereby contributing to the overall pathogenicity
of the organism.

The fibronectin-binding domain of PlpA was shown to in-
teract with the gelatin/heparin-binding domain of fibronectin.
This domain is located on the CTD of the molecule, proximal
to the site of interaction between fibronectin and integrins
(35). Binding of PlpA to the gelatin/heparin-binding domain of
fibronectin may allow M. gallisepticum to locate closer to the
host cell surface, in proximity to the site of extracellular matrix-
integrin interactions. PlpA, as the homologue of an M. pneu-
moniae cytoskeletal protein and a fibronectin-binding protein,
is a potentially important component of the virulence of M.
gallisepticum. Although the M. gallisepticum homologues of the
M. pneumoniae tip structure proteins have not been investi-
gated to date, these preliminary studies wherein PlpA and
Hlp3 are absent or aberrant in an attenuated strain indicate
that the generation of a comparative model of tip structure
assembly may be beneficial to facilitating a more thorough
understanding of the process of attachment.
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