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Mycoplasma pneumoniae, a pathogen causing human pneumonia, binds to solid surfaces at its membrane
protrusion and glides by a unique mechanism. In this study, P1 adhesin, which functions as a “leg” in gliding,
was isolated from mycoplasma culture and characterized. Using gel filtration, blue-native polyacrylamide gel
electrophoresis (BN-PAGE), and chemical cross-linking, the isolated P1 adhesin was shown to form a complex
with an accessory protein named P90. The complex included two molecules each of P1 adhesin and P90 (protein
B), had a molecular mass of about 480 kDa, and was observed by electron microscopy to form 20-nm-diameter
spheres. Partial digestion of isolated P1 adhesin by trypsin showed that the P1 adhesin molecule can be divided
into three domains, consistent with the results from trypsin treatment of the cell surface. Sequence analysis of
P1 adhesin and its orthologs showed that domain I is well conserved and that a transmembrane segment exists

near the link between domains II and III.

Mycoplasmas are commensal, and occasionally parasitic,
bacteria that lack a peptidoglycan layer and have small ge-
nomes (47). Mycoplasma pneumoniae, a cause of human “walk-
ing pneumonia,” forms a membrane protrusion at one pole
and exhibits gliding motility in the direction of the protrusion
(22,32-35, 56). The maximum speed reaches 1 um, one-half its
cell length, per second (40, 51). This motility, combined with
the ability to adhere to epithelial cells (20), is involved in the
pathogenic process, enabling the cells to translocate from the
tips of bronchial cilia to the host cell surface (24). Previous
studies, including genome analyses, have shown that this mo-
tility is not related to other known mechanisms of bacterial
movement, nor does it involve motor proteins known to be
involved in eukaryotic cell motility (11, 17, 32, 39, 42). The
gliding machinery is located at a membrane protrusion called
the attachment organelle, which is composed of an internal
rod-shaped cytoskeleton and nap-like surface protrusions (18,
20, 22, 32-35).

P1 adhesin, a 170-kDa protein found in mycoplasmas, binds
to solid surfaces, such as host cells or glass (12, 51). In the
genome of M. pneumoniae, P1 adhesin (MPN141) is encoded
in the same operon with two other open reading frames
(ORFs), MPN140 and MPN142 (25). The translation product
of MPN142 is divided into two proteins by a putative endo-
peptidase activity (5), P40 (protein C; 45 kDa) and P90 (pro-
tein B; 83 kDa), both of which have been suggested to interact
physically with P1 adhesin (26, 27, 52, 53). MPN140 encodes a
putative phosphodiesterase whose role in cytadherence is not
known. It has been suggested that P1 adhesin functions as a leg
for gliding motility, repeatedly catching and releasing surface
structure, because the monoclonal antibodies against the pro-
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tein reduce gliding speed and the ability to bind to solid sur-
faces (51). P1 adhesin is also known as the immunodominant
protein and exhibits sequence polymorphism among its clinical
strains (19, 57-59, 65).

Knowing the structure and activity of P1 adhesin should
be helpful in understanding the motility and antigenic vari-
ation of M. pneumoniae. In the present study, we isolated
native P1 adhesin from M. pneumoniae cells and analyzed its
structure.

MATERIALS AND METHODS

Isolation of the P1-P90 complex. M. pneumoniae strain M129 (the type strain
of group I) (29), whose genome has been sequenced (6, 10), was grown at 37°C
in Aluotto medium (2, 38). The following procedures were done at 4°C unless
otherwise noted. Cells from 1 liter of culture in the exponential phase were
centrifuged at 14,000 X g for 10 min and washed twice with phosphate-buffered
saline (PBS) consisting of 75 mM sodium phosphate (pH 7.3) and 68 mM NaCl.
The cells were suspended to an optical density at 600 nm of 20 in PBS containing
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM B-mercaptoethanol, and 1
mM EDTA and then were mixed with CHAPS {3-[(3-cholamidopropyl)-dimeth-
ylammonio]-1-propanesulfonate} to 1% (vol/vol). After gentle shaking for 5 min,
the suspension was centrifuged at 25,000 X g for 20 min. The pellet was dissolved
in one-fifth of its original volume of PBS and then mixed with N-octyl-B-D-
glucoside (octylglucoside) to 2% (vol/vol). After gentle shaking for 10 min at
room temperature (RT), the suspension was centrifuged at 25,000 X g for 20 min
at RT, as described previously (15). The supernatant was fractionated by salting
out with ammonium sulfate at 45 to 55% saturation, and the insoluble fraction
was recovered by centrifugation at 22,000 X g for 15 min. The pellet was
dissolved and then dialyzed overnight against PBS-NT containing 75 mM sodium
phosphate (pH 7.3), 400 mM NaCl, and 0.3% Triton X-100. The insoluble
fraction was removed by centrifugation at 25,000 X g for 15 min. The soluble
fraction was loaded onto a Hi Load 16/60 Superdex 200-pg set (GE Healthcare,
Milwaukee, WI) on an AKTA purifier (GE Healthcare), eluted with PBS-NT at
a flow rate of 1 ml/min, and fractionated into 1-ml aliquots. The fractions
containing the P1-P90 complex were concentrated using Biomax-50 (Millipore,
Bedford, MA) to 0.1 mg/ml. The homogeneity of the fraction was estimated by
densitometry of sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels, and stained with Coomassie brilliant blue (CBB), using a
scanner (GT-9800F; Epson, Nagano, Japan) and analyzing software, Image J
1.41 (http://rsb.info.nih.gov/ij/). The focused protein bands were identified by
peptide mass fingerprinting (PMF), as reported previously (41), by matrix-as-
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sisted laser desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS), and by immunoblotting using 0.5 wg/ml monoclonal antibody (51).

Analyzing the construction of the P1-P90 complex. BS? (bis[sulfosuccinimidyl]
suberate) is a noncleavable and membrane-impermeable cross-linker containing
an amine-reactive N-hydroxysulfosuccinimide (NHS) ester at each end of an
8-carbon spacer arm. The P1-P90 complex fraction in PBS-NT was treated with
various concentrations of BS® (Thermo Scientific, Waltham, MA). After incu-
bation at RT for 15 min with gentle mixing, the reaction was quenched for 15 min
by the addition of B-mercaptoethanol, and then the sample was subjected to
SDS-PAGE. The resulting fragments were subjected to in-gel digestion and
identified by PMF. Blue-native polyacrylamide gel electrophoresis (BN-PAGE)
was done as described in the user manual of the Native PAGE Novex Bis-Tris
Gel System (Invitrogen). Rotary-shadowing electron microscopy (EM) was done
as previously described (1, 3).

Partial digestion of the P1-P90 complex under isolated and “on-cell” condi-
tions. For the on-cell conditions, mycoplasma cells were collected by centrifu-
gation, washed twice with PBS containing 10 mM glucose (PBS-G), and resus-
pended in PBS-G at 1,000 times their concentration in the cell culture. The cells,
or the isolated P1-P90 complexes, were treated at 25°C for 15 min with various
concentrations of trypsin. The digestion was terminated with 10 mM PMSF, and
the digestion products were analyzed by SDS-PAGE. The whole lysates of the
trypsin-treated cells were subjected to immunoblotting, using 0.5 pwg/ml mono-
clonal antibody (51). The protein bands of the products were identified by PMF
and subjected to Edman degradation.

Sequence analysis. Phylogenetic trees of the 16S rRNA sequences and amino
acid sequences of P1 adhesin orthologs were constructed with the software
GENETYX v. 7.0 (Genetyx, Tokyo, Japan). The multiple alignment of P1 ad-
hesin orthologs was computed by the T-Coffee algorithm (http://tcoffee.vital-it
.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi). The transmembrane (TM) segment
was predicted by SMART 6 (http:/smart.embl-heidelberg.de/smart/change
_mode.pl).

RESULTS

Isolation of P1 adhesin and P90. The P1 adhesin was iden-
tified as a protein band in SDS-PAGE by immunoblotting
analyses using the monocolonal antibody raised against a re-
combinant protein fragment of P1 adhesin (51). Therefore, we
can trace the protein during the cell fractionation process. In
the present study, the P1 adhesin was isolated by a three-step
biochemical procedure: (i) solubilization by two detergents, (ii)
salting out, and (iii) gel filtration (Fig. 1). Briefly, the suspen-
sion of mycoplasma cells treated with 1% CHAPS was centri-
fuged, and the pellet was treated with 2% octylglucoside. Most
P1 adhesin was found in the insoluble fraction of CHAPS (Fig.
1, lane 2) and in the soluble fraction of octylglucoside (Fig. 1,
lane 3), as previously reported (15). Then, the soluble fraction
of octylglucoside was subjected to the salting-out process. P1
adhesin, along with some other proteins, was found in the
precipitate after treatment with a 45 to 55% ammonium sulfate
solution (Fig. 1, lane 4). The precipitate was dissolved, dia-
lyzed, and applied to a gel filtration column. SDS-PAGE
showed that the P1 adhesin fraction from gel filtration con-
tained only two proteins (Fig. 1, lane 5). Immunoblotting anal-
ysis showed that the anti-P1 adhesin antibody reacts with the
larger protein band (Fig. 1, lane 7), and PMF also showed that
the protein band is P1 adhesin encoded by MPN141 with an
expect value of 3.8 X 1078, where the detected peptides cov-
ered 26% of the amino acid sequence. The smaller band was
shown by PMF to be P90, where the detected peptides covered
39% of the amino acid sequence (data not shown). P90 is
known to be produced as the C-terminal fragment after cleav-
age between residues 454 and 455 of the protein encoded by
MPN142 (5). Based on the intensities of the P1 and P90 bands
on SDS-PAGE gels, the purity of the P1-P90 samples was
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FIG. 1. Protein profiles of fractions in the P1-P90 complex isolation
procedure. The protein fractions were applied to SDS-10% PAGE and
subjected to CBB staining (lanes 1 to 5) or immunoblotting using an
anti-P1 adhesion monoclonal antibody (lanes 6 and 7). Lanes 1 and 6,
whole-cell lysate; lane 2, CHAPS-insoluble fraction; lane 3, octylglu-
coside-soluble fraction; lane 4, precipitate of 45 to 55% saturated
ammonium sulfate; lanes 5 and 7, P1-P90 complex fraction eluted
during gel filtration. Molecular masses are indicated on the left. The
protein bands of P1 adhesin and P90 are marked by solid and open
triangles, respectively.

estimated to be 97%, and the relative intensity of the two
bands was 1 to 0.45. Subsequent experiments were performed
in the presence of 0.3% Triton X-100 because the P1-P90
complex forms aggregates in the absence of detergent.

Molecular mass of the P1-P90 complex. In the gel filtration
step of isolation, P1-P90 eluted as a single peak with an esti-
mated mass of 480 kDa, based on the retention time (Fig. 2A).
As the molecular masses of mature P1 adhesin and P90 were
previously estimated as 170 and 84 kDa, respectively, based on
the predicted amino acid sequences and Edman analyses (46),
the above data suggest that P1 adhesin and P90 form an
equimolar complex. To determine the molecular mass of the
complex by another method, the isolated protein sample was
also analyzed by BN-PAGE, a high-resolution native electro-
phoresis using Coomassie R-250 as a charge shift molecule.
This technique allows accurate estimation of the sizes of native
protein complexes, although the bands are generally broad
compared to those of SDS-PAGE (50). Major and minor
bands were detected at 531 and 274 kDa, designated i and ii,
respectively, in Fig. 2B. Band i was analyzed by SDS-PAGE
and PMF and was shown to be composed of P1 adhesin and
P90. The ratio of P1 adhesin band intensities to those of P90
was estimated to be 1 to 0.45. Considering the known molec-
ular weights of the two proteins, the molar ratio of P90 to P1
adhesin was calculated to be 1 to 1. Because the molecular
mass of the complex of one P1 adhesin with one P90 is esti-
mated to be 254 kDa, band i presumably contains two subunits
of each protein and band ii contains one subunit of each
protein.

To analyze the composition of P1-P90 by another method,
we treated the protein fraction with BS®, an amine-reactive
1.14-nm cross-linker, and subjected the treated complex to
SDS-PAGE. The band intensities of P1 adhesin and P90 were
reduced as the concentration of cross-linker increased. Simul-
taneously, new bands emerged at 261, 291, and 396 kDa,
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FIG. 2. Size and composition of isolated P1-P90 complex.
(A) Size estimation by gel filtration. The retention time and appar-
ent molecular mass during gel filtration are presented on the x and
y axes, respectively. The solid circles show size standards: thyro-
globulin, 670 kDa; aldolase, 158 kDa; and chymotrypsinogen, 25
kDa. The open circle shows the position of the P1-P90 complex.
(B) Protein profiles of the P1-P90 complex analyzed by BN-PAGE.
Molecular masses are indicated on the left. (C) Protein profiles of
the P1-P90 complex cross-linked by various concentrations of BS® as
represented by the open triangle. The protein fraction was treated
with 0, 0.002, 0.02, 0.2, and 2 mM BS? and subjected to SDS-6.0%
PAGE. Molecular masses are indicated on the left. The protein
bands marked i to v were analyzed by PMF.

marked iii, iv, and v, respectively, in Fig. 2C. These bands were
all shown to be composed of P1 adhesin and P90 by PMF (data
not shown). The quantitative ratio of decrease in non-cross-
linked P1 adhesin to that of non-cross-linked P90 was esti-
mated to be 1.85, based on the band intensities of SDS-PAGE
gels. Considering the molecular weights of the two proteins,
the molar ratio of P1 adhesin to P90 was calculated as 0.92.
This result also suggests that one P1 adhesin molecule binds
one P90 molecule. Considering that the molecular mass of a
complex of each monomer was estimated to be 254 kDa, bands
iii and iv appear to contain one molecule of each, and band v
contains two molecules of each. The difference in the positions
of bands iii and iv may be caused by the difference in the
cross-linking numbers.

EM images of the P1-P90 complex. The protein samples of
the P1-P90 complex were applied to rotary-shadowing EM
(Fig. 3A). Spherical particles were found in almost all fields of
the EM grid, and the frequency of their appearance changed in
correspondence with the concentration of the protein, suggest-
ing that the particle is the P1-P90 complex. These images are
totally different from the images of Gli349, the leg protein of
the fastest-gliding mycoplasma, obtained by the same method
(Fig. 3C) (1). We measured the dimensions of 331 P1-P90
complexes and found that the shorter and longer axes averaged
18.8 = 3.1 and 21.8 £ 3.1 nm, respectively, with a mean dif-
ference of 2.7 = 1.6 nm (Fig. 3B).
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Longer axis (nm)

(A) Rotary-shadowed EM image. (B) Distribution of shorter and
longer axes of the individual complex. The averages, shown by broken
lines, are 18.8 = 3.1 nm and 21.8 = 3.1 nm for the shorter and longer
axes, respectively. The diagonal solid line shows the plot of the same
axes. (C) Rotary-shadowed EM image of Gli349, a leg protein of the
fastest-gliding species, M. mobile (modified from reference 1). (D) Sur-
face structure of M. pneumoniae. The area outlined by the dashed box
is magnified in the inset to show the nap structures. Bars, 100 nm.

Domain structures of the P1-P90 complex suggested by par-
tial digestion of isolated and in sifu structures. To determine
the domain structure of the P1-P90 complex, the isolated com-
plex was partially digested with trypsin and analyzed by SDS-
PAGE. The original proteins and four major products, labeled
a, b, ¢, d, h, and i, were detected at 169, 161, 87, 74, 82, and 70
kDa, respectively (Fig. 4A). The results of Edman analysis
showed that the N termini of the fragments started at amino
acid residue 60 in a, b, and ¢ and at residue 884 in d of the P1
adhesin ORF (Fig. 4C). Residue 883 was arginine, consistent
with the enzymatic character of trypsin. Based on the residue
positions of the N termini and the estimated lengths of the
peptides, the products were assigned to the P1 adhesin se-
quence as presented in Fig. 4C. PMF showed that bands a, b,
¢, and d contained at least amino acid residues 66 to 1584, 66
to 1473, 66 to 865, and 993 to 1475 of the P1 adhesin ORF,
respectively, supporting the above assignments. The detected
peptides covered 27%, 28%, 28%, and 22% of the estimated
region of the P1 adhesin ORF for a to d, respectively (Fig. 4C).
These results suggest that the P1 adhesin molecule can be
divided into three domains, designated I, 11, and III (Fig. 4D).
PMF of band h detected only the peptides corresponding to
residues 258 to 762 of P90, suggesting that the peptides from
the N-terminal 258 residues in P90 are difficult to ionize during
MALDI-TOF. The PMF of i showed the same set of peptide
signals as in h, except the peptides corresponding to amino
acid residues 694 to 762. These observations suggest that the
C-terminal 12 kDa is sensitive to proteases and was deleted in
band i (Fig. 4E).

To analyze the domain structure of P1 adhesin on a cell,
M. pneumoniae cells were treated with trypsin, and the
whole-cell lysates were developed in SDS-PAGE and de-
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FIG. 4. Partial digestion of the P1-P90 complex. (A) Protein pro-
files of the purified P1-P90 complex digested with various concentra-
tions of trypsin. The protein fraction was treated with 0, 0.01, 0.03, 0.1,
0.3, and 1 mg/ml trypsin and subjected to SDS-8.75% PAGE. The
resultant peptide fragments, marked a to i, were identified by PMF.
(B) Immunoblot of M. pneumoniae cells treated with various concen-
trations of trypsin, using antibody against the C-terminal region of P1
adhesin for detection. The cells were treated with 0, 0.01, 0.03, 0.1, 0.3,
and 1 mg/ml trypsin and subjected to SDS-PAGE and immunoblotting
to detect the aa 1386 to 1394 sequence. The sizes of the resulting
peptide fragments, marked e to g, were estimated to be 83, 77, and 48
kDa, respectively. The molecular masses are indicated on the left of
panel A. (C) Mapping of products on the amino acid sequence of P1
adhesin. The 59 N-terminal residues predicted from the DNA se-
quence were processed in the mature form (46, 60). Protein bands a to
d were identified by PMF. The positions of peptides detected in PMF
are marked with solid dots. The N-terminal residues in bands a to d
were determined by Edman analysis. The C terminus was estimated
from the band size. The evident residue numbers of the ends are
indicated. Peptide bands e to g were assigned from the band sizes, and
the epitope positions are shown by gray lines. (D) Schematic of P1
adhesin, consisting of three domains, I, II, and III. The molecular mass
is indicated below each domain. (E) Bands h and i mapped onto the
amino acid sequence of P90, based on the results of PMF.

tected by a monoclonal antibody that recognizes residues
1386 to 1394 of P1 adhesin. The fragment signals marked e,
f, and g were detected at apparent molecular masses of 83,
77, and 48 kDa, respectively (Fig. 4B). Signals e and f can be
explained by the suggested domain structure as domains II

J. BACTERIOL.

and IIT and domain II, respectively. However, signal g does
not correspond to any of the predicted domains. Another
flexible region accessible to trypsin may exist around residue
1100, in the middle of domain II.

Sequence analysis of P1 adhesin. To date, the genomes of
about 20 species of mollicutes have been sequenced. The
orthologs of the P1 adhesin of Mycoplasma genitalium and
Mycoplasma gallisepticumm have been identified as MG_191
(MgPa) and MGA_0934 (GapA) (7, 44); that from Myco-
plasma pirum has also been identified, although the genome
has not yet been sequenced (61). The genome sequences of
other mycoplasma species do not have orthologs of P1 adhesin.
As the amino acid sequences of these orthologs have not been
compared in detail, we analyzed them to obtain information
about domain structures, recombination sites, and TM seg-
ments. First, we examined the relationship of the orthologs
(Fig. 5A, left). The sequence from M. genitalium is closely
related to that of the P1 adhesin of M. pneumoniae, and those
from M. gallisepticum and M. pirum are distantly related. This
relationship is consistent with that of 16S rRNA, although the
relative distances are slightly different (Fig. 5A, right). Next,
we compared the amino acid sequences of P1 adhesin or-
thologs with the multiple-alignment algorithm T-Coffee. The
87-residue region starting at position 1509 in M. pneumoniae
showed high similarity, represented by 84% identity with M.
genitalium. The amino acid sequence is more conserved in
domain I than in domain II, as shown by the respective 51%
and 38% identities between M. pneumoniae and M. genitalium
(Fig. 5B).

In the genome of M. pneumoniae, four groups of repeated
DNA sequences (RepMP) have been found (65). Two of those
groups, named RepMP2/3 and RepMP4, have been found to
have high homology to the C-terminal and N-terminal parts of
P1 adhesin, respectively, suggesting that the antigenic variation
of P1 adhesin found in clinical isolates is generated by the
genomic recombination between the P1 adhesin gene and
RepMP paralogs (19, 57-59, 65). To discover the positional
relationship between the possible recombination sites in the P1
adhesin gene and the domain structure of the protein, we
performed multiple alignment of paralogs, including the P1
adhesin (Fig. 5C). We predicted the amino acid sequences of
RepMP2/3 and RepMP4 paralogs, picked sequences longer
than 300 residues, and compared them with the P1 adhesin
sequence. The alignment showed that the amino acid se-
quences of RepMP2/3 and RepMP4 had high similarity to the
corresponding region at residues 778 to 1333 and 76 to 464 of
P1 adhesin, respectively. The amino acid (aa) 76 to 464 region
of P1 that is homologous to RepMP4 corresponds to the N-
terminal part of domain I, and the N terminus of the aa 778 to
1333 region, which is homologous to RepMP2/3, extends into
domain I for about 106 residues.

We predicted the signal sequence and the TM segment with
the SMART algorithm. For all 4 species, the N-terminal signal
sequence was strongly suggested to be located at the positions
corresponding to residues 1 to 27 in the sequence of M. pneu-
moniae P1 adhesin, consistent with the experimental data (Fig.
4) (46). A TM segment was also strongly suggested at the
positions corresponding to residues 1523 to 1545, suggesting
that the adhesin molecules likely penetrate the cell membrane
in this region. Previously, two additional TM segments, located
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FIG. 5. Sequence similarity of P1 adhesin homologs. (A) Phylogenetic tree of amino acid sequences of P1 adhesin orthologs (left) and 16S
rRNA sequences (right) of M. pneumoniae (MPN) and its relatives, M. genitalium (MGE), M. gallisepticurn (MGA), and M. pirum (MPI). The scale
bars indicate the numbers of residue substitutions by position. (B) Multiple alignment of sequences of P1 adhesin orthologs performed by T-Coffee.
The color indicates the sequence similarity score, as shown at the bottom right. The regions with no similarity to orthologs are colored gray. The
N-terminal processing site is marked by a triangle between residues 59 and 60. The trypsin-sensitive sites are marked by arrows between residues
883 and 884 and ~8 kDa from the C terminus. The predicted signal sequence (SS) and TM segment are labeled. The vertical black bars indicate
the epitopes of adherence-inhibiting antibodies against P1 adhesin of M. pneumoniae and MgPa of M. genitalium (8, 43, 46). (C) Multiple alignment
of amino acid sequences of P1 adhesin paralogs from M. pneumoniae performed with T-Coffee, showing the corresponding regions on the P1
adhesin sequence in panel B. The nucleotide numbers on the genome are indicated for the corresponding ORF. The paralogous sequences
indicated on the left and right are classified as RepMP4 and RepMP2/3, respectively.

at residues 488 to 508 and 530 to 550, were predicted in P1
adhesin (43, 46), but they were not identified as TM segments
in any of the 4 species analyzed in this work.

DISCUSSION

Effects of detergents on P1 adhesin. In a previous study,
denatured P1 adhesin was purified from M. pneumoniae cells
for use as an antigen (15). In that procedure, a P1 adhesin-rich
fraction was obtained by treatment with nonionic detergents,
i.e., cells treated with 1% CHAPS were extracted with 2%
octylglucoside. In the present study, we used this method to
obtain the P1 adhesin-rich fraction. In the subsequent proce-
dures, we used a milder detergent than octylglucoside, namely,
Triton X-100 (Fig. 1). The sample obtained here seems not to
be significantly affected in structure, because the pattern of
trypsin digestion of the isolated P1 adhesin was consistent with
the trypsin digestion of P1 adhesin on intact cells (Fig. 4).

Binding of P1 adhesin with P90. We showed by gel filtration,
BN-PAGE, and chemical cross-linking analysis that isolated P1
adhesin and P90 form a complex, suggesting that P1 adhesin
physically interacts with P90 (Fig. 2). Previously, cross-linking
studies showed that P90 is located at a position close to P1
adhesin on the cell (26, 27). Seto et al. showed that P90 local-
izes at a position on the cell close to that occupied by P1
adhesin when viewed by immunofluorescence microscopy (52,
53). These previous observations suggested that a physical in-
teraction exists between P1 adhesin and P90, an interaction
that is consistent with the present results. P40, encoded by the
same operon as P1 adhesin, was also suggested to interact
physically with P1 adhesin (26, 52); however, the present study
did not find evidence for this interaction. P40 may require
other factors, such as a lipid or another protein, to maintain its
association with P1 adhesin or P90.

Structural model of the P1 adhesin-P90 complex. We ob-
tained the spherical outline of the P1 adhesin-P90 complex
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FIG. 6. Schematic of P1 adhesin. The molecule is divided into
domains I, II, and III, which are linked by predicted flexible hinges.
Domain I is highly conserved. The TM segment is marked. The N-
terminal 59 residues are removed during the maturation process at the
position marked by an open triangle. The regions homologous to
paralogs are indicated by lines marked RepMP4 and RepMP2/3. The
binding sites of inhibitory antibodies, which should mark exposed re-
gions, are indicated by filled triangles (8, 43, 46). Domain III is inside
the cell and probably interacts with other proteins in the cell. Two
molecules of P1 are predicted to fold into a globular complex with two
molecules of P90.

using rotary-shadowing EM, which gives high contrast but low
image resolution. The complex should face in various direc-
tions relative to the imaging direction during EM. The align-
ment of the images cannot be reliably determined under the
reduced resolution of rotary shadowing, but this assumption
may explain the wide distribution of particle dimensions shown
in Fig. 3.

The global structure for P1 adhesin can be divided into
domains I, II, and III, which are predicted to be linked by
flexible hinges that can be digested preferentially by trypsin
(Fig. 6). Domain I is highly conserved among all four known
orthologs, which may suggest that it plays a role in binding to
other proteins or to the substrate, because a specific function is
often found in a conserved region. Some parts of domains I
and II are suggested to be exposed to the outside of the com-
plex, because they are recognized by adherence-inhibiting an-
tibodies (Fig. 5 and 6) (8, 16, 43, 46, 51). Domain II contains
the C-terminal TM segment. Domain III is a cytoplasmic
domain. Considering the previous finding that P1 adhesin is
diffusely distributed in a mutant lacking the cytoskeletal rod
structure (52, 53), this domain may interact with other pro-
teins in the cell. We suggest that one P1 adhesin molecule
binds one P90 molecule and that these heterodimers then
assemble into a complex that includes two molecules each of
P1 adhesin and P90.

Molecular shape of the P1-P90 complex compared to previ-
ous reports. At the surface of the attachment organelle, a
“nap” structure has been observed by EM and is suggested to
be involved in the function of adhesin (12, 20, 21). This struc-
ture may be composed of P1 adhesin, because (i) the nap
localized under EM at a position similar to that of P1 adhesin
as seen with immunofluorescence microscopy (52, 53); (ii) P1
adhesin on a cell is sensitive to proteases, suggesting that the
molecule projects from the cell surface (13); and (iii) the an-
tibody against P1 adhesin inhibits P1 adhesin functions, sug-
gesting that the molecule is exposed (12, 46, 51). Here, we
show that the P1-P90 complex appears as a 17- to 20-nm
sphere during rotary-shadowing EM (Fig. 3A). The outlines of
the nap structure cannot be traced in negative-staining EM
because many structures are in a cluster (Fig. 3D). The three-
dimensional reconstitution of the nap images from the
cryo-EM showed a knob with a length of 4 to 8§ nm and a

J. BACTERIOL.

diameter of 8 nm (55). However, the current observations do
not disprove that the nap structure is composed of P1 adhesin,
because rotary-shadowing EM generally visualizes the object
as larger than it is (41).

Previously, Adan-Kubo et al. isolated Gli349, the leg protein
of Mycoplasma mobile, which is phylogenetically distant from
M. pneumoniae (17), and showed that it is a 100-nm rod struc-
ture, reminiscent of the symbol for an eighth note in music (1,
28, 31, 36). The difference in the molecular shapes of P1
adhesin and Gli349 is consistent with the fact that these pro-
teins do not share amino acid sequences (31). M. mobile glides
as fast as 4.5 pm/s, five times faster than M. pneumoniae. The
difference in gliding speeds between the two species may be
caused by the difference in the morphologies of leg proteins
(32, 37, 40, 62-64).

Variable region of P1 adhesin. P1 adhesin is also known as
the immunodeterminant protein and shows sequence variation
between clinical strains, resulting in the structural change in
immunodominant epitopes of the adhesin for evading the host
immune system (19, 49, 57-59, 65). The variation of P1 adhesin
is thought to be generated by intragenomic DNA recombina-
tion for the following reasons. (i) All P1 genotypes of M.
pneumoniae found in clinical isolates can be explained by re-
combination between P1 adhesin and one of its paralogous
DNA sequences on the genome, RepMP2/3 or RepMP4 (19,
57). (ii) In M. genitalium, which is closely related to M. pneu-
moniae, adherence-deficient mutants were obtained through
recombination between MgPa and a paralogous sequence en-
coded in the neighboring downstream region (4, 14, 45). In the
present study, we compared the amino acid sequence of P1
adhesin with its RepMP2/3 and RepMP4 paralogs by multiple
alignment (Fig. 5C). The RepMP paralogs aligned primarily
with domains I and II, but the boundaries do not precisely
match those of the domains (Fig. 6), suggesting that the units
of molecular structure and DNA recombination for antigenic
variation can evolve in different ways.

Binding activity of P1 adhesin. P1 adhesin is essential for
adhesion to animal cells and binding during gliding (12, 51).
The binding target of adhesin has been suggested to be sialic
acid, present at the tips of polysaccharides on animal cell
surfaces (9, 23, 30, 48). Therefore, P1 adhesin may bind sialic
acid. However, analysis by surface plasmon resonance could
not detect any ability of the isolated P1-P90 complex to bind
fetuin, a representative sialic acid-modified protein (data not
shown). Other factors, including additional proteins and the
presence of the cell membrane, may be necessary for the bind-
ing activity, because some mutants that lack cytoskeletal pro-
teins located at the attachment organelle (HMW1, HMW2,
and P30), encoded by ORFs MPN447, MPN310, and MPN453,
are defective in cytadhesion, although P1 adhesin localizes at
the cell surface in these mutants (22, 52, 53).

Sequence analyses of full-length P1 adhesin did not suggest
any known protein functions. Generally, the specific activities
of a protein are associated with conserved regions. Thus, in the
present study, we analyzed three conserved regions of the P1
adhesin sequence, residues 131 to 206, 393 to 757, and 1509 to
1595, by PSI-BLAST, but no significant similarities to other
proteins with known functions were found.
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