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In different bacteria, primarily cytosolic and metabolic proteins are characterized as surface localized and interacting with dif-
ferent host factors. These moonlighting proteins include glycolytic enzymes, and it has been hypothesized that they influence the
virulence of pathogenic species. The presence of surface-displayed glycolytic enzymes and their interaction with human plasmin-
ogen as an important host factor were investigated in the genome-reduced and cell wall-less microorganism Mycoplasma pneu-
moniae, a common agent of respiratory tract infections of humans. After successful expression of 19 glycolytic enzymes and pro-
duction of polyclonal antisera, the localization of proteins in the mycoplasma cell was characterized using fractionation of total
proteins, colony blot, mild proteolysis and immunofluorescence of M. pneumoniae cells. Eight glycolytic enzymes, pyruvate de-
hydrogenases A to C (PdhA-C), glyceraldehyde-3-phosphate dehydrogenase (GapA), lactate dehydrogenase (Ldh), phosphoglyc-
erate mutase (Pgm), pyruvate kinase (Pyk), and transketolase (Tkt), were confirmed as surface expressed and all are able to inter-
act with plasminogen. Plasminogen bound to recombinant proteins PdhB, GapA, and Pyk was converted to plasmin in the
presence of urokinase plasminogen activator and plasmin-specific substrate D-valyl-leucyl-lysine-p-nitroanilide dihydrochlo-
ride. Furthermore, human fibrinogen was degraded by the complex of plasminogen and recombinant protein PdhB or Pgm. In
addition, surface-displayed proteins (except PdhC) bind to human lung epithelial cells, and the interaction was reduced signifi-
cantly by preincubation of cells with antiplasminogen. Our results suggest that plasminogen binding and activation by different
surface-localized glycolytic enzymes of M. pneumoniae may play a role in successful and long-term colonization of the human
respiratory tract.

Members of the class Mollicutes are known to be the smallest
and simplest self-replicating prokaryotes. Among them,

Mycoplasma pneumoniae is a common pathogen in humans. The
cell wall-less bacterium causes infections of the respiratory tract,
including severe interstitial pneumonia (1), and usually accounts
for 5 to 10% of all cases of community-acquired pneumonia
among pediatric (2) and adult (3) patients. Because of the time-
dependent incidence of infections, �25% of pneumonia cases in
epidemic periods are attributed to this agent (4). In addition, a
number of extrapulmonary manifestations and complications are
described, affecting mainly the skin and the central nervous sys-
tem (5).

Due to the greatly reduced genome of M. pneumoniae (816
kbp, 689 open reading frames [ORFs]), the metabolic pathways
and the repertoire of virulence factors are limited (6). However,
M. pneumoniae has developed effective strategies to infect humans
and allow long-term survival in the respiratory mucosa. These
include the targeted adherence of the bacteria to epithelial cells via
a specialized complex of adhesins and adhesion-related proteins
(7) as the first step in colonization, followed by the release of
cell-damaging substances such as community-acquired respira-
tory distress syndrome toxin (8) and hydroxide radicals (9).

Glycolytic enzymes are another class of proteins that have been
regarded as virulence factors in a broader sense (10, 11). First
described in streptococci (12), glycolytic enzymes are not only
involved in cytosol-located metabolic processes of glycolysis but
can also be transported by an unknown mechanism to the surfaces
of microorganisms (13). There, proteins are able to interact with
host factors, mainly with components of the human extracellular
matrix (ECM) and fibrinolysis system. Different studies have con-
firmed this dual role of enzymes that function primarily in the
metabolism of different bacterial, fungal, and parasitic species,

suggesting a general mechanism of host-pathogen interaction.
Furthermore, the number of host factors shown to interact with
these bacterial proteins is increasing (14). Among them, plasmin-
ogen (Plg) plays a crucial role in fibrinolysis and has been de-
scribed as the binding partner of many microbial surface mole-
cules, including glycolytic enzymes. As a result of this interaction,
Plg can be converted to the serine protease plasmin; it has been
suggested that plasmin’s cleavage activity promotes the growth
and dissemination of bacteria within infected host tissue (15, 16).

Surface-displayed glycolytic enzymes have also been demon-
strated in mycoplasmas such as the important veterinary species
Mycoplasma bovis (17), Mycoplasma gallisepticum (18), Myco-
plasma suis (19, 20), and Mycoplasma synoviae (21), as well in the
human pathogens Mycoplasma fermentans (22) and Mycoplasma
genitalium (23). As described for other bacteria species, enolase
(Eno) and glutaraldehyde-6-phosphate dehydrogenase (GapA)
were confirmed as the main surface-located glycolytic enzymes. In
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M. pneumoniae, GapA was reported as a surface-associated pro-
tein that can bind human fibrinogen (24). Additionally, pyruvate
dehydrogenase (Pdh) subunits A to C were found on the cell sur-
face interacting with human Plg (25, 26). In the case of PdhB, the
protein complex activates Plg, resulting in the degradation of hu-
man fibrinogen (26). Furthermore, PdhB, one of the proteins that
interact with various host factors (11), is also able to bind human
fibronectin (27). Interestingly, PdhD and Eno of M. pneumoniae
were also reported as binding partners of human Plg, but they do
not occur on the surfaces of the bacteria (25, 26). In addition to
PdhA, PdhB, and GapA, other glycolytic enzymes such as lactate
dehydrogenase (Ldh) are detected in the Triton X-100-insoluble
fraction that represents the membrane-associated proteins of M.
pneumoniae (28). Finally, additional glycolytic enzymes are de-
scribed in other bacterial species but have not hitherto been char-
acterized in mycoplasmas as surface displayed, indicating a role
for other proteins as potential interaction partners with host fac-
tors (29–32). In summary, the present information regarding sur-
face-localized glycolytic enzymes suggests a complex network of
interactions with different host factors, which may be important
in understanding the pathogenesis of M. pneumoniae infections.

Therefore, we performed the first systematic study of the com-
plete set of glycolytic enzymes of M. pneumoniae to determine
their location on the cell surface. Furthermore, the comparative
interaction of surface-displayed enzymes with human Plg as an
example of an important host factor was analyzed. Collectively, 8
of 19 glycolytic proteins investigated can be assumed to be surface
displayed, and all of them are able to interact with Plg.

MATERIALS AND METHODS
Bacteria, cell lines, and growth conditions. M. pneumoniae strain M129
(ATCC 29342) and Escherichia coli strains NovaBlue (Novagen, Darmstadt,
Germany), BL21(DE3) (Novagen), and E. cloni (Lucigen, Middleton, WI), as
well as A549 cells (human lung carcinoma cell line, ATCC CCL-185), were
grown as described previously (25). The protein concentrations were mea-
sured using a BCA protein assay kit (Pierce, Rockford, IL).

Expression and purification of recombinant proteins and produc-
tion of guinea pig polyclonal antibodies. DNA of M. pneumoniae was
extracted using the QIAamp DNA minikit (Qiagen, Hilden, Germany) as
described by the manufacturer. Overall, 19 glycolytic enzymes were in-
cluded in the study (Table 1; see also Fig. S1 in the supplemental material).
PCR using primers summarized in Table S1 in the supplemental material
amplified the complete genes coding for glycolytic enzymes, and PCR
products were purified with a QIAquick PCR purification kit (Qiagen). If
TGA codons occurred in the gene, amplificates were used as the template
for the multiple mutation reaction (36). The products were cloned into
the pET-30/LIC vector (Novagen) to transform E. coli cells as described by
the manufacturer. The inserts were checked by sequencing. N-terminal
His6-tagged recombinant proteins were expressed, purified, and concen-
trated as described recently (26).

For the production of polyclonal antisera, guinea pigs (Charles River,
Sulzfeld, Germany) were immunized. The animal experiments were ap-
proved by the ethical board of Landesdirektion Sachsen, Dresden, Germany
(permit 24-9168.25-1/2011-1). Intranasal infection of guinea pigs with
freshly harvested mycoplasmas, subcutaneous immunization with total pro-
teins of M. pneumoniae and with recombinant proteins, booster immuniza-
tion, and serum collection were performed as described previously (25).

SDS-PAGE, Western blotting, and enzyme-linked immunosorbent
assay (ELISA). The results of expression were investigated after separation
of recombinant proteins by SDS-PAGE, Coomassie blue staining, and

TABLE 1 Characteristics of glycolytic enzymes of M. pneumoniae

Enzyme (abbreviation) Genea

No. of TGA
codon(s)

Putative mol
mass (kDa) Phosphorylationb Remarksc

Acetate kinase (AckA) mpn533 0 43.8 Yes
ATP-dependent 6-phosphofructokinase (Pfk) mpn302 0 36.0 Yes
Fructose-bisphosphate aldolase (Fba) mpn025 1 31.1 Yes
Enolase (Eno) mpn606 1 49.2 Yes Not surface displayed, binds human Plg (25)
Glucose-6-phosphate isomerase (Pgi) mpn250 2 48.8 No Internal helix*
Glyceraldehyde-3-phosphate dehydrogenase

(GapA)
mpn430 1 36.8 Yes Surface displayed, binds human fibrinogen (24)

Lactate dehydrogenase (Ldh) mpn674 0 33.9 Yes Internal helix*
Phosphate acetyltransferase (Pta) mpn428 1 35.2 Yes
Phosphofructokinase (FruK) mpn079 1 33.6 No
Phosphoglycerate kinase (Pgk) mpn429 2 44.2 Yes
Phosphoglycerate mutase (Pgm) mpn628 0 56.4 Yes
Phosphomannomutase (ManB) mpn066 3 62.7 Yes
Pyruvate dehydrogenase complex component

E1 subunit alpha (PdhA)
mpn393 4 40.6 Yes Surface displayed, binds human Plg (26)

Pyruvate dehydrogenase complex component
E1 subunit beta (PdhB)

mpn392 1 35.9 Yes Surface displayed, binds human Plg and
fibronectin (25–27)

Pyruvate dehydrogenase complex component
E2 (PdhC)

mpn391 0 42.4 Yes Surface displayed, binds human Plg (26)

Pyruvate dehydrogenase complex component
E3 (PdhD)

mpn390 1 49.4 Yes Membrane associated but not surface displayed,
binds human Plg (26)

Pyruvate kinase (Pyk) mpn303 3 57.3 Yes
Transketolase (Tkt) mpn082 3 72.4 Yes
Triose-phosphate isomerase (TpiA) mpn629 2 27.0 Yes
a M. pneumoniae strain M129 (NCBI RefSeq no. NC_000912.1) (34).
b Schmidl et al. (33).
c *, http://www.psort.org (PSORTb 3.0.2 [35]).
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immunoblotting by standard procedures as reported recently (26). To test
the specificity of polyclonal antisera to recombinant proteins, separated
proteins of M. pneumoniae whole cells (100 �g) were incubated with
corresponding antisera (1:500 each), and detection was performed with
horseradish peroxidase (HRP)-conjugated secondary antibody specific
for guinea pig IgG (1:2,000; Dako, Hamburg, Germany). The chemilumi-
nescence signal was recorded using a LAS-3000 imager (Fujifilm, Düssel-
dorf, Germany).

The quantitative reactivity of the polyclonal sera was tested using
ELISAs. Cavities of a 96-well plate (Greiner, Frickenhausen, Germany)
were coated with M. pneumoniae total proteins (10 �g/ml carbonate buf-
fer), washed, and blocked with 10% fetal calf serum (Gibco, Darmstadt,
Germany). Wells were incubated with guinea pig sera to total proteins of
M. pneumoniae (obtained after three intranasal infections of an animal)
and to recombinant glycolytic enzymes (1:250 each). For detection, HRP-
conjugated secondary anti-guinea pig IgG antibody (1:750) was used. The
substrate reaction (TMB Super Slow; Sigma, St. Louis, MO) was stopped
with 1 M HCl, and the absorbance was measured at 450 nm.

To analyze the presence of specific antibodies in the serum of a host
infected with M. pneumoniae, total proteins of M. pneumoniae (positive
control) and surface-displayed glycolytic enzymes were used to coat wells
of an ELISA plate as described previously. The wells were incubated with
guinea pig serum (1:250) obtained after three intranasal infections and
anti-guinea pig whole immunoglobulin (1:750; Dako).

Fractionation of M. pneumoniae total proteins. To analyze the local-
ization of glycolytic enzymes, freshly grown M. pneumoniae cells were
harvested, and total proteins were separated into membrane and cytosolic
fractions by ultracentrifugation, as described previously (37). The pres-
ence of glycolytic enzymes in both fractions was detected by ELISA. Wells
of 96-well plates were coated with the membrane and cytosolic protein
fractions (15 �g/ml) as described previously, incubated with the corre-
sponding antisera against the glycolytic enzymes (1:250 each), and de-
tected with peroxidase-conjugated secondary antibody (1:1,000). Sera to
Eno of M. pneumoniae as cytosolic protein (25, 26) and to C-terminal part
(rP12) of the main P1 adhesin as membrane-associated protein (38) acted
as controls. Additionally, guinea pig serum to total proteins of M. pneu-
moniae was included.

Surface location of glycolytic enzymes in M. pneumoniae. Surface
association is an important precondition for interaction of bacterial pro-
teins with human ECM components. To determine the presence of glyco-
lytic enzymes on mycoplasma cells, different immunological techniques
were used. Fluorescence microscopy, colony blotting, and proteolysis of
M. pneumoniae cells with chymotrypsin were carried out as described (25,
26; details can be found in the supplemental material).

Binding of human Plg to recombinant glycolytic enzymes of M.
pneumoniae and influence of antisera on binding. The interaction of
glycolytic enzymes of M. pneumoniae with human Plg was investigated as
described previously (26). Briefly, binding of Plg and the influence of
guinea pig antisera to surface-displayed glycolytic enzymes on binding to
Plg was tested in ELISAs. Wells of a 96-well plate were coated with recom-
binant proteins (15 �g/ml). In parallel, Plg (2.5 �g/ml) was preincubated
with the corresponding sera (1:50 each) for 90 min at room temperature
in an overhead shaker. Guinea pig preimmune serum (1:50) acted as a
control. After blocking and washing, the serum-Plg mixtures were added
to the coated wells, followed by incubation for 90 min at 37°C. Bound Plg
was detected as described above.

The importance of ionic interactions for binding of Plg to recombi-
nant proteins was analyzed by ELISA. Wells were coated with the surface-
associated glycolytic enzymes (10 �g/ml). Mixtures of Plg (5 �g/ml) and
increasing concentrations (62.5, 125, 250, 350, and 650 mM) of NaCl
(Carl Roth, Karlsruhe, Germany) were added to the proteins, followed by
incubation for 1.5 h at 37°C. Bound Plg was detected as described previ-
ously.

Furthermore, the influence of lysine residues on Plg binding was in-
vestigated using the lysine analogue ε-aminocaproic acid (ACA; Sigma).

Wells of ELISA plates were coated with recombinant proteins. After wash-
ing and blocking, Plg (5 �g/ml) with or without ACA (1 mM) was added
to the coated wells, followed by incubation for 1.5 h at 37°C. Detection of
bound Plg was carried out as described above.

Binding of recombinant proteins to A549 cells. A549 cells were har-
vested, and the protein concentration was adjusted to 100 �g/ml. The
presence of Plg in the cell preparation was confirmed by ELISA using cells
to coat the wells of a plate. Detection was performed by incubating wells
with antibodies against human Plg produced in rabbits (Sigma; 1:2,000)
and peroxidase-conjugated anti-rabbit IgG serum (1:1,000; Dako). Using
the same primary antibody and TRITC (tetramethyl rhodamine isothio-
cyanate)-labeled anti-rabbit IgG, localization of Plg on the surfaces of
fixed cells was confirmed as described above.

The binding of glycolytic enzymes to the cells was investigated as re-
ported recently (26). Briefly, the cell suspension was used to coat wells of
ELISA plates. In parallel, surface-exposed recombinant glycolytic en-
zymes (10 �g/ml) were immobilized in further wells. Recombinant pro-
teins rP12 (involved in cytoadherence) and rP8 (part of the central region
of the P1 protein which is not able to interact with cells [38]) were used as
controls. After blocking, recombinant proteins (10 �g/ml PBS) were
added to the cell-coated wells for 2 h at 37°C. In parallel, wells coated with
recombinant proteins were incubated with PBS under the same experi-
mental conditions. Detection was carried out in all wells with antisera
specific to the corresponding proteins (1:1,000) and HRP-conjugated sec-
ondary antibody (1:1,000).

To test the influence of guinea pig antisera on binding of recombinant
proteins to cells, A549 cells (100 �g/ml) were immobilized in the wells of
ELISA plates. In parallel, surface-exposed recombinant proteins were pre-
incubated with the corresponding antisera or with preimmune serum
(1:50) in PBS for 2 h at room temperature in an overhead shaker. The
mixture of serum and recombinant protein was added to the cell-coated
wells, followed by incubation for 2 h at 37°C. Detection of bound proteins
was performed as described above.

The importance of Plg binding for the interaction of surface-localized
proteins with A549 cells was estimated by preincubation of cells (100 �g)
with anti-Plg (1:50) at room temperature in an overhead shaker for 1.5 h.
After centrifugation, the cells were used to coat wells of an ELISA plate and
incubated with recombinant proteins (15 �g/ml) at 37°C for 1.5 h. Cells
preincubated with PBS were used as a control. Bound proteins were de-
tected as described previously.

Plg activity assay. The ability of recombinant proteins to activate Plg
to plasmin was tested by a quantitative assay as reported elsewhere (39).
The cavities of 96-well plates were coated with surface-exposed recombi-
nant proteins, M. pneumoniae cells, or membrane-associated proteins of
M. pneumoniae, respectively. Bovine serum albumin (BSA) and the re-
combinant protein PdhB-P3 (part of PdhB of M. pneumoniae) as an ex-
ample of a protein with Plg binding based not on lysine residues (25) were
used as controls. After washing and blocking, human Plg (10 �g/ml) was
added and incubated for 2 h at 37°C. Next, urokinase plasminogen acti-
vator (uPA; 4 ng/well; Millipore, Billerica, MA) and the plasmin-specific
substrate D-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (0.5 mM;
Sigma) were added, followed by incubation at 37°C overnight. Controls
without uPA, substrate, and Plg were prepared in parallel. Signals were
measured at 405 nm.

Fibrinogen degradation assay. Plasmin is a proteolytic enzyme which
degrades human fibrinogen. To test which combinations of recombinant
proteins with Plg resulted in degradation of fibrinogen, we performed an
assay as reported previously (40). Surface-exposed glycolytic enzymes of
M. pneumoniae or BSA were immobilized on wells of a 96-well plate. After
washing and blocking, human Plg (10 �g/ml) was added (2 h, 37°C).
Unbound Plg was removed by washing, and uPA (75 ng/ml), as well as
human fibrinogen (15 �g/ml, plasminogen depleted; Millipore), was in-
cubated at 37°C. After different time points, aliquots were taken, and
sample buffer was added. The samples were boiled for 10 min, separated
by SDS-PAGE, and blotted to nitrocellulose membrane. Fibrinogen was
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detected with goat antibody specific to human fibrinogen (1:1,500; Sigma)
and HRP-conjugated secondary antibody (1:2,000; Dako). Signals were
digitally recorded using a LAS-3000 imager.

Statistics. Statistical analysis was carried out using a Student t test. A P
value of �0.05 was considered statistically significant.

RESULTS
Generation of recombinant glycolytic proteins of M. pneu-
moniae and polyclonal antisera. In a first step, we successfully
exchanged the TGAs occurring in 14 of 19 genes that code for
glycolytic enzymes. Complete genes were cloned into the pET vec-
tor and expressed in E. coli. After purification and concentration,

the expression products were separated using SDS-PAGE and
stained with Coomassie blue. Staining resulted in most cases in
prominent proteins with molecular masses as expected for the
glycolytic enzyme of interest (Fig. 1A and Table 1). In addition,
detection of blotted proteins with monoclonal antibody against
the His tag confirmed these results (data not shown).

The recombinant proteins were used to produce guinea pig
polyclonal antibodies. Specificity was investigated by incubating
blotted total proteins of M. pneumoniae with antisera, and defined
signals with the expected molecular masses of corresponding pro-
teins were demonstrated (Fig. 1B). Obviously, only antisera to

FIG 1 Expression of glycolytic enzymes of M. pneumoniae in E. coli and reactivity of guinea pig antisera to recombinant proteins. (A) The expression of
recombinant proteins was analyzed by SDS-PAGE and Coomassie blue staining. Arrow, expected molecular mass of glycolytic enzyme. (B) Reaction of guinea
pig antisera to recombinant proteins against total proteins of M. pneumoniae in immunoblotting. PIS, preimmune serum. (C) Reactivity of antisera with total
proteins of M. pneumoniae in ELISA. The experiment was repeated twice, with eight replicates each time. The results from one experiment are shown, and bars
represent means and standard deviations.
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FruK and Tkt showed a reaction with a further component of total
proteins of M. pneumoniae. To interpret the data from other ex-
periments, the comparative reactivity of all antibodies was quan-
tified by ELISA with immobilized M. pneumoniae total proteins;
this resulted in a great variability of optical density (OD) values
(Fig. 1C). Polyclonal antibodies specific for recombinant proteins
GapA, PdhA, and PdhB reached values (�2.8) that are compara-
ble to the result obtained with serum against total proteins of M.
pneumoniae. Sera to Fba, Eno, Ldh, and PdhC demonstrated re-
activity of 2.0. All other antisera (anti-FruK, -Pgi, -ManB, -Pfk,
-Tkt, -TpiA, -Pgm, -Pgk, -Pyk, -AckA, -Pta, and -PdhD) showed
an absorbance of �0.7, indicating limited affinity of antibodies, a
low concentration of antigens among total proteins of M. pneu-
moniae, and/or a low density of protein epitopes.

Localization of glycolytic enzymes in M. pneumoniae cells.
The first indication of the location of glycolytic enzymes in the
mycoplasma cell was the quantitative reaction of antibodies
against the recombinant proteins with the membrane and cytoso-
lic protein fraction of M. pneumoniae whole cells using ELISA
(Fig. 2). As expected, the antiserum to total proteins resulted in
strong signals with both fractions. Acting as a control for a surface-
exposed protein, antibodies to the C-terminal part of the main P1
adhesin showed low reactivity with the cytosolic protein fraction
but a high OD value after incubation with the membrane fraction.
In contrast, antiserum to the cytosolic protein Eno (25, 26) yielded
a low OD value (0.19) with the membrane protein fraction and
high absorbance after incubation with the cytosolic protein frac-
tion. As expected from results with unfractionated total proteins,
the data demonstrated a low reactivity of antibodies to different
recombinant proteins with both fractions (Fruk and TpiA). The
presence of other glycolytic enzymes (Pfk, Fba, Tkt, and AckA) in
the cytosolic protein fraction was confirmed (OD � 0.30), but
reactivity with membrane-associated proteins was low (�0.20).
The sera to the remaining glycolytic enzymes (n � 12) demon-
strated a measurable reaction (OD � 0.25) with the membrane
protein fraction of M. pneumoniae whole cells, indicating that
these enzymes are membrane associated.

The presence of glycolytic enzymes on the surface of the cells
was analyzed by colony blot, mild proteolysis, and immunofluo-
rescence analyses of M. pneumoniae cells. The positive reaction of
Pgm in the colony blot, the degradation of Tkt after treatment
with chymotrypsin in contrast to stable Pta, and the immunofluo-

rescence of mycoplasma cells after incubation with anti-Pyk are
illustrated in Fig. 3 as examples. Experiments with preimmune
serum remained negative in all approaches, excluding an influ-
ence of unspecific cross-reactions on the results. In contrast, the
C-terminal part of P1 adhesin (positive control) was degradable,
and positive colonies, as well strong immunofluorescence, were
found after use of corresponding antiserum, confirming the sur-
face localization of this protein region (data not shown). To verify
degradability, recombinant proteins were treated with chymo-
trypsin and yielded degradation products (data not shown). Re-
garding the glycolytic enzymes tested, the results of the three ap-
proaches are consistent. The suitability of Eno as a control for a
cytosolic protein confirmed the results of previous studies (25,
26). Overall, exposure of glycolytic enzymes on the surface of M.
pneumoniae cells can be assumed for PdhA to -C, GapA, Ldh, Tkt,
Pgm, and Pyk, respectively. As reported above, this result is in
agreement with the presence of proteins PdhA to -C, GapA, and
Ldh in the membrane-associated protein fraction, whereas Pgm
and Pyk were detected in a lower but measurable proportion. Tkt
was found in low concentration in both fractions.

To detect the presence of specific antibodies against these sur-
face-displayed glycolytic enzymes in an infected host, immobi-
lized recombinant proteins were incubated with antiserum of an
animal treated intranasally with viable M. pneumoniae cells (Fig.
4). Compared to total mycoplasma proteins as antigen, high OD
values were measured for PdhA and PdhC only. The absorbance
after incubation of serum with six other recombinant proteins
remained below an OD of 0.08.

Binding of recombinant glycolytic enzymes to human Plg.
Using ELISAs, eight recombinant glycolytic enzymes of M. pneu-
moniae with confirmed surface localization were investigated for
an interaction with Plg. All recombinant proteins are able to bind
Plg in a concentration-dependent manner (see Fig. S2 in the sup-
plemental material). Furthermore, preincubation of 2.5 �g of
Plg/ml with guinea pig antibodies to the glycolytic enzymes re-
duces the binding of Plg to recombinant proteins significantly
compared to incubation with preimmune serum (Fig. 5A), con-
firming the specificity of protein-protein interaction. In the pres-
ence of preimmune serum, absorbance varied between 0.78 (Tkt)
and 1.31 (Ldh). The OD values of preparations with antigen-spe-
cific antisera decreased by between 60% (PdhC and Ldh) and 93%
(Pgm) compared to parallel controls using preimmune serum.

The importance of ionic interactions for the binding of recom-
binant proteins with Plg was analyzed by adding increasing con-
centrations of NaCl to diluted Plg. Using 650 mM NaCl, Plg bind-
ing to seven of eight recombinant proteins was reduced
significantly, confirming the influence of ionic forces on interac-
tions (Fig. 5B). In contrast, the binding of Plg to recombinant
protein PdhB is not dependent on the presence of NaCl up to a
concentration of 650 mM. Similar experiments using NaBr and
CaCl2 in increasing concentrations yielded comparable results
(data not shown).

Lysine residues of microbial proteins play an important role in
binding to Plg. Surface-located glycolytic enzymes of M. pneu-
moniae have between 5.5% (PdhB) and 8.9% (Ldh) lysine residues
of total amino acids (34). Using an ELISA, addition of the lysine
analog ε-aminocaproic acid (ACA) to Plg reduced binding to the
eight recombinant proteins significantly (Fig. 5C), confirming the
importance of lysine in all interactions. The absence of an influ-

FIG 2 Reactivity of guinea pig antisera to glycolytic enzymes against cytosolic
and membrane protein fractions of M. pneumoniae by ELISA. M.p., antiserum
to whole proteins of M. pneumoniae. rP12, antiserum to C-terminal part of
main P1 adhesin of M. pneumoniae (control for a confirmed membrane-asso-
ciated protein region [38]). The means and standard deviations of two inde-
pendent experiments with eight replicates each are shown.
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ence on Plg binding to negative-control protein PdhB-P3 (25) was
confirmed.

Binding of recombinant proteins to human A549 cells. The
lung epithelial cell line A549 was chosen to test for an interaction
of recombinant proteins with human respiratory tract cells. In
addition, the possible participation of Plg in protein-cell binding
was analyzed. The presence of Plg resulted in strong ELISA reac-
tivity (Fig. 6A) and fluorescence of A549 cells (Fig. 6B) after incu-
bation with anti-Plg. In further ELISAs, immobilized A549 cells
were incubated with recombinant proteins derived from the genes
coding for the eight glycolytic enzymes confirmed as surface-ex-
posed (Fig. 6C). Bound proteins were detected by using the cor-
responding antisera, and reactivity was compared to that of re-
combinant proteins without cells immobilized in the same

concentration in parallel. The nonadherent central part of the P1
protein (recombinant protein rP8, negative control) demon-
strated poor binding to A549 cells. This lack of reactivity was not
due to the inability of the antisera to recognize bound protein as
evidenced by the reactivity when rP8 was used to coat the plate
well. In contrast, nearly all recombinant proteins representing the
surface-displayed glycolytic enzymes of M. pneumoniae (except
PdhC) demonstrated the ability to bind A549 cells (Fig. 6C). As
expected, when the recombinant proteins were used to coat the
wells, reactivity with each specific antiserum was at least at OD �
0.5. Additionally, the binding of recombinant proteins to A549
cells can be reduced significantly by preincubation of proteins
with corresponding antisera, confirming the specificity of pro-
tein-cell interaction (data not shown). Furthermore, preincuba-

FIG 3 Localization of glycolytic enzymes on the surfaces of M. pneumoniae cells. (A) Examples of results. Colony blot using antiserum to whole proteins of M.
pneumoniae and to recombinant proteins (scale bar, 200 �m). Chymotrypsin treatment of M. pneumoniae cells and incubation of blotted total proteins with
antiserum to recombinant proteins were performed (lane 1, 0 �g; lane 2, 5 �g; lane 3, 10 �g; and lane 4, 40 �g of chymotrypsin). Immunofluorescence of fixed
M. pneumoniae cells after incubation with antisera to TX100-insoluble proteins (control) and to recombinant proteins (scale bars, 10 �m), respectively, was
assessed. –, Negative reaction; �, positive reaction. (B) Summary of results.
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tion of A549 cells with anti-Plg resulted in significantly decreased
binding of seven of eight recombinant proteins with reduction
rates between 12% (Pgm) and 73% (Tkt). Only the interaction of
protein PdhC was not influenced (Fig. 6D), which had low adher-
ence to A549 cells.

Activation of human Plg in the presence of recombinant pro-
teins and degradation of human fibrinogen. Plasmin activator
(uPA) is a serine protease that converts Plg to plasmin by proteo-
lytic cleavage at its Arg561-Val562 site. Plasmin activity can be
detected by measuring the cleavage of substrate D-valyl-leucyl-
lysine-p-nitroanilide dihydrochloride. The accessibility of Plg to
uPA is a prerequisite for the conversion of Plg to proteolytically
active plasmin. We demonstrated that Plg bound to M. pneu-
moniae proteins is accessible to uPA and is processed to active
plasmin, whereas no cleavage of the chromogenic substrate was
observed when BSA was used as a negative protein control (Fig.
7A). In comparison to controls lacking one of the components
Plg, uPA, or the plasmin-specific substrate, significant elevated
activity was measured in wells containing all these components
and M. pneumoniae cells, proteins of the membrane-associated
fraction, as well as recombinant proteins PdhB, GapA, and Pyk,
respectively. It should be noted that the relatively high binding of
Plg to recombinant protein PdhB (see Fig. S2 in the supplemental
material) is correlated with the remarkable enzymatic activity of
the Plg/PdhB complex, indicating an influence of the amount of
bound Plg on plasmin generation.

Plasmin activity can also be demonstrated by detecting the deg-
radation of fibrinogen which is digested by plasmin. Using West-
ern blotting, time-dependent digestion of fibrinogen was shown
for recombinant proteins PdhB and Pgm, whereas fibrinogen re-
mained unaltered in the presence of PdhA, PdhC, Pyk, Ldh, GapA,
Tkt, and the negative control BSA (Fig. 7B).

DISCUSSION

The presence of different glycolytic enzymes on the surfaces of a
broad range of pathogenic, opportunistic, and commensal bacte-
ria and their involvement not only in metabolic pathways but also
in further interactions with the host suggest a common aspect of
communication between microbes and the environment (11, 14,
41). Especially in mycoplasmas, bacteria with reduced genomes,

protein multifunction may be a way to use limited genomic re-
sources more effectively to sustain the parasitic lifestyle in defined
hosts. Nevertheless, despite the fact that surface display of micro-
bial components is an important precondition for interaction
with infected tissue, evidence for the moonlighting function of a
glycolytic enzyme requires identification of factor(s) on the host
site. Among these, Plg is regarded as an important component that
influences various factors of the human fibrinolysis system; it is
believed to play a part in the dissemination of microorganisms by
activation of Plg and the subsequent proteolytic activity of emerg-
ing plasmin (15, 16). Binding of glycolytic enzymes to Plg seems to
be a common aspect since it has been described for many bacterial
proteins, including glycolytic enzymes (41). Plg harbors lysine-

FIG 4 ELISA-reactivity of immobilized surface-located glycolytic enzymes
and whole proteins of M. pneumoniae (M.p.) with an antiserum obtained after
three intranasal infections of guinea pig with M. pneumoniae. Bars represent
the means and standard deviations of two independent experiments, with
eight replicates each time.

FIG 5 Binding of human Plg to surface-displayed glycolytic enzymes of M.
pneumoniae analyzed by ELISA. (A) Influence of preincubation of Plg with
corresponding guinea pig antisera (1:50) and preimmune serum (PIS) on
binding to immobilized recombinant proteins. ***, P � 0.001. (B) Binding of
Plg to recombinant proteins in the presence and absence of 650 mM NaCl. **,
P � 0.01; *, P � 0.05. (C) Binding of Plg in the presence and absence of 1 mM
ε-aminocaproic acid (ACA). Recombinant protein PdhB-P3 was used as con-
trol for a Plg-binding protein without ACA influence on this interaction (25,
26). All experiments were carried out twice, with eight wells each. The means
and standard deviations of one experiment are shown.
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binding kringle domains (15), which interact with defined se-
quences of bacterial proteins, as reported for Eno of S. pneumoniae
(42, 43). However, interaction with Plg was demonstrated not
only for enolases but also for other glycolytic enzymes (41). Addi-
tionally, Plg binding without the influence of lysine residues was
confirmed (25, 44). Regarding M. pneumoniae, binding of human
Plg to different SDS-PAGE-separated and blotted total proteins
was shown in previous reports, demonstrating bands with a mo-
lecular mass between 35 and 60 kDa (25, 26). The Plg interaction
of all eight surface-associated glycolytic enzymes in the present
study might imply that the association with Plg is a multifactorial
process with special importance for colonization and/or that
binding of metabolic proteins to Plg is not highly specific. The
latter aspect is supported by the result that only four of the Plg-

binding proteins (PdhB, Tkt, Pyk, and Pgm) are able to activate
Plg and two (PdhB and Pgm) to degrade human fibrinogen.

Our study shows that there are differences in Plg-binding char-
acteristics between the surface-localized glycolytic enzymes of M.
pneumoniae (Fig. 6B and C). Interaction of all proteins can be
decreased by the lysine-like ligand ACA, which binds to the krin-
gle domains K1, K2, K4, and K5 of Plg (15). Interestingly, all
proteins showed a persistent interaction with Plg in the presence
of ACA, indicating that some of this interaction is lysine indepen-
dent. After the addition of different salts, an influence of ionic
forces on Plg binding between 9% (PdhA) and 57% (Tkt) was
found. As regards the interaction of protein PdhB with Plg, vari-
ous concentrations of salts resulted in an absence of inhibition. In
preliminary experiments we also investigated the interaction of a
defined recombinant glycolytic enzyme with Plg preincubated
with an alternative surface-localized glycolytic enzyme able to
bind Plg. Masking of binding sites resulted in all cases in a persis-
tent Plg interaction which is low for PdhC and high for Pgm and
PdhB (see Fig. S3 in the supplemental material). Hence, Plg bind-
ing of surface-displayed M. pneumoniae proteins might be attrib-
utable to different biochemical principles.

In many cases, evidence for the moonlighting role of glycolytic
enzymes of a bacterial species resulted from proteomic studies.
Here, we used a targeted search for these proteins by including the
complete set of glycolytic enzymes of M. pneumoniae. Available
genomic data and progress in specific tools to characterize myco-
plasma proteins, such as multiple mutation reaction (36), allow
this approach. However, determination of surface localization of
cytosolic proteins by light microscopic and fluorescence-activated
cell sorting-based methods is difficult in the case of relatively small
mycoplasmas. In addition, differences in the concentrations of
glycolytic enzymes, which can be expected in preparations of total
proteins, further complicate their detection. Interestingly, the re-
sults of colony blot, digestion with chymotrypsin, and immuno-
fluorescence analyses led to comparable data, allowing reliable
conclusions with respect to localization. It should be noted that
processes such as glycosylation of proteins of interest or lysis of
bacteria could influence these results. Furthermore, after investi-
gation of the cytosolic and membrane fractions of M. pneumoniae
proteins, further glycolytic enzymes were detected among mem-
brane-associated proteins. In agreement with the results of pro-
tein characterization after Triton X-100 fractionation (28), Tkt,
GapA, Ldh, PdhA, and PdhB were confirmed as surface located,
whereas other proteins detected in the Triton X-100-insoluble
fraction, such as Fba and Pta, are not. The presence of membrane-
associated but not surface-displayed glycolytic enzymes, as re-
ported for PdhD (26), may explain this discrepancy. The biologi-
cal role of such proteins remains unclear.

The result of the complete survey of glycolytic enzymes in M.
pneumoniae has extended the spectrum of known surface-dis-
played members of this class of proteins. Some of the proteins
have been found as surface localized in other species. As an exam-
ple, GapA is among the proteins which have been known for many
years and in numerous species to be a multitasking surface protein
(41). Other proteins are rarely described as surface displayed. An-
tibodies specific to PdhA, PdhB, and PdhC were detected in sera of
animals infected with M. bovis (45). PdhB was shown to be surface
localized in Lactobacillus plantarum and interacts with human fi-
bronectin (46). Tkt was found to be antigenic among membrane-
associated proteins of Mycoplasma mycoides subsp. capri (47).

FIG 6 Presence of Plg on the surface of human lung epithelial cells and bind-
ing of recombinant proteins to cells. (A) Reactivity of immobilized A549 cells
with rabbit anti-human Plg by ELISA. The means and standard deviations of
eight replicates are shown. (B) Immunofluorescence of fixed A549 cells after
incubation with anti-Plg and TRITC-labeled anti-rabbit IgG. Scale bar, 10 �m.
(C) ELISA reactivity of immobilized recombinant proteins (without cells)
compared to immobilized A549 cells, followed by incubation with recombi-
nant proteins (with cells). All wells were incubated with guinea pig antisera to
surface-localized glycolytic enzymes and HRP-conjugated anti-guinea pig
IgG. The C-terminal (rP12) and central (rP8) parts of P1 adhesin were used as
controls for a cell-binding and a non-cell-binding protein (26, 38). ***, P �
0.001. (D) Binding of recombinant proteins to immobilized A549 cells prein-
cubated with anti-Plg or PBS. **, P � 0.01; *, P � 0.05. Experiments were
carried out in duplicate. The data represent means and standard deviations of
eight replicates of a single experiment (A, C, and D).
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Pgm and Pyk were confirmed in different bacterial species and in
Candida albicans as surface localized and partly involved in inter-
actions with host factors (48–52). To our knowledge, the surface
localization of Ldh has been reported for the first time. In contrast,
unlike many other mycoplasma and nonmycoplasma species, Eno
of M. pneumoniae was found to be a cytosolic protein. These re-
sults may indicate species-specific processes affecting the trans-
port of glycolytic enzymes to the cell surface and may confirm the
suitability of the approach selected to use recombinant proteins
and polyclonal antibodies for detection of surface-displayed pro-
teins.

As described for different bacterial species, the excretion of
cytosolic proteins is a further aspect of interaction with the host
(53). The presence of all glycolytic enzymes of M. pneumoniae
investigated in the present study in the concentrated supernatant
of bouillon cultures of different ages was tested and was not de-
tected in the secretome (see Fig. S4 in the supplemental material).
In consequence, surface-located proteins are not released by the
lysis of cells, and interaction with host factors is linked to the
functional and specific anchoring of these enzymes in the myco-
plasma membrane. This hypothesis is supported by the fact that
only two glycolytic enzymes with confirmed surface localization

FIG 7 Activation of human Plg in the presence of recombinant proteins and degradation of human fibrinogen. (A) Conversion of Plg bound to M. pneumoniae
cells, to the membrane fraction of total M. pneumoniae proteins, and to different recombinant proteins in the presence of urokinase (uPA) and the plasmin-
specific substrate D-Val-Leu-Lys-p-nitroanilide dihydrochloride (S) to plasmin was detected by measuring the absorbance at 405 nm. Controls lacking one of the
three components—Plg, uPA, and S—were included. BSA was used as negative control. Bars represent means and standard deviations of three independent
experiments with eight replicates each. Statistically significant differences to the negative control (BSA) are shown. **, P � 0.01; *, P � 0.05. (B) Time-dependent
degradation of fibrinogen was investigated by incubation of immobilized recombinant proteins and BSA (negative control) with Plg. After washing, uPA and
fibrinogen were added, and degradation products were determined with goat anti-fibrinogen and HRP-conjugated anti-goat IgG. Pyk and Pgm are shown as
examples to demonstrate the absence of degradation and time-dependent degradation of fibrinogen (upper panel). The influence of other surface-displayed
glycolytic enzymes and BSA on fibrinogen is presented for time points at 0 and 2 h (lower panel). �, Degradation of fibrinogen; �, no degradation.
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(PdhA and PdhC) induce the production of specific antibodies in
an animal infected with M. pneumoniae via the intranasal route
and that chymotrypsin treatment of mycoplasma cells does not
result in complete digestion of proteins analyzed (see Fig. S5 in the
supplemental material). These results indicated that the extent of
the accessible parts of surface-displayed glycolytic enzymes seems
to be protein dependent.

Future studies will have to clarify whether surface-located gly-
colytic enzymes of M. pneumoniae are able to interact with other
host factors. Until now, GapA has also been confirmed as a bind-
ing partner of human fibrinogen (24) and PdhB as interacting
with fibronectin (27). The ability of microbial proteins to bind
with more than one host factor has been demonstrated for differ-
ent glycolytic enzymes (41). Since the prediction of moonlighting
proteins by methods of bioinformatics is still difficult (54), exper-
iments are necessary to provide proof of binding to further factors
such as vitronectin, laminin, or components of the host comple-
ment system (41, 55). Results of experiments using A549 cells
preincubated with anti-Plg (Fig. 6D) showed that binding of re-
combinant surface-located proteins is reduced but not blocked
completely. Interaction of glycolytic enzymes with alternative host
factors on the surface of human cells may cause the remaining
association.

In conclusion, the results of the present study confirm that
eight glycolytic enzymes of M. pneumoniae are surface-displayed
proteins that are able to interact with human Plg. Moreover, since
four proteins activate Plg, we postulate that these interactions
contribute to the successful colonization of the human respiratory
tract by a common pathogen with limited genome.
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