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ARTICLE INFO ABSTRACT

Mycoplasma pneumoniae is a frequent cause of community-acquired infections of the human respiratory tract.
During the evolutionary adaptation of the bacteria to the host, the genome of the pathogen is strongly reduced
resulting in the loss of cell wall, limited metabolic pathways and a relatively small number of virulence factors.
As interacting with host proteins, surface-exposed proteins with a primary function in cytosol-located processes
of metabolism and regulation such as glycolytic enzymes, heat-shock proteins and chaperones have been con-
sidered as contributing to pathogenesis. Among these moonlighting proteins, some members are confirmed as
binding to several host components. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of M. pneumoniae
is a typical example of such multi-binding proteins. To investigate the organization of these interactions, GAPDH
was divided into four parts. Recombinant proteins were successfully expressed in Escherichia coli and polyclonal
antisera were produced. Binding of full length and parts of GAPDH to human A549 cells was proven.
Furthermore, interactions with human plasminogen, vitronectin, fibronectin and fibrinogen were demonstrated
for nearly all recombinant GAPDH proteins. In the presence of these proteins, plasminogen can be activated to
the protease plasmin. In contrast, the localization on the surface of bacterial cell was confirmed for the C-
terminal part of GAPDH only. By using overlapping peptides covering this region, binding of the investigated
host components to the sequence ***QLVRVVNYCAKL>*” was found. The results of the study suggest a prominent
role of the surface-localized C-terminal part of GAPDH in associations with different human proteins indicating
its importance for host-pathogen-interactions.
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1. Introduction (Hasselbring et al., 2006) and the expression of cell-damaging sub-

stances like the unique CARDS toxin as well hydrogen peroxides

Mycoplasma pneumoniae is a member of the bacterial class of mol-
licutes characterized by small genomes and lack of a classical cell wall.
The species is a common cause of a broad range of infections of the
human respiratory tract up to severe cases of interstitial pneumonia. In
epidemic periods (every 3-7 years), between 20 and 40% of all com-
munity-acquired pneumonia infections can be attributed to M. pneu-
moniae (Waites et al., 2017). In addition, multi-facetted extrapulmonary
manifestations have been described in the last years (Narita, 2016).
With a genome size of 814 kb and 688 open reading frames, M. pneu-
moniae possesses limited metabolic capabilities (Kiihner et al., 2009).
However, the bacteria are perfectly adapted to the infection of the
epithelium of the upper human respiratory tract and a parasitic, in
many cases long-term, lifestyle in this niche exclusively. Known viru-
lence factors include the complex adhesion apparatus accomplishing
the adherence of bacteria to the target cells as first step of colonization
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(Kannan and Baseman, 2006; Hames et al., 2009).

Recently, an increasing number of studies described bacterial pro-
teins with primarily cytosol-located functions as occurring also on the
surface of the cells. In this location, the proteins are able to bind to host
components. This phenomenon was found not only in phylogenetically
very different bacterial species (Gram-positives and -negatives) with
and without pathogenic potential but also in protozoan parasites (Lama
et al., 2009) and helminthes (Gonzalez-Miguel et al., 2015) suggesting a
common aspect of interaction between microorganisms and their hosts.
Enzymes of metabolism (e.g. glycolytic enzymes) and proteins with
function in cellular regulation (chaperones, elongation factors) are ty-
pical members of the so-called moonlighting proteins (Henderson,
2014). In bacterial species infecting humans, a broad spectrum of host
factors binding to these proteins are demonstrated including plasmi-
nogen (plg), components of the extracellular matrix (ECM) like
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Fig. 1. General characterization of GAPDH of M. pneumo-
niae and production of recombinant proteins and poly-

clonal antisera. (A) Summary of known interactions of
recombinant full-length GAPDH with selected host pro-
teins. (B) Schematic illustration of recombinant protein
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fibrinogen (fg), fibronectin (fc), vitronectin (vc), and factors of the
complement system (Chagnot et al., 2012; Henderson and Martin,
2011; Henderson et al., 2011; Sanderson-Smith et al., 2012; Zipfel
et al., 2013). In general, the complex interplay between the moon-
lighting proteins of bacteria and host factors are considered as con-
tributing to successful colonization of hosts by influencing such im-
portant processes as adherence, immune escape and nutrient supply of
microorganisms (Bhattacharya et al., 2012; Singh et al., 2010, 2012;
Morgenthau et al., 2013). In the last years, moonlighting proteins have
been confirmed also among mollicutes indicating that a classical cell
wall is not a prerequisite for anchoring the proteins in surface structures
of microorganisms. In M. pneumoniae, eight glycolytic enzymes
(Griindel et al., 2016b), the chaperones DnaK and GroEL (Hagemann
et al.,, 2017) and the elongation factor Tu (Widjaja et al., 2017) are
characterized as surface-localized and able to interact with different
host factors. Among these mycoplasmal proteins, several ones were
found as interacting with more than a single host component. A re-
presentive member of this class of proteins is the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) showing binding to plg, fg, fc and
ve (Griindel et al., 2016a, 2016b, Fig. 1A). Firstly described in strep-
tococci (Pancholi and Fischetti, 1992), multi-binding of GAPDH was not
only found in M. pneumoniae but also in different other species, like
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standard deviations of eight replicates.

Escherichia coli (Egea et al., 2007), Streptococcus suis (Li et al., 2015),
Francisella tularensis (Pavkova et al., 2017) and Candida albicans
(Gozalbo et al., 1998), respectively. However, the molecular organi-
zation of multi-binding is poorly understood as the comparative binding
characteristics to the different host factors, the defined binding sites of
the bacterial protein and their accessibilities on the surface of bacteria
are in most cases unknown. In the present study, we investigated dif-
ferent parts of GAPDH of M. pneumoniae with respect to their locali-
zation and association with human components to contribute to further
understanding of the role of a typical moonlighting protein in host-
pathogen interaction.

2. Materials and methods
2.1. Bacterial strains and human cells

M. pneumoniae strain M129 (ATCC 29,342) and E. coli strains
NovaBlue and BL21(DE3) (Novagen) as well as A549 cells (human lung

carcinoma cell line, ATCC CCL-185) were grown in cell culture flasks as
described (Griindel et al., 2016Db).
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Table 1
Oligonucleotides for amplification of parts of GAPDH of M. pneumoniae (un-
derlined: vector-specific sequence).

Oligonucleotide Sequence (5’ — 3’)

MPgapVf GAC GAC GAC AAG ATG CTA GCA AAG AGT AAG ACT ATC
MpgaplVr GAG GAG AAG CCC GGT TTA ATT GTG TTC TGC CCA TGG C
Mpgap2Vf GAC GAC GAC AAG ATT GAT ATT GTG GTT GAA TCC AC
Mpgap2Vr GAG GAG AAG CCC GGT TTA TGG TGC TAA GCA ATT GGT
Mpgap3Vf GG

Mpgap3Vr GAC GAC GAC AAG ATG GTA CAC GTC TTG GAA AAG AAC
Mpgap4Vf GAG GAG AAG CCC GGT TTA CGA ACC AGT TAG TAC GGG
MPgapVr AAC ACG

GAC GAC GAC AAG ATC GTT GAA CTT TGT GTA GCC C
GAG GAG AAG CCC GGT TTA AAG CTT GGC ACA ATA GTT
AAC

2.2. Recombinant production of full-length and parts of GAPDH of M.
pneumoniae and polyclonal antibodies

Construction of the pET-30/LIC vector (Novagen) containing the
full-length gapdh gene (mpn430) with the mutation of the single TGA
codon and transformation of E. coli strains NovaBlue and BL21(DE3)
were described in a previous report (Dumke et al., 2011). Freshly grown
E. coli BL21(DE3) cells were harvested and the plasmid was prepared
with the QIAprep spin miniprep kit (Qiagen) as recommended by the
manufacturer. For expression of four recombinant proteins covering the
complete gapdh gene (Fig. 1B), the plasmid was used as target to am-
plify the gapdh parts with the primer pairs summarized in Table 1.
Determination of these protein parts was arbitrary and independent
from the NAD binding and C-terminal domain of GAPDH separated by
the CTTNC motif (amino acids157-161). Purification of PCR products,
cloning into pET30/LIC vector, transformation of E. coli strains Nova-
Blue and BL21(DE3), expression and purification of the N-terminal
6xHis-tagged recombinant proteins were performed as reported
(Dumke et al., 2011). The recombinant proteins were concentrated by
vivaspin 6 centrifugal columns (MWCO 5000; Vivascience) and the
protein concentration was measured with the BCA protein assay kit
(Pierce). To confirm the quality of recombinant protein expression, the
concentrated eluates were separated by SDS-PAGE (Novagen) and
Coomassie staining (Merck) according to standard procedures. For
immunoblotting, the separated recombinant proteins (100 pug/ml) were
transferred to nitrocellulose membranes (Novagen) as recommended by
the manufacturer.

For production of polyclonal antisera, guinea pigs (Charles River)
were subcutaneously immunized with the recombinant proteins using
Freund’s adjuvant (Sigma). Animal experiments were proved by the
ethical board of Landesdirektion Sachsen, Dresden, Germany (no. 24-
9168.25-1/2011-1). Booster immunizations and serum collection were
done as described previously (Dumke et al., 2011). To test the specifi-
city of polyclonal antisera, separated and blotted proteins of M. pneu-
moniae whole cells (100 ug) were incubated with guinea pig antisera
(1:10 or 1:500) and detection was performed with HRP-conjugated
secondary antibody specific for guinea pig Ig (Dako; 1:2000). Quanti-
tative reactivity of the polyclonal sera was tested in ELISA experiments
as described recently (Griindel et al., 2016a). Briefly, cavities of 96-well
plates (Greiner) were coated with M. pneumoniae total proteins (10 ug/
ml carbonate buffer) and blocked with 10% fetal calf serum (Gibco).
Wells were incubated with sera to recombinant full-length GAPDH and
four GAPDH parts (1:250 each). For detection, peroxidase-conjugated
anti-guinea pig Ig antibody (1:750) was used. Reaction of substrate
(TMB super slow; Sigma) was stopped with 1M HCl and absorbance
was measured at 450 nm.

2.3. Localization of M. pneumoniae GAPDH parts

Surface-association is the most important pre-condition for the
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relevance of the interaction of a bacterial protein with host factors re-
quiring the reliable determination of the localization by different
techniques.

To assess surface accessibilities of GAPDH regions, mild proteolysis
of M. pneumoniae cells was carried out. Freshly grown M. pneumoniae
cells (200 pg/ml) were incubated with PBS and increasing concentra-
tions of chymotrypsin (Sigma) as described (Griindel et al., 2016b).
After separation of proteins by SDS-PAGE and blotting, membranes
were treated with antisera (1:10 to 1:500) to GAPDH, GAPDH parts, the
cytosolic NADH oxidase (nox; negative control; Pollack et al., 1997)
and to the surface-located C-terminal part of the main P1 adhesin of M.
pneumoniae (P12; positive control; Schurwanz et al., 2009), respec-
tively. Detection of proteins and their degradation products was done
with peroxidase-labelled anti-guinea pig Ig (1:500).

For colony blotting, freshly grown M. pneumoniae cells were har-
vested, diluted with PBS and plated on PPLO agar (Millipore). After
incubation for nine days at 37 °C, surface proteins of colonies were
blotted onto nitrocellulose membranes (Schleicher and Schuell).
Membranes were incubated with antisera (1:500) to GAPDH, to four
GAPDH parts, to the cytosolic nox (negative control) and to P12 (po-
sitive control), respectively. Detection was done with HRP-conjugated
anti-guinea pig Ig (1:750).

Alternatively, cell surface localization of GAPDH parts was in-
vestigated by fluorescence microscopy as described (Dumke et al.,
2011). Briefly, mycoplasmas were grown in chamber slides (Nunc),
fixed and incubated with a mixture of guinea pig antiserum against a
GAPDH part and rabbit antiserum to the Triton X 100-insoluble fraction
(representing the fraction of membrane-associated proteins; Regula
et al., 2001) of M. pneumoniae total proteins (1:250 each). The anti-
serum to the TX 100-insoluble fraction serves as control and overall
staining of bacterial cells. A mixture of FITC-labeled anti-guinea pig IgG
(Sigma) and TRITC-labeled anti-rabbit IgG (Sigma, 1:500 each) anti-
bodies was added for detection. Fluorescence signals of the cells were
checked using a fluorescence microscope SP5 (Leica).

2.4. Binding of recombinant proteins to human plg, selected ECM
components and to human A549 cells

The interaction of whole proteins of M. pneumoniae and of re-
combinant proteins with plg, fc, fg and vc was analyzed as described
previously (Griindel et al., 2016a, 2016b). Briefly, wells of 96-well
plates were coated with recombinant proteins GAPDH (positive con-
trol), GAPDH-1 to -4 and BSA (negative control), respectively. Based on
the results of preliminary experiments, the following concentrations of
human proteins (Sigma) were added: plg (0, 0.1, 0.5, 1.0, 3.0 and
5.0 ug/ml PBS), fc (0, 15, 30, 45, 65 and 85 ug/ml PBS), fg (0, 5, 10, 15,
25 and 35pg/ml PBS) and vc (0, 0.05, 0.1, 0.25, 0.5 and 1.0 ug/ml
PBS). After incubation (2h; 37 °C), bound human proteins were de-
tected by using the corresponding antisera (Sigma; rabbit anti-plg:
1:2500; rabbit anti-fc 1:1500; goat anti-fg: 1:1000; rabbit anti-vc:
1:5000) and peroxidase-conjugated anti-rabbit IgG or anti-goat IgG
(both Dako; 1:2000). Dissociation constants (Kp) for binding affinity of
full-length GAPDH and the surface-displayed part GAPDH-4 to plg and
the three ECM proteins were estimated as described recently (Griindel
et al., 2016a). Briefly, ECM proteins (10 pg/ml) were immobilized in
wells of ELISA plates and incubated with increasing concentrations of
recombinant protein (0, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5 uM). Bound proteins
were detected with the corresponding guinea pig antisera (1:1000) and
peroxidase-conjugated anti-guinea pig IgG (1:1000). Using the ELISA
data (means of eight replicates per concentration), Kp values were
calculated.

To further confirm binding of human plg, fc, fg and vc to surface-
located GAPDH-4, a ligand immunoblot assay was used (Thomas et al.,
2013). Briefly, preparation of recombinant GAPDH-4 was separated by
SDS-PAGE and transferred to nitrocellulose membranes as described
before. Sliced membranes were incubated with human plg and ECM
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proteins (50 pg/ml) and in parallel with PBS (negative control) for 12h
at 4 °C. Detection of host proteins was carried out with corresponding
antisera (1:200) and conjugate sera (1:1000). For localization of
GAPDH-4, a membrane was incubated with guinea pig anti-GAPDH-4 as
described.

Binding of recombinant GAPDH parts to human A549 cells were
analyzed by ELISA and immunofluorescence as reported (Griindel et al.,
2016a). For ELISA, cells were harvested and used to coat wells of ELISA
plates (10 ug/ml). In parallel, recombinant full-length GAPDH and
GAPDH-1 to -4 (10 pug/ml) were immobilized. Recombinant proteins
P12 (involved in cytadherence) and P8 (part of the central region of the
P1 protein which is not able to interact with cells; Schurwanz et al.,
2009) served as positive and negative controls. After blocking, the
above-mentioned recombinant proteins (10 pg/ml) were added to the
cell-coated wells (2 h, 37 °C) whereas wells with recombinant proteins
were incubated with PBS under the same experimental conditions.
Detection of recombinant proteins was carried out in all wells with
corresponding antisera to the proteins (1:800) and HRP-conjugated
anti-guinea pig Ig (1:1000). For immunofluorescence experiments,
A549 cells were grown in chamber slides to nearly confluent layers.
After blocking, cells were incubated with recombinant GAPDH (positive
control), GAPDH-1 to -4, and P8 (negative control) in a concentration of
15ug/ml (2h, 37 °C). After washing, corresponding antibodies were
added (1:250, 1 h) followed by incubation with Alexa Fluor488-labelled
anti-guinea pig IgG antibody (Thermo Scientific, 1:1000, 45 min).
Membranes of A459 cells were stained with CellMask Deep Orange
(Thermo Scientific, 1:1000) as recommended by the manufacturer.
Signals of the cells were detected at 519nm (Alexa Fluor488) and
567 nm (CellMask Deep Orange), respectively.

2.5. Characterization of binding region of surface-displayed C-terminal part
of GAPDH with plg and ECM components

The sequence of the surface-located recombinant protein GAPDH-4
showing interactions with human plg, fc, fg and vc was divided into 10
peptides, each consisting of 12 amino acids with an overlap of three
amino acids and synthesized (Peptide Specialty Laboratories). The
peptides (1 mg/ml) were spotted onto two nitrocellulose membranes.
Recombinant GAPDH-4 and BSA were used as positive and negative
controls. The membranes were dried for 20 min at room temperature.
After washing, 20 pg/ml of plg, fc, fg or vc was added to one membrane
and PBS to the other. The membranes were incubated for 2h at room
temperature on a shaker and washed. Bound host proteins were de-
tected with corresponding antisera (1:250) and peroxidase-conjugated
anti-rabbit or anti-goat Ig (1:1000).

Influence of peptide 10 on interaction of recombinant GAPDH-4
with human proteins was investigated by ELISA. Plg, fg, fc and vc
(15pg/ml) were immobilized in the wells of an ELISA plate and
blocked. Recombinant GAPDH-4 was incubated with PBS, peptide 3
(negative control) and peptide 10 (2h, room temperature), and added
to cavities of the plate (2 h, 37 °C). Bound GAPDH-4 was detected with
anti-GAPDH-4 serum (1:750) and peroxidase-conjugated anti-guinea
pig Ig (1:1000).

2.6. Activation of human plg in the presence of recombinant GAPDH
proteins

The activation of plg to the protease plasmin in the presence of
recombinant GAPDH and parts of GAPDH was quantified by an assay
described recently (Hagemann et al., 2017). Briefly, cavities of 96-well
plates were coated with whole proteins of M. pneumoniae (positive
control), recombinant proteins GAPDH and GAPDH-1 to -4, peptide 10
and BSA (negative control), respectively. After washing and blocking,
human plg (10 pg/ml), urokinase plasminogen activator (uPA) or tissue
plasminogen activator (tPA; both Millipore; 5 ng/well) and the plasmin-
specific substrate p-valyl-leucyl-lysine-p-nitroanilide dihydrochloride
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(0.75mM; Sigma) were added and incubated at 37°C over night.
Controls without plg or activator were prepared in parallel. After in-
cubation, optical density (OD) was measured at 405 nm.

3. Results

3.1. Expression of recombinant proteins and reactivity of corresponding
antisera

After successful amplification of the four parts covering the com-
plete gapdh gene of M. pneumoniae (Fig. 1B, Table 1), PCR products
were cloned into the pET-30/LIC vector that was used to transform E.
coli Novablue and BL21(DE3) cells. Overexpressed proteins were pur-
ified, concentrated and analyzed by SDS-PAGE. Coomassie staining of
the gels demonstrated prominent protein bands with the expected
molecular mass (Fig. 1C). Recombinant proteins were used to produce
monospecific polyclonal antisera in guinea pigs. The specificity of the
antibodies was tested with total proteins of M. pneumoniae as antigen in
immunoblotting and resulted in exclusive bands matching the predicted
mass of GAPDH (Fig. 1D). It should be noted, that sera to GAPDH-2, -3
and -4 were used in a 1:10 dilution whereas the further sera were di-
luted 1:500. However, the specificity of all antisera could be confirmed
successfully. In a comparative ELISA, the reactivities of antisera against
total proteins of M. pneumoniae were quantified (Fig. 1E) and resulted in
high OD values of antisera to complete GAPDH and to the protein part
GAPDH-4. In accordance with the results of immunoblotting, the other
antisera react very weak indicating strong differences in overall anti-
genicity of the GAPDH parts. In view of possible cross-reactions in
binding studies (identity between M. pneumoniae and human GAPDH:
44.4%), Western blot analysis of immobilized A549 cells incubated
with mycoplasma anti-GAPDH sera resulted in missing signals at the
predicted molecular weight of human GAPDH of 36.0kDa (data not
shown).

3.2. Surface localization of GAPDH parts

Surface accessibility of GAPDH parts was investigated by mild
proteolysis of M. pneumoniae cells, colony blotting and immuno-
fluorescence of fixed bacteria. With all approaches, a surface localiza-
tion of GAPDH-1 to -3 could not be confirmed (data not shown). In
contrast, degradation products were detected after treatment of bac-
teria with increasing concentrations of chymotrypsin and detection
with anti-GAPDH (data not shown) and anti-GAPDH-4 (Fig. 2A). It
should be noted that complete proteolysis of GAPDH could not be ex-
pected as a relevant proportion of protein is cytoplasmic. Additionally,
strong signals were demonstrated in colony blot and immuno-
fluorescence after incubation of the membrane and the fixed cells with
the antiserum to recombinant GAPDH-4 (Fig. 2B and C). Control ex-
periments with intracellular NADH oxidase remained negative in
colony blot as well as in immunofluorescence and no degradation
products were detected after protease treatment of M. pneumoniae cells.
In contrast, the C-terminal part of P1 adhesin (positive control) was
degradable and staining of colonies and strong immunofluorescence of
M. pneumoniae cells were demonstrated after incubation with the cor-
responding antiserum, confirming the surface localization of this pro-
tein. Results of experiments with guinea pig pre-immune serum re-
mained negative in all approaches, excluding an influence of
nonspecific cross-reactions on the results (data not shown). Summar-
izing the findings, surface exposure of C-terminal part of GAPDH on the
M. pneumoniae cells is assumed.

3.3. Binding of recombinant proteins to human A549 cells, plg and ECM
proteins

Recombinant proteins derived from full-length GAPDH and the
different parts of GAPDH were analyzed for adherence to human A549
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Fig. 2. Surface localization of GAPDH-4. (A)
Results of chymotrypsin digestion of freshly
grown M. pneumoniae cells. Untreated (lane 1)
and chymotrypsin-treated (lane 2: 10 pg; lane
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5 Ue Goie 3: 20 ug; lane 4: 40 pg; lane 5: 100 pug chymo-

N trypsin/ml) cells were blotted and incubated
with the guinea pig antisera to GAPDH,
GAPDH-4, NADH-oxidase (nox, negative con-
trol for a cytosolic protein) and P12 (surface-
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GAPDH GAPDH-4 nox P12
C
anti-rabbit anti-guinea pig merge
(TRITC) (FITC)
anti-TX100 ins. anti-GAPDH-4
anti-TX100 ins. anti-P12
anti-TX100 ins. anti-nox

cells. Wells of ELISA plates coated with recombinant protein and in-
cubated with PBS were compared with wells coated with A549 cells
pre-incubated with the same recombinant protein under comparable
conditions. Binding of recombinant proteins was demonstrated with the
corresponding guinea pig antiserum. Using GAPDH as control for a
protein with confirmed interaction with A549 cells (Griindel et al.,
2016b), a mean OD value of 1.3 was obtained for wells with im-
mobilized recombinant protein. Parallel treated wells with A549 cells
incubated with recombinant GAPDH resulted in a mean OD value of 0.7
(56% of OD value obtained from wells with recombinant protein alone),
confirming the association of the protein with A549 cells (Fig. 3A). As
negative control, cell binding of protein P8 as part of P1 protein not
involved in adhesion remains low (mean OD value: 0.05). Using the
protein parts GAPDH-1 and -2, the reactivities of recombinant proteins
interacting with human cells are reduced to 26% (GAPDH-1) and 12%
(GAPDH-2) compared to OD values of wells coated with recombinant
proteins. In contrast, OD values of GAPDH-3 and -4 in wells with human
cells reached 70% and 73% of those with recombinant proteins con-
firming a relatively strong interaction with surface components of A549
cells. These data are supported by the results of immunofluorescence
experiments of fixed cells (Fig. 3B). With the exception of protein P8
(negative control), incubation with recombinant GAPDH and GAPDH-1
to -4 demonstrated differently distinct but in all cases detectable sig-
nals.

To test specific interactions between recombinant parts of GAPDH

26

located C-terminal part of the P1 adhesin, po-
sitive control) followed by anti-guinea pig Ig
conjugate. (B) Reactivity of nine days-old co-
lonies of M. pneumoniae with anti-P12 serum
(positive control), anti-nox serum (negative
control) and anti-GAPDH-4, respectively. Bar:
200 um. (C) Reactivity of anti-GAPDH-4 in
immunofluorescence. Fixed mycoplasma cells
were probed with a mixture of guinea pig anti-
GAPDH-4 and rabbit anti-TX-100 insoluble
proteins of M. pneumoniae (positive control)
serum (first row), a mixture of guinea pig anti-
P12 and rabbit anti-TX-100 insoluble proteins
(middle row), and a mixture of guinea pig anti-
nox and rabbit anti-TX-100 insoluble proteins
serum (upper row). For detection, cells were
incubated with a mixture of FITC-conjugated
anti-guinea pig IgG and TRITC-conjugated
anti-rabbit IgG. Bar: 10 um.

nox

and increasing concentrations of selected human proteins, binding
studies were carried out by ELISA (Fig. 4A). In all experiments, the
negative control BSA was not able to interact with any concentration of
human fg, fc, plg and vc, respectively (OD values < 0.1). In contrast,
nearly all recombinant proteins bind to the human components. Setting
an OD value of 0.2 as limit for measurable reactivity, only the inter-
actions of GAPDH-2 with fc and vc remain below this threshold. As
found in previous studies, the concentrations of human proteins needed
to demonstrate an increasing binding are strongly different (fc > fg
> plg > vc). As expected, measurement of interaction of full-length
recombinant GAPDH with host factors resulted in higher OD values in
comparison with most recombinant GAPDH parts (exception: GAPDH-3
and vc). Depending on the concentration of host factor, comparative
binding of surface-localized GAPDH-4 was relatively strong to plg and
fc but weaker to the other human ECM proteins. According to estima-
tion of binding affinities of full-length GAPDH and GAPDH-4 (Table 2),
the following order of K, values was found: fg > vc > fg > plg.
Regarding the human proteins tested, higher binding affinities of re-
combinant GAPDH in comparison with GAPDH-4 were measured (fac-
tors of mean Kj values between 4.4 and 5.2) which is in accordance
with the results of concentration-dependent binding experiments
(Fig. 4A).

Since the confirmation of specific interactions of the surface-loca-
lized protein GAPDH-4 with host factors is of particular interest, a li-
gand immunoblot assay was carried out additionally (Fig. 4B). In all
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Fig. 3. Binding of recombinant GAPDH parts to human A549 cells. (A) ELISA
reactivity of immobilized recombinant proteins and immobilized A549 cells
pre-incubated with recombinant proteins. Recombinant full-length GAPDH and
a part of the central region of the P1 adhesin of M. pneumoniae (P8) served as
controls for confirmed cell-binding and non-binding proteins. Means and
standard deviations of eight replicates. (B) Immunofluorescence of fixed A549
cells after incubation with recombinant proteins and the corresponding guinea
pig antisera. Detection of signals was carried out with TRITC-labeled anti-
guinea pig IgG. Human cells were visualized by treatment with CellMask Deep
orange plasma stain. Bar: 10 pm.

cases, binding of human components was associated with a protein/
proteins showing the molecular mass of GAPDH-4.

3.4. Characterization of binding regions of surface-displayed part of
GAPDH to human plg and ECM proteins

According to the results of localization experiments, protein region
GAPDH-4 was confirmed as surface-localized. To define the binding
sites of the C-terminal part of GAPDH for host proteins, GAPDH-4 was
divided into ten overlapping peptides (Fig. 5A). Dot blot testing of the
synthetic peptides resulted in reactivity of peptide P10 with human plg
as well the ECM components fg, fc and vc, respectively (Fig. 5A). In
addition, peptide P7 reacted with plg and fg, and peptide P8 weakly
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with plg. Strong signals were measured with recombinant GAPDH-4
(positive control) whereas no reactivity was detected for non-binding
protein BSA (negative control). Analyzing the control membrane (same
antigens and immune reaction but incubation with PBS instead of plg,
fg, fc or vc, respectively), no signals were obtained for any peptide or
control excluding the occurrence of nonspecific cross-reactions (data
not shown).

In comparison with non-binding control peptide P3 and PBS, pre-
incubation with peptide 10 reduces the binding of recombinant protein
GAPDH-4 to immobilized human ECM proteins significantly (Fig. 5B).
Based on mean OD values, a decrease between 57% (vc) and 85% (fc)
can be calculated. In contrast, binding of GAPDH-4 to plg was similar
after pre-incubation with peptides P3, P10 and PBS, respectively. It
should be noted that in previous ELISA experiments testing the re-
activity of the peptides with anti-GAPDH-4 serum, higher OD values
(> 0.2) were measured for peptides P1 and P6 only (data not shown).

3.5. Generation of plasmin in the presence of recombinant proteins

Activation of proteolytically inactive plg to plasmin plays an im-
portant role in host processes. After confirmation of binding of re-
combinant GAPDH and GAPDH parts to human plg (Fig. 4), it remains
to clear if plasmin is generated in the presence of these bacterial pro-
teins or peptide 10 and host activators uPA or tPA. Activation of plg was
analyzed in ELISA experiments. To avoid the influence of different
binding characteristics on the results, all components of reaction (plg,
activator, plasmin-specific substrate) were added together to the wells
with immobilized recombinant proteins, peptide 10 or whole proteins
of M. pneumoniae, respectively. No differences in OD values were ob-
tained between both human activators as well between recombinant
proteins, peptide 10, the control BSA (none-plg binding protein) and
whole proteins of M. pneumoniae (Fig. 6). In parallels without Plg or
activator (negative controls), measured OD values after the incubation
period are below 0.1 (data not shown).

4. Discussion

via their surfaces, microbes interact in diverse ways with the host.
To surface-displayed bacterial structures belong not only adhesins or
lipoproteins but also primary regulatory or metabolic proteins, like
glycolytic enzymes, transported by a hitherto unknown mechanism
from cytosol to the cell surface. These moonlighting proteins are re-
cently described in many bacterial species and, especially in pathogenic
microorganisms, their role in the complex processes of colonization and
pathogenesis is of increasing interest. Further research efforts in this
direction should not only include the identification of further interac-
tion partners on both the microbe and host side but also the char-
acterization of the molecular organization of binding. Investigations of
species of genus Mycoplasma show that the occurrence of moonlighting
proteins on the cell surface is not necessarily linked to a classical cell
wall but can also be realized by their association with the unique cell
membrane of these species (Daubenspeck et al., 2016). However, the
limited repertoire of metabolic and regulatory proteins in combination
with their pathogenic potential in both humans and animals makes the
members of Mollicutes to excellent model organisms for study of pro-
teins with multiple functions.

In the present report, we investigated the GAPDH of M. pneumoniae
as typical example for a moonlighting glycolytic enzyme which was
previously confirmed as interacting with many host factors (Griindel
et al., 2016a, 2016b). As demonstrated for cultivated A549 cells in vitro
(Griindel et al., 2016a), it can be assumed that all tested human pro-
teins showing interactions with GAPDH co-occur at the exclusive co-
lonization site of M. pneumoniae, the respiratory epithelium. Thus, the
potential multi-binding of bacterial proteins allows a complex interplay
between human extracellular proteins and pathogen in vivo. Question
remains how the bacteria organize associations to several host factors.
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Fig. 4. Interactions of recombinant GAPDH proteins with selected host factors. (A) Concentration-dependent binding of human fibrinogen (fg), fibronectin (fc),
plasminogen (plg) and vitronectin (vc) to recombinant GAPDH or GAPDH parts as measured by ELISA. BSA was used as negative control. Means and standard
deviations of eight replicates. (B) Reaction of blotted recombinant protein GAPDH-4 after incubation with plg, fc, ve, fg (lanes 1) and with PBS (negative control,
lanes 2). Reaction with anti-GAPDH-4 demonstrates the localization of protein GAPDH-4.

In this regard, variable strategies are described like use of distinct sites
for different functions, of same residues for different functions, proteins
with different structural conformations for diverse functions or post-
translational modifications (Das et al., 2017; Daubenspeck et al., 2016;
Sirover, 2017). Here, the characterization of four regions covering the
complete GAPDH protein showed that nearly all recombinant proteins

Table 2
Binding affinities (mean K, values *+

are able to interact with human fc, fg, plg and vc, respectively. This
finding suggests the occurrence of many binding sites on differing parts
of the protein and confirmed the results of other reports investigating
GAPDH or other glycolytic enzymes of different bacterial species
(Henderson et al., 2011; Kainulainen and Korhonen, 2014). In addition,
the localization of interacting protein regions on the surface of the

standard deviations, nM) of recombinant GAPDH and GAPDH-4 to selected host proteins.

Recombinant protein Human protein

Plasminogen Fibrinogen Fibronectin Vitronectin
GAPDH 3.4 * 22 133.4 + 85.6 60.7 = 28.8 91.7 + 39.5
GAPDH-4 151 + 7.4 696.2 £ 276.2 278.4 = 118.8 456.4 = 182.9
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Fig. 5. Identification of binding region to host
factors of GAPDH-4 with peptides overlapping
the C-terminal part between amino acids 246

P1 IVELCVALEKDA and 337 of M. pneumoniae GAPDH. (A)
P2 KDATVEQINQAM Schematic illustration of the ten peptides used
P3 QAMKKAASASFR and reaction of nitrocellulose membrane
P4 SFRYCEDEIVSS spotted with peptides, recombinant GAPDH-4
sg VSSDIVGSEESSIFDSKLWI (positive control) and BSA (negative control)
P7 TNIIEVDGNKLY with human proteins plasminogen (plg), fi-
P8 KLYKVYAUYDNE brinogen (fg), fibronectin (fc) and vitronectin
P9 DNESSYVNQLVR (ve), respectively. Detection was done with the
P10 QLVRVVNYCAKL corresponding antisera to host factors and
peroxidase-labeled anti-rabbit or anti-goat Ig.
(B) ELISA detection of binding of immobilized
Binding of P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 GAPDH-4BSA GAPDH-4 to plg, fg, fc and vc after pre-in-
cubation with peptide 3 (negative control),
Plg b L 4 peptide 10 and PBS, respectively. Data re-
present the mean and standard deviation of
Fg @® eight replicates. t-test: ***P < 0.001.
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mycoplasmal cell is a further crucial aspect for the in vivo relevance of
an association confirmed in vitro. It should be noted that the low re-
activities of guinea pig antisera to GAPDH-1 to -3 reduce the sig-
nificance of the study since the surface-localization of further parts of
GAPDH cannot be excluded certainly. However, surface-display of
GAPDH-4 was confirmed with all approaches used and the binding of
the GAPDH region represented by this recombinant protein to host
factors is supposed as important for host-pathogen interaction.

From the data of the present study, it can be suggested that the
interaction of human plg with GAPDH is preferred among the host

proteins tested. Measurement of binding characteristics (Table 2) re-
sulted in approximately fivefold higher affinities of full-length GAPDH
in comparison with GAPDH-4. Despite the fact that interactions of
nearly all host factors with GAPDH-1 to -3 were detected (Fig. 4), an
influence of incorrectly folded recombinant proteins and of disruption
of binding sites by the arbitrary determination of GAPDH fragments on
the quantitative association between proteins GAPDH/GAPDH-4 and
human components cannot be excluded. However, binding affinity of
plg to complete GAPDH and surface-localized GAPDH-4 is much higher
in comparison with fc, fg and vc, respectively. Furthermore, results of

Fig. 6. Activation of human plasminogen in the presence
of recombinant GAPDH parts and peptide 10 after in-
cubation with plasminogen, human urokinase-type plas-
minogen activator (uPA) or tissue plasminogen activator
(tPA) and the plasmin-specific substrate p-Val-Leu-Lys-p-
nitroanilide dihydrochloride, respectively. Full-length re-
combinant GAPDH and whole protein of M. pneumoniae
(Mp) were used as positive controls. BSA served as nega-
tive control. Plasmin generation was detected by mea-
surement of optical density at 405nm. Errors represent
standard deviations of eight replicates.
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Confirmed interaction of C-terminal sequences of GAPDH of different bacterial species with host factors: comparison with GAPDH of M. pneumoniae (plg - plas-

minogen, fc - fibronectin, fg - fibrinogen, vc - vitronectin).

Species (number of amino C-terminal sequence Interaction with host protein Reference

acids)

M. pneumoniae (338) 326QLVRVVNYCAKL338 plg, fc, fg, ve this study

Mycoplasma hyopneumoniae 325QFVRVIRDFVQK335 ? (predicted protein-protein interaction sites) Berry et al., 2017

(335) 346QLVRTLEYFAKIAK359 plg Bergmann and Hammerschmidt, 2007

Streptococcus pneumoniae (359)

binding experiments demonstrated not only associations of plg with all
four parts of GAPDH but also the occurrence of binding to different
peptides covering the C-terminus of the enzyme. In contrast to human
fc, fg and vc, blocking of binding site by pre-incubation of plg with
peptide 10 showed limited influence on amount of plg bound to re-
combinant GAPDH-4. An explanation for the particular importance of
plg might be the degradation of different host factors after generation of
the proteolytically active serine protease plasmin. A previous study
demonstrated the activation of plg in the presence of GAPDH (Griindel
et al., 2016b) and the degradation of human fg as well vc (Griindel
et al., 2016a, 2016b). Here, the production of plasmin was confirmed
but was not significantly different between the tested reaction partners
indicating that the presence of GAPDH-4 or peptide 10 causes neither
an increase nor an inhibition of this process and a comparable influence
on degradation of host factors can be expected. As stated in many re-
ports, binding of plg in combination with degradation of components of
ECM not only in the infected areal of human respiratory tract but also in
other tissues seems favorable for further colonization by pathogenic
bacteria (Bhattacharya et al., 2012; Peetermans et al., 2016).
Interestingly, narrowing of the interaction site of GAPDH using
overlapping peptides led to the C-terminal sequence *2*QLVRVVNYC-
AKL>*” which was able to interact with at least four host proteins. To
our best knowledge, this is the first description of confirmed binding of
a protein region strongly truncated to twelve amino acids with more
than a single host factor. To estimate the surface-exposition of the C-
terminus, Phyre®> (http://www.sbg.bio.ic.ac.uk/phyre2), I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) and SWISS-
MODEL (https://swissmodel.expasy.org/) server were used to predict
the 3D structure of M. pneumoniae GAPDH. Identities of amino acid
sequences of templates with known related structures (GAPDH of
Staphylococcus aureus, Streptococcus agalactiae and Thermotoga maritima,
respectively) for building the top models were 55 and 57%. All pro-
posed models predict the helical structure and surface exposition of C-
terminal sequence as precondition for interactions with host factors
(data not shown). The importance of the C-terminal part of moon-
lighting proteins for association with human components was not only
confirmed for proteins of M. pneumoniae (Widjaja et al., 2015) but also
for molecules of other species (Fulde et al., 2013). Regarding GAPDH,
interactions of the C-terminus were demonstrated or predicted for
Mycoplasma hyopneumoniae and Streptococcus pneumoniae (Table 3). For
the latter species, an actual study questioned the importance of the C-
terminus of GAPDH (Moreau et al., 2017). Hence, further studies are
needed to confirm that the involvement of the C-terminal part of
GAPDH of different species in binding to human factors is a common
aspect of host-pathogen interaction. While limited information re-
garding the molecular basis of association of moonlighting proteins
with human fc, fn and vc is available, interaction with plg has been
more extensively assessed. Importance of lysine residues of bacterial
protein regions for plg-binding was reported (Bhattacharya et al., 2012)
but peptides missing lysine are also able to interact with plg as con-
firmed for pyruvate dehydrogenase B (PDHB) of M. pneumoniae
(Thomas et al., 2013). Moreover, this peptide shows functional simi-
larity but limited homology to a putative plg-binding region of E. coli
lipoprotein (Gonzalez et al., 2015). Interestingly, PDHB is a further
example of a glycolytic enzyme of M. pneumoniae with remarkable
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multi-binding properties (Griindel et al., 2016a, b). However, sequence
of PDHB shows only 11% identity to GAPDH indicating the importance
of differing amino acid motifs for binding to host proteins. In general,
the surface-localization of small and non-immunogenic parts of moon-
lighting proteins seems advantageous for successful interactions with
host components circulating in the respiratory epithelium as the process
will not be interfered by the humoral immune response of the host. This
is supported by the facts that the production of specific antibodies
against GAPDH in sera of guinea pigs intranasally infected with freshly
grown M. pneumoniae cells is missing (Griindel et al., 2016b) and that
binding peptide 10 demonstrated only weak reactivity (OD values <
0.2) with anti-GAPDH and anti-GAPDH-4 sera in ELISA experiments
(data not shown).

In conclusion, the present study combines results of surface-location
with binding characteristics of different parts of a classical moon-
lighting protein featuring the ability for multi-binding to host factors.
Besides the importance of these interactions for the mechanisms con-
tributing to the successful colonization of the human respiratory tract
by the common pathogen M. pneumoniae, the findings may lead to a
further understanding of organization of the complex interplay between
bacterial proteins with dual functions and different host factors.
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