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Abstract

Mycoplasma hyorhinis may cause systemic inflammation of pigs, typically polyserositis and arthritis, and is also associ-
ated with several types of human cancer. However, the pathogenesis of M. hyorhinis colonizing and breaching the
respiratory barrier to establish systemic infection is poorly understood. Glycolytic enzymes are important moonlight-
ing proteins and virulence-related factors in various bacteria. In this study, we investigated the functions of a gly-
colytic critical enzyme, enolase in the infection and systemic spread of M. hyorhinis. Bacterial surface localization of
enolase was confirmed by flow cytometry and colony hybridization assay. Recombinant M. hyorhinis enolase (rEno)
was found to adhere to pig kidney (PK-15) cells, and anti-rEno serum significantly decreased adherence. The enzyme
was also found to bind host plasminogen and fibronectin, and interactions were specific and strong, with dissociation
constant (Kp) values of 1.4 nM and 14.3 nM, respectively, from surface plasmon resonance analysis. Activation of rEno-
bound plasminogen was confirmed by its ability to hydrolyze plasmin-specific substrates and to degrade a reconsti-
tuted extracellular matrix. To explore key sites during these interactions, C-terminal lysine residues of enolase were
replaced with leucine, and the resulting single-site and double-site mutants show significantly reduced interaction
with plasminogen in far-Western blotting and surface plasmon resonance tests. The binding affinities of all mutants to
fibronectin were reduced as well. Collectively, these results imply that enolase moonlights as an important adhesin of
M. hyorhinis, and interacts with plasminogen and fibronectin. The two lysine residues in the C-terminus are important
binding sites for its multiple binding activities.
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Introduction
Mycoplasma species (class Mollicutes) are distinguished
by their small size, minute genomes, and lack of cell wall.
They are widespread in various hosts and cause chronic
infections in many cases. Mycoplasma hyorhinis is one of
*Correspondence: giyanxiongnj@163.com four important mycoplasma species considered patho-
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no obvious clinical signs, in some cases M. hyorhinis can
induce severe systemic infection leading to pleuritis,
peritonitis, pericarditis, arthritis, eustachitis, and other
ailments [1-3]. Besides inducing systemic inflamma-
tion in pigs, M. hyorhinis has also been linked to human
cancers such as gastric, lung, and colon cancers [4, 5].
However, whether M. hyorhinis can be transmitted from
pigs to humans, potential transmission routes, and the
infection proportion in the population remain unknown.
Due to the high prevalence of M. hyorhinis in pig herds,
its potential threat to human health cannot be ignored,
and relevant epidemiology and pathogenic mechanism
research is urgently needed.

Mycoplasmas are membrane-associated pathogens,
hence adhesion factors are usually considered to be the
most important virulence factors. The variable lipopro-
tein (Vlp) family, P37, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [6-8] are the only adhesion
molecules of M. hyorhinis identified to date, and many
more likely remain to be revealed. Systemic spreading of
M. hyorhinis from the site of infection to the rest of the
body is assumed to be critical for disease progression, but
the associated mechanism remains unclear [1].

In our previous work, GAPDH, a key enzyme in the
glycolysis pathway, was found to be a plasminogen recep-
tor (PlgR) of M. hyorhinis that hijacks plasminogen on
the bacterial surface [8]. It probably helps to arm M.
hyorhinis with a proteolytic activity to degrade tissue bar-
riers such as extracellular matrix (ECM) and fibrin clots.
Enolase is another well-known bacterial PlgR. This key
glycolytic enzyme catalyzes the conversion of 2-phos-
phoglycerate to phosphoenolpyruvate. Besides exert-
ing enzyme activity in the cytoplasm, enolase can also
be present at the surface of many bacteria to play other
roles during infection, as demonstrated for streptococci
[9], Salmonella Typhimurium [10], Mycobacterium
tuberculosis [11], Klebsiella pneumoniae [12], as well as
some eukaryotic parasites such as Taenia solium [13] and
Leishmania mexicana [14].

In the present study, we explored non-canonical func-
tions of enolase in cytoadhesion of M. hyorhinis, and
investigated interactions with plasminogen and fibronec-
tin host molecules.

Materials and methods

Preparation of recombinant enolase protein and its
site-directed mutants

The full-length gene encoding M. hyorhinis enolase
(strain HUB-1, GenBank, CP002170.1, MHR_0469) was
codon-optimized and synthesized (GenScript, China).
Meanwhile, three different site-directed mutants in
which C-terminal lysine residues were replaced with
leucine were generated using a Mut Express MultiS Fast
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Mutagenesis Kit (Vazyme, China). They included two
distinct single point mutations (residues 451 or 452) and
one double mutation (residues 451 and 452). All open
reading frames (ORFs) were cloned into pET-28a (+)
and introduced into Escherichia coli strain BL21 (DE3). E.
coli cells in the early log phase were induced with 1 mM
isopropyl-beta-D-thiogalactopyranoside (IPTG) and cul-
tured at 18 °C overnight. Recombinant enolase proteins
were purified from ultrasonic bacterial supernatants by
nickel affinity chromatography (GenScript), then con-
centrated and buffer-exchanged by ultrafiltration using
a Centricon (Millipore, USA). Recombinant enolase pro-
teins were denoted as rEno wild-type (WT), K451L (sin-
gle point mutation at residue 451), K452L (single point
mutation at residue 452) and K451L-K452L (double
mutation of residues 451 and 452).

Preparation of polyclonal antibody against M. hyorhinis
enolase

Polyclonal antibody against M. hyorhinis enolase was
obtained by immunizing 4-week-old New Zealand white
rabbits with WT rEno protein. Purified rEno was emulsi-
fied with complete (first immunity) and incomplete (sec-
ond to fourth immunity) Freund adjuvant (1:1, v/v) and
subcutaneously immunized four times at 2-week inter-
vals. Antisera were collected 2 weeks after the fourth
immunization and titers were determined by enzyme-
linked immunosorbent assay (ELISA) [15]. Briefly,
96-well plates were coated with 10 pg/mL WT rEno
protein overnight at 4 °C. After blocking with 5% BSA,
twofold serially diluted anti-rEno serum and preimmune
serum were added to wells and incubated for 30 min at
37 °C, followed by 100 pL goat anti-rabbit IgG-HRP at a
dilution of 1:10 000. The optical density (OD) value was
measured at 450 nm. The maximum antibody dilution
that fulfilled the criteria (OD,qive/ODjegative > 2-1) Was
considered as the antibody titer. The specificity of the
prepared polyclonal antibody was assessed by Western
blotting (Additional file 1).

Detection of surface exposed enolase in M. hyorhinis

Flow cytometry was used to detect whether enolase was
displayed on the surface of M. hyorhinis cells. M. hyor-
hinis strain HUB-1, kindly provided by Prof. Shaobo Xiao
from Huazhong Agricultural University, China, was cul-
tured in KM2 medium (a modified Friis medium) con-
taining 20% (v/v) swine serum at 37 °C. M. hyorhinis cells
(1 x 107 color change unit (CCU) / mL) were washed
twice with phosphate-buffered saline (PBS) before incu-
bation with rabbit anti-rEno serum at a 1:100 dilution.
The preimmune serum was used as a negative control
and PBS served as a blank control. Goat anti-rabbit IgG—
FITC antibody (1:500 dilution) was used as a secondary
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antibody. Mycoplasma cells were detected using a BD
Accuri C6 flow cytometer (BD Biosciences, USA), and
assays were performed in triplicate.

Additionally, the colony blot technique was used to
confirm the presence of enolase at the surface of M. hyor-
hinis colonies. The experiment was conducted under
conditions without damaging the M. hyorhinis cell mem-
brane. A polyvinylidene fluoride (PVDF) membrane was
gently placed on mycoplasma colonies on the surface
of agar plates. After 5 min, the PVDF membrane was
removed, blocked for 2 h at 37 °C with TBST (20 mM
Tris, 140 mM NacCl, 0.1% Tween-20) containing 5% skim
milk, and incubated overnight at 4 °C in TBST contain-
ing anti-rEno serum (1:1000 dilution). The PVDF mem-
brane was then washed with TBST and treated with
horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit IgG (1:10 000 dilution; Boster, China) for 1 h at 37 °C.
Finally, the membrane was developed with ECL substrate
(Tanon, China) using a ChemiDoc XRS + system. Preim-
mune serum was used instead of anti-rEno serum as a
negative control.

Adhesion of rEno to PK-15 cells

The indirect immunofluorescence assay was used to
determine whether rEno could adhere to the surface of
PK-15 cells, a porcine epithelial cell line derived from
a normal pig kidney. PK-15 cells were propagated in a
24-well cell culture dish for 24 h. After three washes with
PBS, 100 pg rEno was added and incubated with cells for
1 h at 37 °C. Rabbit anti-rEno serum (1:500 dilution) was
used as primary antibody and goat anti-rabbit FITC-IgG
(1:500 dilution) was used as secondary antibody. Finally,
cell nuclei were stained with 4,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI, Beyotime Biotechnology,
China) and immunofluorescence was detected using
a Zeiss Axiovert fluorescence microscope (Zeiss, Ger-
many). Bovine serum albumin (BSA) replaced rEno as a
negative control.

Inhibition of M. hyorhinis cytoadhesion by anti-Eno
antibodies

An adhesion inhibition assay was used to study the role
of enolase in M. hyorhinis adhesion to PK-15 cells. Cells
were seeded in 24-well plates and cultured to confluence.
Before the adhesion assay, freshly cultured M. hyorhinis
cells were harvested and incubated with rabbit anti-rEno
serum or preimmune serum (1:20 dilution) for 30 min at
37 °C before interacting with cells. After washing three
times, M. hyorhinis cells (1 x 107 CCU, MOI=20) sus-
pended in RPMI-1640 medium were added to PK-15
cell-containing wells and incubated at 37 °C for 2 h. The
dissociated M. hyorhinis cells were removed by washing
three times with PBS, and cells in wells were digested
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with 0.25% trypsin and collected. The mixture was sub-
jected to bacterial genome extraction and real-time PCR
[16] for bacterial counting. Assays were performed in
triplicate.

Binding activities of recombinant enolase protein to host
plasminogen and fibronectin

The microtiter plate adhesion assay (MPAA) was used to
detect binding between rEno and plasminogen (Sigma-
Aldrich, USA) or fibronectin (Sigma-Aldrich). For this,
96-well microtiter plates were coated with 100 pL plasmi-
nogen or fibronectin (10 pg/mL) overnight at 4 °C. After
blocking with 5% BSA, 100 pL of various concentrations
of rEno or PBS were added to each well and incubated
at 37 °C for 2 h. After washing, binding was evaluated by
adding 100 pL of rabbit anti-rEno serum (1:1000 dilu-
tion). Next, 100 pL of HRP-conjugated goat anti-rabbit
IgG (1:10 000 dilution) was added and incubated at 37 °C
for 1 h. After washing, 100 pL of substrate containing
3,3,5,5’-tetramethylbenzidine (TMB) and H,0,-urea was
added and the plate was incubated at room tempera-
ture for 10 min. The reaction was stopped by H,SO,, the
absorbance was measured at 450 nm, and all experiments
were performed in triplicate.

Comparing the WT and mutant enolase molecules in their
abilities to bind plasminogen and fibronectin
The abilities of WT and mutant enolase enzymes to bind
plasminogen and fibronectin were first compared by far-
Western blotting. Recombinant proteins (20 pg) were
respectively separated by 12% SDS-PAGE and trans-
ferred to a PVDF membrane. BSA was used as a negative
control. After blocking with 5% skim milk overnight at
4 °C, the membrane was incubated for 1 h at 37 °C with
10 pg/mL plasminogen or fibronectin. Anti-plasmino-
gen (1:1000 dilution, Boster, China) or anti-fibronectin
(1:1000 dilution, Beyotime Biotechnology, China) was
then incubated with the membrane for 1 h at 37 °C, fol-
lowed by incubation with HRP-conjugated secondary
antibody (1:10 000 dilution), and the membrane was
washed with TBST and developed with ECL substrate.
To further characterize the interactions of recombi-
nant proteins with plasminogen and fibronectin, binding
parameters were investigated by surface plasmon reso-
nance (SPR) analysis. Plasminogen and fibronectin were
separately diluted to 50 pg/mL and covalently immobi-
lized on CMS5 sensor chips via amine coupling (Biacore
AB, China). Immobilization of soluble plasminogen
and fibronectin generated resonance units (RU) of 600.
Recombinant proteins were serially diluted (0-4000 nM)
in running buffer comprising 10 mM HEPES, 150 mM
NaCl, 3 mM EDTA, and 0.05% (v/v) surfactant P20, and
injected at a 30 uL/min flow rate for 180 s at 20 °C. The
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dissociation phase was monitored for 1000 s by allow-
ing buffer to flow over the chip. Kinetic parameters were
calculated using Biacore X100 Control software (General
Electric, USA).

Activation of rEno-bound plasminogen and ECM
degradation

Next, 96-well microtiter plates were coated with rEno
protein (30 pg/mL, 100 uL/well) overnight at 4 °C. After
blocking with 5% BSA, plates were incubated for 3 h at
37 °C with 100 pL of plasminogen (10 ug/mL) in the pres-
ence or absence of 200 mM e-aminocaproic acid (e-ACA;
Sigma-Aldrich), a lysine analogue. After washing, 100
uL of tissue-specific plasminogen activator (tPA; Sigma-
Aldrich) was diluted to 500 ng/mL and incubated at 37 °C
for 2 h. After washing, the plasmin-specific substrate
D-Val-Leu-Lys p-nitroanilide dihydrochloride (Sigma-
Aldrich) was added at a final concentration of 0.4 mM
and incubated at 37 °C. After 24 h, the activity was esti-
mated from the OD value measured at 405 nm. Wells
without adding tPA were set to determine the ability of
rEno protein to directly activate plasminogen.

Activation was further determined in the solution
state. rEno (20 pg/mL) and plasminogen (20 pg/mL)
were mixed and incubated for 1 h at 37 °C, and the mix-
ture was added to a flat-bottomed 96-well plate. Next,
500 ng/mL of tPA was added to wells and incubated for
15 min, and 0.4 mM of substrate was added and the plate
was incubated at 37 °C. The OD value was measured at
405 nm every 15 min from 15 min until 120 min. Wells
containing only plasminogen with tPA, or rEno with
plasminogen, or rEno with tPA served as controls. Exper-
iments were performed in triplicate.

The ability of the resulting rEno-bound plasmin to
degrade a commercial ECM (Matrigel, Corning, USA)
was assessed by scanning electron microscopy (SEM).
Firstly, Matrigel was diluted 1:3 in ice-cold PBS, and
this was layered on a 3 pm transparent membrane insert
(Corning) and allowed to gel for 30 min at 4 °C, then
dried overnight at 37 °C. The gel was rehydrated with 70
pL PBS for 1 h at 37 °C before proceeding with the degra-
dation assay. Polystyrene beads were used to immobilize
proteins. The rEno or BSA was passively adsorbed on the
particle surface according to the manufacturer’s instruc-
tions. Briefly, 1% (v/v) beads were suspended in 1 mL of
rEno or BSA solution (1.5 mg/mL) and incubated over-
night at 4 °C. After washing, beads were blocked with 5%
BSA. Subsequent to PBS washing, beads were incubated
with 10 pg/mL of plasminogen for 3 h at 37 °C. There-
after, beads were washed with sterile PBS to remove
unbound plasminogen. After incubation with tPA
(500 ng/mL) for an additional 2 h at 37 °C, beads were
washed and resuspended in 1 mL PBS. The resuspended
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beads were added to the upper compartment of the tran-
swell, while the lower compartment contained 700 pL
PBS. The culture chambers were incubated at 37 °C for
40 h. The obtained transwell membrane was fixed with
2.5% glutaraldehyde and subjected to SEM using Zeiss
EVO-LS10 SEM instrument (Zeiss, Germany).

Statistical analysis

The data of flow cytometry and M. hyorhinis cytoadhe-
sion inhibition were analyzed by Student ¢-tests. The data
of the enhancement of rEno on plasminogen activation
was analyzed by repeated measures ANOVA. Other data
were analyzed by one-way ANOVA. p-values <0.05 were
considered statistically significant.

Results

Cellular surface localization of M. hyorhinis enolase

Flow cytometry analysis and colony hybridization assays
were conducted to evaluate whether enolase is located on
the surface of M. hyorhinis. As shown in Figure 1A, sig-
nificant fluorescence was detected in M. hyorhinis cells
incubated with rabbit anti-rEno serum. The mean fluo-
rescence intensity (MFI) of the group treated with anti-
rEno serum was>2.5-fold higher than that of the group
treated with preimmune serum. This result indicates that
enolase was expressed on the surface of M. hyorhinis
cells.

The surface location was further confirmed by colony
immunological hybridization without damaging the cell
membrane. Freshly harvested M. hyorhinis colonies from
the surface of agar plates were transferred to a PVDF
membrane. Positive hybridization dots were observed
after hybridization with anti-rEno serum, but no reac-
tion was observed after treating with preimmune serum
(Figure 1B).

Enolase contributes to M. hyorhinis adhesion to PK-15 cells
Cytoadhesion is a critical step in mycoplasma infec-
tion. The cytoadhesive function of M. hyorhinis enolase
was investigated by indirect immunofluorescence assay
of swine PK-15 cells, and the results were visualized by
fluorescence microscopy. As shown in Figure 2A, bright
green fluorescence was observed in cells incubated with
rEno, whereas no significant fluorescence was observed
in control cells incubated with BSA. This result dem-
onstrates that rEno specifically binds to PK-15 cell
membranes.

To further evaluate the contribution of enolase to
the cytoadhesion of M. hyorhinis, adhesion inhibition
assays were performed. After blocking with anti-rEno
serum, the adherence ability of M. hyorhinis to PK-15
cells decreased by 60% compared with the control group
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Figure 1 Detection of enolase on the surface of M. hyorhlnls A Flow cytometry analysis of the surface localization of enolase. Blank control,
M. hyorhinis cells treated with PBS; Negative control, M. hyorhinis cells treated with preimmune serum; anti-rEno, M. hyorhinis cells treated with
anti-rEno serum (A-1). The mean fluorescence intensity (MFI) of M. hyorhinis incubated with anti-rEno serum is expressed as the percentage

of the corresponding strain incubated with preimmune serum. Results are expressed as mean = standard deviation (SD) of three experiments
with triplicate samples. Asterisks above charts indicate statistically significant differences (**p <0.01; A-2). B Colony blot analysis of the surface
localization of enolase. Immunostaining with anti-rEno serum (B-1) or preimmune serum (B-2) was performed after transferring M. hyorhinis
colonies to a PVDF membrane.
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Figure 2 Cytoadhesive function of M. hyorhinis enolase. A Cytoadhesion of rEno detected by indirect immunofluorescence assay. rEno or

BSA was incubated with PK-15 cells. Bound protein was detected with anti-rEno serum and FITC-conjugated secondary antibody (green). PK-15
cell nuclei were stained with DAPI. B Adhesion inhibition assay of anti-rEno antibody. The fold change in adhesion rate is (the number of bacteria
adhering to cells incubated with anti-rEno serum / the number of bacteria adhering to cells incubated with preimmune serum) x 100%. Results are
expressed as means = SD of three experiments with triplicate samples (**p <0.01).
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treated with preimmune serum (Figure 2B). These results
indicate that enolase functions as an important adhesin
molecule on the M. hyorhinis cell membrane surface.

Enolase acts as a receptor for M. hyorhinis binding to host
plasminogen and fibronectin

Different concentrations of rEno proteins were placed in
96-well plates coated with either of the two host mole-
cules. After washing, bound rEno was detected by anti-
rEno serum. As shown in Figure 3, rEno bound both
plasminogen and fibronectin strongly in a dose-depend-
ent manner, while wells not containing rEno show no
increase in the OD value at 450 nm.

Activation of plasminogen bound to enolase

Activation of enolase-bound plasminogen by host activa-
tor tPA was first detected using a plasmin-specific chro-
mogenic substrate. As shown in Figure 4A, wells coated
with rEno proteins and treated with plasminogen and
tPA show an increase in the OD value at 405 nm, com-
pared with BSA-coated control wells. Thus, plasminogen
bound to coated-rEno was converted to active plasmin.
OD values were significantly decreased in wells incu-
bated with e-ACA in addition, compared with those
of wells incubated with only plasminogen and tPA. No
increase was observed in the wells incubated with plas-
minogen but not tPA.

We subsequently explored whether rEno could enhance
the activation of plasminogen by tPA. The kinetic curve
of plasminogen activation by tPA was measured in the
presence and absence of rEno protein (Figure 4B). The
rate of activation of plasminogen was enhanced by the
presence of rEno, compared to the wells containing only
plasminogen and tPA (p <0.01). No increase of OD values
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was observed in the wells containing only plasminogen
with rEno, or rEno with tPA.

In addition to hydrolyzing chemical substrates, we
assessed proteolysis of Matrigel, a complex ECM prepa-
ration. rEno- or BSA-coated polystyrene beads treated
with plasminogen and tPA were placed in the upper
compartment of a transwell covered with reconstituted
Matrigel. After overnight incubation, changes in Matrigel
were assessed by SME. As shown in Figure 4C, incuba-
tion of rEno-coated beads treated with plasminogen
and tPA resulted in significant damage, characterized
by depressions on the ECM network. In some places,
the ECM layer was completely degraded, and holes in
the transwell membrane could be observed. No damage
was observed in control transwells incubated with BSA-
coated beads.

C-terminal lysine residues are critical for enolase to bind
plasminogen

C-terminal lysine residues in PIgR molecules are usu-
ally critical in their interaction with plasminogen. M.
hyorhinis enolase contains 38 lysines, two of which are
located at the C-terminus. These C-terminal lysines were
replaced with leucine to generate mutant enolase mol-
ecules; two single-site mutants (K451L and K452L) and
one double-site mutant (K451L-K452L) were prepared.
The interactions of WT and mutant enolases with plas-
minogen were then compared. The results of far-Western
blotting are shown in Figure 5A. rEno specifically bound
to plasminogen, but no specific reaction was observed
for BSA controls. The gray scales of all three different
mutants were lower than for WT enolase, especially in
the case of the double-site mutant K451L-K452L. As
binding decreased, the ability of plasminogen to hydro-
lyze substrates decreased markedly when bound to all
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Figure 3 Ability of M. hyorhinis enolase to bind plasminogen and fibronectin. Microtiter plates were coated with plasminogen or fibronectin.
Increasing concentrations of rEno protein were added to individual wells. Bound rEno was detected with anti-rEno serum and compared with wells
without protein added. The results are expressed as means = SD of three experiments with triplicate samples (**p <0.01).
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Figure 4 Activation of plasminogen bound to enolase. A Ability to hydrolyze chemical substrates. Plasminogen was placed in microtiter
plates coated with rEno or BSA in the presence or absence of e-ACA. Bound plasminogen was activated by tPA. A plasmin-specific substrate was
added, and the OD value was measured at 405 nm. Wells without tPA served as negative controls. B rEno enhances the activation of plasminogen
by tPA. Plasminogen was pre-incubated with rEno or PBS prior to the addition of tPA. Activation of plasminogen was measured by adding

a plasmin-specific substrate. Wells without Plg or tPA added served as negative controls. C Degradation of reconstituted ECM. Matrigel was
reconstituted on the surface of the transwell membrane. rEno-harboring or BSA-harboring polystyrene beads, treated with plasminogen and tPA,
were added to the upper compartment of the transwell and incubated for 40 h. The surface of transwell membranes was analyzed by SEM. C-2
and C-4 are enlarged views of parts of C-1 and C-3, respectively. Results are expressed as means & SD of three experiments with triplicate samples

three mutants (K451L=39.5%; K452L =30.5%; K451L-
K452L =50.1%) compared with WT rEno-bound plasmi-
nogen (p <0.01; Figure 5B).

Furthermore, SPR analysis was conducted to
investigate the kinetics of the interaction and the

affinity (Figure 5C). The results indicate that rEno
binds to plasminogen with high affinity (dissociation
equilibrium constant (Kp)=1.40+0.07 nM), while
all mutants show significantly reduced affinity (K, of
K451L=28.01£0.34 nM, K, of K452L.=15.81+5.24 nM,
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Figure 5 Interactions of rEno and its mutants with plasminogen. A Far-Western blotting analysis. WT rEno, single mutants K451L and K452L,
and double mutant K451L-K452L were transferred to a PVDF membrane and incubated with plasminogen and anti-plasminogen antibody. BSA
served as a negative control. Protein bands were visualized using ECL substrate. B Activity of bound plasminogen. Plasminogen placed in the
microtiter plates coated with WT rEno, each of the three mutants, or BSA. After washing, bound plasminogen was treated with tPA, followed by
substrate, and the OD value was measured at 405 nm. Results are expressed as means & SD of three experiments with triplicate samples (**p <0.01).
C SPR analysis. WT rEno and the three mutants were separately injected over immobilized plasminogen. Sensorgrams show the binding of
immobilized plasminogen to WT rEno and the three mutants. The arrow indicates the end of the injection period, at which point dissociation of WT
rEno and the three mutants from plasminogen can be observed. The different proteins are represented by different colored lines. RU, resonance
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K}, of K451L-K452L.=59.424+7.33 nM, p<0.01). The low-
est affinity was measured for the K451L-K452L double
mutant.

Potential role of C-terminal lysine residues

in the interaction between enolase and fibronectin
Experiments were carried out to investigate the poten-
tial role of C-terminal lysine residues in the interaction
of enolase with fibronectin. As shown in Figure 6A,
the hybridization bands of all mutants showed no sig-
nificant decrease in gray scales compared with that
of WT rEno, except for K452L. However, the SPR
results indicate that all three mutants show signifi-
cantly reduced affinity (K of K451L=77.94+6.81 nM,

Ky of K452L=70.49+14.27 nM, K of K451L-
K452L.=75.2+£1.95 nM, p<0.01), compared with the
wild-type enolase for which the Ky was 14.30 £ 2.26 nM
(Figure 6B).

Discussion

Mycoplasmas are bacteria lacking a cell wall that pos-
sess a remarkably compact genome (usually between 700
and 1000 kbp) and engage in long-term interactions with
their hosts. Limited genomic resources have favoured
the evolution of proteins with multiple functions. Pro-
teins that perform two very different functions, often
in two different subcellular locations, are referred to as
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moonlighting proteins. The first moonlighting protein
described was GAPDH on the surface of group A strep-
tococci [17]. Surprisingly, many moonlighting proteins in
eukaryotes and prokaryotes are highly conserved meta-
bolic enzymes or molecular chaperones [18]. The com-
pact genome limits the anabolic and catabolic capacity
of mycoplasmas compared with other bacteria. They use
glycolysis as the major pathway for ATP production via
substrate-level phosphorylation. Surface-displayed gly-
colytic enzymes moonlighting as adhesins or with other
functions have been reported for various mycoplasma
species, such as M. pneumoniae [19], M. bovis [20], and
M gallisepticum [21]. Enolase is assumed to be the core
protein in the interactions between all enzymes involved
in this pathway [22]. Although lacking canonical extra-
cellular targeting motifs, it can express on the surface of
many bacteria including mycoplasmas, and it performs
multiple functions [9, 21, 23, 24].

In the present study, flow cytometry and colony immu-
nological hybridization analyses were performed to
probe the presence of enolase on the surface of M. hyor-
hinis. Tts involvement in cytoadhesin was demonstrated
by its adherence to PK-15 cells, as well as inhibition of M.
hyorhinis adhesion by enolase-specific antibodies. The
cytoadhesion function of enolase has been reported in a
variety of mycoplasma species, including M. hyopneumo-
niae [25], M. suis [26], M. bovis [20], and M. gallisepticum
[21]. The contribution of enolase to the adhesion abil-
ity of M. hyorhinis is considered indispensable because
adhesion to PK-15 cells was decreased by~60% when
enolase on the bacterial surface was blocked by antibod-
ies. However, there must be other adhesion molecules
functioning together, since inhibition by anti-enolase
antibodies was only partial.

In addition to binding cell membrane proteins, inter-
actions of enolase with other host molecules were also
investigated. A fascinating feature of moonlighting pro-
teins is that their moonlighting functions are somewhat
similar. The most common interaction partner proteins
of hosts are plasminogen and ECM proteins [27]. Plas-
minogen is the central component of the fibrinolytic
system, a tightly-controlled broad-spectrum proteolytic
system. The fibrinolytic system plays an important role
in several physiological processes including degrada-
tion of fibrin clots, and various ECM and connective tis-
sue components [28]. Many invasive bacteria can utilize
the fibrinolytic system to disperse from their initial site
of colonization and gain entry to distal tissue sites by
secreting plasminogen activators or expressing plasmi-
nogen receptors on their surface. The latter method is
more universal and bacterial surface-bound plasminogen
is transformed into plasmin by host plasminogen activa-
tors, hence bacteria can turn themselves into proteolytic
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organisms by hijacking the host-derived fibrinolytic sys-
tem [29]. Plasmin can also activate latent matrix metallo-
proteinases to further enhance the hydrolysis of ECM. M.
hyorhinis is a frequent inhabitant of the porcine respira-
tory tract, where it can cause serofibrinous inflammation
of serous body cavities and joints in piglets, including
polyserositis, arthritis, eustachitis, otitis, conjunctivi-
tis, meningoencephalitis, and pneumonia [1]. This indi-
cates that M. hyorhinis may breach tissue barriers in vivo,
which may be critical for disease establishment and
progression. However, the exact details remain poorly
understood. In previous work, we demonstrated GAPDH
expression on the surface of M. hyorhinis, and showed
that it acts as a PIgR to bind plasminogen, and thereby
help bacteria to degrade ECM [8]. Indeed, glycolytic
enzymes are important bacterial PIgR members, among
which enolase and GAPDH are the most well-known.
The role of M. hyorhinis enolase in plasminogen hijacking
was investigated in the current study, and a strong inter-
action between plasminogen and rEno was observed,
with a K value of 1.40 nM. The rEno-bound plasmino-
gen could be activated by tPA to form plasmin, an active
serine protease, that degraded a specific substrate and a
reconstituted ECM gel. These results suggest that enolase
is another important PIgR in M. hyorhinis.

Plasminogen consists of five different homologous
kringle domains (K1 —K5) with lysine-binding sites that
facilitate interaction with target molecules and PIgR. It
has been reported that plasminogen bound to PIgR may
undergo conformational changes that enhance its suscep-
tibility to activation by plasminogen activators [30—32].
An enhancement in plasminogen activation by tPA in the
presence of rEno was observed, indicating the occurrence
of a conformational change following binding.

Lysine residues of PIgR, especially the C-terminal
lysines, typically play core roles in the interaction
with plasminogen [33, 34]. Activation of rEno-bound
plasminogen was significantly inhibited by the lysine
analogue e-ACA (Figure 4), which verified the impor-
tance of the lysine residues in the interaction of M.
hyorhinis enolase with plasminogen. As shown in Fig-
ure 5, mutation of both Lys451 and Lys452 decreased
the binding of M. hyorhinis enolase for plasminogen,
suggesting an important role for these C-terminal
lysines. The K451L-K452L double-site mutant exhib-
ited the lowest activity and affinity. This indicates that
both lys451 and lys452 are important for M. hyorhinis
enolase to bind plasminogen. However, replacement
of both C-terminal lysines did not completely abolish
binding; the K451L-K452L double-site mutant retained
considerable ability to bind plasminogen, with a K, of
59.42+7.33 nM. This suggests the existence of other
internal binding sites. In streptococcal surface enolase,
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an internal plasminogen-binding site comprising nine
residues mediates binding to plasminogen, in con-
cert with the terminal lysine residues [35]. Similarly,
another study showed that binding of Group A Strepto-
coccus surface enolase to human plasminogen is medi-
ated by two internal lysines (252 and 255) in addition to
the C-terminal lysines [36]. Knaust et al. reported that
internal lysine residues (rather than a terminal lysine)
are important for plasminogen binding by Neisseria
meningitides enolase, DnaK, and peroxiredoxin [37].
The plasminogen-binding abilities of different regions
of M. hyorhinis enolase and the key amino acids of it
will be further studied in future work.

In addition to regulating coagulation, bacterial hijack-
ing of plasminogen/plasmin affects innate immunity in
multiple ways. Plasminogen can bind C3, C3b, C3d, and
C5, and cleave C3b and C5 when active as plasmin. Cleav-
age of C3b and C5 inhibits the activity of the complement
system [38]. Plasmin can also cleave the hinge region of
IgG bound to bacteria, and removal of the Fc fragment
leads to decreased phagocytosis by macrophages [39, 40].
Therefore, PIgR likely plays an important role in the per-
sistence of M. hyorhinis infection.

Like plasminogen, fibronectin is another host molecule
that often interacts with mycoplasma moonlighting sur-
face proteins [41-43]. A strong interaction between M.
hyorhinis enolase and fibronectin was also observed in
the present study. Fibronectin is a high-molecular-weight
glycoprotein component of the ECM that mediates a
wide variety of cellular interactions, and plays important
roles in cell adhesion, migration, growth, and differen-
tiation [44]. Many bacteria utilize fibronectin and other
ECM molecules to strengthen cytoadhesion [45-47]. In
previous work, fibronectin was found to be abundant in
the ciliary borders of the airway epithelium [43], a place
where M. hyorhinis is most commonly detected along-
side tonsils [48]. Binding to fibronectin likely facilitates
adherence to and colonization in the ciliary epithelium
of the respiratory tract. Invasion of infected cells by M.
hyorhinis has been reported in various studies [49, 50].
It is an important mechanism of evasion of the host
immune system. Fibronectin contains an Arg-Gly-Asp
(RGD) sequence that binds to integrins on the surface of
host cells, through which fibronectin serves as a molecu-
lar bridge between bacterial adhesion and integrins on
the host cell surface, and promotes the cytoskeletal rear-
rangements required for internalization via an integrin-
dependent signaling pathway [51]. Therefore, interaction
of enolase with fibronectin is also likely to participate
in multiple processes of M. hyorhinis infection. In the
present study, we were surprised to discover that bind-
ing affinities of the C-terminal lysine enolase mutants
to fibronectin was also reduced compared with WT
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enolase, although the difference in far-Western blotting
was not significant (Figure 6). It indicates a potential role
of C-terminal lysine in the interaction between M. hyor-
hinis enolase and fibronectin. The function of lysines in
the interaction with fibronectin has not been confirmed
yet to our knowledge. It has been reported that the eno-
lase of Streptococcus suis binds to fibronectin in a lysine-
dependent manner, indicated by a competitive inhibition
by e-ACA [52].

A growing number of bacterial moonlighting proteins
engage in more than one moonlighting activity. Enolase
of Streptococcus pneumoniae reportedly binds human
complement inhibitor C4b-binding protein and contrib-
utes to complement evasion [53]. Enolase from Asper-
gillus fumigatus can bind four complement regulators
including factor H, factor-H-like protein 1, C4b-binding
protein, and plasminogen [23]. Interactions between
Candida enolase and another complement inhibitor (vit-
ronectin) have also been reported [54]. The potential role
of M. hyorhinis enolase in interactions with complement
regulators and escaping host immunity are intriguing
topics to be investigated in the future.

In conclusion, we revealed that M. hyorhinis enolase is
a multifunctional protein on the bacterial surface. It par-
ticipates in cytoadhesion, and also functions as a recep-
tor for two important host molecules (plasminogen and
fibronectin). C-terminal lysines of enolase play important
roles in these interactions. The findings suggest that eno-
lase plays an indispensable role in infection and systemic
invasion in M. hyorhinis.
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