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Enolase is an evolutionarily conserved enzyme involved in the processes of glycolysis
and gluconeogenesis.Mycoplasma hyopneumoniaebelongs to Mycoplasma, whose
species are wall-less and among the smallest self-replicating bacteria, and is an
important colonizing respiratory pathogen in the pig industry worldwide. Mycoplasma
hyopneumoniaeenolase (Mhp Eno) expression is signi�cantly increased after infection
and was previously found to be a virulence factor candidate.Our studies show that
Mhp Eno is a cell surface-localized protein that can adhere to swine tracheal epithelial
cells (STECs). Adhesion to STECs can be speci�cally inhibited by an Mhp Eno antibody.
Mhp Eno can recognize and interact with plasminogen with high af�nity. Here, the �rst
crystal structure of the mycoplasmal enolase fromMycoplasma hyopneumoniaewas
determined. The structure showed unique features ofMhp Eno in the S3/H1, H6/S6,
H7/H8, and H13 regions. All of these regions were longer thanthose of other enolases
and were exposed on theMhp Eno surface, making them accessible to host molecules.
These results show thatMhp Eno has speci�c structural characteristics and acts as a
multifunctional adhesin on theMycoplasma hyopneumoniaecell surface.

Keywords: enolase, adhesin, Mycoplasma hyopneumoniae , plasminogen, structure

INTRODUCTION

Mycoplasma species are wall-less bacteria with minute genomes that are believed to have evolved
by degenerative evolution from Firmicutes (Sladek, 1986; Razin et al., 1998). As the smallest
self-replicating organisms, synthetic genome projects for Mycoplasma species have led to an
unprecedented understanding of the minimal constituents ofthe genes enabling life (Glass et al.,
2006; Gibson et al., 2010; Hutchison et al., 2016). Mycoplasmas are widespread in the natural
world as important parasites of humans, mammals, reptiles, �sh,arthropods, and plants (Razin
et al., 1998). Among them,Mycoplasma hyopneumoniae(M. hyopneumoniae, Mhp) is the causative
agent of enzootic pneumonia (EP), which is a chronic respiratory disease in pigs and causes
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signi�cant economic loss in pig production globally (Maes et al.,
2017). Intermittent and dry cough, labored breathing, anorexia,
lethargy and emaciation are the characterized clinical signs ofM.
hyopneumoniaeinfection (Maes et al., 1996; Sibila et al., 2009).
Lung lesions, composed of purple to gray consolidated areas in
the apical, middle and cranial lung lobes in the infected animals,
are typical pathological features of the disease (Garcia-Morante
et al., 2016). In addition, a�ected pigs easily su�er from infections
by other respiratory pathogens, including viruses, bacteria, and
parasites, which can increase the severity of the illness (Li et al.,
2015a; Kureljusic et al., 2016).

M. hyopneumoniaeis mainly found on the mucosal surface
of swine trachea, bronchi and bronchioles (Blanchard et al.,
1992), inducing ciliostasis and loss of cilia (DeBey and Ross,
1994). The �rst step of infection caused byM. hyopneumoniae
is due to successful adhesion to the cilia of the epithelium ofthe
swine respiratory tract (DeBey and Ross, 1994). The P97/P102
paralogue families are recognized as the primary adhesins ofM.
hyopneumoniae(Adams et al., 2005). Repeat regions 1 and 2 are
the most important areas of P97 for adhesion (Hsu and Minion,
1998; Minion et al., 2000). However, the host cell-binding region
can also be expanded by posttranslational processing, which
was recently con�rmed by several proteomic studies ofM.
hyopneumoniae(Tacchi et al., 2016). P159 (Raymond et al., 2013),
amino peptidases MHJ_0461 and MHJ_0125 (Robinson et al.,
2013; Jarocki et al., 2015), EF-Tu (Yu et al., 2018a), and some
other moonlighting proteins are newly determined adhesins.The
genomics and comparative genomics of several strains of �eld
and attenuatedM. hyopneumoniaealso provide clues to the
pathogenicity ofM. hyopneumoniae(Liu et al., 2013; Siqueira
et al., 2013). Glycosaminoglycans, plasminogen, �bronectin,
actin and some other molecules are the target molecules of
M. hyopneumoniaeadhesion in the swine respiratory tract
epithelium (Jenkins et al., 2006; Deutscher et al., 2010; Jarocki
et al., 2015; Raymond et al., 2018). However, few virulence
factors ofM. hyopneumoniaehave been identi�ed. Comparative
proteomic analyses performed previously in our lab showed that
six proteins, including enolase, had relatively higher expression
in M. hyopneumoniae-infected swine tracheal epithelial cells
(STECs) (Yu et al., 2018a).

Enolase (EC 4.2.1.11) is a conserved metalloenzyme present
in almost all organisms of the phylogenetic tree (Ehinger et al.,
2004; Kang et al., 2008; Sun et al., 2017) that plays a role as a
phosphopyruvate hydratase in the reversible chemical reactionof
2-phosphoglycerate (2-PG) to phosphoenolpyruvate (PEP) in the
glycolysis pathway (Wold and Ballou, 1957a,b; Reed et al., 1996).
The localization of enolase to the cell surface, cytoplasm, and
nuclei has been reported in prokaryotic and eukaryotic cells.Due
to its short signaling sequence, the transport mechanism remains
unknown (Seweryn et al., 2007). Surface enolase is recognized
as a plasminogen receptor in several pathogens and is thought
to be involved in extracellular matrix degradation and hostcell
invasion (Ehinger et al., 2004; Díaz-Ramos et al., 2012). Enolase
is also reported to participate in the processing of the RNase E
degradosome inBacillus subtilisandEscherichia coli(Kühnel and
Luisi, 2001; Newman et al., 2012; Bruce et al., 2018). The assembly
of monomer enolase varies among species and is present either

as a dimer or octamer but seldom both (Brown et al., 1998;
Lu et al., 2012; Wu et al., 2015). To date, the crystal structures
of enolase from various species, including human, �ies, and
bacteria, have been determined (Kang et al., 2008; Lu et al.,
2012; Sun et al., 2017). However, the structure of the enolase
of Mycoplasma, which is found in an independent evolutionary
branch of bacteria, remains unknown.

Here, we reported the �rst three-dimensional (3D) structure
of Mycoplasmaenolase (Mhp Eno, short for Mycoplasma
hyopneumoniaeEnolase). The structure showed a unique
Mycoplasmaenolase with characteristic long loops in the S3/H1,
H6/S6, H7/H8, and H13 regions. As a virulence factor candidate
found in our previous studies,Mhp Eno showed a surface
localization on M. hyopneumoniaecells as determined by
�ow cytometry and electron microscopy.Mhp Eno speci�cally
adhered to STECs and recognized the host plasminogen. All of
these results show the unique features ofMhp Eno.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were approved by the Committee on
the Ethics of Animal Experiments and performed at Jiangsu
Academy of Agricultural Sciences (License No. SYXK (Su)
2015-0019). The animal experiments were conducted following
the guidelines of the Animal Regulations of Jiangsu Province
(Government Decree No. 45) in accordance with international
law, and the animals did not su�er excessively.

Bacterial Strains and Culture
All M. hyopneumoniaestrains were maintained and cultured
in our lab. M. hyopneumoniaestrain 168 is a �eld strain
initially isolated in Gansu Province, China (Liu et al., 2013). The
pathogenic strains NJ and WX were isolated in Nanjing City and
Wuxi City, respectively. KM2 cell-free liquid medium (a modi�ed
Friis medium) containing 20% (v/v) swine serum was used forM.
hyopneumoniaecultures.

Protein Expression and Puri�cation
Mhp Eno(MHP168_271) was synthesized by GenScript Biotech
Corp. (Nanjing) and expressed using the pET21a vector in the
BL21(DE3)E. coli strain. The bacterial cells were grown in
LB medium at 37� C until the OD600 reached approximately
0.8. A �nal concentration of 0.25 mM IPTG was added to the
culture for protein expression at 18� C. The cells were collected
by centrifugation and resuspended in bu�er A [30 mM Tris–
HCl (pH 8.0), 300 mM NaCl, and 20 mM imidazole]. The cells
were then lysed by sonication and centrifuged at 100,000� g for
30 min. The soluble fraction was incubated with Ni Sepharose 6
FF resin (GE Healthcare) for 1 h at 4� C. Mhp Eno proteins were
eluted in bu�er A by adding 200 mM imidazole and concentrated
by ultra�ltration using Centricons (Amicon). The proteins were
dialyzed in bu�er B [30 mM Tris–HCl (pH 8.0) and 300 mM
NaCl]. Further puri�cation was performed using a Superdex 200
Increase 10/300 GL column (GE Healthcare).
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Crystallization and Structural Analyses
Size exclusion-puri�edMhp Eno was concentrated and diluted
to 10 mg/mL and 15 mg/mL for crystal screening. The
crystallization experiment was performed using the sitting-
drop vapor di�usion method at 291 K. Crystals ofMhp Eno
grew in 0.056 M sodium phosphate monobasic monohydrate
and 1.344 M potassium phosphate dibasic at pH 8.4 after 20
days. TheMhp Eno crystal refracted to 2.3 Å at beamline
BL19U1 at the Shanghai Synchrotron Radiation Facility (SSRF).
X-ray di�raction data were merged, integrated and scaled using
HKL3000 software. The structure ofMhp Eno was solved by
molecular replacement using the enolase molecule fromBacillus
subtilis (Protein Data Bank [PDB] ID: 4A3R) as a reference
model with Phaser in the CCP4 program suite (Hough and
Wilson, 2018). REFMAC5 (Kovalevskiy et al., 2018) and COOT
(Emsley and Cowtan, 2004) were used for initial restrained
rigid-body re�nement and manual model building, respectively.
Further re�nement was performed with Phenix (DiMaio et al.,
2013). The stereochemical quality of the �nal model was further
evaluated with the program PROCHECK. Structural analysis was
performed using PyMOL software and the CCP4 program. Dali
server was used for the structural similarity comparison.

Preparation of an Anti- Mhp Eno Polyclonal
Antibody
A polyclonal antibody was raised againstMhp Eno by
subcutaneously immunizing 1-month-old New Zealand white
rabbits. Each rabbit was immunized three times with 1 mg
of Mhp Eno emulsi�ed in Freund's adjuvant (Sigma, USA)
at 2-week intervals. Sera were collected 1 week after the
third immunization.

Flow Cytometry
Flow cytometry was performed according to a previous study (Yu
et al., 2018a). M. hyopneumoniaestrains [1� 108 color change
units (CCUs)/mL for each) were incubated with anti-Mhp Eno
serum at a 1:100 dilution (1:100 diluted preimmune serum was
used as a negative control, and phosphate-bu�ered saline (PBS)
was used as a blank control).M. hyopneumoniaecells were then
stained with �uorescein isothiocyanate (FITC)-conjugated anti-
IgG, and the �uorescence intensity was measured using a BD
Accuri C6 �ow cytometer. The assay was performed in triplicate,
and data were analyzed with Student'st-tests using SPSS 20.0. For
all tests,p � 0.05 was considered statistically signi�cant.

Immune Electron Microscopy
M. hyopneumoniaestrains were grown to mid-log phase and
harvested by centrifugation at 6,600� g at 4� C. A bacterial
suspension containing 1� 108 CCUs was washed thrice with
PBS and resuspended in 50mL of PBS. Twenty microliters of each
sample was added to 200-mesh formvar-coated nickel grids and
allowed to stand for 5 min. The grids were subsequently �xed
with 2% paraformaldehyde in PBS (pH 7.4) for 5 min at room
temperature, blocked for 1 h using 1% normal rabbit serum and
1% BSA/PBS and incubated with 1:10 polyclonal rabbit antibody
to Mhp Eno in the above-mentioned blocking bu�er for 1 h (1:10

diluted preimmune serum was used as a negative control, and
PBS was used as a blank control). The samples were washed
�ve times for 5 min in blocking bu�er and then incubated with
secondary gold-conjugated antibodies at 1:20 (goat anti-rabbit
IgG, 10-nm gold particles) for another 1 h. Before �xation for
5 min in 2% paraformaldehyde/PBS, the samples were washed
�ve times with PBS for 5 min. The grids were then washed
in distilled water eight times and stained for 15 s with 1%
phosphotungstic acid (pH 6.5). The samples were observed with
a Tecnai high-�eld transmission electron microscope after drying
with an infrared lamp.

Indirect Immuno�uorescence Assays
STECs were maintained and cultured in our lab (Yu et al., 2018a).
After incubation with 100mg of puri�ed MhpEno at 37� C for 1 h,
the cells were washed three times with PBS and incubated with
the anti-Mhp Eno antibody at a 1:1,000 dilution and then with
tetramethylrhodamine isothiocyanate (TRITC)-tagged anti-IgG
(Proteintech, 1:500 dilution). Finally, the cell nuclei were stained
with 6-diamidino-2-phenylindole (DAPI). The �uorescence was
detected using a �uorescence microscope (Zeiss, Germany). BSA
and its antibody were used instead ofMhp Eno and the anti-Mhp
Eno antibody as negative controls.

Inhibition of Adherence Test
M. hyopneumoniaecells (1� 107 CCUs/mL) were washed three
times with PBS and preincubated with the polyclonal antibody
againstMhp Eno or preimmune sera (1:20 dilution) at 37� C
for 30 min. The bacteria suspended in RPMI-1640 medium
were added to 24-well cell plates containing con�uent STECs,
and the plates were centrifuged at 800� g for 10 min and
incubated at 4� C for 2 hours. Following incubation, the wells
were washed three times with PBS to remove unboundM.
hyopneumoniaecells. The cells in the wells were treated with lysis
bu�er containing 0.1% trypsin and 0.025% (v/v) Triton X-100
and then subjected to bacterial genome extraction and real-time
PCR for bacterial counting according to a previous method (Yu
et al., 2018a). The assay was performed in triplicate, and the data
were analyzed by Student'st-tests using SPSS 20.0.

Far-Western Blot (far-WB) Analysis
A 20-mg sample ofMhp Eno was separated by SDS-PAGE
and transferred to a PVDF membrane (Li et al., 2015b). After
blocking with 5% (w/v) skimmed milk, the membrane was
incubated with 5mg/mL �bronectin (Roche), complement factor
H (Hycult Biotech) or plasminogen (Sigma) and then with anti-
�bronectin, anti-factor H or anti-plasminogen antibody (Abcam;
1mg/mL) as the primary antibody and horseradish peroxidase
(HRP)-conjugated anti-IgG (Boster; 1:5,000 dilution) as the
secondary antibody. Finally, the membrane was developed with
electrochemiluminescence (ECL) substrate using a ChemiDoc
XRSC system (Bio-Rad). BSA was used instead ofMhp Eno as
a negative control, and the polyclonal antibody againstMhp Eno
was used as a positive control.
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Surface Plasmon Resonance (SPR)
Analysis
SPR was performed by a BIAcore X100 Plus instrument
(GE Healthcare). Plasminogen, �bronectin and factor H were
separately diluted to 50mg/mL and covalently linked to the CM5
sensor chip as a ligand using an amine coupling kit (Biacore
AB). The immobilization of soluble plasminogen, �bronectin,
and factor H generated resonance units (RU) of� 2,000. The
binding kinetics were measured with increasing concentrations
(0–4,000 nmol/L) of the analytes (Mhp Eno) in running bu�er
(HBS-EP) consisting of 10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, and 0.05% (v/v) surfactant P20 (Biacore AB) at a �ow rate
of 30mL/min for 180 s over immobilizedMhp Eno at 20� C. The
dissociation phase was monitored for 1000 s by allowing bu�er
to �ow over the chip. The association kinetics were analyzed
manually using Biacore X100 Control software.

Enzymatic Activity Assays
Spectrophotometric assays were performed to detect the catalytic
reaction at a temperature of 25� C. The reaction was followed
by an increase in PEP, which exhibited UV absorbance at a
wavelength of 240 nm. To determine the velocity of the enzyme-
catalyzed reaction, measurements were performed at 0.5-min
intervals for 5.5 min. The concentrations of 2-PGA (Sigma)
and Mhp Eno used in the assay were 1 mmol/L and 1mg/mL,
respectively. The reaction bu�er containing 50 mmol/L Tris–
HCl (pH 8.0), 100 mmol/L NaCl, and 1.5 mmol/L MgSO4. 2-
PGA was added immediately, and the mixture was mixed well
before measurement. Enzymatic activity assays for yeast enolase
(Sigma, the positive control) and BSA (the negative control)were
performed using the same protocol. The speci�c activity was
calculated using the following equation:

U=mg D
1 OD

t � " � l � m
� V � 106

Protein Data Bank Accession Number
The coordinates and structural factors generated in this study
were submitted to the Protein Data Bank (https://deposit-
pdbj.wwpdb.org/deposition/) under the following accession
number: 6J36.

RESULTS

Surface Localization of Enolase on
Mycoplasma hyopneumoniae Cells
Our previous studies showed thatMhp Eno is a candidate
virulence factor ofM. hyopneumoniae(Yu et al., 2018a). Enolases
of bacterial pathogens often have a surface localization, which
contributes to mucosal surface colonization and host tissue
invasion (Bergmann et al., 2001; Ehinger et al., 2004; Agarwal
et al., 2008). To investigate the cell surface localization of
enolase onM. hyopneumoniae, two approaches were used. A �ow
cytometry analysis showed that the mean �uorescence intensity
(MFI) of M. hyopneumoniaestrains 168, NJ and WX treated
with anti-Mhp Eno serum was 3-fold higher than that of strains
treated with preimmune serum (Figures 1A,B), which indicated

that the surface ofMhp Eno was accessible to theMhp Eno-
speci�c antibody.

In addition, immune electron microscopy was further applied
to study the surface localization ofMhp Eno. The results
revealed thatMhp Eno was localized and restricted around the
outer region of the bacteria cell for all three strains ofM.
hyopneumoniaeused in this study, whereas the gold particles
were not visible in the negative control group treated with
preimmune sera (Figure 1C and Supplementary Figure 1). All
of these results revealed the surface-accessible localization of
Mhp Eno. We did not con�rm the distribution ofMhp Eno
in the cytoplasm ofM. hyopneumoniae, but it is assumed
that Mhp Eno also exists in the cytoplasm. First, enolase is
a highly conserved enzyme in the glycolysis pathway. Second,
the enzymatic activity ofMhp Eno is similar to that of natural
yeast enolase (Supplementary Figure 2). Third, it is common
for enolase to show multiple localizations at the cell surface,
cytoplasm and nuclei (Kang et al., 2008).

Adherence of Mhp Eno to STECs
To explore the potential relationship between the surface
localization ofMhp Eno and its function, the adhesive ability of
Mhp Eno to STECs was studied by indirect immuno�uorescence.
Signi�cant �uorescence was observed on the cell surface
of STECs incubated withMhp Eno. However, no speci�c
�uorescence was detected around the DAPI-stained cell nucleiin
the negative controls (Figure 2A). These results provided direct
evidence showing thatMhp Eno binds speci�cally to the cell
membranes of STECs.

Antibody inhibition assays were further performed to
determine the contribution of surface-localizedMhp Eno to the
adhesion function inM. hyopneumoniaestrain 168. A polyclonal
antibody againstMhp Eno was found to decrease the adherence
of M. hyopneumoniaeto STECs relative to that of the control
group treated with preimmune sera (Figure 2B). The level of
adherence inhibition is shown as percentages compared with
the adherence ofM. hyopneumoniaein the absence of antibody.
Incubation with anti-Mhp Eno antibody resulted in a 68% (p <
0.05) reduction in the adherence e�ciency ofM. hyopneumoniae
to STECs. This result con�rmed thatMhp Eno plays an
indispensable role in the adherence ofM. hyopneumoniaeto
host cells.

Mhp Eno Exhibits High Af�nity for
Plasminogen-Binding Activities
To determine which components of STECs interact with
Mhp Eno, the interactions betweenMhp Eno and �bronectin,
factor H and plasminogen were examined by far-WB analysis.
Corresponding bands were observed in the reactions ofMhp
Eno to the anti-Mhp Eno antibody (positive control) and to
�bronectin, factor H and plasminogen, whereas no speci�c
reaction was observed in the negative control. The analysis
indicated thatMhp Eno speci�cally binds to �bronectin, factor
H and plasminogen (Figure 2C). The real-time interactions
betweenMhp Eno and �bronectin, factor H and plasminogen
were further investigated using SPR. However, no interactions
were detected betweenMhp Eno and �bronectin or factor H,
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FIGURE 1 | Detection of Mhp Eno on the surface ofM. hyopneumoniaeby �ow cytometry and immune electron microscopy.(A) Blank control, M. hyopneumoniae
strain 168 treated with PBS; negative control,M. hyopneumoniaestrain 168 treated with preimmune serum;M. hyopneumoniaestrains 168, NJ, and WX treated with
anti-Mhp Eno serum.(B) The MFI level ofM. hyopneumoniaeincubated with anti-Mhp Eno sera is expressed as the percentage of that found for the corresponding
strain incubated with preimmune sera. The asterisks above the charts indicate statistically signi�cant differences.(C) From left to right, the �rst threeM.
hyopneumoniaestrains, 168, NJ and WX, were treated with anti-Mhp Eno serum and secondary gold-conjugated antibodies. The last column indicates theM.
hyopneumoniaestrain treated with preimmune serum and secondary gold-conjugated antibodies.

indicating weak interactions.Mhp Eno was found to bind to
plasminogen in a dose-dependent manner with an equilibrium
dissociation constant (KD) value of 293.6 nmol. Only 62.5 nmol/L
Mhp Eno yielded notable re�ection signals (Figure 2D). All
of these results indicated thatMhp Eno has multiple adhesive
functions, and its highest a�nity was to plasminogen.

Unique Structure of Mhp Eno
The oligomeric state of enolase, particularly enolases from
prokaryotes, is always a topic of debate. Here, inMycoplasma
hyopneumoniae, an octamer form was determined forMhp
Eno (Figure 3A). The crystal structure was determined at a
resolution of 2.3 Å (Figure 3 and Table 1). Two identicalMhp
Eno monomers formed a “heart”-like or “butter�y”-like dimer
(Figure 3C). Four dimers were then packed together to construct
a ring-shaped octamer with a small tunnel in the center. Both
octamer interfaces and dimer interfaces were observed inMhp
Eno. These structures were similar to those of other solved
enolase structures (Supplementary Tables 1, 2). The diameters
of the octamerMhp Eno disc and the center tunnel were� 165
Å and � 25 Å, respectively (Figure 3D). Similar to enolases
from other species, the overall structure of monomerMhp
Eno could be divided into an N-terminal domain and a C-
terminal TIM-barrel domain. The N-terminal domain (residues
1–139) comprised an antiparallel three-strandedb-sheet (S1–S3)

followed by foura-helices (H1– H4). The C-terminal domain
(residues 140–452) was relatively larger and consisted of eight
b-strands (S4–S11) and ninea-helices (H5–H13). Compared
with other enolases,Mhp Eno had an additionala-helix, which
was located on the site corresponding to the S6-H7 loop of
other enolase structures, named H7 inMhp Eno. The C-terminal
domain topology consisted of ab2a2ba2(ba)5 pattern, which
di�ered from either the traditional TIM-barrel domain or those
of other enolases (Figure 3A).

To determine the relationships betweenMhp Eno and
other enolases, we compared enolase at both the structural
and primary sequence levels (Figures 4, 5). Overall, their
similarities coincided with their evolutionary relationships. With
the exception ofMycoplasmaenolases,Mhp Eno showed the best
identity with enolases of gram-positive bacteria. For example,
Bacillus subtilisenolase had the most similar structure to that
of Mhp Eno, with an RMSD of 0.8 Å. In addition,Enterococcus
hirae enolasehad the best sequence identity toMhp Eno (59%).
The similarities betweenMhp Eno and gram-negative bacterial
enolases were slightly worse than those of gram-positive bacterial
enolases.Mhp Eno showed the worst structure and sequence
identity with eukaryote enolases. For example,Mhp Eno showed
only 46% sequence identity with Drosophila enolase and had
a 2.0-Å RMSD with human enolase. The superimposition of
enolases from di�erent species was performed, and the results
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FIGURE 2 | Role ofMhp Eno in the adhesion ofM. hyopneumoniaeto STECs.(A) Blue indicates STEC nuclei. The color orange in the �rst row indicates the
adherence ofMhp Eno to STEC membranes, and the second row indicates the adherence of BSA (negative control) to STEC membranes. The white line indicates the
scale. (B) Adhesion rateD (number of bacteria recovered from cells incubated with theanti-Mhp Eno sera / number of bacteria recovered in the group incubated with
the preimmune sera)� 100. The data are expressed as the means� SDs of at least three experiments with samples performed in triplicate. (C) Analysis of the
interaction ofMhp Eno with �bronectin, factor H and plasminogen by far-WB. First lane: PVDF membrane with transferredMhp Eno protein incubated with anti-Mhp
Eno antibody as a positive control; second lane: PVDF membrane with transferred BSA (negative control) incubated with anti-Mhp Eno antibody; third lane: PVDF
membrane with transferredMhp Eno protein incubated with �bronectin and anti-�bronectin antibody; fourth lane: PVDF membrane with transferred BSA (negative
control) incubated with �bronectin and anti-�bronectin antibody; �fth and sixth lanes: PVDF membrane with transferredMhp Eno protein and BSA incubated with
factor H and anti-factor H antibody; and seventh and eighth lanes: PVDF membrane with transferredMhp Eno protein and BSA incubated with plasminogen and the
anti-plasminogen antibody. The protein bands were visualized using the ECL substrate.(D) Gradient concentrations ofMhp Eno enolase ranging from 62.5 to 4,000
nmol/L �ow through immobilized plasminogen in an SPR assay. The protein concentrations were consistent with the color lines. RU, resonance units.

clearly showed �ve sites whereMhp Eno showed notable
di�erences from other enolases, particularly the S3/H1 loop,
H4/S4 loop, H6/S6 loop, H7/H8 loop, and H13 (Figures 3B, 5).
These loops, especially the H7/H8 loop, ofMhp Eno were
signi�cantly longer than those of other enolases. Until now,with
the exception ofMhp Eno, such large deviations in the enolase
backbone structure have not been observed. All of these results
indicated thatM. hyopneumoniaeor Mycoplasmahas a very
unique enolase structure.

Characteristic Long Loops Are Exposed on
the Surface of Mhp Eno
In addition to its enzymatic function in the glycolytic pathway,
enolase has been implicated in numerous processes, such
as DNA-binding and plasmin(ogen) receptor function. These

additional functions are more signi�cantly a�ected by 3D
structures and surface properties rather than enzymatic activity
(Ehinger et al., 2004; Bruce et al., 2018). To assess the speci�city
of long loops ofMhp Eno, we further compared these areas with
those from other enolases. According to the primary sequence
comparison, with the exception ofM. hyopneumoniae, there
were 4-5 residue deletions in the S3/H1 loop, 4-6 amino acid
deletions in the H6/S6 loop, 8-18 residue deletions in the
H7/H8 loop, and 2-5 amino acid deletion in the H13 relative
to other enolases. Therefore, these regions were speci�c toM.
hyopneumoniaeenolase. For the H4/S4 loop,Mhp Eno, and
most bacterial enolases had� 6 residue deletions, and eukaryote
enolases shared a very similar pattern to those of bacterial
enolases (Figures 3B, 5A). Therefore, the H4/S4 loop was not an
M. hyopneumoniae-speci�c area (Figure 4).
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FIGURE 3 | Overall structure ofMhp Eno. (A) Structure of the protomerMhp Eno. Theb-strands and a-helices are sequentially numbered; “S” stands forb-strand,
and “H” stands for a-helix. Theb strands of the N-terminal domain and C-terminal domain are indicated in slate (S1-S3) and green cyan (S4-S10) colors, respectively.
The a-helices of the N-terminal domain and C-terminal domain areindicated in bright orange (H1-H4) and white (H5-H13), respectively.(B) Structural comparisons
between Mhp Eno and enolases from human (pink, PDB ID: 3B97), yeast (cyan,PDB ID: 3ENL),E. coli (blue, PDB ID: 1E9I), andBacillus subtilis(green, PDB ID:
4A3R). All structures are shown in a ribbon format.Mhp Eno is shown in bright orange. The structure deviations are indicated at the top. The regions ofMhp Eno that
show noticeable differences are marked by gray boxes.(C) Overall structure of theMhp Eno dimer unit.(D) Overall structure of theMhp Eno octamer. The diameters
of Mhp Eno and the tunnel are indicated.

However, we do not know the relationship betweenMhp
Eno's characteristic long loops and its adhesion function. It is
certain that only loops exposed on the surface can recognize
host molecules. Clearly, with the exception of the H4/S4 loop,all
regions were located on the surface ofMhp Eno (Figures 6A,B).
The H4/S4 loop was buried in the dimer interface ofMhp
Eno. Therefore, it was di�cult for the H4/S4 loop to be in
contact with other molecules. The H13 region and H6/S6 region
were on one side of the disc-like octamer ofMhp Eno. The
S3/H3 region was located at the opposite side of the octamer
(Figures 6C,D). The S3/H3 region, which was on the top region
of the disc, was the most accessible region (Figures 6C,E).

The H7/H8 loop was at the edge of the octamer and had the
largest exposed surface (Figures 6A–D). All of these parameters
indicated that the two sides of the disc-like octamerMhp
Eno shared the same surface patterns. We further checked the
electrostatic potentials of these regions. The H4/S4 and H13
regions showed no notable exposed charged areas. The H6/S6
surface had a positively charged K240 and a negatively charged
E242 on (Figures 6D,G). A positively charged K57 was located
in the S3/H3 region (Figures 6C,E). This result was interesting
for the H7/H8 region because it consisted of a consecutive
positively charged patch at 265–274 (KKLKAASLSK) and a
negatively charged patch at 275–284 (NQADLDEKFE). However,
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TABLE 1 | Data collection and re�nement statistics.

Mhp Eno

Data collection

Beamline SSRF BL19U1

Space group I4

Cell Dimensions

a, b, c (Å) 193.154, 193.154, 63.943

a, b, g (� ) 90.0, 90.0, 90.0

Wavelength (Å) 0.97892

Resolution (Å) 48.29–2.30 (2.44–2.30)

Total no. of re�ections 241,925

Rmerge (%) 0.108 (0.597)

I/sI 14.2 (3.07)

Completeness (%) 99.8 (99.8)

Redundancy 4.6 (4.7)

Re�nement

Resolution (Å) 48.29–2.30

No. re�ections 52,557

Rwork/Rfree (%) 0.1865/0.2257

No. atoms 7,101

Protein 7,000

Water 57

AverageB-factors (Å2)

Protein 31.3

Water 24.1

Rmsd Values

Bond lengths (Å) 0.008

Bond angles (� ) 0.886

Ramachandran plot (%)

Total favored 96.44%

Total allowed 3.11%

Outliers 0.44%

Coordinate error (Å) 0.29

*The values in parentheses are for the highest-resolution shell.
Rmerge D

P
| I � h Iij /

P
I, where I is the integrated intensity of a given re�ection.

R D
P

|| Fobs | – | Fcalc | |/
P

hkl | Fobs |.
Rfree was calculated using 5% of the data omitted from the re�nement.
I /� I D average (I /� I).

these two areas were on opposite sides of theMhp Eno disc
(Figures 6C,D,F,H).

DISCUSSION

Mycoplasmaspecies are distinguished phenotypically from other
bacteria by their minimal size and total lack of cell walls.
In taxonomy, the lack of a cell wall is used to separate
mycoplasmas from other bacteria in a class named Mollicutes
(Razin et al., 1998). To date, various structures of enolases
from di�erent species, including human (Kang et al., 2008),
Drosophila melanogaster(Sun et al., 2017), yeast (Stec and
Lebioda, 1990), E. coli(Kühnel and Luisi, 2001), Staphylococcus
aureus(Wu et al., 2015), andStreptococcus suis(Lu et al., 2012),
have been determined. However, the structure of enolase from
Mollicutes, which is one of the smallest self-replicating creatures,

has never been solved. Here, the crystal structure ofMhp Eno
was determined.

Enolase is a highly conserved enzyme throughout evolution
both for its structure and its functions. Enolase catalyzes
the conversion of 2-phosphoglycerate to phosphoenolpyruvate
during both glycolysis and gluconeogenesis in all living beings
(Seweryn et al., 2007). The enolase enzyme catalytic sites have
two conformations, in which the ions or substrates are bound
in a “closed” state or in an apo “open” state (Wu et al.,
2015). Here, theMhp Eno structure shows a “closed” state.
Compared with the structure of PEP-EnoCa, the structure of
Mhp Eno has all of the PEP-binding sites at E168, E209, R388,
S389, and K359 (Supplementary Figure 3C). All residues are
at almost the same sites and have the same conformations
as those of PEP-EnoCa. Although we did not determine
the PEP-Mhp Eno or PAG-Mhp Eno structures, structural
superimposition indicates thatMhp Eno also has conserved
enzyme catalytic functions. Furthermore, the enzymatic activity
of recombinantMhp Eno was con�rmed by an enzymatic assay
(Supplementary Figure 2), which indicated that recombinant
Mhp Eno also has biological activity. Enolase is also involved in
the formation of functionalE. coliRNA degradosomes (Bruce
et al., 2018). The complex structure of enolase and RNase E
(EBS and AR2 regions) shows that the RNase E segment interacts
with the intraprotomer cleft of the enolase dimer (Bruce et al.,
2018). The superimposition ofMhp Eno on theE. colienolase-
RNase E complex showed good consistency with the interaction
interface (Supplementary Figure 3D). Thus, Mhp Eno might
also be included in the RNA metabolism ofM. hyopneumoniae.
These results show thatMhp Eno has the conserved functional
regions of most enolases.

This study revealed thatMhpEno is a multifunctional protein.
This protein not only has conserved sites and structures for
2-phospho-D-glycerate hydrolase catalysis and RNaseE binding
(Supplementary Figures 3C,D) but also recognizes �bronectin,
factor H and plasminogen (Figure 2C). Mycoplasmas are
genome-reduced bacteria that are de�cient in many genes
involved in metabolic pathways and biosynthesis processes.
Amino acids, nucleotides, cholesterol, and other macromolecules
need to be supplemented forMycoplasmagrowth (Minion et al.,
2004). To make the existing proteins more functionally e�cient,
Mycoplasmas have evolved to allow their proteins to have
multiple functions. Adherence to mucosal cells is the �rst and
most important step ofM. hyopneumoniaeinfection. The use
of M. hyopneumoniaeproteins is maximized for adherence. The
present study revealed professional adhesins, such as the P97 and
P102 families, as well as large numbers of moonlighting proteins,
such as MHJ_0125 (Robinson et al., 2013), MHJ_0461 (Jarocki
et al., 2015), EF-Tu (Yu et al., 2018a), FBA (Yu et al., 2018b),
Mhp Eno. Furthermore, the number of adhesins is enlarged
by posttranslation processing (Deutscher et al., 2012). Unlike
the limited numbers of receptors of other pathogens, there are
various types of molecules forM. hyopneumoniaeadherence. A
promiscuous interaction mode has been found for the adhesion
of M. hyopneumoniaeto its host. In detail, one adhesin ofM.
hyopneumoniaecan recognize more than one host target, and
one target can also bind to more than one adhesin. The sites for
catalytic function and RNA degradosome interaction ofMhpEno
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FIGURE 4 | Structural and sequence alignments betweenMhp Eno and other enolases. The sequence identities and structural deviations are shown at the end of
each sequence. The second structure ofMhp Eno is above the alignment. The regions that show notable differences are indicated with orange lines at the bottom of
the alignment. The plasminogen-binding regions are markedby green lines at the bottom of the sequence. The sequences orstructures are fromM. pneumoniae
(Mycoplasma pneumoniae,GenBank ID: WP_010874963.1), Methanococcus (Methanococcus jannaschii, PDB ID: 2PA6), Campylobacter (Campylobacter jejuni,
PDB ID: 3QN3), Coxiella (Coxiella burnetii, PDB ID: 3TQP), Synechococcus (Synechococcus elongatus, PDB ID: 4ROP),E. coli (PDB ID: 1E9L), Bacillus (Bacillus
subtilis, PDB ID: 4A3R), Staphylococcus (Staphylococcus aureus, PDB ID: 5BOF), Enterococcus (Enterococcus hirae, PDB ID: 1LYX), Streptococcus (Streptococcus
pneumonia, PDB ID: 1W6T), Yeast (PDB ID: 3ENL), Trypanosoma (Trypanosoma brucei, PDB ID: 1OEP), Drosophila (PDB ID: 3WRO), Lobster (PDB ID: 1PDZ), and
Human (PDB ID: 3B97).
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FIGURE 5 | Structural comparisons betweenMhp Eno and other enolases.Mhp Eno is shown in bright orange. Enolases from human, yeast,E. coli and Bacillus
subtilis are shown in pink, cyan, blue and green, respectively, and the other enolases are shown in white. The overall structure isshown in (A). (B–F) show enlarged
pictures of the H4/S4 loop, H13, H6/S6 loop, H7/H8 loop, and S3/H1loop regions. H7 is shown in both cartoon and ribbon forms in(E).

are conserved and can be deduced by the complex structures of
other enolases. However, the structural characteristics forming
the basis ofMhp Eno adherence are unknown. Here, the crystal
structure ofMhp Eno shows the unique characteristics of the
Mycoplasmaenolase structure. In our studies,Mhp Eno-speci�c
features, such as the S3/H1 loop, H6/S6 loop, H7/H8 loop, and
H13 regions (Figure 5), were found by both sequence alignment
and structure comparisons (Figures 4, 5). These regions are
located on the surface of the molecule and easily interact with
host proteins. Thus,MhpEno-speci�c regions should be involved
in newly determined Eno functions, such as interactions with
�bronectin, factor H and plasminogen. The binding ability of
Mhp Eno to glycosaminoglycans and actin from the host has not
been tested. These regions might also be involved in adherence to
glycosaminoglycans, actin or other unrecognized molecules that
form the swine respiratory tract epithelium.

Most of the eukaryotic and prokaryotica-enolases are
supposed to bind plasmin(ogen) (Ehinger et al., 2004; Kang
et al., 2008). The “FYDKERKVY” loop and two C-terminal lysine
residues are believed to bind plasminogen inS. pneumoniae
(Ehinger et al., 2004). In Mhp Eno, the C-terminal double
lysine residues are conserved. The “FYDKERKVY” motifs are
partially found in Mhp Eno at “FYNGQKY” sites. We mapped
these regions on the octamericMhp Eno. The “FYNGQKY”
loop is located on theMhp Eno surface and next to the
H7/H8 loop (Supplementary Figures 3A,B). The C-terminal
tail is found in the dimer interface, as observed in other
enolases (Supplementary Figure 3B). However, according to the
sequence alignment, both plasminogen-binding regions (the
loop region and the C-terminal lysine residues) are not strictly
conserved throughout evolution (Figure 4). Thus, enolases
from di�erent species might use di�erent regions to recognize
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FIGURE 6 | Surface characteristics of featured regions ofMhp Eno. (A) The featured regions ofMhp Eno (bright orange) are shown in cartoon form.(B) Electrostatics
of the Mhp Eno surface. The characteristic regions are boxed by rectangles. The S3/H1 loop region and the H13 region of one enolase molecule are located at the
same face as the H6/S6 region of another enolase molecule.(C) The H3/S1 loop region side of the dimer unit ofMhp Eno. The charged surface residues in the
featured regions (Lys57, Lys274, and Lys282) are shown in stick form. (D) The H6/S6 loop region side of the dimer unit ofMhp Eno. The charged surface residues in
the featured regions (Lys240, Lys242, Asp278, Asp280, Glu281, Lys282, and Glu284) are shown in stick form.(E–H) The enlarged views of the residues mentioned
in (C,D).

plasminogen. A salt bridge is one of the strongest noncovalent
interactions between two proteins. ForS. pneumoniaeenolase,
the charged amino acids D250, E252, K251, and K254
in the “FYDKERKVY” loop are critical for plasmin(ogen)
binding(Ehinger et al., 2004). It is interesting to �nd that many
charged sites exist in the featured loop regions, such as K240
and E242 in the H6/S6 loop, K57 in the S3/H3 region and a
positively charged patch and a negatively charged patch in the
H7/H8 loop. Furthermore, these sites are exposed on the surface
of Mhp Eno, making them easily accessible to plasminogen.
Thus, these sites are possibly involved in the interaction
with plasminogen. However, an enolase-plasminogen complex

structure is not currently available for determining detailed
interaction features.

Because plasminogen is a common receptor of enolase
(Bergmann et al., 2001; Ehinger et al., 2004; Seweryn et al., 2007;
Agarwal et al., 2008), its activation triggers its conversion to
plasmin, which is a serine protease that plays important roles in
the maintenance of vascular patency and cell migration (Plow
et al., 1995). In recent years, the mechanism through which
human enolase induces tumor cell invasion and metastasis has
been thought to be related to the activation of plasminogen
(Godier and Hunt, 2013; Viedma-Rodríguez et al., 2018).
For pathogens, host plasminogen is activated by enolase to
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function in the processes of tissue remodeling, extracellular
matrix degradation and bacterial invasion (Bergmann et al.,
2001, 2013; Agarwal et al., 2008; Feng et al., 2009). In M.
hyopneumoniaeinfection, ciliostasis and the loss of cilia are
thought to be the result of the activation of various proteases
and amino peptidases, including plasminogen (Robinson et al.,
2013). In some studies,M. hyopneumoniaewas also detected
in some nonrespiratory system organs, such as the liver and
kidney (Razin et al., 1998). This result might be related to
plasminogen activation byM. hyopneumoniaesurface proteins,
such as enolase. Additionally, in our previous studies,Mhp Eno
was found to be an important virulence factor candidate whose
expression level was signi�cantly increased after infection. In
this study,Mhp Eno showed strong binding to plasminogen, as
veri�ed by far-WB and SPR. This result indicated thatMhp Eno
is involved inM. hyopneumoniaepathogenicity, which is induced
by host plasminogen activation.

In conclusion, we have reported the �rst enolase structure
from a Mycoplasmaspecies. Structural and sequence analyses
revealed thatMhp Eno has four characteristic regions that are
di�erent from those of other enolases.Mhp Eno is a cell-surface
protein of M. hyopneumoniaeand induces adhesion to STECs.
In addition, Mhp Eno is a multifunction protein that not only
has enzyme catalytic sites and RNase E-binding regions but also
recognizes �bronectin, factor H and plasminogen. Our study will
aid the investigation of enolase evolution and provide insights
into the pathogenesis ofM. hyopneumoniae.
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