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A B S T R A C T

Mycoplasma pneumoniae and Mycoplasma genitalium are two emerging bacterial pathogens that colonize the 
human respiratory and urogenital epithelia, respectively. Both pathogens express cell surface cytoadhesins that 
play a crucial role in the interaction with the host, mediating the attachment to sialylated glycan receptors and 
triggering infection. The design of competitive binding inhibitors of Mycoplasma cytoadhesins has potential to 
disrupt these interactions and lessen bacterial pathogenesis. To this end, we report here molecular insights into 
the adhesion mechanisms of M. pneumoniae and M. genitalium, which are largely mediated by sialylated glycans 
on the host cell surface. In detail, a combination of Nuclear Magnetic Resonance (NMR) spectroscopy, fluores-
cence analysis and computational studies allowed us to explore the recognition by the cytoadhesins P40/P90 in 
M. pneumoniae and P110 in M. genitalium of sialylated N- and O-glycans. We reveal that, unlike other bacterial 
adhesins, which are characterized by a wide binding pocket, Mycoplasma cytoadhesins principally accommodate 
the sialic acid residue, in a similar manner to mammalian Siglecs. These findings represent crucial insight into the 
future development of novel compounds to counteract Mycoplasma infections by inhibiting bacterial adherence 
to host tissues.

1. Introduction

Bacterial adhesion to host cells is one of the initial stages of infection 
and is a key step in pathogenesis. This process is mediated by dedicated 
bacterial surface structures that enable microorganisms to specifically 

target host molecular signatures such as carbohydrate signalling mole-
cules [1]. Several Mycoplasma species, including Mycoplasma pneumo-
niae and Mycoplasma genitalium, have been shown to infect host cells via 
this adhesion pathway [2,3]. Mycoplasmas are cell wall-less microor-
ganisms, phylogenetically related to Gram-positive bacteria, and are 
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capable of invading and replicating within eukaryotic cells [ 4]. Among 
these species, M. pneumoniae is an exclusively human parasite that [5] 
primarily affects the conducting airways, and is the leading cause of 
upper and lower respiratory tract infections [6,7].It is estimated that 
M. pneumoniae is responsible for up to 40 % of community-acquired 
pneumonias (CAPs) in children and adults worldwide. Atypical CAPs, 
also caused by M. pneumoniae, may also involve extrapulmonary organs, 
including, for example, head, eyes, ears, skin, or gastrointestinal tract 
[8]. On the other hand, M. genitalium is a sexually transmitted bacterium 
that frequently co-infects the urogenital tract with other pathogens, such 
as HIV, C. trachomatis, and N. gonorrhoeae [9]. In women, it is respon-
sible for several inflammatory reproductive tract syndromes, including 
cervicitis, pelvic inflammatory disease (PID), and infertility [10]; in 
men, it is the leading cause of 30–40 % cases of urethritis [11]. Addi-
tionally, M. genitalium has been associated with preterm birth, sponta-
neous abortion, and HIV acquisition [12].

Cytoadherence and gliding motility of these two pathogens are 
essential for colonization of the human tissues and are mediated pri-
marily by a complex attachment organelle that consists of an intracel-
lular region and a specialized surface-exposed structure. This surface 
structure comprises accessory proteins [13] that form the adhesion 
complex, a peplomer-like structure termed Nap [14]. The Nap is 
essential for infectivity and displays a tetrameric organization composed 
of heterodimers of the cytoadhesin proteins P140 and P110 in 
M. genitalium, and their homologs P1 and P40/P90 in M. pneumoniae 
[15,16].These cytoadhesins possess a similar domain organization, 
consisting of a large extracellular domain (the crown), a transmembrane 
helix, and a short cytoplasmic tail (C-domain). The extracellular portion 
is further divided into two subdomains: a small C-terminal domain and 
an N-terminal region containing a seven-bladed β-propeller in the shape 
of a crown, where the sialic acid binding site is located [17]. Given the 
similar topology of the cytoadhesin structures of M. genitalium and 
M. pneumoniae and neuraminidase proteins from influenza A viruses, it 
has been suggested that P110 and P40/P90 proteins contain a putative 
catalytic site, located close to the sialic acid binding site [18] and 
characterized by the presence of an RLP (Arg-Leu-Pro) motif (see 
Fig. S2) usually found in non-viral sialidases [19,20].

Sialic acids are negatively charged nine‑carbon monosaccharides, 
found in abundance on cell surface structures of humans and other 
mammals and involved in various biological functions, including cell 
adhesion and immune responses. This class of monosaccharides, often at 
the terminal end of both N- and O-glycans on cell surfaces, can act as 
receptor ligands for certain pathogens, allowing them to attach and 
infect host cells [21]. The interaction of Mycoplasma adhesins with 
specific sialylated glycans on target host cells has been shown to be a 
prerequisite for the development of Mycoplasmas-associated infectious 
diseases [22,23].

.Given the critical roles that Mycoplasma cytoadhesins play in bac-
terial adhesion to host cells, they are attracting increasing attention as 
promising targets for anti-adhesive therapy of Mycoplasma infections. 
Notably, anti-adhesive agents are not bactericidal and therefore much 
less likely than antibiotics to induce the evolution and spread of resistant 
strains.

We previously elucidated the structural features of the main 
cytoadhesins from M. genitalium and M. pneumoniae [18], and cryo- 
electron tomography studies have been recently published describing 
the structure of the major adhesion complex from Mycoplasma genitalium 
[24] however, the resolution of the cryo-ET data was not sufficient to 
visualize the sialylated oligosaccharides and the adhesion mechanism of 
Mycoplasma cells remains not fully understood. Thus, further molecular 
insights on sialoglycan recognition and binding by Mycoplasma 
cytoadhesins are needed to design effective anti-adhesion strategies, 
either by reducing the contact between host tissues and pathogens, and/ 
or by prevention of adhesion of the infectious agent. To further this aim, 
we dissect herein the recognition profiles and binding modes of P110 
from M. genitalium and P40/P90 from M. pneumoniae with sialoglycans 

typically decorating the host cell surfaces [25]. We employ an integrated 
approach that combines NMR spectroscopy, fluorescence analysis, and 
computational studies, rendering in three-dimensional, atomic-level 
detail, the adhesin-sialoglycan complexes. These findings accurately 
defined the ligand-epitope maps and their bioactive conformations, 
together with the protein structural features involved in sialoglycan 
recognition and their respective binding affinities. In addition, our 
outcomes allow us to pinpoint molecular differences in the sugar- 
binding mode of Mycoplasma cytoadhesins with respect to other bacte-
rial Siglec-like adhesins, such as those expressed by streptococcal species 
[26].

Given the high incidence of pathologies related to M. pneumoniae and 
M. genitalium, the absence of a vaccine for M. pneumoniae in contrast to 
other respiratory pathogens, and the rapid increase of antibiotic resis-
tance of Mycoplasma pathogens [27], our results are of critical impor-
tance and lay the foundation for the future development of therapeutic 
strategies based on the inhibition of Mycoplasma-host cell adhesion and 
infection Mycoplasma.

2. Results

The association between Mycoplasma cytoadhesins (P110 from 
M. genitalium and P40/P90 from M. pneumoniae) and common N- and O- 
glycans (Fig. S1) abundant on the host mucosal surfaces, both in human 
respiratory and reproductive tract, was initially assessed by fluorescence 
spectroscopy (Figs. 1 and S3). Briefly, a fixed concentration of both 
proteins was titrated with increasing amounts of each sialoglycan 
(3’SLn, 6’SLn, biantennary N-glycans, sTa and sTa-Thr) to derive the 
binding isothermal curves for all protein-ligand mixtures and, conse-
quently, obtain information regarding the binding affinities. The results 
demonstrated the ability of both cytoadhesins (P110 and P40/P90) to 
similarly recognize different Neu5Ac (N-acetyl Neuraminic acid)- 
containing ligands, as the estimated binding constants (Kb) were all in 
the micromolar range (Figs. 1 and S3). Notably, these findings align with 
equilibrium dissociation constants previously established through sur-
face plasmon resonance (SPR) measurements [15,16].

To elucidate the mechanism of cell adhesion and gliding of 
M. genitalium and M. pneumoniae, the molecular recognition of the 
different sialylated ligands by cytoadhesins was further investigated by 
using complementary techniques. As described in the following sections, 
Saturation Transfer Difference NMR (STD NMR) was applied to reveal 
the ligand binding epitopes and transferred-NOESY (tr-NOESY) experi-
ments were employed to investigate their conformational behavior [28]. 
In combination with NMR results, Molecular Dynamic (MD) simulations 
were also carried out to provide 3D models of the complexes.

2.1. 3’SLn recognition by P110 and P40/P90

The analysis of the STD NMR spectra of the mixture P110/3’SLn 
clearly showed that the protein binding pocket was selective toward the 
Neu5Ac moiety (Fig. 2A, left panel). As suggested by the STD NMR 
enhancements, the entire Neu5Ac was recognized by the receptor and 
received a good magnetization transfer from P110. The strongest rela-
tive STD NMR effect belonged to the acetyl group of Neu5Ac unit, fol-
lowed by the protons H6 and H7, which had an STD NMR percentage 
above 40 %. Other protons of Neu5Ac (H4, H5, H8 and H9) showed STD 
signals but to a lesser extent. The other sugar residues did not participate 
in the recognition process, in agreement with the crystal structure of 
P110 in complex with 3’SLn [15].

Tr-NOESY experiments and MD simulations then allowed us to 
describe the ligand’s bioactive conformation. The conformational 
behavior of 3’SLn has been extensively analyzed in free solution and 
displays an equilibrium between different conformations, namely t, g 
and -g, according to the different values of the Φ(C1-C2-O-C3’) dihedral 
angle around the Neu5Ac-α-(2,3)- Gal (galactose) glycosidic linkage 
[29]. Here, the conformation of the ligand in the presence of P110 was 
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analyzed; the glycosidic torsion trajectories of 3’SLn were monitored 
during a simulation of the bound state within the P110 binding pocket 
and indicated a preference of the ligand for the t conformer (Fig. S4). 
This agreed with the tr-NOESY derived calculated distances for 3’SLn in 
the presence of P110 (Fig. 2A, right panel). In particular, the presence of 
the key NOEs between the diastereotopic protons at position 3 of the 
Neu5Ac and the proton H3 of the Gal residue, as well as the absence of 
the H3 Gal – H8 Neu5Ac NOE contact, suggested that the 3’SLn mainly 
adopted a t conformation in solution when accommodated in the protein 
binding pocket.

A cluster analysis of the MD (Fig. 3) indicated that the sialic acid was 
the main residue involved in the binding interaction between P110 and 
3’SLn, in agreement with the STD NMR results. In addition, numerous 
hydrogen bonds were predicted at the protein-ligand interface; for 
example, H-bonds were established between Neu5Ac carboxyl group 
and Arg600 and Ser458. Asn200 exhibited two interactions with 
Neu5Ac, one with the OH at position 4 and the other with its acetamide 
moiety, while Pro197 formed a H-bond with the hydroxyl proton 7 of 
Neu5Ac. In addition, Asn475 established crucial H-bonds with hydroxyl 
protons 8 and 9 of the glycerol chain of Neu5Ac, which strongly 
contributed to the stabilization of the complex and resulted in the 

flexible loop region (471–482 aa) moving closer to the Neu5Ac binding 
site (Fig. 3A, see also Fig. S4 left panel). As shown in Fig. 3A, the ligand 
was positioned with the acetamide group of the Neu5Ac in a hydro-
phobic pocket close to Phe457, which also helped to stabilize the 
binding. Another significant contact was observed between the amide 
nitrogen of Neu5Ac and Ser456, forming a hydrogen bond that was 
stable during the MD simulation, in accordance with the high STD 
contribution.

Upon comparison of these results to the interactions observed in the 
crystal structure of P110 in complex with 3’SLn [15], it was evident that 
most of contacts align with previous findings, mainly involving the 
residues Ser458, Ser456, Asn200 and Pro197, although in the crystal the 
ligand is accommodated in the protein binding site with a different 
conformation relative to that derived from the NMR data (Fig. 4A).

Analogously, the recognition of 3’SLn by the M. pneumoniae 
cytoadhesin P40/P90 was studied. Similarly to P110, the STD NMR 
analysis revealed a selective binding mode mainly involving the Neu5Ac 
moiety (Fig. 2B, left panel). The highest magnetization transfer was 
again observed for the acetyl group of Neu5Ac. The proton at position 7 
of the Neu5Ac also exhibited a significant STD effect above 50 %, while 
the protons H5, H6, and H9 contributed to the binding but with lower 
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Fig. 1. Measurement of sialoglycans affinity for P110 and p40/P90 by fluorescence spectroscopy. Quenching of intrinsic fluorescence of M. genitalium P110 (left 
panel) and M. pneumoniae P40/P90 (right panel) in the presence of increasing amounts of 3’SLn, 6’SLn, sTa-Thr and biantennary sialoglycans, respectively. The 
binding isotherms were obtained by plotting the values of F/Fmax versus the total ligand concentration, where F is the fluorescence intensity observed at each addition 
of ligand, and Fmax is the maximum fluorescence intensity observed. The resulting binding constants (Kb) were reported in the insets. Error bars indicate standard 
deviations of representative experiments performed in triplicate.
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STD percentages between 50 % and 20 %. Very slight STD enhancements 
were also observed for the diastereotopic protons of the Neu5Ac and the 
proton at position 4 of the Gal unit.

Computational studies were also performed to further describe the 
conformational behavior of 3’SLn upon binding to P40/P90. In accor-
dance with tr-NOESY data (Fig. 2B, right panel), MD results revealed 
that 3’SLn could be accommodated in the binding pocket upon adopting 
two different conformations, namely t and -g, with the Φ dihedral angle 
around the glycosidic linkage between Neu5Ac-Gal at 180◦ and − 60◦, 
respectively. This is likely due to the higher flexibility (see Fig. S4, right 

panel) and the different orientation of a loop region (642–653 aa) of 
P40/90 relative to P110, resulting in a wider binding pocket.

Regardless of the conformation adopted by the ligand, the main in-
teractions with the protein were established only with the Neu5Ac 
moiety, as already revealed by the NMR analysis and in agreement with 
the previously published X-ray data (Fig. 4B). Indeed, in the main 
representative conformation of the complex (Fig. 3B), the Neu5Ac was 
the only sugar residue entirely accommodated in the protein binding 
pocket, while Gal and GlcNAc residues were more distant from the 
protein surface. Specifically, a stable contact occurred between the 

2.02.53.03.54.0 ppm

2.02.53.03.54.0 ppm

Fig. 2. NMR analysis of 3’SLn bound to P110 and P40/P90. A) Superimposition of the STD NMR spectrum (red) and the unsaturated reference spectrum (blue) of 
3’SLn interacting with P110.The ligand epitope map has been calculated by (I0 − Isat)/I0, where (I0 − Isat) was the signal intensity in the STD-NMR spectrum and I0 
was the peak intensity of the off-resonance spectrum Tr-NOESY spectrum on the 1:50 P110–3’SLn mixture and the ligand bioactive conformation are showed on the 
right. The ligand surface was colored according to the STD-derived epitope mapping. B) The superimposition of STD NMR spectrum (black) and the unsaturated 
reference spectrum (blue) together with the epitope map of the 3’SLn interacting with P40/P90 are reported on the left. Tr-NOESY spectrum of 1:50 P40/P90–3’SLn 
mixture and STD-derived epitope mapping of 3’SLn in its bioactive conformation are showed on the right.
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amide group at position 5 of Neu5Ac and the Leu630 that was present for 
about 70 % of MD simulation time.

The Neu5Ac carboxyl group also established H-bonds with the side 
chain of Thr632. Consistent with STD NMR results, the OH at position 7 
interacted with Pro235 and the oxygen of the acetyl moiety established a 
contact with Lys238. The presence of hydrophobic residues near the 
binding site, in particular Phe631, contributed to stabilize the complex 
and anchor the Neu5Ac unit to the protein via hydrophobic contacts.

2.2. 6’SLn recognition by P110 and P40/P90

The binding mode and the conformational behavior of 6’SLn when 
interacting with P110 and P40/P90 were also investigated by combining 
NMR experiments and computational approaches. Also in this case, in 
accordance with the previous crystallographic data (Fig. 4 lower panel), 
Neu5Ac was the ligand motif most involved in cytoadhesin binding. The 
STD NMR analysis and the resulting epitope map of 6’SLn bound to P110 
showed that the highest STD NMR effect was given by the acetyl group 
of Neu5Ac (Fig. S5). Also, the proton H7 contributed significantly to the 
interaction, with a STD NMR relative percentage close to 50 %. A minor 
contribution was given by H6, H8 and H9 protons of the Neu5Ac.

MD data corroborated the experimental results, clearly indicating 
the key role of the sialic acid in the binding interaction and showed 
numerous H-bonds established between the protein amino acids and the 
terminal Neu5Ac residue, also stabilized by hydrophobic contacts with 
Phe457 (Figs. 5 and S6). Recurring interactions above 90 % of the 
simulation time were formed between Pro197 and the Neu5Ac hydroxyl 
group at position 7, while the amide group established an interaction 

with the carbonyl oxygen of Ser456. Other H-bonds occurred between 
Asn200 and both the carbonyl oxygen of the acetyl moiety and the OH at 
position 4. The hydroxyl protons at positions 8 and 9 of the glycerol 
chain of Neu5Ac interacted with Asn475. In addition, the hydroxyl 
group of Ser458 also mediated a crucial interaction with the carboxyl 
group of Neu5Ac. While the Neu5Ac was the residue most involved in 
the interaction, in all the complexes derived from the MD cluster anal-
ysis, transient interactions between the protein and some protons of the 
GlcNAc unit were also predicted.

Consistent with the results observed for the cytoadhesin P110, the 
STD-NMR experiments acquired on the mixture P40/P90–6’SLn sug-
gested that the protein selectively recognized the Neu5Ac residue 
(Fig. 5). As shown by the epitope map (Fig. S5), the most involved group 
was the acetyl moiety of the Neu5Ac; protons H6 and H7 also exhibited 
high STD enhancements upon 50 %, while the glycerol chain and the 
other protons of Neu5Ac contributed less to the interaction. These data 
agreed with MD results and the previously published crystallographic 
complex showing that 6’SLn established a crucial interaction with 
amino acids of the binding pocket mainly via the Neu5Ac residue. In 
detail, its carboxyl group formed a H-bond with Thr632 [17]; the 
acetamide group of Neu5Ac interacted with the Leu630 and Lys238; and 
the Pro235 displayed an interaction with the hydroxyl group at position 
8 of the glycerol side chain.

As already predicted for the complexes with 3’SLn, MD simulation 
analysis also revealed higher flexibility of the ligand when bound to 
P40/P90 than with P110. Given the presence of the additional ω torsion 
angle in the 6’SLn with respect to 3’SLn, the ligand could sample a 
population distribution in equilibrium between different rotamers, 

Fig. 3. P110–3’SLn and P40/P90–3’SLn predicted complexes. A) 3D view of P110–3’sLn predicted complex. B) 3D view of P40/P90–3’sLn complex. The aa of the 
binding pocket involved in the binding with Neu5Ac are represented as sticks. The flexible loop moving closer to the binding site upon binding is represented in 
yellow. For clarity, a zoom on the Neu5Ac is also reported. On the right, two-dimensional plots highlighting the main protein-ligand interactions are shown. Solid 
arrows represent hydrogen bonds with the functional groups of the backbone; the other residues in the binding pocket participate in polar and hydrophobic 
interactions.
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namely gt, tg and gg, according to the different values of ω angle (60◦, 
180◦ and − 60◦ respectively) [30].Specifically, in the free state, the gt 
and tg rotamers were the most populated, while the gg rotamer popu-
lation was minor. Interestingly, MD results revealed that, upon binding 
to P110, the ligand was mainly accommodated in the gt conformation 
(Fig. S6). On the other hand, when 6’SLn bound to P40/P90, an equi-
librium was observed between two different rotamers (gt and tg) that 
were similarly accommodated in the protein binding pocket, with the tg 
conformation as the more populated one.

2.3. Recognition of complex type N-glycans by P110 and P40/P90

To acquire additional insights into N-glycans recognition by P110 
and P40/P90, longer ligands, which mimic natural complex type bian-
tennary N-glycans containing the Neu5Ac-α-(2,3)-Gal or Neu5Ac- 
α-(2,6)–Gal epitopes at their terminal end, were also investigated (see 
supporting information). STD-NMR analyses carried out on branched 
undecasaccharides (Figs. 6 and S7) reinforced selective protein recog-
nition for the Neu5Ac residues, whereas the other sugar units did not 
contribute to the binding process. These results were comparable with 
those obtained on smaller trisaccharides. Again, the acetyl group of the 
Neu5Ac displayed the highest STD enhancement, while some other STD 

signals of strong intensity belonging to the protons of the sialic acid 
sugar backbone, in particular H7 and H6, were also observed. On the 
contrary, the resonances of the protons belonging to the other sugar 
units were not visible in the spectra, indicating that they were solvent 
exposed. These data were in full agreement with the results of MD 
simulations. Indeed, as showed in the predicted model depicted in Fig. 6, 
the longer, complex N-glycan was anchored to the protein surface with 
the sialic acid on one antenna mainly establishing polar contacts with 
Leu634 and Thr632 and hydrophobic interactions involving Phe631, as 
previously reported for the trisaccharide ligand. Moreover, additional 
interactions were predicted in the model between the Neu5Ac unit 
positioned at the terminal end of the other glycan branch and Arg226 
and Ser227 residues. This result agreed with the values of the binding 
constants measured by fluorescence analysis, which revealed a protein 
affinity for each undecasaccharide that was approximately two-fold 
higher than the one measured for the corresponding trisaccharide, 
further supporting the possibility of a branched binding mode involving 
both sialic acid residues on the longer sialoglycans.

2.4. sTa-Thr recognition by P110 and P40/P90

The molecular basis of the interactions between Mycoplasma 

Fig. 4. Superimposition of P110 and P40/P90 - sialoglycans complexes derived from MD simulations and X-Ray. Upper panel: Superimposition of P110–3’sLn and 
P40/P90–3’sLn complexes. A) 3D view of the P110–3’sLn complexes as derived by MD simulation (in cyan) and from crystallographic analysis (PDB: 6r41 in yellow). 
B) 3D view of the P40/P90–3’sLn complexes as derived by MD simulation (in pink) and from crystallographic analysis (PDB: 6tlz in yellow). Lower panel: Super-
imposition of P110–6’sLn and P40/P90–6’sLn complexes. C) 3D view of the P110–6’sLn complexes as derived by MD simulation (in cyan) and from crystallographic 
analysis (PDB: 6r43 in yellow). D) 3D view of the P40/P90–6’sLn complexes as derived by MD simulation (in pink) and from crystallographic analysis (PDB: 6tm0
in yellow).
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cytoadhesins and the ad hoc synthesized, threonine-linked sialyl-T-an-
tigen, sTa-Thr, was also assessed. As revealed by the STD NMR analysis, 
both proteins were able to recognize the O-glycan in a similar manner 
(Fig. 7). The STD NMR spectra showed that the Neu5Ac displayed the 
highest STD contribution, the galactose unit slightly contributed to the 
interaction, and the reducing GalNAc (N-acetyl galactosamine), as well 
as the Thr residue, did not receive any magnetization transfer from the 
protein.

Regarding P110, the acetyl group of Neu5Ac showed a strong 
contribution to the binding, followed by H7, H5, H6, H8 and H9 protons, 
which displayed STD NMR relative percentages upon 50 %. On the other 
hand, H4 of Neu5Ac and H4 and H6 of the Gal were less involved in the 
binding event, showing %STD values below 40 %.

In the case of P40/P90, a strong saturation transfer was also detected 
for the acetyl group and H7 of the Neu5Ac, showing the highest STD 
NMR effects (Fig. 7). H4, H5 and H9 further contributed to the binding 
with STD NMR enhancements greater than 50 %. Protons at positions 8, 
6 and 3 of the Neu5Ac chain underwent less magnetization transfer 
exhibiting a %STD NMR lower than 50 %. Moreover, slight STD effects 
were observed also for the galactose moiety that exhibited a weaker 
contribution to the binding; galactose protons H4, H3, H6 and H2 dis-
played STD NMR percentages lower than 20 %.

Once the ligands interacting epitopes were established, the binding 
profile of the complexes of P110 and P40/P90 with sTa-Thr were further 
investigated via computational approaches and tr-NOESY analysis. As 
shown in Fig. 8, the sTa-Thr was accommodated in the same protein 

binding pocket as the previously analyzed ligands. Regarding the P110/ 
sTa-Thr predicted complex, interactions occurred between Pro197 and 
the hydroxyl group at position 7 of Neu5Ac and between Ser456 and the 
amide nitrogen of the sialic acid. The Asn200 residue also interacted 
with the OH group at position 4 of Neu5Ac and Ser458 established two 
H-bonds with the carboxyl group of this residue, as seen in the crystal 
structures [15,17].Also, the MD simulation of P40/P90 in complex with 
sTa-Thr revealed a selective recognition toward Neu5Ac. The most sta-
ble contact occurred between Leu630 and the amide group of Neu5Ac, 
according to the observed high STD NMR value. The Neu5Ac carboxyl 
moiety also established stable H-bonds with Thr632. Other significant 
contacts were predicted for OH at C7 of Neu5Ac, forming a hydrogen 
bond with Pro235, which was stable during the MD simulation in 
accordance with the high STD contribution of H7 (around 80 %). In 
addition, Lys218 formed a hydrogen bond with the Neu5Ac acetyl 
group.

The trajectories of ligand glycosidic torsions were sampled during 
the MD simulations in the free and bound states for both systems to 
evaluate the sTa-Thr conformational behavior (Fig. S8). The sTa-Thr 
shape and conformation were mainly influenced by the glycosidic tor-
sion angles, namely ϕ (C1-C2-O-C3’)/ψ (C2-O-C3’-H3’) around Neu5Ac- 
α-(2,3)-Gal and ϕ (H1–C1–O–C3’)/ ψ (C1–O–C3’–H3’) around the Gal- 
β-(1,3)–GalNAc bonds. Interestingly, a conformer selection was 
observed upon binding with P110. Indeed, in the bound state only the 
minimum characterized by the value of ϕ torsional angle at − 60◦ was 
populated. On the other hand, no significant conformational differences 

Fig. 5. P110–6’SLn and P40/P90–6’SLn predicted complexes. A) 3D view of the P110–6’sLn complex. B) 3D view of the P40/P90–6’sLn complex. The aa of the 
binding pocket involved in the binding with Neu5Ac are represented as sticks. Two-dimensional plots highlighting the main protein-ligand interactions are also 
reported. Solid arrows represent hydrogen bonds with the functional groups of the backbone; the other residues in the binding pocket participate in polar and 
hydrophobic interactions.
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between the free and bound state were observed for the sTa-Thr inter-
acting with P40/P90, which mainly adopted two conformations with the 
ϕ torsion angle along the Neu5Ac -α-(2,3)-Gal unit at 180◦ and − 60◦.

3. Discussion

Sialic acid-containing glycans are highly abundant on vertebrate cell 
surfaces and play essential roles in a plethora of biological functions of 
relevance both in healthy and diseased states. They serve as critical 
modulators of cell division, cell signalling, and cell-cell recognition, 
regulating a wide range of immune responses. Thus, it is not surprising 
that many pathogenic organisms, including bacteria and viruses, have 
evolved to exploit host sialoglycans to facilitate the first steps of their 
infections. As example, it has been extensively reported that α-2,3- and 
α-2,6- sialoglycans, widely exposed on the human respiratory tract, 
allow bacterial and/or viral association with and entry into target cells 
[31].Moreover, several bacterial species, including Mycoplasma genus, 
have been shown to interact with sialylated glycoproteins on the exte-
rior of eukaryotic cells to mediate adhesion and subsequent infection 
[32–34]. In particular, sialylated glycoproteins, such as laminin, 
exhibiting terminal α-2,3-linked sialic acids, have been showed to sup-
port M. pneumoniae adherence and gliding motility [3,22]. Additionally, 

it has been previously demonstrated that heavily sialylated mucins are 
implicated in the attachment of M. genitalium to human vaginal/cervical 
mucosa [35].

Given the increasing emergence of antibiotic resistance documented 
in Mycoplasmas, such as the respiratory and urogenital pathogens 
M. pneumoniae and M. genitalium respectively, the development of 
alternative therapeutic strategies to prevent and combat Mycoplasmas- 
associated infections is urgently needed. Specifically, interference with 
this sialylated glycoprotein-mediated adhesion pathway represents a 
promising therapeutic route to treat Mycoplasma infection.

Despite recent efforts to understand the mechanism of this bacterial 
adhesion pathway, the molecular basis of the interaction remained 
obscure. We report here the atomic-level characterization of the recog-
nition modes of the Mycoplasma cytoadhesins, P40/P90 and P110, 
interacting with host sialylated N- and O-glycans.

To elucidate in-depth the structural details of sialoglycans recogni-
tion by bacterial cytoadhesins, a combination of biophysical techniques 
and computational methods were employed. This integrated approach 
allowed us to compare the P110 and P40/P90 binding mode, to identify 
the ligand epitopes accommodated in the protein binding site, to explore 
the conformational behavior of N- and O-glycans interacting with the 
bacterial cytoadhesins, and to predict 3D models of protein-ligand 

PP4400//PP9900 iinntteerraaccttiinnggwwiitthh --((22,,33)) uunnddeeccaassaacccchhaarriiddee

Fig. 6. NMR and MD analysis of complex glycan bound to P40/P90. A) STD-NMR spectrum (green) and the unsaturated reference spectrum (blue) of the unde-
casaccharide containing the Neu5Ac-α-(2,3)-Gal epitope at its terminal end interacting with P40/P90. The ligand epitope map is also showed. B) 3D view of the P40/ 
P90-undecasaccharide predicted complex.
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complexes. We provide the first experimental evidence of Mycoplasma 
cytoadhesins binding to O-glycans. The study of the interaction between 
P110 and P40/90 with ad hoc synthesized sTa covalently linked to a 
threonine (sTa-Thr), representing a natural O- glycan exposed on 
membrane cells, further revealed the ability of these proteins to recog-
nize sialylated glycoproteins, as mucins, with a binding epitope com-
parable to that observed for their interaction with N-glycans. In all 
predicted complexes, indeed, the sialic acid is the residue that princi-
pally contributes to the binding; however, the two cytoadhesins show 
some differences in the binding sites and shapes. Sialoglycans interact-
ing with P110 always show recurrent H-bonds between the carboxylate 
group of Neu5Ac and Ser458, the acetamide (NHAc) at position 5 of 
Neu5Ac and Ser456, and between the proton at position 7 of Neu5Ac 
with Pro197, in agreement with NMR data since all these ligand moieties 
exhibited high STD responses. In P40/P90-sialoglycan complexes, 
Thr632 is involved in the H-bond with carboxyl group of Neu5Ac, the 

proton at position 7 interacts with Pro235, and the NHAc at position 5 of 
Neu5Ac makes a H-bond with Leu630. Additionally, hydrophobic amino 
acids in proximity to the protein binding pocket contribute to stabilize 
the complexes anchoring the terminal Neu5Ac moiety. Accordingly, a 
preliminary 3D model of binding between Mycoplasma cytoadhesins and 
longer complex-type N-glycans, commonly decorating the host cell 
surface at mucosal sites, suggests that the binding is mainly governed by 
polar and hydrophobic interactions with the terminal Neu5Ac moieties, 
without the involvement in the recognition process of the other sugar 
units that result to be solvent-exposed.

Thus, we here demonstrate that P110 and P90/P40 can recognize N- 
and O-glycans, showing comparable binding epitopes but different 
conformational aspects. Indeed, while a conformer selection is observed 
in the complexes with P110, the higher flexibility of a loop close to P40/ 
P90 binding site enables a greater conformational freedom of the ligands 
interacting with this cytoadhesin.

Fig. 7. NMR analysis of sTa-Thr bound to P110 and P40/P90. A) Superimposition of STD-NMR spectrum (red) and the unsaturated reference spectrum (black) of sTa- 
Thr interacting with P110 and the corresponding ligand epitope map. Are reported. On the bottom, Tr-NOESY spectrum of 1:50 P110-sTa-Thr mixture is reported. B) 
Superimposition of STD-NMR spectrum (red) and the unsaturated reference spectrum (black) of sTa-Thr interacting with P40/P90 and the corresponding ligand 
epitope map. On the bottom, Tr-NOESY spectrum of 1:50 P40/P90 -sTa-Thr mixture is reported.
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Fig. 8. P110 and P40/P90–sTa-Thr predicted complexes. A) 3D view of the P110-sTa-Thr complex. B) 3D view of the P40/P90-sTa complex. For clarity, a zoom on 
the Neu5Ac is also reported. The aa of the binding pocket involved in the binding with Neu5Ac are represented as sticks. Two-dimensional plots highlighting the main 
protein-ligand interactions are also shown. Solid arrows represent hydrogen bonds with the functional groups of the backbone; the other residues in the binding 
pocket participate in polar and hydrophobic interactions.

Fig. 9. Comparison of sialoglycans recognition by cytoadhesins with bacterial Siglec-like adhesins and human Siglecs. Predicted models of 3’SLn and/or sTa-Thr 
bound to streptococcal adhesins, SLBRUB10712, SLBRHsa and SLBRGspB, (previously published in ref. [25] and [33]), CD22 and Siglec10 (previously reported in 
ref. [36] and [28]) and Mycoplasma cytoadhesins, P110 and P40/P90 (here explored). In all the predicted complexes the ligand surface is colored according to the 
STD-derived epitope mapping, highlighting the different binding mode of streptococcal Siglec-like adhesins compared to that of Mycoplasma cytoadhesins. The PDB 
codes of the proteins used for computational analyses of the bound states in the previously published papers [25,33] are 6EFF [50], 6EFD [45], 5IUC [51] and 5VKM 
[37] for SLBRUB10712, SLBRHsa, SLBRGspB and CD22,respectively. Given the crystal structure Siglec-10 had not been solved yet, a predicted model of the protein was 
built by homology modelling [28].
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Notably, the outcomes here reported suggest that the mode of action 
of Mycoplasma cytoadhesins is different from that of other bacterial 
adhesins, such as streptococcal Siglec-like adhesins, despite a remark-
able topological similarity between their sugar binding sites (Fig. 9). We 
previously indicated that the Siglec-like binding region (SLBR) of 
adhesins exposed on the surface of Streptococcus gordonii, such as 
SLBRHsa and SLBRGspB and SLBRUB10712, have a wide binding pocket, 
characterized by the presence of a ФTRX motif, with the central Thr and 
Arg residues establishing key H-bonds with the Neu5Ac moiety. Simi-
larly, the glycans’ recognition by Mycoplasma cytoadhesinsinvolves a 
crucial H-bond between the carboxylate group of Neu5Ac and a Thr or 
Ser residue of the protein (Ser458 in P110 and Thr632 in P90/P40). 
However, crucial flexible loops in streptococcal SLBRs’ binding site not 
only influences their selectivity for Neu5Ac-α-(2-3)-Gal glycosidic link-
ages, but also permits the recognition of extended ligand epitopes; as 
showed in Fig. 9, indeed, streptococcal Siglec-like adhesins accommo-
date the entire sialoglycan moiety via interactions between several 
amino acids of the binding pocket and different sugar residues besides 
the terminal Neu5Ac [25,36]. On the contrary, Mycoplasma cytoadhe-
sins show a binding mode that involves exclusively the terminal end of 
sialoglycans, similarly to several mammalian Siglecs (Fig. 9) although 
the nature of interactions at protein-ligand interface presents some dif-
ferences. Siglecs preferentially accommodate the terminal Neu5Ac into 
their binding site via a crucial salt bridge established by the carboxyl 
group of the sialic acid moiety with the canonical Arg residue located on 
the F strand. Polar and hydrophobic interactions further contribute to 
the Neu5Ac recognition process, rarely involving the adjacent sugar 
units [28,37,38]. Mycoplasma cytoadhesins exhibit instead a common 
Neu5Ac binding motif composed of an extended tripeptide (X-Phe/Tyr- 
Ser/Thr) [15] exclusively interacting with the terminal sialic acid moi-
ety by relevant polar and hydrophobic contacts.

Moreover, we here hypothesize that Mycoplasma adhesins could 
recognize longer complex N-glycans by using a branched binding mode 
involving both sialic acid residues, located at the termini of the two 
antennae, in the interaction. NMR experiments on isotopically labelled 
glycans, together with mutagenesis experiments followed by binding 
measurements need to be performed to further validate the proposed 
model of the interaction. Notably, the ability of the serine-rich repeat 
adhesin SLBRSrpA to bind complex sialoglycans containing two sialic 
acid residues had previously been hypothesized, thanks to the presence 
of arginine residues corresponding to both a bacterial and mammalian 
sialoglycan [39]However, the lack of a crystal structure as well as a 
model of branched glycans bound to SLBRSrpA hampers the comparison 
of this binding mode with that of Mycoplasma adhesins.

To conclude, our results provide a more comprehensive knowledge 
of the structural features governing the recognition of sialoglycan li-
gands by the main cytoadhesins from M. pneumoniae and M. genitalium, 
defining the molecular basis of ligand specificity of these bacterial 
virulence factors. Our analysis provides a critical, atomic-level picture of 
these interactions, which can be used to identify competitive binding 
compounds able to selectively inhibit bacterial adherence to host target 
cells. These insights pave the way for developing innovative strategies to 
counteract and/or treat bacterial infections based on cytoadherence 
inhibition.

4. Materials and methods

4.1. Proteins production

For the Ectodomain Region of P110: The region corresponding to the 
MG_192 gene from M. genitalium (strain G37 residues 23–938) was 
amplified from a synthetic clone, (Genscript) using forward primer 
P110F and reverse primer P110R. These PCR fragments were subse-
quently cloned into the pOPINE54 expression vector (gift from Ray 
Owens, Addgene plasmid #26043) to create a C-terminal Histidine- 
tagged protein.

The recombinant protein was produced through overnight expres-
sion in B834(DE3) cells (Merck) at 20 ◦C after induction with 1 mM IPTG 
at an OD600 of 0.6. Cell lysis was carried out in 1× PBS buffer via 
sonication. Afterward, the cell extract was centrifuged at 20 krpm at 
4 ◦C, and the supernatant was applied to a 5 mL Histrap column (GE 
Healthcare) equilibrated with 1× PBS as a binding buffer and 1× PBS 
with 500 mM imidazole as an elution buffer. Soluble aliquots of His6- 
tagged P110 were pooled and loaded onto a HiLoad Superdex 200 16/ 
60 column (GE Healthcare) in a buffer containing 50 mM Tris pH 7.4 and 
150 mM NaCl [15].

For the Ectodomain Region of P40/P90: The ectodomain region of 
P40/P90 (23–1114) was amplified from the synthetic clone of the 
MPN_142 gene (GenScript) from M. pneumoniae using forward primer 
P40P90_F and reverse primer P40P90_R. The PCR fragment was subse-
quently cloned into the pOPINE expression vector. The recombinant 
protein was obtained after expression in B834(DE3) cells (Merck) 
induced with 0.8 mM IPTG at 22 ◦C overnight. The cell pellets were 
lysed in a buffer containing 40 mM Imidazole and 30 mM Tris-HCl at pH 
7.4 (binding buffer) and then centrifuged at 20,000 RPM at 4 ◦C. The 
supernatant was loaded onto a HisTrap 5 mL column (GE Healthcare) 
and eluted with a buffer containing 400 mM imidazole. Soluble aliquots 
were concentrated and loaded onto a Superdex 200 GL 10/300 column 
(GE Healthcare) pre-equilibrated with 20 mM Tris⋅HCl buffer at pH 7.4 
and 150 mM NaCl [16].

4.2. Ligands

The 3’sialylactosamine (3’SLn) and 6’sialylactosamine (6’SLn) were 
purchased from Tokyo Chemical Industry Co., Ltd. The sialyl-T-antigen 
linked to the threonine (sTa-Thr) was chemically synthesized as previ-
ously reported [40]. The sugar moiety of sialyl-T-antigen (without 
threonine) was purchased from Biosynth. The biantennary N-glycans 
were provided from GlyTech, Inc. [41].

4.3. Fluorescence spectroscopy

Steady-state fluorescence experiments were performed on a 
Fluoromax-4 spectrofluorometer from Horiba Scientific (Edison, USA). 
All the measurements were acquired at a controlled temperature of 
25 ◦C, the excitation wavelength was selected at 280 nm and the 
emission spectra collected between 290 and 500 nm. The slits were set to 
5 nm for both the excitation and emission monochromators. All the 
spectra were recorded after an equilibration time of 3 min in a 1 cm 
path-length quartz cuvette, under constant stirring.

A fixed concentration of both P110 and P40/P90 proteins was 
selected at 0.07 μM in 1.2 mL PBS buffer (pH 7.4) and titrated by adding 
small amounts of each ligand 3’SLn, 6’SLn, sTa-Thr and sTa in the range 
from 0 to 6.5μM (1–100 μL of a ligand stock solution of 84 μM). In these 
conditions, it was possible to observe the quenching of protein fluores-
cence in presence of the three different ligands; in particular, no ligand 
emission interference was observed.

Data analysis was performed using the software Origin 8.1. Specif-
ically, the binding curves were obtained by plotting F/Fmax values versus 
ligand concentrations, where F and Fmax are fluorescence intensities in 
presence and in absence of the ligands, respectively. The binding con-
stants (Kb) were determined by non-linear regression with One Site- 
Specific Binding model, as described in detail in Ribeiro et al., 2008; 
Oliva et al., 2019; Forgione et al., 2020 [27,42,43].

4.4. NMR analysis

The NMR experiments were recorded on a Bruker AVANCE NEO 600 
MHz equipped with a cryo probe. Data acquisition and processing were 
performed with TOPSPIN 4.1.1 software. All NMR samples were pre-
pared in 50 mM deuterate phosphate buffer (NaCl 140 mM, Na2HPO4 
10 mM, KCl 3 mM, pH 7.4 and the [D4] (trimethylsilyl)propionic acid, 
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sodium salt (TSP, 10 μM) was used as internal reference to calibrate all 
the spectra. The chemical shifts of the glycan ligands were assigned by 
1H, COSY, TOCSY, NOESY and HSQC experiments [44].

Tr-NOESY analysis. Homonuclear 2D 1H–1H NOESY experiments 
were carried out by using data sets of 2048 × 512 points and mixing 
times of 200 ms. Protein to ligand ratios from 1:20 to 1:50 were used 
[45].

STD NMR analysis. All the NMR spectra were acquired in the same 
conditions for P110 and P40/P90, using protein concentrations of 20 μM 
and ligand concentrations of 1 mM (protein:ligand ratio of 1:50) and 
temperature of 298 K. Control experiments with the ligands and proteins 
in the absence of the protein and the ligand, respectively, were per-
formed to optimize STD NMR parameters [46]. STD NMR experiments 
were acquired with 64 K data points and zero-filled prior to processing 
and a number of scans of 72 and 128. The protein resonances were 
selectively irradiated using 40 Gauss pulses with a length of 50 ms, 
setting the off-resonance pulse frequency at 40 ppm and the on- 
resonance pulse at 0 and 7.5 ppm. All STD experiments were per-
formed by using the sequence “stddiffesgp” with an excitation sculpting 
with gradient pulses (esgp) for the suppression of water signals. A 
saturation time of 2 s were used for all STD-NMR experiments. By using 
these conditions, no STD signals were observed in the control STD NMR 
spectra of the ligands alone.

The epitope mapping of ligands was achieved by the calculation of 
the ratio (I0 – Isat)/I0, where (I0 – Isat) is the intensity of the signal in the 
STD NMR spectrum and I0 is the peak intensity referred to the unsatu-
rated reference spectrum (off-resonance). The highest STD signal was set 
to 100 % and all the other STD were normalized to this value.

4.5. MM and MD simulations

Molecular dynamics calculations of 100 ns on ligands alone and 
bound to the proteins P110 and P40/P90 were carried out by using the 
AMBER 18 software package [47] in explicit water using the following 
forcefields: Glycam06j-1 for the glycans and FF14SB for the proteins. All 
the oligosaccharides were built up and minimized by using Maestro 
package and the carbohydrate builder utility of the glycam website 
(www.glycam.com) [48], and then the torsional angles were set to the 
values obtained through the molecular mechanics calculations.

First, the ligands were manually docked into the proteins binding 
pocket according to the published structures (PDB used: 6RUT and 6TLZ 
for P110 and P40/P90 respectively). Before the MD simulation, the 
complexes were minimized using Sander tools. The molecules were 
neutralized by adding Na+ ions and then hydrated with an octahedral 
box of TIP3P water of the proper size and the remote interactions were 
calculated using a cut-off of 10 Å applying tleap module of the AMBER 
package. The MD calculations were performed by using the PMEMD. 
CUDA implementation within AMBER 18 package. Periodic boundary 
conditions were applied, as well as the smooth particle mesh Ewald 
method to represent the electrostatic interactions, with a grid space of 1 
Ǻ. A restriction to the protein, which was gradually released, was 
applied and the system was minimized. Furthermore, the whole system 
was slowly heated from 0 to 300 K using a weak restrain on the solute 
and then, the system was equilibrated at 300 K using constant pressure 
and removing the restrains on the solute. Concerning the complexes of 
P110 and P40/P90 with sTa-Thr, the value of the peptide dihedral angle 
(O-CB-CA-N) was restrained approximately at 60◦.

Coordinates were obtained to acquire 10,000 structures representing 
the progression of the dynamics. The trajectories were assessed using the 
ptraj module in AMBER 18 and the MD results were visualized using the 
VMD program [49]. A cluster analysis of the MD trajectory was applied 
based on ligand RMSD, employing the K-means algorithm integrated 
into the ptraj module. The representative structures of the most popu-
lated clusters were selected to depict the complexes interactions. Mul-
tiple representative poses were chosen for each MD simulation. The 
identification of hydrogen bonds was computed using the CPPTAJ 

module within AMBER 18, defining a hydrogen bond as forming be-
tween an acceptor heavy atom (A), a donor hydrogen atom (H), and a 
donor heavy atom (D). The distance cut-off was chosen at 3 Å, and the A- 
H-D angle cut-off was set to 135◦. The frequency of protein-ligand bonds 
formed during the dynamics was reported with a 5 Å cut-off.
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