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INTRODUCTION

Glycans are oligosaccharides found in all kingdoms of 
life covalently linked to proteins, lipids and nucleic acids 
(Broussard et al., 2019; Flynn et al., 2021). The com-
plete repertoire of glycans and their glycoconjugates is 
involved in a vast range of cellular functions and key 
physiological processes including cellular communica-
tion, adhesion, proliferation, differentiation, apoptosis, 
self- recognition and immune response, among many 
others (Varki, 2017). Not surprisingly, abnormal glycan 
expression is involved in a wide range of diseases, 
immune deficiencies, hereditary disorders and many 
types of cancers (Magalhães et al., 2021; Pinho & 

Reis, 2015; Reily et al., 2019). Glycans also play prom-
inent roles in host- pathogen interactions and immune 
evasion (Lin et al., 2020; Miller et al., 2021; Zhang & 
Qu, 2021).

In nature, the staggering molecular information en-
coded in glycomes is deciphered by carbohydrate- 
binding lectins. Lectins selectively recognise and 
reversibly bind to sugars and glycoconjugates in a pro-
cess mediated by the carbohydrate- recognition domain 
(CRD) (André et al., 2015; Gabius et al., 2021). To meet 
the ample spectrum required for glycan recognition, lec-
tins have evolved a large structural diversity that has 
been divided into 109 classes, 350 families and 35 folds 
(Bonnardel et al., 2021), including C- type lectins, I- type 
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Abstract
Lectin- glycan interactions sustain fundamental biological processes involved 
in development and disease. Owing to their unique sugar- binding properties, 
lectins have great potential in glycobiology and biomedicine. However, their 
relatively low affinities and broad specificities pose a significant challenge 
when used as analytical reagents. New approaches for expression and en-
gineering of lectins are in demand to overcome current limitations. Herein, 
we report the application of bacterial display for the expression of human 
galectin- 3 and mannose- binding lectin in Escherichia coli. The analysis of the 
cell surface expression and binding activity of the surface- displayed lectins, 
including point and deletion mutants, in combination with molecular dynam-
ics simulation, demonstrate the robustness and suitability of this approach. 
Furthermore, the display of functional mannose- binding lectin in the bacte-
rial surface proved the feasibility of this method for disulfide bond- containing 
lectins. This work establishes for the first time bacterial display as an efficient 
means for the expression and engineering of human lectins, thereby increas-
ing the available toolbox for glycobiology research.
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lectins, galectin (or S- type), pentraxins and P- type lec-
tins (Raposo et al., 2021). Owing to their unique glycan- 
binding properties, purified lectins are being extensively 
investigated as tools for biomedical and biotechnological 
applications (Chettri et al., 2021; Coelho et al., 2017), in-
cluding structural characterisation of glycans, cell typing, 
histology and high- throughput analysis of complex car-
bohydrates in microarrays (Dang et al., 2020). Despite 
their enormous potential, the relatively weak binding 
affinity of individual interactions between lectins and 
carbohydrates (Kd values in the μM–mM range) has 
impaired their broad use as analytical reagents. Nature 
circumvented this limitation through oligomerisation and 
multivalency, as lectins tend to assemble into oligomeric 
structures containing multiple binding sites, thus allowing 
for higher affinities to be reached (Cecioni et al., 2014).

The affinity, stability and/or specificity of 
carbohydrate- binding proteins can be improved by 
protein engineering approaches (Hu et al., 2015; 
Ward et al., 2021; Warkentin & Kwan, 2021). Phage 
and cell surface display systems are powerful tech-
niques for the engineering and streamlined screening 
of binders from genetically encoded libraries (Mahdavi 
et al., 2022). In phage display, the peptides of interest 
are expressed on the viral surface fused to virion coat 
proteins so they can interact with targets present in 
the external milieu. This technique has been success-
fully used for the selection of peptides, and affinities 
in the sub- nanomolar range are typically achieved 
for recombinant antibodies (Jaroszewicz et al., 2022; 
Mahdavi et al., 2022). However, the small size of the 
viral particle severely limits the number of copies of 
the displayed peptide (i.e., valency), which may ham-
per the selection of binders with intrinsic low affinity 
such as lectins. Conversely, display in mammalian, 
yeast and bacterial cells allows the presentation of 
large peptides and proteins in the cell surface at much 
higher numbers. For instance, yeast display allows the 
surface expression of ca. 5 × 104 molecules of single- 
chain antibody fragments (scFvs) per cell (Salema & 
Fernández, 2017), whereas fusion to the minor coat pIII 
protein of filamentous phages can only achieve the dis-
play of up to five copies of scFvs per virion (Sartorius 
et al., 2019). Therefore, although phage display has 
been exploited for small glycoconjugates and carbohy-
drate epitopes (Çelik et al., 2010; Sojitra et al., 2021), its 
application for lectin selection remains to be explored. 
Mammalian and yeast display allows posttranslational 
modifications, correct folding and glycosylation of eu-
karyotic organisms; however, only relatively small size 
libraries (107–109) can be obtained by these methods 
(Valldorf et al., 2022). The selection of human lectins 
by mammalian display is hampered by the existence 
of endogenous carbohydrate- binding proteins in the 
cell surface, and the use of yeast for the surface ex-
pression of human lectins is yet to be fully developed. 
In this context, Ryckaert et al. investigated the display 

of 6 members of galectins, siglecs and C- type lectin 
subfamilies on the surface of Saccharomyces cerevi-
siae and Pichia pastoris. Among them, only galectin- 3 
and galectin- 1, as well as the sialoadhesin α- agglutinin, 
presented glycan- binding activities upon expression in 
S. cerevisiae and P. pastoris, respectively. The lack of 
activity observed for some of the lectins assessed in this 
study was attributed to their low expression levels, as 
well as incorrect topological orientation of the CRD for 
carbohydrate binding (Ryckaert et al., 2007). Bacterial 
display relies on the use of a membrane anchoring 
motif that promotes the translocation of a heterologous 
polypeptide across the cellular membrane to the extra-
cellular milieu (Georgiou et al., 1997). Bacterial display 
in Escherichia coli benefits from its high transformation 
efficiency, stability of the cloned DNA and fast growth. 
Also, along with multivalently expression, this technol-
ogy allows the implementation of flow cytometry- based 
methods for selection and screening of affinity binders 
(Salema & Fernández, 2017).

In this study, we applied bacterial display for the en-
gineering and cell surface expression of human lectins 
in E. coli. To this end, we investigated a display system 
based on an adhesin from enteropathogenic and en-
terohemorrhagic E. coli termed intimin (McWilliams 
et al., 2014; Figure 1A). The N- terminal region of intimin 
contains a Sec signal peptide, a LysM- type region and 
a β- barrel domain that spans the outer membrane (OM) 
(Fairman et al., 2012). The extracellular C- terminal re-
gion is comprised of four tandem immunoglobulin- like 
domains (D00- D0–D1–D2) and a C- type lectin do-
main (D3) (Batchelor, 2000; Luo et al., 2000; Weikum 
et al., 2020) that contains a disulfide bridge which may 
be involved in receptor binding (Bodelón et al., 2009; 
Frankel et al., 1995). The secretion of ATs, including in-
timin, by means of the Type- V secretion system (T5SS) 
involves the action of periplasmic chaperones and the 
β- barrel assembly machinery (BAM) complex, which 
catalyses their translocation across the OM (Albenne & 
Ieva, 2017; Wang et al., 2021). The periplasmic transit 
of intimin is mainly assisted by SurA chaperone, which 
maintains the polypeptide in an unfolded state until it is 
inserted into the OM in a process dependent on BamA 
(Bodelón et al., 2009). The process of intimin secretion 
is believed to take place through a hairpin- like interme-
diate where the N- terminus of the passenger is exported 
first by sequential folding of the passenger domain (Leo 
et al., 2016; Oberhettinger et al., 2015). The crystallo-
graphic data support this model, showing that the pas-
senger and the β- barrel domain are connected by a 
linker located within the pore of the β- barrel (Fairman 
et al., 2012). Although the precise mechanism remains 
to be elucidated, biochemical and structural studies have 
provided evidence that translocation across the OM in-
volves an assembly intermediate that consists in a hybrid 
barrel structure between the β- barrel of the AT and BamA, 
which functions as a polypeptide export channel (Doyle 
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et al., 2022; Doyle & Bernstein, 2019, 2021; Tomasek 
et al., 2020). The Neae polypeptide (1–654 residues) of 
intimin, lacking D1, D2 and D3 domains, has proven to 
be an effective system for the bacterial display of a wide 
variety of heterologous passengers, including disulfide 
bond- containing peptides such as immunoglobulin do-
mains and single- domain recombinant antibodies termed 
nanobodies (VHH) (Figure 1B; Adams et al., 2005; Al- 
ramahi et al., 2021; Piñero- Lambea et al., 2015; Salema 
et al., 2013, 2016; Wentzel et al., 2001). In this context, 
it has been estimated that the intimin bacterial display 
system allows the surface expression of approximately 
8 × 103 nanobody molecules on each E. coli cell (Salema 
et al., 2013).

We focus this work on human galectin- 3 (Gal3) and 
mannose- binding lectin (MBL) members of the galectin 
and Ca2+- dependent (C- type) lectin families, respec-
tively, which are the most populated classes of animal 
lectins (Bonnardel et al., 2019). Gal3 is a protein of ap-
proximately 30 kDa that contains an amino- terminal 
non- lectin domain (NLD), and a carboxy- terminal CRD 
responsible for binding to galactosyl moieties, primar-
ily N- acetyllactosamine (LacNAc) residues on glyco-
proteins (Sciacchitano et al., 2018). MBL is a protein of 
about 32 kDa constituted by an NLD bearing a cysteine- 
rich, collagen and α- helical coiled- coil neck regions and 
a CRD that binds to mannose and N- acetylglucosamine 
sugar motifs (Sheriff et al., 1994). Structurally, MBL is 
an oligomer composed of three interlinked polypeptide 
chains stabilised by hydrophobic interactions and inter-
chain disulfide bonds, which can be found in the human 
plasma as higher order oligomers (Jensen et al., 2005; 
Vang Petersen, 2001). The four cysteines in the CRD 
form two highly conserved intramolecular disulfide 

bridges that are believed to play a role in the polypep-
tide folding (Weis et al., 1992; Zelensky & Gready, 2005). 
Unlike Gal3, which features a single cysteine residue, 
MBL was selected in this study to evaluate the suitability 
of the display system for the expression of human lec-
tins containing disulfides. Structural information of both 
human lectins is shown in Section S3 (Figure S1A–D) 
and the domain architecture of the Gal3 and MBL fusions 
to Neae in Figure 1B,C.

Herein, we demonstrate that the Neae polypep-
tide allows the successful display of functional Gal3 
and MBL on the surface of E. coli. The binding of the 
surface- expressed lectins was assessed by adhesion 
assays to cognate glycans and glycoconjugates immo-
bilised on plastic surfaces and polymeric nanoparticles. 
We combined molecular dynamics (MD) simulation and 
bacterial display to explore the impact of point muta-
tions in the glycan- binding activity of Gal3. We also 
investigated by mutagenesis the influence of the NLD 
and cysteine residues present in the CRD of MBL. Our 
findings give new insights into the functional properties 
of the mutants investigated and demonstrate the suit-
ability and robustness of bacterial display for the ex-
pression and engineering of human lectins.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Escherichia coli strains used in the work are indicated 
in Section S1 (Table S1). E. coli cells were grown in 
Lysogeny broth (LB) (5 g/L yeast extract, 10 g/L tryp-
tone and 10 g/L NaCl) or in LB agar plates (1.5% w/v). 

F I G U R E  1  Domain organisation of the intimin bacterial display system for the expression of human lectins. (A) Scheme of intimin 
showing N- terminal signal peptide (SP), LysM, β- barrel for OM insertion, extracellular D00- D2 Ig- like domains and C- terminal lectin- like 
domain (D3). (B) Scheme of Neae- lectin fusions to Gal3 (Neae- Gal3), MBL (Neae- MBL) indicating the N- terminal non- lectin (NLD) and 
carbohydrate recognition (CRD) domains. The Neae- VHH fusion used as a control is also depicted. (C) Scheme of the structural domains 
of intimin, Neae- Gal3 and Neae- MBL in the bacterial OM. Amino- terminal (N) and carboxy (C)- terminal ends, intramolecular disulfide bond 
(DB), E- tag and Myc- tag epitopes are also indicated.
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Induction of protein expression was performed in EcM1 
bacteria grown for 18 h at 30°C without agitation in LB 
medium supplemented with d- glucose (2% w/v), chlo-
ramphenicol (30 μg/mL) and 0.05 mM isopropyl- β- d- 
thiogalactopyranoside (IPTG).

Plasmids, primers and cloning procedures

The plasmids and oligonucleotides (MilliporeSigma, 
Merck, Darmstadt, Germany) used in the present study 
are listed in Tables S1 and S2, respectively. Details 
of plasmid construction are described in Section S2. 
Cloning procedures were performed following stand-
ard protocols of DNA digestion with restriction en-
zymes and ligation. PCRs for cloning purposes were 
performed with Vent DNA polymerase (NEB). All DNA 
constructs were sequenced by the Sanger method at 
CACTI- UVigo.

Protein extract preparation, 
SDS- PAGE and Western blot

Whole- cell protein extracts were prepared by mix-
ing 100 μL of a bacterial suspension (OD600 of 1.5) in 
phosphate- buffered saline (PBS) with the same vol-
ume of sodium dodecyl sulfate (SDS) sample buffer 
(2×) or urea- SDS sample buffer (2×) as described 
previously (Bodelón et al., 2009). The samples were 
boiled for 10 min and loaded onto 10% SDS- PAGE 
gels, and electrophoresis was performed using the 
Mini- PROTEAN III system (Bio- Rad). For Western blot, 
the proteins were separated by SDS- PAGE and trans-
ferred to a 0.45 μm polyvinylidene difluoride (PVDF) 
membrane (Bio- Rad) using a Trans- Blot Turbo trans-
fer system (Bio- Rad). For immunodetection, the PVDF 
membranes were probed with anti- Myc mAb clone 
9B11 (1:2000; Cell Signaling Technology), anti- Gal3 
mAb (1:1000; Abcam ab2785) or anti- MBL pAb (1:1000; 
ProSci 57- 234) as indicated. Goat anti- mouse IgG- 
peroxidase (HRP) conjugate (1:2000; Abcam ab6789) 
and goat anti- rabbit IgG- peroxidase (HRP) conjugate 
(1:10,000; Sigma- Aldrich A0545) were used as second-
ary antibodies. Membranes were developed by chemi-
luminescence using a mixture of 100 mM Tris- HCl 
(pH 8.0) containing 1.25 mM luminol (Sigma- Aldrich), 
0.22 mM coumaric acid (Sigma- Aldrich) and 0.0075% 
H2O2 (Sigma- Adrich) and scanned in ChemiDoc XRS 
(Bio- Rad) and analysed using the Quantity One soft-
ware (Bio- Rad).

Flow cytometry analysis

Escherichia coli bacteria corresponding to an OD600 
of 0.5 were harvested from overnight LB cultures by 

centrifugation (4000 g, 3 min), washed with PBS and re-
suspended in 1 mL of PBS containing 3% (w/v) bovine 
serum albumin. After 30 min incubation at room tem-
perature, anti- Galectin 3 or rabbit anti- E- tag (Abcam 
ab3397) antibodies were added (1:200) and incubated 
on ice for 1 h. Next, bacteria were washed in PBS, re-
suspended in 0.5 mL of PBS containing 3% (w/v) bo-
vine serum albumin and stained in the dark with either 
goat anti- rabbit Alexa 488 (1:500; Abcam ab150077) or 
anti- mouse Alexa 488 (1:500; Thermo Fisher Scientific 
A28175) for 40 min. Bacteria were washed three times 
with PBS and resuspended in 0.5 mL of PBS for analy-
sis in a flow cytometer (CytoFLEX S, Beckman Coulter 
and Accuri C6; Becton Dickinson).

Adhesion assays to immobilised target 
glycans on plastic surfaces

Heparin sodium salt (1 mg/mL; Sigma- Aldrich H3393), 
Asialofetuin from foetal calf serum (1 mg/mL; Sigma- 
Aldrich A4781), d- (+)- Mannose (0.5 mg/mL; Sigma- 
Aldrich M8574), LacNAc (1 mg/mL; Sigma- Aldrich 
A7791) and SARS- CoV- 2 Spike protein S1 (0.1 mg/mL; 
Thermo Fisher Scientific RP- 87679) were adsorbed 
onto ELISA plates (MultiSorp, Thermo Fisher) at the 
indicated concentrations overnight at 4°C. For Gal3, 
coated plates were washed with PBS and blocked for 
30 min at room temperature with PBS containing 3% 
(w/v) bovine serum albumin. Next, a bacterial suspen-
sion (100 μL) of the indicated strain was added at an 
OD600 of 3.0 in PBS and incubated for 1 h as previously 
described (Piñero- Lambea et al., 2015). For MBL, PBS 
was substituted by TBS buffer (50 mM Tris, 150 mM 
NaCl, pH 7.4) containing 5 mM CaCl2. Bound bacteria 
were stained with 125 μL of 0.1% crystal violet (CV) so-
lution (Sigma- Aldrich) for 15 min. Next, the plate was 
rinsed very gently with distilled water and CV was solu-
bilised by applying 125 μL of 30% acetic acid in water 
to each well. The absorbance of CV was measured in a 
plate reader at 550 nm using 30% acetic acid as blank. 
The binding assays in multiwell format were performed 
at least three times each.

Synthesis of Man- PEI polymeric 
nanoparticles

The procedure was performed as described elsewhere 
(Li et al., 2019). Briefly, 2 mL of branched polyethylen-
imine MW 10,000 (Polysciences) (0.1 g/mL) was added 
to 14 mL of TBS 5 mM CaCl2 and stirred for 1 min. Then, 
4 mL of d- (+) mannose (0.1 M) (Sigma- Aldrich) was 
added and stirred for 1 additional min. The mixture was 
heated at 90°C for 40 min, and the Man- PEI nanoparti-
cles were purified by dialysis with a 10 kDa cutoff bag in 
ultrapure water for 36 h.
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Fluorescent detection of bacterial cells 
bound to Man- PEI nanoparticles

The Man- PEI NP solution (1 mL) was added to a bacte-
rial suspension in TBS 5 mM CaCl2 bearing the indi-
cated OD600nm and incubated for 1 h at 37°C with gentle 
agitation (160 rpm). Next, bacteria were washed twice 
with distilled water by centrifugation at 4000 g for 3 min, 
and the fluorescence spectra were recorded with an 
excitation wavelength of 340 nm (Li et al., 2019).

Molecular dynamics simulations

The binding of Gal3 and three mutated versions of the 
protein to LacNAc was studied by means of molecular 
dynamics (MD) simulations. Taking as starting point 
the crystal structure of Gal3 bound to LacNAc (PDB ID: 
1KJL) without crystal- water molecules, we prepared the 
mutants R186A (Gal3M1), R186A, E165A (Gal3M2) and 
R186A, E165A, R162A, E184A (Gal3M3) and placed each 
complex in the centre of a cubic box extending 10 Å from 
the protein and solvated with around 9000–9500 water 
molecules. The protonation states of all residues are 
those employed in previous studies (Saraboji et al., 2011), 
and potassium and chloride ions were added to maintain 
electroneutrality. Molecular dynamics were performed 
using GROMACS 2021.3 (Abraham et al., 2015). Both 
the protein and the LacNAc ligand were described using 
the CHARMM36 force field, and TIP3P was chosen as 
model for water molecules (Guvench et al., 2011). For 
each complex, initial energy minimisation was performed 
until the maximum force was smaller than 10 kJ/mol/
nm followed by 100 ps of NVT and NPT equilibrations, 
respectively. The V- rescale thermostat with a relaxation 
time of 1.0 ps and the Parrinello- Rahman barostat with a 
coupling constant of 2 ps were used to maintain the aver-
age temperature of the system at 300 K and a constant 
pressure of 1 bar. At least five independent production 
runs of 10 ns length were performed for each system. To 
characterise the binding interaction between Gal3 and 
its mutants with the LacNAc ligand, we computed the 
binding free energy employing the Molecular Mechanics 
Generalized Born Surface Area (MM/GBSA) method 
(Kollman et al., 2000; Srinivasan et al., 1998) using the 
gmx_MMPBSA tool (Valdés- Tresanco et al., 2021).

RESULTS AND DISCUSSION

Surface display and functional activity of 
Gal3

As a host for cell surface display, we employed an 
E. coli K- 12 strain termed EcM1 (Table S1). This strain 
has a deletion in the operon encoding type 1 fimbriae 
(Δfim) (Munera et al., 2008), an adhesin involved in the 

recognition and binding to mannose moieties on glyco-
proteins (Lupo et al., 2021). The rationale for using bac-
terial cells devoid of type 1 fimbriae is to avoid potential 
interferences with the surface- displayed lectins in the 
binding assays.

Initially, we assessed the expression of Neae- Gal3 
by SDS- PAGE and Western blot after induction with 
IPTG (see Experimental Procedures). As a control, we 
included a Neae fusion to a nanobody (Neae- VHH), 
which has been reported to be efficiently displayed on 
the bacterial surface (Salema et al., 2013). As shown 
in Figure 2A, it is observed a band of approximately 
70 kDa in whole- cell protein extracts from the induced 
cells that corresponds to Neae- Gal3 (Figure 2A, com-
pare lanes 3 and 4). The surface display of Gal3 was 
also evaluated by immunodetection of the Myc- tag in 
intact cells followed by flow cytometry. To this aim, un-
induced and induced bacteria bearing pNeae- Gal3, 
or pNeae- VHH plasmids, were stained with anti- Myc 
mAbs followed by anti- mouse IgG- Alexa488. In the 
flow cytometry histograms shown in Figure 2B, it is ob-
served that induced cells expressing either Neae- Gal3 
or Neae- VHH show a mean fluorescence intensity 
up to 100- fold higher than that of non- induced cells. 
Notably, the presence of a single peak in the flow cy-
tometry histogram indicates that most cells expressed 
homogenous levels of the fusion proteins.

The binding activity of the surface- displayed 
Gal3 was assessed by means of a crystal violet 
assay in microtitre plates coated with LacNAc, hep-
arin or asialofetuin (ASF). These ligands are known 
to bind the carbohydrate- binding site of the lectin 
(Lepur et al., 2012; Seetharaman et al., 1998; Talaga 
et al., 2016). IPTG- induced EcM1 bacteria bearing 
pNeae- Gal3 or pNeae- VHH plasmids were incubated 
on ligand- coated microtitre plates. Next, bound bacte-
ria were stained with crystal violet, and the absorbance 
of the solubilised dye was evaluated spectrophotomet-
rically (see Experimental Procedures). As shown in 
Figure 2C, the expression of Neae- Gal3 induced the 
binding of bacterial cells to the different galectin ligands 
at similar levels, whereas the expression of Neae- VHH 
produced negligible levels of adhesion, demonstrating 
the activity of the surface- expressed Gal3, as well as 
the selectivity of the system.

Structural and functional analysis of 
Gal3 mutants

Having demonstrated the functional activity of the 
displayed Gal3, we next sought to evaluate point mu-
tations in the CRD of the lectin and how they affect 
the binding to cognate ligands. This domain folds 
into two antiparallel β- sheets of six (S1–S6) and five 
(F1–F5) strands forming a β- sheet sandwich structure 
bearing the canonical carbohydrate- binding pocket 
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(Seetharaman et al., 1998). Structural studies of Gal3 
bound to the prototypical ligand LacNAc show that 

the galactose (GAL) unit of the disaccharide is most 
deeply buried in the binding site forming hydrogen 
bonds with Arg- 144, His- 158, Asn- 160, Arg- 162, Asn- 
174 and Glu- 184, as well as a stacking interaction 
with Trp- 181. The N- acetylglucosamine (NAG) moiety 
of LacNAc is more solvent- exposed and hydrogen 
bonds to Arg- 162, Glu- 165 and Glu- 184 (Figure 3A, 
Gal3) (Chan et al., 2018; Seetharaman et al., 1998). 
We focused the mutation analysis on the amino acid 
residues Arg- 162, Glu- 165, Glu- 184 and Arg- 186, 
which are involved in a highly conserved salt bridge 
network that has been proposed to play a significant 
role in carbohydrate recognition of Gal- 1, - 3 and - 7 lec-
tins towards LacNAc (St- Pierre et al., 2015). Initially, 
we applied molecular dynamics (MD) to investigate 
the effect of loss- of- function mutations in the above- 
indicated amino acid residues in their interaction with 
LacNAc. We carried out MD simulations of the compl-
exation of the disaccharide into the CRD of wild- type 
Gal- 3 and three mutated versions: Gal3M1 (R186A), 
Gal3M2 (R186A, E165A) and Gal3M3 (R186A, E184A, 
E165A, R162A) (Figure 3 and Figure S3A–F). In gen-
eral, by gradually increasing the number of mutations 
we observe that LacNAc loses direct hydrogen bond-
ing with the carbohydrate binding pocket and rotates 
its conformation (Figure 3A,B and more detailed in-
formation in Tables S3–S5 and Figures S2–S6). The 
binding interaction between Gal3 and its mutants 
with the LacNAc ligand was also analysed by com-
puting the binding free energy (ΔGbind) through the 
Molecular Mechanics Generalized Born Surface Area 
(MM/GBSA) method (Srinivasan et al., 1998). The re-
sults show a gradual decrease of ΔGbind, reflecting 
that the interaction with the CRD is weakened as the 
number of mutations increases (Figure 3C, Table S4 
and Figure S5). Interestingly, it can be observed that 
the interaction between the binding pocket and the 
GAL unit of the ligand is maintained, while the NAG 
moiety diverges notably from the initial disposition of 
LacNAc in the wild type. Also, we noticed that the 
R186A mutation in Gal3M1 results in the loss of the 
water- mediated hydrogen bond with LacNAc me-
diated by Glu- 165. The double mutation in Gal3M2 
(R186A, E165A) did not elicit a significant alteration of 
the interaction with the disaccharide as compared by 
visual inspection with Gal3M1 (R186A) (Figure 3A,B). 
Nevertheless, ΔGbind quantification demonstrates 
the weaker binding of Gal3M2 vs Gal3M1 (Figure 3C). 
Additionally, simulations with longer production times 
even indicated that the interaction between LacNAc 
and the mutated systems might be lost and, as a con-
sequence, the ligand does not remain attached to 
the CRD region (Table S5 and Figure S6). However, 
it must be taken into account here that MD simula-
tions only consider a single ligand- protein interaction 
and the possibility of oligomerisation or multiva-
lent behaviour of Gal3 might be recalled to explain 

F I G U R E  2  Analysis of bacterial surface display and functional 
activity of Neae- Gal3. (A) Western blot of bacteria expressing 
Neae-VHHorNeae-Gal3induced(+)ornot(−)withIPTGand
probed with anti- Gal3 antibodies. (B) Flow cytometry analysis 
of uninduced (black line) and IPTG- induced (blue and orange 
lines) bacteria transformed with pNeae- VHH or pNeae- Gal3, 
respectively. Histograms show the fluorescence intensity of 
bacteria stained with anti- Myc tag (for Neae- VHH) or anti- 
Gal3 antibodies and secondary anti- mouse IgG- Alexa 488. (C) 
Absorbance at 550 nm of crystal violet- stained bacteria expressing 
Neae- VHH or Neae- Gal3 bound to microtitre wells coated with 
different Gal3 ligands: LacNAc, heparin and ASF. Error bars 
indicate standard deviations.
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experimental affinities. Additional data, discussion 
and bibliographic references regarding MD results 
are shown in Sections S4 and S6, respectively.

Next, we generated the different Neae- Gal3M1, 
Gal3M2 and Gal3M3 fusions (Figure 3D) aiming to 
evaluate their binding to cognate ligands by bacte-
rial display. In the Western blot analysis of whole- cell 
protein extracts from IPTG- induced cultures, it can be 
observed protein bands with the expected size for the 
three mutants (Figure 4A). The flow cytometry analy-
sis shows that all of them were detected at similar lev-
els as the wild- type Neae- Gal3 (compare Figures 4B 
and 2D). Once we demonstrated that the Gal3 mu-
tants were efficiently expressed on the cell surface, 
we assessed their capacity to bind LacNAc, heparin 
and ASF immobilised on microtitre plates by crystal 
violet staining. This assay shows that, as compared 
to Neae- Gal3, the expression of Neae- Gal3M1, Neae- 
Gal3M2 and Neae- Gal3M3 reduced bacterial adhesion 
to the ligands in ca. 10%, 25% and 40%, respectively 
(Figure 4C). This trend is in good agreement with the 
results obtained by MD (Figure 3C and Table S4). The 
reduction of binding activity to LacNAc and ASF ob-
served for the single mutation R186A in Neae- Gal3M1 
is in accordance with the findings reported by others 
employing purified Gal3 bearing a R186S point mu-
tation (Lepur et al., 2012; Salomonsson et al., 2010). 
Remarkably, the expression of the Neae- Gal3M3 
fusion did not completely abolish the interaction 

between Gal3 and the disaccharide (Figure 4C). As 
expected, mutation of the 4 amino acid residues in 
Neae- Gal3M3 mainly affects the interaction with the 
NAG ring, while the GAL moiety can still form hydro-
gen bonds with Arg- 144, His- 158, Asn- 160 and Asn- 
174, as well as the stacking interaction with Trp- 181 
(Figure 3). Therefore, we can conclude that the amino 
acid residues involved in the salt- bridge network are 
not major determinants of the binding between the 
lectin and the disaccharide.

Surface display and functional 
activity of MBL

To broaden the application of this approach to di-
sulfide bond- containing lectins, we investigated 
the bacterial display of human MBL. The NLD con-
tains a cysteine- rich region that participates in in-
terchain disulfide bonds that hold MBL oligomers 
together (Larsen et al., 2004; Sheriff et al., 1994; 
Vang Petersen, 2001). The CRD features four highly 
conserved cysteines that form two intramolecular 
disulfide bridges (Cys- 155/Cys- 244 and Cys- 222/
Cys- 236), which are believed to contribute to the sta-
bilisation of the overall fold of the sugar- binding do-
main (Weis et al., 1992; Zelensky & Gready, 2005). 
To our knowledge, assessment of the influence of 
the above- mentioned cysteines in the glycan- binding 

F I G U R E  3  Molecular dynamics simulation analysis of point mutants of Gal3 glycan- binding pocket. (A) Selected MD snapshots for the 
interacting residues of Gal3 with LacNAc in its native bound pose, as well as the indicated mutants. (B) Superimposed images of LacNAc 
interacting with Gal3 and its mutants. (C) Binding free energy, ΔGbind, between LacNAc and Gal3 and its three mutants. (D) Scheme of the 
Gal3 mutants fused to Neae bacterial display system. The asterisks shown in the lectin CRD indicate the relative position of the mutated 
amino acid residues.
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8 of 14 |   VÁZQUEZ- ARIAS et al.

activity of human MBL has not been addressed to 
date. To this end, we assessed the display and func-
tional activity of a MBL deletion mutant devoid of the 
NLD termed Neae- MBLCRD, which therefore is unable 
to form interchain oligomers. In addition, we gener-
ated a Neae- MBLΔCys fusion in which two cysteines of 
the CRD were replaced by alanine residues (C222A, 
C244A) to abrogate the formation of the two canoni-
cal intramolecular disulfide bonds (Figure 5A). The 
expression of Neae- MBL, Neae- MBLCRD and Neae- 
MBLΔCys was analysed by Western blot with anti-
bodies against MBL in total cell extracts. As shown 
in Figure 5B, Neae- MBLCRD is expressed at higher 
levels than Neae- MBL and Neae- MBLΔCys polypep-
tides. We next assessed the surface expression of 
the different Neae- MBL fusions by flow cytometry 
employing mAbs against the E- tag localised at the N- 
terminal region of the passenger (Figure 1), as the 
mAbs used to immunodetect the Myc- tag in Neae- 
VHH (Figure 2B) did not recognise the C- terminal 
epitope in the three different Neae- MBL fusions 
evaluated (not shown). This result suggested that 
the Myc- tag epitope might be hidden in the surface- 
displayed polypeptides and, therefore, it cannot 
be bound by the mAbs. Alternatively, neighbouring 

sequences to the Myc- tag might affect its recogni-
tion by the antibody as the 9B11 clone employed in 
this assay shows context- dependent differences in its 
ability to bind N-  or C- terminal Myc- tagged proteins 
(Schüchner et al., 2020). For immunodetection of the 
E- tag, IPTG- induced E. coli cells harbouring pNeae- 
MBL, pNeae- MBLCRD or pNeae- MBLΔCys were incu-
bated with anti- E- tag mAbs followed by anti- mouse 
IgG- Alexa488. The flow cytometry analysis shows 
that all three polypeptides were successfully recog-
nised by the E- tag mAbs (Figure 5C) suggesting that 
the Neae- MBL fusions are present in the cell sur-
face. In addition, this result shows that Neae- MBL 
and Neae- MBLCRD are expressed at higher levels 
than Neae- MBLΔCys, which is in accordance with the 
Western blot results (Figure 5B).

The functional activity of the surface- displayed 
MBL, as well as their mutated versions, was investi-
gated by adhesion assays on microtitre plates coated 
with either mannose or the spike protein of severe 
acute respiratory syndrome- coronavirus 2 (SARS- 
CoV- 2), which has been reported to be bound by 
this lectin (Stravalaci et al., 2022). The expression of 
Neae- MBL elicited the adhesion of bacteria to both 
mannose and spike protein (Figure 5D), whereas 

F I G U R E  4  Analysis of bacterial surface display and functional activity of Gal3 mutants. (A) Western blot of bacteria expressing the 
differentNeae-Gal3mutantsinduced(+)ornot(−)withIPTGandprobedwithanti-Gal3mAbs.(B)Flowcytometryanalysisofuninduced
(black line) and IPTG- induced (orange line) bacteria transformed with control pNeae- Gal3 or its different mutants. Histograms show the 
fluorescence intensity of bacteria stained with anti- Gal3 mAbs and secondary anti- mouse IgG- Alexa 488. (C) Absorbance at 550 nm 
of crystal violet- stained bacteria expressing Neae- VHH, Neae- Gal3 and the different mutants bound to microtitre wells coated with the 
different Gal3 ligands: LacNAc, heparin and ASF. Error bars indicate standard deviations. The binding assays in multiwell format were 
performed at least three times each.
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the display of Neae- MBLΔCys significantly reduced 
the adhesion to both ligands by approximately 60%. 
This result could be attributed to the low expression 

levels of this polypeptide and suggests that the mu-
tated cysteines may be involved in the binding activ-
ity of the lectin. Expression of Neae- MBLCRD did not 

F I G U R E  5  Analysis of bacterial surface display and functional activity of MBL. (A) Scheme of Neae- MBL, Neae- MBLCRD and Neae- 
MBLΔCys.(B)WesternblotofbacteriaexpressingtheindicatedNeae-MBLsfusionsinduced(+)ornot(−)withIPTGandprobedwith
rabbit anti- MBL and goat anti- rabbit HRP. Asterisk indicates the protein bands corresponding to the different Neae- MBL fusions. (C) Flow 
cytometry analysis of uninduced (black line) and IPTG- induced (blue line) bacteria transformed with pNeae- MBL, pNeae- MBLΔCys or 
pNeae- MBLCRD. Histograms show the fluorescence intensity of bacteria stained with anti- E- tag antibody and secondary anti- mouse IgG- 
Alexa 488. (D) Absorbance at 550 nm of crystal violet- stained bacteria expressing Neae- MBL, Neae- MBLCRD or Neae- MBLΔCys, bound to 
microtitre wells coated with SARS- CoV- 2 spike protein or mannose. Error bars indicate standard deviations. The binding assays in multiwell 
format were performed at least three times each.

F I G U R E  6  MBL- mediated bacterial 
adhesion to Man- PEI nanoparticles. (A, B) 
TEM images of EcM1 bacteria expressing 
Neae- MBL (A) and Neae- VHH (B). (C) 
Net increase of fluorescence, F−F0, 
as a function of bacterial concentration 
(CFU/mL) of Neae- MBL (black circles), 
Neae- MBLCRD (black triangles) and 
Neae- MBLΔCys (empty circles). The lines 
represent the best fit of a linear equation 
to the experimental data.
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10 of 14 |   VÁZQUEZ- ARIAS et al.

promote bacterial adhesion to any of the two ligands, 
demonstrating that the NLD region is absolutely re-
quired for carbohydrate binding in the display system 
(Figure 5D).

We sought to test the functional activity of the 
surface- displayed MBLs by an additional method that 
involves the use of 30 nm polyethyleneimine copolymer 
nanoparticles functionalised with mannose (Man- PEI) 
(Section S5, Figure S7A–D; Li et al., 2019). Since the 
Man- PEI nanoparticles emit a bright blue fluorescence 
when illuminated with UV light, we harnessed this prop-
erty of the nanomaterial to assess the binding of the 
lectin to the mannose moiety by fluorescence spec-
troscopy. IPTG- induced EcM1 bacteria bearing pNeae- 
MBL, or control pNeae- VHH, were incubated with the 
Man- PEI nanoparticles, and after removing unbound 
nanoparticles by centrifugation, the samples were 
analysed by transmission electron microscopy (TEM) 
(Figure 6A,B and Figures S8 and S9). The microscopy 
images show the presence of nanoparticles bound to 
the bacterial cells that express Neae- MBL (Figure 6A 
and Figure S8) and not to control bacteria (Figure 6B 
and Figure S9), demonstrating the binding specificity of 
the surface- displayed lectin. Consequently, we applied 
this strategy to evaluate the mannose- binding activity 
of the different MBL fusions in bacterial cells express-
ing Neae- MBL, Neae- MBLΔCys or Neae- MBLCRD. To 
this aim, a fixed amount of the Man- PEI nanoparticles 
was incubated with increasing bacterial concentra-
tions, and the presence of Man- PEI/EcM1 conjugates 
was determined by fluorescence spectroscopy (see 
Experimental Procedures). As shown in Figure 6C, the 
highest fluorescence intensities were obtained by the 
bacterial display of Neae- MBL (black circles), whereas 
expression of Neae- MBLΔCys (empty circles) yielded 
intensities slightly higher than those of Neae- MBLCRD 
(black triangles). These results are in good agreement 
with the plate adhesion assay (Figure 5D). The linear 
relationship observed between the fluorescence inten-
sity and the concentration of E. coli bacteria expressing 
the different fusion proteins is indicative of the reliability 
of the assay.

Our results demonstrate that the intimin display 
system can express functional MBL on the bacterial 
surface. In its native form, human MBL is a homotri-
mer that can further oligomerise to form biologically 
active high- order structures. Oligomerisation of MBL 
is mediated by cysteine residues present in the NLD- 
rich domain that form intra-  and intersubunit disulfide 
bonds (Larsen et al., 2004; Sheriff et al., 1994). The 
deletion of the NLD region in Neae- MBLCRD does not 
affect its expression and surface display; neverthe-
less, it completely abolished glycan binding. These 
findings suggest that deletion of this amino- terminal 
region reduces the capacity of the CRD to interact 
with its glycan targets, possibly due to steric hin-
drance, and/or might prevent it from adopting a proper 

orientation for efficient ligand binding (Takahashi 
& Ezekowitz, 2005). Also, this result raises the in-
triguing possibility that the surface- displayed MBL 
might require an oligomeric conformation for activity 
triggered by the NLD. There are three possible sce-
narios in which oligomerisation of Neae- MBL could 
take place (i) in the periplasmic space; (ii) during OM 
translocation; and (iii) after translocation of individ-
ual subunits. In general, the secretion of ATs imposes 
structural constraints and the polypeptide must adopt 
a folding competent state for translocation (Meuskens 
et al., 2019). Experimental evidence has shown that 
both the size and structural complexity are key fac-
tors that limit the export of heterologous passenger 
domains (van Ulsen et al., 2014). Despite some local 
tertiary folding is tolerated for some ATs, including the 
disulfide bond present in the C- type lectin domain of 
intimin (see below), engineered disulfides between 
spatially distant cysteines can block secretion (Jong 
et al., 2007; Leyton et al., 2011). Therefore, since 
translocation of AT can be affected by the folding state 
of the passenger domain in the periplasm, it is very 
unlikely that preformed oligomers of Neae- MBL can 
be translocated across the OM. Interestingly, purified 
intimin can form dimers, a property that has been at-
tributed to its β- barrel and periplasmic LysM domains 
(Leo et al., 2015; Touzé et al., 2004). The formation of 
Neae- MBL oligomers during translocation seems very 
doubtful as it would imply that a single BamA protein 
would have to catalyse the simultaneous insertion of 
multiple β- barrels. In this regard, analysis by super- 
resolution imaging experiments revealed the exis-
tence of multiple BAM complexes that colocalise in 
discrete membrane precincts, which participate in the 
assembly of OmpC trimers (Gunasinghe et al., 2018). 
Interestingly, the reconstitution of OmpC assembly 
in vitro showed that the BAM complex catalyses the 
integration of individual subunits in the membrane in 
a stepwise fashion (Hussain et al., 2021). Thus, in a 
more plausible scenario, we can speculate that Neae- 
MBL would be secreted to the cell surface as mono-
mers and the passengers would then form oligomers 
with neighbouring surface- exposed Neae- MBLs.

The intimin display system allows to efficiently se-
crete a repertoire of disulfide- containing proteins such 
as EETI- CK, IL- 4 and REIv (Wentzel et al., 2001), as well 
as nanobodies (Salema & Fernández, 2017) in E. coli. 
Herein, we demonstrated that this display platform al-
lows the expression of functional human MBL in the 
bacterial surface. Structural data show that the CRD of 
the lectin folds in a double loop stabilised by two highly 
conserved intramolecular disulfide bonds (Cys- 155/
Cys- 244 and Cys- 222/Cys- 236) (Weis et al., 1992), 
which is characteristic of the C- type lectin- like domain 
superfamily (Zelensky & Gready, 2005). The Cys- 155/
Cys- 244 pair links the N-  to the C- terminal end of the 
folded polypeptide, while the Cys- 222/Cys- 236 disulfide 
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stabilises a long loop which is believed to be involved 
in saccharide binding (Zelensky & Gready, 2005). 
Mutation of two cysteine residues to alanines (C222A, 
C244A) that participate in the intramolecular disulfides 
of the CRD significantly reduced the expression levels 
of Neae- MBLΔCys (Figure 5B,C), as well as its binding 
capability towards immobilised glycans (Figures 5D 
and 6C). These findings point towards the involvement 
of the cysteine residues, and potentially the disulfide 
bonds, in the lectin's functional activity. Interestingly, 
the C- type lectin domain of intimin contains two cys-
teine residues forming an intra- domain disulfide bond. 
Expression of intimin in an E. coli dsbA mutant showed 
lower display levels on the cell surface and elicited the 
polypeptide less stable and susceptible to protease 
digestion, likely due to the misfolding of the secreted 
C- type lectin domain. An alkylation assay comparing 
wild- type and dsbA mutant provided direct evidence of 
the formation of this disulfide bond by DsbA (Bodelón 
et al., 2009) Whether the intramolecular Cys- 155/Cys- 
244 and Cys- 222/Cys- 244 disulfide bridges are formed 
in the CRD of the surface- displayed MBL, or not, and 
whether they are catalysed by Dsb proteins await fur-
ther investigation.

CONCLUSIONS

We established for the first time bacterial display for 
the expression of human lectins. As shown herein, 
functional Gal3 and MBL were successfully expressed 
in the bacterial surface, thereby providing a new dis-
play platform for the engineering of human lectins. In 
combination with MD simulations, the structure- based 
site- directed mutagenesis showed that increasing mu-
tations in the amino acid residues Arg- 162, Glu- 165, 
Glu- 184 and Arg- 186 present in the carbohydrate- 
binding pocket of Gal3 gradually decrease its affinity 
towards target glycans. The cell surface display of MBL 
indicates the suitability of the proposed method for di-
sulfide bond- containing lectins. We demonstrated that 
the NLD region of MBL is completely required for glycan 
binding, and mutation of Cys- 222 and Cys- 244 reduced 
the expression levels and binding activity, pointing to-
wards a role of these amino acid residues in the fold-
ing stability of the lectin. This work showcases bacterial 
display as a novel approach for the surface expression 
and engineering of human lectins with great potential to 
generate useful glycan binders with enhanced affinity, 
selectivity and specificity.
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