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ABSTRACT 

Burkholderia pseudomallei and Chromobacterium violaceum are bacteria of tropical and 

subtropical soil and water that occasionally cause fatal infections in humans and animals. 

Microbial lectins mediate the adhesion of organisms to host cells, which is the first phase in the 

development of infection. Here we report the discovery of two novel lectins from the above-

mentioned bacteria - BP39L and CV39L. The crystal structures revealed that the lectins possess 

a seven-bladed -propeller fold. Functional studies conducted on a series of oligo- and 

polysaccharides confirmed the preference of BP39L for mannosylated saccharides and CV39L 

for rather more complex polysaccharides with a monosaccharide preference for β-L-fucose. The 

presented data indicate that the proteins belong to a currently unknown family of lectins. 

Keywords 
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1. Introduction

The bacterium Burkholderia pseudomallei is a rod-shaped bacterium found in contaminated 

water and soil, which belongs to the Burkholderia cepacia complex (Bcc). It is a group of Gram-

negative bacteria which includes at least 21 related species [1, 2, 3] from which many are 

resistant to antibiotics [4]. The genome of B. pseudomallei is composed of 2 chromosomes with 

4.07 and 3.17 megabase pairs [5]. This human pathogen causes a disease called melioidosis or 

Whitmore's disease. Melioidosis is endemic in East Asia and north Australia. It is a febrile illness 

with a mortality rate of 40% connected with the production of abscesses in the lungs and also in 
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the liver, spleen, skeletal muscles and prostate [6]. Due to its biofilm formation and resistance to 

antibiotics, the treatment is very problematic and often unsuccessful, with currently no existing 

vaccine [7, 8]. The bacterium can survive in a hostile environment for years [9]. B. pseudomallei 

is also closely related to Burkholderia mallei [8]. B. mallei is an obligate mammalian pathogen 

causing the disease glanders, which occurs mainly in horses [10]. 

Chromobacterium violaceum is a Gram-negative bacterium living in tropical and 

subtropical water and soil. The bacterium is saprophytic and an opportunistic pathogen of 

humans causing sepsis, liver and lung abscesses with high mortality [11]. This -

proteobacterium was described at the end of the 19th century, and the complete genome of C. 

violaceum strain ATCC 12472 was sequenced in 2003. The genome consists of a single circular 

chromosome with 4.75 megabase pairs [12]. The C. violaceum genome is most similar to the 

plant pathogen Ralstonia solanacearum [13], and almost 10% of C. violaceum genes are closely 

related to genes of the opportunistic human pathogen Pseudomonas aeruginosa [14]. 

Lectins are proteins which are capable of specific and reversible binding to carbohydrate 

moieties. They usually consist more than one carbohydrate binding site per protein molecule and 

such multivalency favors the strong avidity to glycoconjugates available on cell surfaces. The 

carbohydrate-mediated recognition plays an important role in the ability of pathogenic bacteria to 

adhere to the surface of the host cell in the first step of their invasion and infectivity [15]. The 

first characterized lectin from C. violaceum was named CV-IIL [16, 17]. CV-IIL is a 

homotetrameric fucose-binding lectin and is homologous to the fucose-specific PA-IIL 

[16, 19]. 

While many lectins reach multivalency through oligomerization, for so-called β-propeller 

lectins, multivalency is created by repeats of conserved carbohydrate binding domains [20]. The 
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repeats with multiple binding sites are typically located on one face of the β-propeller donut 

shape. Therefore, topologically the carbohydrate binding domains are perfectly positioned to 

bind carbohydrate epitopes on cell surfaces to maximize the lectin adherent function.  

Several six- or seven-bladed -propeller lectins were found in fungi, such as Psathyrella 

velutina (PVL) [21] or Agrocybe aegerita (AAL2) [22], belonging to PVL-like lectin family, and 

in Aleuria aurantia (AAL) [23], being the member of AAL-like lectin familly. They are likely to 

be involved in defense against worms feeding on mushrooms. Other β-propeller lectin AFL 

(AAL-like family) has been identified in pathogenic fungus Aspergillus fumigatus [24]. This 

fucose-specific lectin plays a role in eliciting host immune response [25, 26]. Considering 

Prokaryota, there were described six-bladed -propeller lectins in Ralstonia solanacearum (RSL) 

[27] and human pathogen Burkholderia ambifaria (BambL) [28], both belonging to AAL-like

family. A separate family of seven-bladed β-propeller bangle lectins have been characterized by 

lectins from two species of Photorhabdus bacteria (PHL and PLL) with evidence for dual 

specificity for fucose and galactose and probable role in interaction between bacteria and their 

hosts [29, 30]. 

Since some of the β-propeller lectins are involved in host-pathogen recognition, they 

represent promising targets for glycomimetics with anti-infectious properties to compete with 

host recognition. The multivalent potential of these lectins in pathogenic microorganisms has 

been a key to design high-affinity inhibitors [31, 32, 33]. 

In this paper we structurally and biochemically characterize two novel lectin members: 

BP39L and CV39L from B. pseudomallei and C. violaceum, respectively. The crystal structures 

reveal that the proteins possess a seven-bladed -propeller fold. The saccharide specificity of 

both lectins has been determined and the putative saccharide binding sites were characterized. 



2. Materials and methods

2.1. Preparation of Constructs 

The genes coding for BP39L and CV39L flanked with the NdeI and HindIII restriction sites were 

synthesized by GeneArt (ThermoFisher Scientific). The N-terminus of proteins was designed to 

carry both the His6-tag and the specific site (ENLYFQS) recognized by the TEV protease. After 

digestion with NdeI and HindIII, the DNA sequences were cloned into the pET-25(b+) vector 

(Novagen, Madison, United States). The constructs pET25bp39l and pET25cv39l were 

transformed into E. coli Tuner (DE3) cells (Novagen, Madison, United States). 

2.2. Protein Expression and Purification 

E. coli Tuner(DE3) cells containing the pET25bbp39l or pET25bcv39l plasmid were grown in

LB medium with 100 g·ml-1 ampicilin until OD600 reached 0.5. Gene expression was initiated 

with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside). After a 16-hour gene expression at 

18°C, the cultures were harvested, centrifuged at 12 000 g at 4°C for 10 min and resuspended in 

the buffer containing 20 mM Tris/HCl, 100 mM NaCl, pH 7.5. Cells were disintegrated by 

ultrasonic vibration and centrifuged at 21,000 g at 4°C for 60 min. The standard yield was 5 mg 

and 90 mg per litre of cell culture for BP39L and CV39L, respectively. 

The recombinant proteins were purified by chelating chromatography (IMAC) using a 

Ni-NTA column (Qiagen, Hilden, Germany). Cell extract was loaded onto a column in 20 mM 

Tris/HCl, 200 mM NaCl, pH 7.5, for the protein BP39L. Unbound proteins were washed off with 
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The knowledge about their structure together with sequence and structure predictions indicate 

that the proteins belong to an undescribed family of lectins. 



6 

the running buffer. After washing, BP39L was eluted in the same buffer with 60 mM imidazole. 

For the purification of CV39L, buffer containing 20 mM Tris/HCl, 300 mM NaCl, pH 7.5 was 

used and the protein was eluted with 210 mM imidazole. Both proteins were also purified in a 

mannose-agarose column. In this case, the cell extract was loaded onto a column in 20 mM 

Tris/HCl, 100 mM NaCl, pH 7.5. The protein was eluted from the column with loading buffer 

containing 100 mM D-mannose. Protein purity was assessed by 12% SDS-PAGE and mass 

spectrometry. The proteins were dialyzed against 20 mM Tris/HCl, 20 mM NaCl, pH 7.5 for 2 

days (IMAC purification) and 5 days (mannose-agarose purification). Proteins were lyophilized 

and stored at -80°C or used immediately and concentrated with Macrosep Centrifugal Devices (3 

kDa molecular weight cut-off; Pall, Port Washington, United States).  

2.3. Microcalorimetry Experiments 

ITC experiments were performed with MicroCal ITC200 and MicroCal Auto-ITC200 (Malvern). 

Protein concentrations used for ITC experiments varied from 50 to 500 M and ligand solution 

from 5 to 45 mM, respectively. Injections of 0.5-2.0 µl aliquots of a carbohydrate solution 

dissolved in the same buffer as the protein (20 mM Tris/HCl, 20 mM NaCl, pH 7.5 for BP39L 

and 20 mM Tris/HCl, 150 mM NaCl, pH 7.5 for CV39L) were added automatically at 3-min 

intervals to the protein solution present in the calorimeter cell. The temperature of the cell was 

maintained at 25 ± 0.1°C. Injections of the ligand into the buffer solution were used as control 

experiments. The ITC experiments were performed in triplicates. 

Data were fitted with the MicroCal Origin 7 software using a one binding site model. The 

association constants (Ka) and enthalpies (∆H) of binding were obtained from the data fitted to a 

theoretical titration curve.  
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2.4. Glycan Microarray 

The affinity of the lectins towards mammalian glycans and bacterial polysaccharides was 

determined using a glycan microarray constructed by Semiotik LLC (Moscow, Russia), similar 

to an array described earlier [34]. Pure BP39L and CV39L were labelled with the fluorescent dye 

DyLight 488 NHS Ester (Thermo Scientific, Waltham, United States) according to the product 

manual. The array was composed of more than 600 tested glycans, each in 6 replicates. Aliquots 

of BP39L and CV39L solution (50 μg/ml) in PBS (0.01 М Na2HPO4, 0.01 M NaH2PO4, 0.138 M 

NaCl, and 0.0027 M KCl, pH 7.4) containing 1 % BSA and 1% Tween-20 were applied to slides 

(pre-treated with PBS containing 0.1 % Tween-20 for 15 min) and incubated in a humidified 

chamber at 37°C for 1 h. After washing with PBS containing 0.05 % Tween-20 and deionized 

water, slides were scanned with an InnoScan1100 AL (Innopsys, Carbonne, France) with a 488 

nm laser at 100 PMT and high laser power mode. The obtained data were processed using the 

software Mapix 7.3.1 and Mapix 8.2.2 (Innopsys, France) and the fixed 100 μm-diameter ring 

method. Data are reported as the relative fluorescence units (RFU) median of six spot replicates. 

The signals with fluorescence intensity exceeding the background value by a factor of five were 

considered to be significant. 

2.5. Crystallization and Data Collection 

Crystallization trials were performed with Qiagen crystallization screens Classic, Classic II, 

Classic Lite, PEGs I, PEGs II, PACT, AmSO4 and Compass using the sitting drop technique. 

Optimized crystals were obtained by the hanging-drop vapor diffusion method using 2 - 4 μL 

drops containing a 50:50 and/or 34:66 (v/v) mix of a reservoir solution combined with BP39L or 
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CV39L solution at 17°C. The solution of BP39L had a protein concentration of 12 mg/ml in 20 

mM Tris/HCl, 20 mM NaCl, pH 7.5. The crystals of BP39L were obtained after two months with 

the following initial conditions: 0.1 M MES, 15% PEG 5000 MME, 0.2 M ammonium sulphate, 

pH 6.5. Optimization of the initial crystallization conditions yielded crystals with the precipitant 

solution 0.1 M MES, 10 - 15% PEG 6000, 0.2 M ammonium sulphate, pH 6.5. PEG 6000 (28%) 

for BP39L was added to the mother liquor as a cryoprotectant prior to crystal freezing in a 

mounted loop at 100 K. A europium derivative was prepared by soaking a crystal in a 50 mM 

solution of Eu-DTPA-BMA (NetX-ray, Inc.) [35] for 24 hours.  

The solution of CV39L protein had a concentration of 5 mg/ml in the same buffer as for BP39L. 

The crystals of CV39L were obtained after two weeks under the following crystallization 

conditions: 0.1 M sodium acetate, 30% PEG 2000 MME or 25% PEG 4000, 0.2M ammonium 

sulphate, pH 4.6. Optimization of the initial crystallization conditions yielded crystals with a 

precipitant solution of 0.1 M sodium acetate, 30% PEG 2000 MME, 0.2M ammonium sulphate, 

pH 4.6. For CV39L PEG 400 (40%) was used as a cryoprotectant prior to crystal freezing in a 

mounted loop at 100 K. A europium derivative was prepared by soaking a crystal in a 50 mM 

solution of Eu-DTPA-BMA (NetX-ray, Inc.) [35] for 10 minutes. 

Native and derivative diffraction data were collected on the P13 EMBL beam line of PETRA III 

(Hamburg, Germany) with the use of the PILATUS detector (Dectris Ltd., Switzerland). Image 

processing was performed using XDS [36] before being scaled and converted to structural factors 

using SCALA in the CCP4 program suite [37]. The initial structure of BP39L was solved using 

SAD data (x-ray wavelength of 1.776 Å) with the help of the program suite hkl2map (structure 

determination, phasing and solvent flattening) [38] together with the automatic model building 

module of the ARP/wARP program package [39].  
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For SAD data (x-ray wavelength of 1.776 Å) of the CV39L lectin, the automatic structure 

solution pipeline Auto-Rickshaw [40] was used. All further computing was performed using the 

CCP4 [37] suite unless otherwise stated.  

2.6. Structure Determination 

A molecular replacement technique was used to solve the two native structures with MOLREP

[41] applying the monomeric coordinates of the initial BP39L and CV39L structure from the

SAD data collection. Crystallographic refinement was carried out with the program REFMAC 

(Version 5.8.0049) [42] and manual model building was done with Coot (Version 0.7.2) [43]. 

Water molecules were introduced automatically using Coot and inspected manually. Alternative 

conformations were constructed where necessary (with occupancies estimated from the refined 

relative B-factors of the conformations). The stereochemical quality of the models was assessed 

with the programs Procheck [44] and Molprobity [45]. Molecular drawings were prepared using 

PyMOL (The PyMOL Molecular Graphics System, Version 1.5, Schrödinger, LLC). The final 

models of the BP39L and CV39L lectins were deposited in the PDB database under ID codes 

6GXR and 6GXS. 

2.7. Analytical ultracentrifugation 

Analytical ultracentrifugation experiments were performed using a ProteomeLab XL-A 

analytical ultracentrifuge (Beckman Coulter) equipped with An-60 Ti rotor. Before analysis, 

purified proteins BP39L and CV39L were brought into the experimental buffer (20 mM 

Tris/HCl, 150 mM NaCl, pH 7.4) by dialysis and the dialysate was used as an optical reference.  
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Sedimentation velocity experiments were conducted in a standard double-sector 

centerpiece cell loaded with 420 l of protein sample (0.06-0.38 mg·ml-1 for BP39L and 0.05-

0.32 mg·ml-1 for CV39L) and 430 l of reference solution. Data were collected using absorbance 

optics at 20°C at a rotor speed of 42,000 rpm. Scans were performed at 280 nm at 10 min 

intervals and 0.003 cm spatial resolution in continuous scan mode. The partial specific volume of 

proteins together with solvent density and viscosity were calculated from the amino acid 

sequence and buffer composition, respectively, using the software Sednterp 1.09. The 

sedimentation profiles were analyzed with the program Sedfit 14.3 [46]. A continuous size-

distribution model for non-interacting discrete species providing a distribution of apparent 

sedimentation coefficients was used. 

Sedimentation equilibrium experiments were performed at 20° C in a six-channel 

centerpiece cell loaded with 110 µl of protein samples (0.05-0.18 mg·ml-1 for BP39L and 0.07 

and 0.14 mg·ml-1 for CV39L) and 120 µl of reference solution. Samples were gradually spun at 

three different rotor speeds in order to generate concentration gradients with shapes that include 

both shallow and steeper gradients (the rotor speeds of 14,000 rpm, 16,700 rpm and 29,000 rpm 

for BP39L and 9,000 rpm, 11,000 rpm, and 18,500 rpm for CV39L). After the equilibrium was 

achieved, data were collected at 280 nm by averaging 20 replicates with 0.001 cm spatial 

resolution in step mode. Data from the multi-speed experiment were globally analyzed with 

SEDPHAT 10.58 [47] using the model for one non-interacting discrete species. 

2.8. Circular Dichroism Spectroscopy and Thermal Stability Experiments 

CD measurements were performed using a Jasco J-815 spectropolarimeter (Jasco, 

Hachioji, Japan) at 20°C in 0.1 cm path-length quartz cuvettes with 4.5 M BP39L or CV39L in 
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buffer containing 20 mM Tris/HCl, 20 mM NaCl, pH 7.5. The CD spectra were recorded from 

200 to 260 nm. Each experiment was repeated five times and spectra were averaged. All spectra 

were carried out at the interval of 0.1 nm with a scanning speed 1 nm/min, 1 s response time and 

1 nm bandwidth. 

To evaluate the effect of ligands and bivalent ions on lectin stability, thermal dependent CD 

measurements were performed. 4.5 M BP39L was mixed with 31.5 M D-mannose and 4.5 M 

CV39L with 31.5 M L-fucose or proteins with/without a ligand were mixed with 45 M CaCl2, 

MgCl2 or MnCl2. The mixtures were incubated for 16 hours at 4°C. The thermal stability of 

proteins was measured in 0.1cm path-length cuvettes. The protein solutions were heated from 

20°C to 80°C at a rate of 1°C/min with a scanning speed of 20 nm/min. The changes in ellipticity 

were monitored at 210 nm (BP39L) or 230 nm (CV39L). The thermal experiments were repeated 

three times and spectra were averaged. The temperature of the cell holder was regulated using a 

JASCO PTC-423L temperature controller.  

2.9. Molecular docking 

For docking experiments, we used ICM-Pro modelling software [48] based on the based on the 

Internal Coordinate Mechanics (ICM) approach (Molsoft, L.L.C., La Jolla, USA). Both X-ray 

crystal structures (BP39L; PDB 6GXR and CV39L; PDB 6GXS] were converted into an ICM 

object (i.e. prepared for use in ICM environment) using the standard ICM procedure [49]. The 

protein atoms were assigned to the correct atom types and charge based on a modified ECEPP/3 

force field[50], the ligand atom types and charges were assigned based on the Merck molecular 

force field (MMFF94)[51].Missing hydrogen atoms were added. Side chains with added atoms 

and polar hydrogen atoms, or side chains with multiple tautomeric or crystallographically 
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ambiguous rotational conformations such as asparagine, glutamine and histidine, were sampled 

and optimized. The grid box was centred to the binding cavity for each of the lectin. Standard 

ICMdock grid potential maps within 3D box that encompass the ligand-binding pocket residues 

were calculated with a 0.5 grid spacing [52]. These maps represent electrostatics, 

hydrophobicity, hydrogen bonding, and the soft van der Waals potentials for hydrogens and for 

heavy atoms. Semi-flexible docking, which keeps the protein itself rigid while the ligand is 

flexible, was performed. ICM uses a Monte Carlo global optimization procedure[53] to predict 

binding poses for the ligand in the binding pocket. Optimised 3D structures of saccharides were 

downloaded from [54] or were built in the carbohydrate builder of the GLYCAM web interface 

[55] and automatically assigned charges by ICM where necessary. The compounds were then

docked into the predicted lectin binding using the batch docking method of ICM. The docking 

results were evaluated by the ICM scoring function, which is weighted according to the 

parameters like, internal force-field energy, entropy loss between bound and unbound states of 

the ligand, ligand receptor hydrogen bond interactions, polar and non-polar solvation energy 

differences between bound and unbound states, electrostatic energy, hydrophobic energy, and 

hydrogen bond donor or acceptor desolvation.  

3. Results

3.1. CV39L and Related Hypothetical Lectins 

The CV39L lectin was discovered during the affinity purification of a C. violaceum CCM 

2076 culture (obtained from the Czech Collection of Microorganisms) on a mannose-agarose 

column. The protein was identified by LC-MS/MS as the hypothetical protein CV_1052 from the 
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C. violaceum ATCC 12472 translated genome (accession number WP_011134607). It consisted

of 363 amino acids (including the initial methionine) and was named CV39L. Using a BLAST 

search, a 357-amino-acid hypothetical lectin from B. pseudomallei was identified with 26% 

sequence identity (55% similarity) and was named BP39L (accession number WP_004536448). 

Hypothetical proteins from the related species B. mallei and B. ubonensis have strong sequence 

similarity with BP39L (sequence identity of 99% and 93%, respectively), while hypothetical 

proteins from C. vaccinii and Pseudogulbenkiania ferrooxidans are very similar to CV39L 

(sequence identity of 98% and 96%, respectively) (Fig. S1). Based on multiple sequence 

alignment analysis of multiple known -propeler lectins and BP39L and CV39L (Fig. S2), these 

proteins are distantly similar to recently described lectins PLL and PHL from Photorhabdus 

family, however they can be considered as an individual lectin family. 

To study the role of the BP39L and CV39L lectins, the genes were commercially 

synthesized. The BP39L and CV39L lectins were produced in a recombinant form in Escherichia 

coli.  The proteins were purified by immobilized metal ion affinity chromatography or by 

mannose-agarose column and the protein purity and identity was verified by SDS-PAGE and 

mass spectrometry analysis (Fig. S3). 

3.2. Oligosaccharide Specificity 

To obtain a broad view of potential ligands, a glycan microarray consisting of over 600 different 

glycans and bacterial polysaccharides (Semiotik LLC., Moscow, Russia) was used. The results 

(Fig.1 and Tables S1-S3) revealed the strongest binding of BP39L to the Manα1-6(Manα1-

3)Manα1-6(Manα1-3)Manβ pentasaccharide. Additionally, BP39L had a strong binding response

to the Lewis b epitope and the Manα1-6(Manα1-3)Manβ trisaccharide and a weaker response to 
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the Manα1-6Manβ disaccharide. For CV39L, the strongest binding was observed to Manβ1-

4GlcNAc and L-β-fucose. The next significant binding was observed to Glcα1-4Glcβ epitope (D-

maltose). As for bacterial exopolysaccharides (Tables S1-S3), BP39L only exhibited a weak 

affinity for E. coli O73, whereas CV39L bound strongly to several exopolysaccharides from 

Gram-negative bacteria (Shigella flexneri, Escherichia coli, Cronobacter sakazakii, Aeromonas 

hydrophila). Most of these CV39L-recognized exopolysaccharides contain α-L-rhamnose in their 

core saccharide sequence. 

To characterize the interactions between lectins and saccharides, isothermal titration 

microcalorimetry (ITC) was performed. A series of mono-, di-, trisaccharides and some bacterial 

exopolysaccharides were tested (Fig. 2 and Table 1). BP39L binding to branched mannotriose 

(Manα1-6(Manα1-3)Man) was confirmed (Fig. 2). Titration curves indicate a medium affinity 

with a dissociation constant of 190 µM. CV39L exhibited interactions with the monosaccharides 

L-galactose and L-fucose within the same affinity range (KD = 200-300 µM). The analysis of

thermodynamic parameters (Table 1) indicates that the interactions are enthalpy-driven (with an 

enthalpy value ΔH ~ 29 kJ/mol for BP39L and ΔH ~ 36 kJ/mol for CV39L) with unfavourable 

entropy contributions, which are typical for protein-saccharide interactions [56]. Moreover, 

BP39L and CV39L bind D-mannose (for CV39L also D-maltose) with an affinity weaker than 

1 mM (data not shown). 

3.3. Structural Description 

BP39L crystallizes in the space group I222 and CV39L in the space group P212121 with 1 and 4 

protein molecules in the asymmetric unit, respectively (data collection and refinement statistics 

are in Table 2). Both BP39L and CV39L exhibit a single-domain structure with the seven-bladed 
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β-propeller fold organized around a sevenfold pseudoaxis of symmetry (Fig. 3A and 3C). Each 

repeat for BP39L and CV39L (also called the W-motif; see Fig. 3A and 3C) contains a twisted 

four-stranded antiparallel β-sheet (A-B-C-D; Fig. 3A and 3C) connected by relatively short 

loops. In the structure of CV39L, a short α-helix is present in each repeat connecting β-strands A 

and B (Fig. 3C). The observed circular dichroism (CD) spectra of BP39L and CV39L lectins are 

in qualitative agreement with the theoretical curve for the β-turns of type II and/or I (Fig. S4), 

suggesting a dominance of β-turns in BP39L and CV39L structures in solution. 

The overall shape for both lectins is a small torus, with a diameter of ~45 Å and a height of ~30 

Å for BP39L, and ~50 Å and ~30 Å for CV39L. In the β-propeller fold, the first β-strand in each 

blade (A) defines the tunnel in the centre of the protein and the last one (D) is the most exposed 

to solvent at the protein surface (Fig. 3). The β-strands in both lectins are mostly hydrophobic 

except for β-strand A, which exhibits an amphiphilic character. 

 The BP39L N-terminus is located in the central cavity, stabilized mainly by 

hydrophobic and polar interactions (hydrogen bonds) mediated by water molecules (Fig. 3A). 

The N-terminus of CV39L interacts with the C-terminus of the lectin and is also mainly 

stabilized by hydrophobic and polar interactions mediated by β-strand D of the W7 repeat (Fig. 

3C). Superposition of the seven β-strand blade repeats gives overall RMSD (Cα-backbone) 

values of 0.36 Å and 0.43 Å for BP39L and CV39L, respectively, indicating high structural 

similarity of the repeats for each lectin. 

DaliLite [57] was used to search for proteins with structural similarity. BP39L and CV39L 

exhibited the highest structural identity to PHL, a 7-bladed -propeller lectin from Photorhabdus 

asymbiotica (with RMSD 2.1 to 2.2 Å, PDB 5MXE) [29] and the related PLL lectin form P. 
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luminescens (with RMSD 2.0 to 2.3 Å, PDB 5C9O) [30] with Z-scores in a range from 32.8 to 

36.7 (Table S5). These proteins have sequence identities with BP39L and CV39L ranging from 

18.9% to 21.4%. 7-bladed lectins from PVL family (PVL from Psathyrella velutina [58] and 

AAL2 from Agrocybe aegerita [59]) did not show strong structural similarity to CV39L and 

BP39L with Dali Z-scores in a range from 12.6  to 19.5 corresponding to relatively low sequence 

identities in a range from 11.1% to 20%. 

3.4. Oligomeric State 

In the crystalline state, BP39L is a monomer with no extensive contact with any neighbour, 

while CV39L is a dimer with an interface of 1420 Å2, as analysed by the software PISA (CCP4 

package) [60]. The two monomers of CV39L (Fig. S5) are related by a pseudo-2-fold axis of 

symmetry and superposition of their Cα-backbones gives an RMSD value of 0.23 Å. The polar 

interactions mediated by loops play a key role in dimer association. The main hydrogen bonds in 

CV39L dimerization are established between the side chains of Thr39 (W1/B-C) - Glu91 (W2/B-

C) and Arg140 (W3/B-C), Ser328 (W7/A-B) – Ser328 (W7/A-B), and Gln350 (W7/B-C) - 

Thr276 (W6/A-B) and Ile295 (W6/B-C). This dimerization mode creates a “back to back” 

association of two CV39L molecules (Fig. S5). 

The oligomerization state of both lectins in solution was investigated by analytical 

ultracentrifugation (AUC) (Fig. 4). Analytical ultracentrifugation experiments revealed that in 

solution both BP39L and CV39L behave as single homogeneous species. BP39L sedimented at 

3.09 S (s20,w = 3.20 after extrapolation to standard conditions in Sednterp), suggesting the 

presence of a monomeric species with a frictional ratio of 1.26 (Fig. 4A). The sedimentation 

coefficient of CV39L was 5.21 S (s20,w = 5.48). This value is clearly much higher than the 
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predicted maximum value for a spherical monomer (3.86 S as calculated in Sednterp), suggesting 

that a dimer with a moderately elongated shape (frictional ratio of 1.27) is formed (Fig. 4B). 

Global analysis of the sedimentation equilibrium gave a molecular weight of 37.0 kDa for 

BP39L and 75.8 kDa for CV39L (Fig. 4). These values correspond well with the theoretical 

molecular weight of BP39L for a monomer (37.7 kDa) and CV39L for a dimer (79.3 kDa). The 

AUC analysis confirmed that the protein oligomeric states observed in the crystal structure for 

both lectins are maintained in solution. 

3.5. Putative Binding Sites 

Both co-crystallization and soaking experiments with BP39L (D-mannose, D-galactose, 

Man-α1,3(Manα1,6)Man) and CV39L (D-mannose, D-galactose, L-fucose) did not result in 

formation of complex with saccharides. The analysis of the surface revealed seven possible 

binding sites in the form of shallow pockets in between blades (Fig. 3B, 3D, 5A and 5B), similar 

to observations of other seven-bladed β-propeller lectins such as PLL from P. luminescens [30] 

and PHL from P. asymbiotica [29]. Comparison of the two lectins’ putative binding sites 

indicated the presence of conserved tryptophan residues (possibly enabling the hydrophobic 

interaction) and polar amino acids (responsible for the stabilization of the saccharide via 

hydrogen bonds) (Fig. 5), as classically observed in the propeller carbohydrate binding sites ([23, 

24, 30, 29]). For both lectins, the binding sites are created by amino acids of blade Wi and blade 

Wi+1 (Fig. 5). The potential seven binding sites in BP39L lectin are highly conserved (Fig. 5A 

and 5D). In CV39L lectin, the seven binding sites are highly similar to each other and their 

overall architecture resembles the sites of BP39L by position of stacking Trp, and most polar and 

hydrophobic residues. (Fig. 5B and 5D). Most of the amino acids that can participate in 
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saccharide binding are located in the four -strands, except for the Asn and Tyr residues of 

CV39L (Fig. 5B) that contribute to the formation of the short α-helix. 

The related B. cenocepacia (species of Bcc as B. pseudomallei) and C. violaceum contain C-type 

lectins that require a calcium ion [61, 62, 17]. Two calcium ions help to further strengthen the 

binding between the protein and a carbohydrate through hydrogen bonds. The potential ion-

dependent carbohydrate-binding of BP39L and CV39L lectins was tested using thermal 

denaturation CD spectroscopy. The presence of D-mannose (BP39L) and L-fucose (CV39L) 

alone in solution increased the thermal stability of the lectins by ~ 4°C, whereas the presence of 

cations (Ca2+, Mg2+, Mn2+) had no effect on the stability of both lectins (Fig. S6). 

As the crystallization with saccharides failed to provide protein-saccharide complex structures, a 

molecular modelling approach was performed to dock monosaccharides into the putative binding 

site of both lectins (Fig. 6 and Table S4). The O1-methylated saccharides were used in docking 

studies (methyl α/-D-mannoside and Manα1-3(Manα1-6)Man mannotriose for BP39L, methyl 

α/-L-fucoside, methyl α/-D-glucoside, methyl -D-mannoside, methyl -L-galactoside and 

methyl α/-D-galactoside for CV39L). For simplicity and due to their very similar behaviour, 

only the data considering the binding site between repeats W1 and W2 for both lectins are 

described (Fig. 6 and Table S4). 

Docking of the two anomeric forms of D-mannoside resulted in very different orientation of the 

saccharide ring in the BP39L binding site (Fig. 6A, 6B and Table S4). Analysis of the binding 

mode of docked α-D-mannoside (Fig. 6A) shows stabilization via polar interactions (at O2, O3, 

O5 and O6 hydroxyl positions) by Q22, D101 and W103 residues of the BP39L binding pocket. 

Moreover, the orientation of the saccharide revealed that the W44 residue should be responsible 

for the stacking interaction necessary for saccharide stabilization (Fig. 6A). The O1-methyl 
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group is exposed to the solvent side of the binding pocket, enabling the possible binding of 

mannosylated oligosaccharides as observed in the glycan microarray. Docking of Manα1-

3(Manα1-6)Man mannotriose revealed several possible orientations with one of the terminal 

mannoses being coordinated in binding site keeping the same binding mode as observed for α-D-

mannoside (Fig 6C, 6D). Additional mannose units extend towards the loop between β-sheets C 

and D, where they are further stabilized by polar interactions to W44, A50 and N52 residues. In 

either of the binding mode, the reducing O1 end of oligosaccharide is exposed to the solvent 

enabling possible extension by more complex oligosaccharide. In contrast, -D-mannoside was 

not properly accommodated by the binding site (Fig. 6B). The most likely orientation from 

docking correspond to distorted saccharide ring with O1-methyl group pointing into the binding 

pocket. This would be not compatible with oligosaccharide binding what corresponds to results 

from glycan array. 

For CV39L, both anomeric forms of L-fucoside were accommodated by the binding site, 

however clear differences in the binding mode were observed (Fig. 6E and 6F). For β-L-fucoside 

(Fig. 6F), the saccharide ring orientation allows the O1-methyl group of β-L-fucoside to be 

exposed to solvent and hence terminal β-L-fucoside is well accessible. Considering the stacking 

and polar interactions which might occur in the stabilization of β-L-fucoside, the N26, Q31, 

Q101, G105 and W107 residues were found to possibly facilitate the polar interactions and the 

W47 residue to provide the stacking interaction (Fig. 6F). The most probable orientation of α-

L-fucoside is flipped bottom-up compared to β-L-fucoside (Fig. 6E). It would also enable

extension at O1 as the O1-methyl group is exposed to solvent, however the predicted net of 

hydrogen bonds is less defined and the O4 oxygen is oriented towards W47 side chain resulting 

in repulsion. This is in good agreement with glycan array data, where β-L-fucoside was among 
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best binders, while no significant recognition of α-L-fucoside was observed. Docking of O1-

methyl glucosides show formation of more complex polar contacts for α anomer (Fig. 6G, 6H). 

O1-methyl group is facing the solvent in both cases, however saccharide molecules are rotated 

by 180 degrees with respect to each other. Preference for α-D-glucoside observed in glycan array 

analysis is therefore likely to be caused by additional contacts rather than by position of glucose 

moiety itself. Docking of b-D-mannoside resulted in formation of hydrogen bonds between O3, 

O4 and O6 sugar atoms and protein binding site, however O2 hydroxyl points towards apolar 

part of W47 side chain resulting in possible repulsion. We also tried docking of Manβ1-

4GlcNAc (most preferred ligand in glycan array), however the results did not converge (data not 

shown) and therefore the binding preference cannot be clearly explained in this case. Docking of 

both α and β D-galactoside resulted in similar saccharide orientation with O1-methyl group 

pointing towards solvent (Fig. 6K, 6L). However, in both cases the orientation of O4 hydroxyl 

group might cause sterical clash with W47 side chain.  Additionally, since L-fucose and 

L-galactose are similar, with respect to chemical composition and geometrical conformation, the

molecular docking of β-L-galactoside revealed that they share a binding mode in the CV39L 

binding site (Fig. 6F and 6J) with the O1 hydroxyl oriented towards the solvent side of the 

binding site of CV39L. 

4. Discussion

4.1. Comparison of putative binding sites between BP39L and CV39L 

B. pseudomallei and C. violaceum are pathogens known to cause infections in humans, the

mechanism of which is not well understood. However, bacterial lectins produced by these 

pathogens are believed to play a key role in their pathogenicity, host recognition and adhesion. 
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BP39L and CV39L lectins were identified in B. pseudomallei and C. violaceum, sharing 26% 

identity in their amino acid sequence. The structures of BP39L and CV39L lectins revealed a 7-

bladed β-propeller fold with up to seven putative binding sites, indicating the multivalent 

potential of both lectins. The multivalent interactions of lectins are intensively studied, since they 

can be targeted by glycomimetics to compete with host recognition [63]. 

The structural superimposition of the BP39L and CV39L lectins and their putative binding sites 

revealed RMSD(Cα) values of 3.6 Å and 2.3 Å respectively, indicating a close structural 

relationship. A closer comparison of their putative binding sites showed that the hydrophobic 

region (F32BP39L/L33CV39L, V42BP39L/L44CV39L, W44BP39L/W47CV39L) is well preserved and the set 

of two Trp residues is highly conserved (W44BP39L/W47CV39L, W103BP39L/W107CV39L) (Fig. 7). 

The W44 residue in the BP39L putative site is in a flipped position compared to W47 in the 

CV39L site (Fig. 5C). The inner core of the binding cavities is composed of polar residues 

(D30BP39L/Q31CV39L and Q22BP39L/N26CV39L) which may contribute to the saccharide stabilization 

via hydrogen bonds. The largest difference was found in the outer part of the putative binding 

sites, where a change was observed from hydrophilic to hydrophobic character or vice versa 

(loop region – Q28BP39L/Y29CV39L and V97BP39L/Q101CV39L). 

The indicated change in the chemical character of BP39L and CV39L binding sites (outer part) 

relates to the contrasting saccharide specificity of the lectins obtained by glycan microarray and 

ITC. The experiments conducted on a series of oligo- and polysaccharides confirmed the 

preference of BP39L for mannosylated saccharides with Manα1-6Man being the preferred motif 

over Manα1-3Man and Manα1-2Man isomers (Table S1). CV39L recognize mainly rather more 

complex bacterial exopolysaccharides with an interesting monosaccharide preference for β-L-

fucose. This could be related to the versatility and high environmental adaptability of C. 
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violaceum [12], as β-L-fucose cannot be found in mammals, while it was detected in amphibians 

[64]. In case of both lectins, they do not exhibit strict specificity towards one type of saccharide. 

As the binding sites are highly conserved for each of the studied lectins, this can be explained by 

binding site promiscuity, which was already reported for several other lectins, such as CV-IIL 

from Chromobacterium violaceum [17]. We also cannot exclude the existence of second type of 

binding site with alternated specificity, as was reported for lectin PHL [29], however there are no 

clear structural evidences for this. 

The ability of BP39L and CV39L lectins to bind oligo- and polysaccharides correlates with the 

wide shallow pocket shape of the putative binding sites. This fact coincides very well with the 

stronger binding constant of Manα1-6(Manα1-3)Man trisaccharide (KD = ~ 0.2 mM) to BP39L 

compared to D-mannose. Additionally, the docking simulations of D-mannose (BP39L) and 

L-fucose (CV39L) revealed expected CH-π interaction between the apolar part of the saccharide

with Trp residue and coordination of OH groups by a net of hydrogen bonds. For all studied 

saccharides (with exception of O1-methyl β- D-mannoside in BP39L binding site), we observed 

possible O1 hydroxyl orientation of the saccharides, which could be exposed to the solvent side 

of the putative binding sites to allow the binding of the oligo- and polysaccharides. 

4.2. Comparison of seven-bladed β-propeller lectins 

Currently, only four lectins other than BP39L and CV39L are known to carry a 7-bladed β-

propeller fold. The 7-bladed β-propellers of PVL from Psathyrella velutina [21] and AAL2 from 

Agrocybe aegerita [22] are fungal lectins belonging to the same lectin family specifically 

recognizing GlcNAc. The PVL and AAL2 lectins did not show strong structural similarity to 

CV39L and BP39L (Table S5). Dali Z-scores are in a range from 12.6 to 19.5 corresponding to 
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relatively low sequence identities in a range from 11.1% to 20%. These lectins have a different 

formation of the blades in the seven-bladed β-propeller fold compared to CV39L and BP39L. 

Additionally, the localization of their binding sites between the respective blades is on the 

opposite edge of the propeller (Fig. 7A and 7D). 

The other two lectins, PHL from P. asymbiotica [29] and PLL from P. luminescens [30], 

exhibited the highest structural similarity to CV39L and BP39L with Z-scores in a range from 

32.8 to 36.7 (Table S5). These proteins have sequence identities with BP39L and CV39L ranging 

from 18.9% to 21.4%. PHL is the first known bangle lectin to possess dual specificity with well-

defined binding sites for two unrelated saccharides: L-fucose and D-galactose. The fucose-

binding PLL lectin is sequentially and structurally related to PHL. Both lectins share the 

characteristic hydrophobic binding mode of two Trp residues to stabilize L-fucose. However, the 

fucose-binding sites of PHL and PLL are located on the opposite site of the blades to BP39L and 

CV39L (Fig. 7B and 7E). The diverse employment of two Trp residues in the putative BP39L 

and CV39L binding sites compared to the fucose-binding sites of PHL and PLL lectins [29, 30] 

shows that they are unrelated. 

Interestingly, the architecture of the D-galactose-binding site of PHL lectin resembles putative 

binding sites of BP39L and CV39L lectins (Fig. 7C and 7F), mainly considering the highly 

conserved set of two Trp residues. The main signature of these two Trp residues in the D-

galactose-binding site of PHL is that the first Trp residue stabilizes the hydrophobic part of the 

saccharide and the second Trp residue creates a network of polar interactions with other amino 

acids in the binding pocket to stabilize the saccharide. Molecular docking simulations in putative 

binding sites of the BP39L and CV39L lectins revealed a potentially very similar binding mode 

to the galactose-binding site of PHL that commonly also occurs in six-bladed β-propeller lectins 



24 

such as AAL [23] or AFL [24]. Although BP39L and CV39L lectins possess a very similar 

structural fold and probable binding scheme compared to PHL and its D-galactose-binding site, 

they are sequentially very distinct, making the sequence alignment impossible, even at the level 

of single blades and the respective binding sites. The conserved sequence motifs of the PHL and 

PLL lectins show the presence of two conserved sets of two Trp residues which are located in the 

L-fucose-binding sites (PHL and PLL) and in the D-galactose-binding sites (PHL). In contrast,

the conserved sequence motifs of BP39L and CV39L contain only one set of two highly 

conserved Trp residues located in putative binding sites. 

Despite having the same three-dimensional fold, the BP39L and CV39L lectins belong to a 

different family than the PHL and PLL lectins, mainly due to the absence of significant sequence 

similarity and a different amount of conserved sets of Trp residues, which define the binding 

sites. A similar situation can be found in the field of glycosyltransferases, where to date only four 

3-D folds are commonly known, but 97 distinct families have been identified [65].

5. Conclusions

This work indicates that BP39L and CV39L should belong to an undescribed new family of 

lectins. Furthermore, the ability of BP39L to bind mannosylated polysaccharides and CV39L to 

bind bacterial exo-polysaccharides may help to design additional functional and structural 

studies to synthesize potential glyco-clusters which could be used in the development of anti-

infective drugs. 
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Captions to illustrations 

Fig. 1. Box and whisker plot for glycan array screening for BP39L and CV39L labelled with 

DyLight 488 NHS Ester. (A) BP39L and (B) CV39L - the top 20 saccharides were selected for display. 

The 10 saccharides that gave the highest average signals are depicted. Linker formula -sp2: -O-

(CH2)2NH2; sp3: -O-(CH2)3NH2; sp4: -NHCOCH2NH2. The bottom and top of the box are the first and 

third quartiles; the band inside the box is the second quartile (the median); the ends of the whiskers 

represent the minimum and maximum values of the data and the small squares inside the boxes represent 

the mean relative fluorescence units (RFU). The raw glycan array results are given in Tables S2 and S3. 

Fig. 2. ITC titration curves of BP39L and CV39L with different saccharides. (A) BP39L (0.1 mM) 

titrated with Manα1-6(Manα1-3)Man (10 mM). (B) CV39L (0.1 mM) titrated with L-galactose (12.1 

mM) and (C) L-fucose (12.1 mM). The upper graphs show raw data after the baseline integration. The 

lower plots (black squares) show the total heat released as a function of total ligand concentration for the 

titration shown in the upper panel. The solid line represents the best least-squares fit. The grey squares 

represent the baseline. 

Fig. 3. Crystal structure of BP39L and CV39L. (A) Crystal structure of BP39L shown in secondary 

structure representation (β-strands in yellow and loops in green) (B) Surface representation (yellow) of 

BP39L colour-coded according to putative binding sites (blue). (C) Crystal structure of CV39L shown in 

secondary structure representation (β-strands in violet, α-helices in cyan and loops in pink). (D) Surface 

representation (violet) of CV39L color-coded according to putative binding sites (blue), α-helices shown 

in cyan. 
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Fig. 4. Analytical ultracentrifugation experiments of BP39L and CV39L. (A) Equilibrium 

distributions of BP39L (0.18 mg·ml-1) were obtained at rotor speeds of 14,000 (purple curve), 16,700 

(dark blue) and 29,000 rpm (light blue). The residual plot (lower panel) shows the goodness of the fit. For 

the inserted sedimentation coefficient distributions c(s) of BP39L, the continuous size distribution of 

sedimenting species resulted in a single peak. (B) Equilibrium distributions of CV39L (0.14 mg·ml-1) 

were obtained at rotor speeds of 9,000 (purple curve), 11,000 (dark blue) and 18,500 rpm (light blue). For 

the inserted sedimentation coefficient distributions c(s) of CV39L, the continuous size distribution of 

sedimenting species resulted in a single peak. Global analysis of multi-speed experiments (for multiple 

loading concentrations of proteins) was done using SEDPHAT. The figures were created in the program 

GUSSI 1.0.8 written by Chad Brautigam (University of Texas, Southwestern Medical Centre). 

Fig. 5. Characterization of BP39L and CV39L putative binding sites. (A) Stick representation with 

shown chemistry of putative binding site between blades W1 and W2 of BP39L and (B) CV39L of 

monomer A. (C) Structural alignment of BP39L (green) and CV39L (pink) putative binding sites 

(between repeats W1-W2) shown in stick representation with respective color-coded labelling. (D) 

Sequence alignment of BP39L and CV39L according to putative binding sites of 7 repeats (W1-W7). 

Amino acids forming binding sites are highlighted with green (BP39L) and pink (CV39L) background. 

Seven repetitions (W1-W7) are indicated with the main secondary structure elements (color-coded for 

each β-propeller). In both alignments, black spheres indicate an example of one binding pocket created by 

the amino acids of blade Wi (W1) and blade Wi+1 (W2). 

Fig. 6. Orientations of docked monosaccharides in BP39L and CV39L binding pockets. Individual 

ligands are coloured and labelled with corresponding colour highlight. O1 atoms of 

monosaccharides are labelled. Binding site of BP39L (green) with docked methyl α/β-D-

mannoside (yellow sticks; A/B), Manα1-3(Manα1-6)Man mannotriose in two different binding 
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modes (orange or brown sticks, respectively; C/D). Arrows point towards possible 

oligosaccharide extension. Binding site of CV39L (pink) with docked methyl α/β-L-fucoside 

(blue sticks; E/F), methyl α/β-D-glucoside (green sticks; G/H), methyl β-D-mannoside (yellow 

sticks; I), methyl β-L-galactoside (teal sticks; J) and methyl α/β-D-galactoside (cyan sticks; K/L). 

Fig. 7. Structural comparison of BP39L and CV39L with other seven-bladed β-propeller lectins. 

Structural alignment of BP39L (green-yellow) putative binding site (shown site I - green sticks) with (A) 

PVL (orange) (PDB 2BWR) GlcNAc-binding site (orange sticks) and with (B) PHL (violet) (PDB 

5MXE) galactose-binding site (violet sticks). (C) Close-up view of BP39L aligned with site VI of PHL. 

Structural alignment of CV39L (magenta-pink) putative binding site (shown site I - pink sticks) with (D) 

PVL (orange) (PDB 2BWR) GlcNAc-binding site (orange sticks) and (E) PHL (violet) (PDB 5MXE) 

galactose-binding sites (violet sticks). (F) Close-up view of CV39L aligned with site VI of PHL. 

The labelling of the binding sites is color-coded to match the colour of the stick representation. 

Table 1. Microcalorimetry titration data for binding of saccharides to BP39L and CV39L. 

Thermodynamic parameters with standard deviations (averaged from three independent measurements) 

for the binding of saccharides to BP39L and CV39L. (n = number of binding sites, Ka = association 

constant, Kd = dissociation constant, ΔG = change in Gibb's free energy, ΔH = change in enthalpy, -TΔS 

= change in entropy) 

Protein Ligand n Ka (103 M-1) Kd (mM) −G (kJ/mol) −H (kJ/mol) −TS

(kJ/mol) 

BP39L 

α1-3,α1-6-

Mannotriose 

8.56  0.04 5.15  0.09 0.19  0.003 -21.2  0.05 -28.8  0.22 7.6  0.26 

D-Man 7* 0.78  0.045 1.28  0.074 -16.5  0.95 -37.9  1.42 21.4  1.24 

Man α1-2- Man 7* 0.23  0.060 4.38  1.140 -13.5  3.51 -20.0  5.67 6.54  1.70 

n. b. L-Fuc, methyl-β-L-fucoside, Lewis b, exopolysaccharides (B. cenocepacia), N-acetylglucosamine

CV39L 

L-Gal 8.56  0.06 4.67  0.12 0.21  0.005 -21.0  0.06 -35.8  0.40 14.9  0.47 
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L-Fuc 7.87  0.12 3.21  0.14 0.31  0.010 -20.0  0.11 -36.7  1.08 16.7  1.19

D-maltose 7* 0.26  0.002 3.74  0.025 -13.9  0.00 -26.8  0.57 12.9  0.61 

D-Man 7* 0.14  0.026 7.21  1.320 -12.3  0.45 -25.6  3.65 13.3  4.13 

n. b. D-Gal, L-rhamnnose, N-acetylgalactosamine, BGA, BGB, sialic acid, exopolysaccharides (B. cenocepacia), Fuc1-

2Gal, Galβ1-3GalNAc, GalNAcα (1-3Fuc)1-2Gal, Fuc1-6NAcGlc, Man1-3(Man1-6)Man, lactose 

*The stoichiometry value was fixed to expected number of binding sites due to low affinity

interaction. 

No observed binding

Table 2. Data collection and refinement statistics. Values in parentheses are for the highest resolution 

shell.  

BP39L CV39L 

Eu derivative Native Eu derivative Native 

PDB code - 6GXR - 6GXS 

Space group I222 I222 P212121 P212121 

Wavelength (Ǻ) 1.776 0.979 1.776 0.967 

Unit-cell parameters 

a (Å) 46.07 46.08 65.69 65.71 

b (Å) 87.52 87.55 124.10 123.78 

c (Å) 159.29 159.10 181.00 180.93 

Resolution range (Ǻ) 76.70-1.84 

(1.94-1.84) 

79.55–1.70 

(1.79 – 1.70) 

124.11-2.55 

(2.63 – 2.55) 

80.93-1.80 

(1.90 – 1.80) 

Reflections measured 695843 (77031) 476560 (70482) 1273263 (118313) 1026231 (148690) 

Unique reflections 27798 (3723) 33933 (4942) 48771 (4457) 137285 (19822) 

Completeness (%) 97.8 (91.8) 94.7 (95.9) 99.3 (99.6) 100.0 (100.0) 

CC1/2  (%) 99.8 (98.3) 100.0 (92.4) 99.7 (80.3) 99.9 (95.3) 

Rmerge
† 0.099 (0.317) 0.071 (0.430) 0.279 (1.783) 0.102 (0.363) 

Multiplicity 25.0 (20.7) 14.0 (14.3) 26.1 (26.5) 7.5 (7.5) 

<I/σ (I) > 27.8 (11.9) 25.1 (6.2) 15.0 (2.4) 14.7 (4.9) 

Refinement resolution (Ǻ) - 79.55–1.70 - 73.04-1.80 

σ cutoff - 0 - 0 

Reflections used - 32232 - 130295 

Reflections used for Rfree - 1615 - 6547 

R factor‡ (%) - 15.74 - 15.28 

Rfree‡ (%) - 19.61 - 18.85 

R.m.s.d. bond lengths (Ǻ) - 0.023 - 0.023 

R.m.s.d. bond angles (°) - 2.099 - 2.014 

No. of water molecules - 317 - 1275 
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No. of non-H atoms (total) - 2928 - 12196 

Ramachandran plot 

Residues in most favourable 

regions (%) 

- 98.0 - 98.0 

Residues in additional allowed 

regions (%) 

- 2.0 - 2.0 

†Rmerge = ∑Ii - <I>│/∑Ii , where Ii is the intensity of observation and <I> is the mean value for that reflection.  

‡R factor =∑ ││Fo(h)│ - │Fc(h)││/ ∑h Fo(h), where Fo and Fc are the observed and calculated structure-factor amplitudes, 

respectively.
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