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α1,6-Fucosylation (core fucosylation) consists of the transfer of an α1,6-linked fucose to the innermost N-acetyl-glucosamine (GlcNAc) of the N-glycan core of mammalian glycoproteins by the α1,6-fucosyltransferase (FUT8). [1] This post-translational modification regulates many biological processes such as cell adhesion or innate immunity. It is associated with pathologies like cancers, where altered glycosylation is a hallmark. [2] Enhanced core fucosylation is a preeminent factor in liver cancer and melanoma metastasis. [3] Several core fucosylated glycoproteins, such as alpha-fetoprotein (AFP-L3), [1][2] prostate-specific antigen (PSA) [4] or haptoglobin [5] are used as serological biomarkers for the detection of hepatocellular carcinoma, prostate and pancreatic cancers, respectively. Core fucosylation strongly affects the bioactivity of therapeutical N-glycoproteins. Its presence in the Fc region of monoclonal antibodies (mABs) impairs their recognition by FcγRIIIA receptors and thus, lowers their efficacy in antibody dependent cellular cytotoxicity (ADCC). [6] Hence, molecular tools for the rapid, easy and accurate analysis of core fucosylation in biomedical applications are needed. [7] Lectins can be such tools since they are very versatile and can distinctly recognize particular glycan structures in situ. [8] Only five lectins with strict specificity for core fucosylation have been identified. [9] Based on primary protein sequence, they belong to, at least, two new protein families with unidentified fold where neither the 3D structure nor the molecular basis for selectivity is known. The first family, represented by BTL from the red alga Bryothamnion triquetrum, recognizes preferentially bi-and triantennary non-bisected core fucosylated N-glycans. [9a] The second family contains RSL from Rhizopus stolonifer and PhoSL from Pholiota squarrosa, the smallest fungal lectin to date with only 40 amino acids [9c, 9d] as well as SL2-1 [9e] from the bacterium Streptomyces rapamycinicus presenting a triple repeat of PhoSL. PhoSL and SL2-1 recognize a variety of core fucosylated Nglycans: bi-, tri-, and tetraantennary as well as bisected. [9c, 9e] PhoSL detects core fucosylation on native glycoproteins, such as IgGs or thyroglobulin and core fucosylated biomarkers such as AFP-L3 and haptoglobin. [9c, 10] To get structural insights into its recognition of core fucosylation, we solved the structure of recombinant PhoSL (rPhoSL) in its apo form and in complex with three biantennary core fucosylated oligosaccharide azides of different length (Scheme 1). First, we recombinantly produced PhoSL to allow better availability and reproducibility of the protein for future applications. Assuming disulfide formation and secretion for PhoSL, it was overexpressed into the periplasm of Escherichia coli, where the bacterial disulfide bond machineries are located. A cleavable and His6-tagged N-terminal fusion comprising the disulfide isomerase DsbA with its signal sequence was introduced to promote export into the periplasmic space, introduce disulfide bonds into the nascent protein and improve protein folding [11] (Figure 1a). After cleavage of the fusion with Tobacco Etch Virus (TEV) protease [12] the purified rPhoSL showed alike properties to the wild-type protein isolated from mushroom. [9c] Agglutination of rabbit red blood cells was found and strict specificity for α1,6-core fucosylated N-glycans was confirmed by glycan array analysis at the Consortium for Functional Glycomics. The latest glycan array version demonstrated that rPhoSL, as SL2-1, also binds to core fucosylated N-glycans including those bearing polylactosamine motifs (Figure S1). [9e] In an enzyme-linked lectin assay (ELLA), biotinylated rPhoSL recognized immobilized core fucosylated glycoproteins such as thyroglobulin, fetuin and IgG-k but not conalbumin where core fucosylation is absent (Figure S2a). A submillimolar affinity was measured by isothermal microcalorimetry with a Kd of 180 and 105 µM for core fucosylated chitobiose and N-glycan 1, respectively (Figures S2b-c). Unexpectedly, this is 100 fold lower than for SL2-1.

[9e] ITC measurements with L-fucose showed no binding. Size exclusion chromatography indicated a trimeric state of PhoSL in solution (data not shown). After initial screening, rPhoSL was crystallized in the presence of zinc and its apo structure was solved by single anomalous dispersion (SAD) at 1.7 Å resolution using the zinc anomalous signal (Table S1). rPhoSL was found as a trimer in the asymmetric unit with zinc atoms stabilizing surface loops (Figure 1b). The first 7 residues of chain A could not be modelled probably as a result of disorder in the crystal perhaps induced by a zinc atom close by. These residues were fully resolved in the other crystal forms obtained and described below (Figure 1c). rPhoSL forms a slightly curved four-stranded antiparallel βsheet with β-strands termed A, B, C and D from N-to C-terminus and strands A and D oriented about 90º apart. Three protomers arrange around a three-fold symmetry axis to form a twelvestranded β-prism. The β-sheets are not parallel to the prism axis but rotated by 45º and form a Velcro-like closure due to the swapping of β-strand D that stabilizes the trimer by interacting with β-strand C of a neighboring protein chain (Figures 1b-d). Additional contacts are observed between the extremities of strands A (Figure S3a). The β-prism presents an equilateral triangular shape with a 30º twist from its bottom, defined by the long strand A of each sheet to its top, formed by loop connecting strands C and D (Figures 1b-d). Its center is mainly filled by hydrophobic residues stacked in layers with V5 and L8 from strand A, W32 from strand C and the disulfide bridge C10-C17 between strand A and B (Figure S3b).

The four stranded β-meander adopted by rPhoSL is a common protein motif found in the greek key motif, β-propellers, β-prism II or β-barrels. [13] At the protomer level, PhoSL presents structural homology primarily with blades of many β-propeller proteins. [14] For the overall trimer, the search for structural homologs with PDBeFold [13b] revealed only very remote homology with the β-prism II fold (b.78 in SCOPe 2.06 [13a] ), first identified for the mannose specific Galanthus nivalis agglutinin (GNA) from snowdrop. [15] PhoSL and GNA can only be overlaid through one β-sheet since the assembly and the layout of their β-strands are very distinct leading to an opposite directionality of their β-sheets (Figures 2 andS4). Hence, PhoSL presents a novel structural fold for all β-proteins that we termed β-prism III. [15] To obtain the molecular basis for rPhoSL specificity, it was cocrystallized with three core fucosylated N-glycans (1-3) of different length. The structures of the complexes were solved at 1.7 or 2.1 Å for two crystal forms where the asymmetric unit contains either four rPhoSL trimers (N-glycan 1) or two protomers with the trimers formed by crystallographic symmetry (N-glycans 2 and 3, Table S1). Those trimers present only small rigid body shifts for some surface loops compared to the apo structure (rmsd of 0.35-0.6 Å, Figure S3c). The three additional N-terminal amino acids remaining after TEV cleavage (GAM) present various orientations with no impact on the general fold or observed ligand interactions.

The three core fucosylated N-glycans could be located unambiguously at each interface between two protomers indicating that rPhoSL is trivalent (Figure 3). The core fucose and the N-acetyl group of GlcNAc2 are found in a deep groove formed essentially by surface loops (Figure 3a-b). One wall of the groove is composed of amino acids essentially involved in hydrogen bonding interactions: A1*, G12, D13 and Y15 whilst hydrophobic residues V3*, L21* and V36 form its bottom and F23* and W28* its other wall (* indicates the neighboring protomer, Figure 3b). The fucose methyl group is completely buried and the fucose ring makes CH-π interactions with the F23* phenyl group. The conformation of the α1,6-glycosidic linkage is imposed by hydrophobic interactions with F23* and W28*. As a consequence, only an α1,6-linked fucose, which is attached via three flexible bonds, can be accommodated in this groove whereas secondary fucosides (e.g. α1,3) would result in steric clashes with the protein. In all complexed structures, the rigid α1,3-linked branch of the N-glycan does not interact with the protein and is totally exposed to the solvent (Figure 3a). The subsequent disorder resulted in no or poor electron density which did not permit its accurate building in many protein chains (Figures S4-5). The α1,3-arm was resolved only in the presence of stabilizing crystals contacts as for protein chain A in complex with N glycan 2 and 3 or protein chain D with N-glycan 1. On the other hand, the flexible α1,6branch is well ordered and completely resolved in the structures with N-glycans 2 or 3 and in eight of the twelve molecules of the complex with N-glycan 1 (Figures 3e andS5-6). The α1,6-arm wraps over the phenyl ring of Y15 at the top of β-prism. In Nglycan 1 the GlcNAc5' ring makes CH-π interaction with this aromatic ring and direct H-bonds with N35 side chain or water mediated contacts with Y15 hydroxyl and V36 main chain in Nglycan 1 (Figure S7). When the N-glycan is galactosylated (2 or 3) the α1,6-arm extends beyond β-strand D allowing the Gal6' moiety to bind to another groove (Figure 3c-e). This cavity is formed on one side by the loop connecting strands C and D and strand D of one protomer whilst the bottom and other side consists mainly of the C-terminal part of strand C of the other protomer and the side chain of K16*. The main chain nitrogen of D33* is hydrogen bonded to OH-3 of Gal6' whilst its side chain stacks against the OH-4 oriented toward the bottom of the groove (Figure 3d). The 2,6-linked sialic acid (Sia7') is turned towards the solvent and interacts with the protein mainly via its glycerol moiety via Hbonds with the side chain of Q31* and N35 and a hydrophobic interaction with the phenyl ring of F37. The ring oxygen of Sia7' is also hydrogen bonded to the side chain of N35 (Figure 3d,e).

The dihedral angles measured for all glycosidic linkages correspond to low energy conformations (Table S2). [START_REF] Pérez | Glycoinformatics[END_REF] The crystal packing in both crystal forms creates a slightly different environment for each binding site and thus gives an excellent set of snapshots of the flexibility of N-glycans in the bound state (Figures 3f andS8). Following the constraints imposed by the fucose binding groove, the mobility of the core fucose and Nacetyl group of GlcNAc2 is rather limited. Small changes in the dihedral angles of the α1,6-linkage generate small shifts in the chitobiose in particular for GlcNAc2. In order to accommodate those, a small rigid body shift occurs mainly for the protein loop connecting strands B and C allowing a good orientation of the aromatic ring of F23* and W28* and optimization of the hydrophobic interactions (Figure S8c). High mobility is observed for the 1,3-arm as it is totally exposed to the solvent (Figure S8a). The motion of the 1,6-arm becomes restricted whenever it contains a galactose moiety binding to the protein (Figures 3f andS8a-b). Overall, the rPhoSL is fairly static and sugar binding essentially influences the conformation of the BC loop and N35 side chain. The latter can adopt two conformations for the short glycan 1 but only one for the longer glycans 2 and 3 in order to avoid steric clashes with the galactose and sialic acid moieties (Figure 3f).

A homology search with the rPhoSL sequence gave homologs composed of one (RSL) [9d] or three rPhoSL repeats (SL2-1). [9e] Thus, the β-prism III fold may also be adopted from tandem repeats. Sequence alignment revealed the strict conservation of the two cysteines forming a disulfide bridge and most residues involved in core fucose binding as G12, L21, F23, W28 (Figure S9). A consensus sequence for PhoSL-like proteins can thus be proposed: 10CDGDXYXCXAXLXFGDGXW28 (X being any amino acid). It defines this new lectin family and can be used to predict new members and core fucose binding. Variations observed for D13 and Y15 should decrease the affinity for ligands due to the loss of H-bonds whilst mutation of V36 to I36 should have little impact on ligand binding as fucose may still be accommodated. The sequence conservation is much lower for the secondary binding groove and may affect binding of the 1,6-arm (Figure S9). The nine residues at the C-terminus of the repeat seem responsible for the fine specificity of PhoSL-like proteins.

The mini lectin rPhoSL is able to specifically recognize core fucosylated N-glycans. rPhoSL self-assembles from 3 monomers into novel protein fold, the β-prism III, which is stabilized by stand exchange. One N-glycan (here up to 12 sugars, 2.4 kD) is bound per PhoSL protomer (40 aa, 4.5 kD). The binding sites located at the interfaces between monomers display a specific architecture for the exclusive recognition of α1,6 core fucose and provide simultaneous binding of the 1,6-arm even for sialylated Nglycans. PhoSL is the first structurally characterized representative of a novel lectin family. [START_REF]After submission of our manuscript, the RMN structure of PhoSL from a synthetic peptide was[END_REF] Similarly to the Psathyrella velutina lectin (PVL), which is used for the detection of terminal GlcNAc in truncated glycans associated with cancers, [18] rPhoSL could become a precision probe for the detection of core fucosylation on glycoproteins.

with a 30 mL linear gradient of NaCl (0-1M). After analysis of the fractions on 16.5% Tristricine gels, those containing pure protein were pooled and desalted on PD10 column (Ge Healthcare) in 25 mM MES pH 6, prior concentration by centrifugation using a Vivaspin (3KDa, Sartorius). Thereafter, recombinant PhoSL was used for physicochemical characterization and stored at 4°C.

Size exclusion chromatography.

To study the oligomarisation state of rPhoSL, size exclusion chromatography (SEC) was performed on an ENrich TM SEC 70 10 x 300 column (Bio-Rad Ltd) at a flow rate of 1 ml min -1 in a buffer composed of 25 mM MES pH6. 100 µl of protein were injected and the eluate was monitored at 280 nm. A calibration curve was done with the following standards: Bovine serum albumine 66.5 kDa, Ovalbumin 43 kDa and RNAse A 13.7 kDa (GE Heathcare).

Glycan microarray analysis.

Protein affinity towards a panel of 600 biologically important mammalian glycans was measured using the standard procedure of the protein-glycan interaction core (H) of the Consortium for Functional Glycomics (USA). Recombinant PhoSL was labeled with Alexa Fluor 488-TFP (carboxylic acid, 2,3,5,6 tetrafluorophenyl) (Fisher-Scientific) according to the manufacturer's instructions. The protein was analyzed at a concentration of 50 µM and 5 µM on Mammalian Printed Array Version 5.2. Experimental data were normalized to percentages of the highest RFU value for each analysis and an average binding was obtained for each glycan after averaging of the percentages at different lectin concentrations. The data were sorted according to their average binding and analyzed.

Enzyme linked lectin assay (ELLA) on glycoproteins. Microplates-96 wells (Greiner Bioone #655061) were coated with 100 µl/well of glycoprotein. Ovalbumin, Conalbumin and Thyroglobulin from GE Healthcare or Fetuin and human IgG1-κ from Sigma-Aldrich were diluted in 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4, 0.1 mM CaCl2 pH 7.4 (PBS-Ca) to reach 1000 ng/well and incubated 2 h at room temperature (RT). Unbound glycoproteins were removed by three washes with PBS-Ca. Then, wells were blocked with 200 µl of 2 % bovine serum albumin (BSA) in PBS-Ca for 1h at 37°C and then washed 5 times with PBS-T (PBS-Ca, 0.05% Tween 20). Biotinylated rPhoSL was prepared using Biotinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide ester (Sigma Aldrich #B3295) mixed with the protein resuspended in PBS-Ca, following manufacturer's instructions. For each assay, biotinylated rPhoSL was diluted with 0.1% BSA to reach 30 ng/well of protein and 100 µl were added before incubation for 2h at RT. The plate was washed as before with PBS-T. Biotinylated rPhoSL was detected using 100 µl/well of streptavidin-peroxidase (from Streptomyces avidinii, Sigma-Aldrich cat. #S5512) diluted with 0.1% BSA to reach 10 ng/well and incubated 25 min at RT. After washing the plate 5 times with PBS-T, the color was developed using 200 µl per well of o-phenylenediamine dihydrochloride (SigmaFast OPD tablet, Sigma Aldrich #P9187) for a few minutes in the dark and the reaction was stopped by addition of 50 µl of 3 M HCl. The signal was read on a microplate reader (TECAN, Spark 10M) using a standard photometric method at 492 nm.

All samples were analyzed in duplicate.

Isothermal titration calorimetry. rPhoSL in 25 mM MES pH 6 was centrifuged and its concentration was determined with NanoDrop 2000 spectrophotometer (Ozyme) at 280 nm using a theorical extinction coefficient of 14,000 M -1 .cm -1 . Titration was performed using an ITC200 microcalorimeter (Microcal Inc., Malvern Instruments) at 25°C with rPhoSL in the cell at 50 µM. 20 injections of 2 µl of carbohydrate ligand (10 mM N-glycan 1 or 5 mM core fucosylated chitobiose) in the same buffer every 3 min. Data were fitted with MicroCal Origin 7 software according to standard procedures. Fitted data yielded the stoichiometry (n), the association constant (Ka) and the enthalpy of binding (ΔH). Other thermodynamic parameters (the free energy ΔG and the entropy ΔS) were calculated from the equation ΔG = ΔH-TΔS = -RT ln Ka, where T is the absolute temperature and R = 8.314 J/mol/K. Crystallization and data collection. rPhoSL at 5.5-6.3 mg mL -1 in 25 mM Mes pH 6 was incubated or not with 1 mM core fucosylated N-glycans (1, 2 or 3) prior crystallization trials.

The hanging-drop vapor-diffusion method was used with 2-µl drops containing a 50:50 (v/v) mix of protein and reservoir solution at 19 °C. First screening was performed using commercial kits (Clear Strategy Screen I and II and structure Screen 2; Molecular Dimensions Ltd) without success. The protein samples were then subjected to screening using a crystallization robot (HTXLab, EMBL) and 200 nl sitting drops testing 576 commercial conditions. Several hits were obtained and optimized manually in 2 µl hanging drops. Crystal with triangular shape were obtained for the apo rPhoSL using 18% 1,4 butanediol, 300 mM Zinc acetate and 0.1 M Imidazole-HCl pH 6-7 whilst diamond shaped crystals were obtained for rPhoSL-ligand in 3-3.4 M sodium malonate pH 5. Crystals were directly mounted in a cryoloop and flashed freezed in liquid nitrogen. The data for the apo structure were collected at the ESRF (European Synchrotron Radiation Facility), Grenoble, France on the beamline BM14 using a MARCCD detector. For the complexed structures, data were collected using a Pilatus 6M detector (Dectris Ltd) on beamline ID23-1 at ESRF for the N-glycan 1 and on beamline Proxima-1 at SOLEIL, Saint Aubin, France for N-glycans Cysteines involved in the conserved disulphide bridge are marked with a full green circle, those involved in hydrophobic interactions or hydrogen binding with the core fucosylated chitobiose are represented with a blue star and a brown circle, respectively and the residues interacting with the 1.6 branch with a triangle. The figure was drawn with ESPript 3.0 server. [14] (b) Sequence conservation using BlockLogo is depicted in the bottom panel. [15] a b 

Scheme 1 .

 1 Scheme 1. Core fucosylated biantennary oligosaccharide azides 1-3 used in this study.

Figure 1 .

 1 Figure 1. (a) rPhoSL construct for periplasmic export. (b) Carton representation of the β-prism III for the apo protein. rPhoSL trimer is colored by protein chain. Zinc atoms are shown as orange spheres and acetate ions as ball and sticks. (c) Top and side view of the β-prism III of rPhoSL in cocrystals with N-glycans. (d) Topology diagram of rPhoSL trimer.

Figure 2 .

 2 Figure 2. Stereo view of the overlay of β-prism III of PhoSL (grey) with β-prism II represented by the Galenthus nivalis agglutinin (GNA, PDB 1MSA, wheat).[15] 

Figure 3 .

 3 Figure 3. Binding of core fucosylated sialylated N-glycan 3 to rPhoSL. (a) Surface representation of rPhoSL and bound ligand (ball and stick) viewed from the side. (b) Interactions of rPhoSL with the core fucosylated chitobiose. (c) View from the top. (d) Interactions with the 1,6-branch of the N-glycan. (e) 2Fobs-Fcalc electron density for N-glycan 3 displayed at 1 σ (0.27 eA 3 ) (f) Overlay of the binding interface of N-glycan 1 (blue) and 3 (grey). Amino acids involved in sugar recognition are depicted and hydrogen bonds are represented by dotted lines.

Figure S1 :

 S1 Figure S1 :Glycan arrays data for recombinant PhoSL. rPhoSL (5 µg mL -1 ) labelled with Alexa488 on Mammalian Printed Array Ver 5.2. Only epitopes with signal superior to 400 RFU have been selected for the display and the highest affinity ligand are represented schematically. Complete data are given upon request to annabelle.varrot@cermav.cnrs.fr.

Figure S2 .

 S2 Figure S2. (a) Binding on biotinylated rPhoSL on immobilized glycoproteins by ELLA. (b, c) Isothermal microcalorimetry affinity measurements. Plots, measured by ITC200 (Microcal) were obtained from the titration of recombinant PhoSL (50 µM) with 5 mM core fucosylated chitobiose (b) and 10 mM core fucosylated N-glycan 1 (c) at 25 °C. Protein and glycans were prepared in 25 mM MES pH 6.0. The plots in the lower panels show the total heat released as a function of total ligand concentration for the titration shown in the upper panels. The solid lines represent the best leastsquare fit to experimental data using a one-site model. Schematic of the ligand are represented on top with red triangle for fucose, blue square for GlcNAc and green circle for mannose.

Figure S3 .Figure S4 .Figure S5 .

 S3S4S5 Figure S3. (a) Zoom on the interactions stabilizing strand A between two neighboring protein chains. (b) Residues filling the center of the β-prism. (c) Overlay of rPhoSL trimer in the apo structure (grey) with the trimers of the structures in complex with N-glycan 1 (red, purple, magenta, orange), with Nglycan 2 (blue, cyan) and with N-glycan 3 (green, yellow). Trimers for N-glycan 2 and 3 were created from crystallographic symmetry.

Figure S6 .

 S6 Figure S6. (a-b) 2Fobs-Fcalc electron density for the modelled N-glycan 2 in protein chain A (a) and B (b) of rPhoSL displayed at 1 σ (0.25 eA 3 ). 2Fobs-Fcalc electron density for the modelled N-glycan 3 in protein chain A (c) and B (d) of rPhoSL displayed at 1 σ (0.27 eA 3 ). Tyr15 and Gly12 are represented in ball and sticks.

Figure S7 . 1 FigureFigure

 S71 Figure S7. Zoom in the interactions of rPhoSL with N-glycan 1

  

  

  

  

  

  

  

  

  

Table S1 .

 S1 Data Collection and Refinement Statistics for rPhoSL crystal structures.

			rPhoSL apo		rPhoSL-glycan 1	rPhoSL-N-glycan 2	rPhoSL-N-glycan 3
	Crystallisation conditions	18% 1,4-butanediol 300 mM ZnAc 100mM imidazole ph 7.0	3.2 M Na malonate pH 5.0 3.2 M Na malonate pH 5.0	3.4 M Na malonate pH 5.0
	Data collection								
	Beamline ESRF		ESRF BM14		ESRF ID23-1	SOLEIL Proxima 1	SOLEIL Proxima 1
	Space group		P21		P21221	I213		I213	
	Cell dimensions a b c (Å) α β γ (°)	28.2 67.7 31.0 90 97.25 90	91.0 95.6 110.6 90 90 90	101.7 101.7 101.7 90 90 90 101.9 101.9 101.9 90 90 90
	Wavelength		0.984		0.976	0.979		0.979	
	Resolution (Å)	33.84-1.70 (1.73-1.70)	47.88-2.10 (2.16-2.10)	36.01-1.7 (1.73-1.70)	41.54-1.7 (1.73-1.7)
	Measured reflections		50099		296329	628467	335255
	Unique reflections		12666		56993	19497		19409	
	Rmerge a		0.045 (0.349)		0.045 (0.466)	0.048 (0.550)	0.050 (0.663)
	Mean I / sI a		14.8 (3.0)		18.6 (3.2)	45.9 (7.3)	32.8 (4.6)
	Completeness (%) a		99.5 (97.6)		99.9 (100)	100.0 (100.0)	100.0 (100.0)
	Redundancy a		4.0 (3.6)		5.2 (5.4)	32.2 (29.7)	17.3 (16.9)
	CC1/2 a		99.7(89.2)		0.999 (0.907)	1.000 (0.968)	1.000 (0.917)
	Estimated mean FOM / Pseudo free CC (%)		0.639 / 68.2						
	Refinement								
	Resolution (Å)		33.84-1.70		47.88-2.10	36.01-1.70	41.54-1.70
	No. of work/ free Reflections		12732 / 665		57008 / 2785	19500 / 976	19412 /973
	Rwork / Rfree b (%)		17.1 / 21.1		18.4 / 21.9	16.4 / 18.8	15.7 / 18.7
	Rmsd bond lengths (Å)		0.0151		0.015	0.0153		0.0145
	Rmsd bond angles (°)		1.62		1.84	1.89		2.06	
	No. of atoms	Chain A	Chain B	Chain C	For the 12 chains	Chain A	Chain B	Chain A	Chain B
	Protein	277	338	339	3801	315	331	317	331
	Ligand				889	113	88	133	112
	Others heteroatoms	12	12	9	102				
	Water	41	39	46	320	145		151	
	Average B-factors	Chain A	Chain B	Chain C					
	Protein	25	24.7	22.8	40.3	26.4	25.7	24.2	22.9
	Ligand				50	40.6	33.7	38	31
	Others heteroatoms	36.9	39.5	34.2	55.3				
	Water	36.8	37	36.8	45.6	40.9		40.4	
	Ramachandran plot (%) Allowed		100		100	100		100	
	Favored		99.2		97.4	98.7		98.7	
	Outliers		0		0	0		0	
	PDB code		6EKE		6FX1	6FX2		6FX3	

a Values in parentheses are for highest-resolution shell.

b 

Rfree was calculated with 5% of the reflections.
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Experimental Proceduces

Core fucosylated N-glycans synthesis. Compound 1 (scheme 1) was synthetized as previously described. [1] Compound 2 was synthetized as follow. Octasaccharide 1 (10.0 mg, 6.72 µmol) and UDP-Gal (17.1 mg, 30.20 µmol) were dissolved in 2.2 mL of sodium cacodylate (50 mM, pH 7.4) containing 2.2 mg of bovine serum albumin, 2.24 µmol of MnCl2, 2.24 µmol of NaN3 and 22.4 units of calf intestinal alkaline phosphatase (EC 3.1.3.1). GlcNAc β-1,4-galactosyltransferase (EC 2.4.1.22, 240 milliunits) was added and the reaction mixture was incubated for 48 h at 30°C. The pH was checked regularly and was maintained H-6a 5' , H-6a 1 , H-4 6 , H-4 6' , H-3 4 , H-3 4' , H-3 F , H-6a 6 , H-6a 6' , H-6a 2 , H-6a 4 , H-6a 4' ), 3.45-3.84 (m, 41H, H-6b 5 , H-6b 5' , H-4 1 , H-2 F , H-4 F , H-2 1 , H-2 2 , H-2 5 , H-2 5' , H-3 2 , H-5 4 , H-6b 1 , H-3 5 , H-3 5' , H-5 1 , H-3 6 , H-3 6' , H-5 3 , H-6b 6 , H-6b 6' , H-5 4' , H-5 5 , H-5 5' , H-4 4 , H-4 4' , H-2 6 , H-2 6' , H-5 6 , H-5 6' , H-4 2 , H-5 2 , H-6b 2 , H-4 3 , H-6a 3 , H-6b 3' , H-6b 4 , H-6b 4' , H-3 1 , H-3 3 , H-4 5 , H-4 5' ), 2.01-2.11 (m, 12H, Ac), 1.24 (d, J5,6 = 7.0 Hz, 3H, CH3 F ). Expression and purification of recombinant PhoSL. A nucleotide sequence, translated from the peptide sequence of PhoSL [2] was synthesized after codon optimization for expression in Escherichia coli (Genscript USA). The gene was introduced in the expression vector pET39b-TEV using NcoI and XhoI restriction sites. This homemade vector is derived from the pET39b plasmid (Novagen) where the enterokinase cleavage site was replaced for the cleavage site of the Tobacco Etch virus (TEV) protease. E. coli BL21 Star (DE3) cells harboring the plasmid pET39b-TEV-PhoSL were cultured in LB Broth medium with 30µg.mL - 1 kanamycin at 37°C. When the culture reached an A600nm of 0.4, the incubation temperature was changed to 16°C. When the culture reached an A600nm of 0.8-0.9, protein expression was induced by the addition of 0.1 mM isopropyl β-D-thiogalactoside. Cells were harvested after one night at 16°C by centrifugation at 5000 x g for 10 min at 4°C, and the pellet from 1 liter culture was resuspended in 30 mL of buffer A (30 mM Tris-HCl, 20% sucrose, pH 8) and 1 mM EDTA for periplasmic extraction. The cells were gently stirred at room temperature for 10 min prior centrifugation at 10000 x g for 10 min at 4°C. The pellet obtained was resuspended in 30 mL of ice-cold 5 mM MgSO4 and gently stirred for 10 min on ice. After centrifugation at 10000 x g for 10 min, the supernatant was subjected to affinity chromatography on 1 mL cOmplete TM His-Tag column (Roche) equilibrated with 20 mM Tris-HCl pH 8, 300 mM NaCl. After washing with the equilibrium buffer, elution was performed with a 20 mL linear gradient of imidazole (0-500 mM). The fractions were analyzed on 15% SDS-PAGE gels prior pooling and desalting on PD10 column (Ge Healthcare) in 20 mM Tris-HCl pH 8. The His-tag was cleaved with the TEV protease [3] (1:50 w/w; enzyme:protein ratio) at 19°C overnight with addition of 0.5 mM EDTA. Then, the mixture was applied on the affinity column and the cleaved protein was collected in the flow-through. Protein contaminants were separated by anion-exchange chromatography on a 1 mL HiTrap DEAE Sepharose FF column (GE Healthcare). equilibrated with 20 mM Tris-HCl pH 8. Elution was performed 2 and 3. The data were processed using XDS. [4] All further computing was performed using the CCP4 suite. [5] Structural determination and refinement. The apo structure of rPhoSL was solved by SAD method (zinc anomalous signal) using ShelXC/D. [6] A polyalanine model was first autobuilt in ShelXE and was improved and the sequence assigned in ArpWarp. [7] The molecular replacement technique was used to solve the structures of rPhoSL complexed with core fucosylated N-glycans using PHASER. [8] Four copies f of the apo trimer were searched for N-glycan 1 in P21 space group and 2 copies of the apo monomer were searched for N-glycans 2 and 3 in I213 space group. Structure refinement was performed in Refmac5.8 [9] and manual model corrections and building in COOT. [10] For cross-validation analysis, 5% of the observations were set aside with the same set for N-glycans 2 and 3.

Hydrogen atoms were added in their riding positions and used for geometry and structurefactor calculations. TLS refinement in Refmac was used during the refinement of N-glycan 1 complexes structure. [11] The stereochemical quality of the refined models was validated on the wwPDB Validation server: http://wwpdb-validation.wwpdb.org and carbohydrates were checked in Privateer. [12] All figures were drawn with PyMOL Molecular Graphic System program (Version 2.0.4, Schrodinger, LLC).

Accession codes. Coordinates and structure factors have been deposited in the Protein

Data Bank under accession codes 6EKE, 6FX1, 6FX2 and 6FX3 for the structures of apo rPhoSL and in complex with N glycan 1, 2 and 3 respectively. Table S2. Torsion angles observed per protein chain for the glycosidic linkages of the core fucosylated N-glycans 1, 2, and 3 bound to rPhoSL. *φ (O5-C1-OX-CX) and ψ (C1-OX-CX-CX+1) with x, the number of the carbon atom of the second monosaccharide with which the 1→ x glycosidic bond is formed and Ω (O6-C6-C5-O5) for two monosaccharides linked by a 1 → 6 linkage.