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Structural and functional analysis of natural capsid variants reveals sialic-acid independent entry of BK polyomavirus
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Introduction

BK Polyomavirus (BKPyV) is a small non-enveloped double stranded DNA virus with an icosahedral capsid formed by 72 capsomers, where a capsomer is an association of a pentamer of the VP1 protein linked internally to a single copy of either the VP2 or the VP3 proteins. BKPyV is known to interact with the urothelium and kidney epithelium through the gangliosides GT1b and GD1b but also via other b-series gangliosides [START_REF] Shinohara | BK virus infection of the human urinary tract[END_REF][START_REF] Low | Identification of Gangliosides GD1b and GT1b as Receptors for BK Virus[END_REF][START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF], which are glycosphingolipids carrying one or multiple sialic acids. The crystal structure of a BKPyV VP1 pentamer in interaction with GD3, shows that multiple loops at the surface of the VP1 form a pocket that directly interacts with the α2,8-disialic acid motif of the b-series gangliosides [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF].

BKPyV is an opportunistic virus with a prevalence of 80% in the worldwide population [START_REF] Knowles | Population-based study of antibody to the human polyomaviruses BKV and JCV and the simian polyomavirus SV40[END_REF][START_REF] Egli | Prevalence of polyomavirus BK and JC infection and replication in 400 healthy blood donors[END_REF]. Usually, infections occur asymptomatically during childhood and then lead to latency in kidneys. Active viral replication appears to be suppressed by the host, because in immunosuppressive contexts like solid organ or hematopoietic stem cell transplants, BKPyV can reactivate [START_REF] Hirsch | Polyomavirus BK[END_REF][START_REF] Hirsch | BK virus: opportunity makes a pathogen[END_REF]. This is a particular issue in the case of kidney transplant, where replication in the engrafted kidney results in the secretion of BKPyV in urine (viruria) and the presence of BKPyV DNA in the blood (DNAemia). These parameters are followed clinically as non-invasive markers to evaluate the state of the infection in the graft. Viruria higher than 10 7 cp/mL and DNAemia greater than 10 4 cp/mL are associated with BKPyV-associated nephropathy (BKPyVAN), that must be confirmed through biopsy (Hirsch et al., 2013;Nickeleit et al., 1999). Persistent and uncontrolled BKPyV replication can lead to kidney graft dysfunction and ultimately loss of the graft [START_REF] Ramos | Clinical course of polyoma virus nephropathy in 67 renal transplant patients[END_REF][START_REF] Drachenberg | Polyomavirus BK versus JC replication and nephropathy in renal transplant recipients: a prospective evaluation[END_REF][START_REF] Viscount | Polyomavirus polymerase chain reaction as a surrogate marker of polyomavirus-associated nephropathy[END_REF]. Usually, the therapeutic strategy is to reestablish the host immune response against BKPyV by modulating the immunosuppressive treatments without endangering the graft (Babel et al, 2011). However, for approximately 25% of BKPyVAN patients, high-level BKPyV replication persists [START_REF] Nickeleit | The Banff Working Group Classification of Definitive Polyomavirus Nephropathy: Morphologic Definitions and Clinical Correlations[END_REF] despite immunosuppressive treatment modulation, and these are the patients with the highest risk of subsequent graft loss [START_REF] Nickeleit | The 2018 Banff Working Group classification of definitive polyomavirus nephropathy: A multicenter validation study in the modern era[END_REF]. Persistent high-level BKPyVAN [START_REF] Randhawa | Quantitation of viral DNA in renal allograft tissue from patients with BK virus nephropathy1[END_REF] or DNAemia is accompanied by the accumulation of mutations in the VP1 capsid protein which cluster around the sialic-acid binding pocket [START_REF] Mcilroy | Persistent BK Polyomavirus Viruria Is Associated with Accumulation of VP1 Mutations and Neutralization Escape[END_REF].

These mutations appear to be caused by viral genome editing by host APOBEC3 enzymes and lead to neutralisation escape [START_REF] Peretti | Characterization of BK Polyomaviruses from Kidney Transplant Recipients Suggests a Role for APOBEC3 in Driving In-Host Virus Evolution[END_REF], a model in which host innate immune responses supply the mutations that are then selected by the adaptive response. In previous work, we found that VP1 mutations also modified the infectivity of pseudotyped particles, suggesting that neutralisation escape mutations could also modify BKPyV tropism [START_REF] Mcilroy | Persistent BK Polyomavirus Viruria Is Associated with Accumulation of VP1 Mutations and Neutralization Escape[END_REF].

In this study, we focus on four variant forms of the VP1 protein coming from three kidney recipients who experienced persistent BKPyV replication after graft despite immunosuppressive treatment modulation. Viruses sampled sequentially from these patients accumulated multiple mutations in the BC-loop region of the VP1 protein, which is involved in the direct interaction of the virus with sialic acids. The BC-loop can be divided in two parts: BC1 and BC2 loops where each part faces in different directions [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF].

Through both functional assays and structural studies, we investigated how these mutations influence both the tropism and the structure of BKPyV, and were able to reveal the involvement of a sialic-acid independent receptor in BKPyV infection.

Materials & Methods

Patients and clinical samples

Patients in the present study were transplanted between 2011 and 2014, and had previously been included in a prospective observational study approved by the local ethics committee and declared to the French Commission Nationale de l'Informatique et des Libertés (CNIL, n°1600141). All patients gave informed consent authorising the use of archived urine samples, blood samples and biopsies for research protocols. Anonymised clinical and biological data for these patients were extracted from the hospital databases.

BKPyV VP1 mutations occurring in these patients have been previously described (McIlroy et al. Viruses 2020). PyVAN was documented by immunohistochemical staining with mouse monoclonal anti-SV40 T Antigen (clone PAb416, Sigma Aldrich -Saint-Quentin-Fallavier France) diluted 1: 50 with polymer-based EnVision FLEX detection system (Dako K8021, les Ulis -France) utilizing onboard Dako Omnisautomate OMNIS (Dako, Les Ulis -France).

Protein expression and purification

VP1 pentamer were produced using plasmid pET15b expression vector encoding BKPyV VP1 mutant amino acid sequences from positions 30-300 with an N-terminal hexahistidine tag (His-tag) and a thrombin cleavage site (BioCat Gmbh). The protein was expressed in E.coli BL21 DE3 by IPTG induction. Proteins were purified first by nickel affinity chromatography using a 5 mL HisTrap FF crude column (Cytiva). After protein sample loading, the column was washed with 20 mM Tris pH 7.5, 250 mM NaCl, 10 mM imidazole and 10% glycerol, and proteins were eluted by applying a gradient of elution buffer composed of 20 mM Tris pH 7.5, 250 mM NaCl, 500 mM imidazole and 10% glycerol. For glycan array analysis, the His-tag was retained while for crystallisation this tag was cleaved with 10 U/mg of thrombin protease (Cytiva) for 24h at 20°C with agitation. Cleaved and uncleaved pentamers were finally purified by size-exclusion chromatography on a Superdex 200 16/600 column (Cytiva) by eluting protein with 20 mM HEPES pH 7.5 and 150 mM NaCl.

Crystallisation and structure determination

BKPyV VP1 pentamers were concentrated to 3-4 mg/mL and crystallised at 20°C by hanging drop vapour diffusion against reservoir solutions of 10-18 % PEG 3.350, 0.1M HEPES pH 7.5, 0.1-0.3 M LiCl (drop size 1 µL of protein/1 µL of reservoir). Crystals were harvested and cryoprotected in reservoir solution supplemented with 20 to 25 % of glycerol for several seconds before flash-freezing them in liquid nitrogen.

Diffraction data were collected at the PXIII beamline of the Swiss Light Source of the Paul Scherrer Institut (Villigen, CH) and processed with XDS [START_REF] Kabsch | XDS[END_REF]. Structures were solved using molecular replacement with Phaser (CCP4) [START_REF] Winn | Overview of the CCP4 suite and current developments[END_REF] using the wild-type (WT) BKPyV VP1 structure (PDB: 4MJ1) as a model. Refinement was done using Phenix [START_REF] Liebschner | Macromolecular structure determination using X-rays, neutrons and electrons: recent developments in Phenix[END_REF] and the model was built and adjusted in Coot [START_REF] Emsley | Features and development of Coot[END_REF].

Cell culture

HEK 293TT cells, purchased from the National Cancer Institute's Developmental Therapeutics Program (Frederick, Maryland, USA), were grown in complete DMEM (ThermoFisher) containing 10% FBS (Gibco), 100 U/mL penicillin, 100 μg/mL streptomycin (Dutscher), 1x Glutamax-I (ThermoFisher) and 250 µg/mL Hygromycin B (Sigma). RS cells (Evercyte, Vienna, Austria) were grown in Optipro (ThermoFisher) containing 100 U/mL penicillin, 100 μg/mL streptomycin (Dutscher), 1x Glutamax-I (ThermoFisher). GM95 cells purchased from the RIKEN BRC cell bank were cultured in DMEM with 10% FBS (Gibco), 100 U/mL penicillin, 100 μg/mL streptomycin, and 1x Glutamax-I (ThermoFisher), and LNCaP cells were grown in RPMI medium supplemented with 10% of FBS (Gibco) 100 U/mL penicillin, 100 μg/mL streptomycin (Dutscher), and 1x Glutamax-I (ThermoFisher).

Cells were maintained at 37°C in a humidified 5% CO 2 incubator, and passaged at confluence by trypsinization for 10 minutes with 1x TrypLE Express (ThermoFisher).

VLP production

BKPyV virus-like particles (VLPs) were prepared following the protocols developed by the Buck lab with slight modifications [START_REF] Pastrana | Neutralization Serotyping of BK Polyomavirus Infection in Kidney Transplant Recipients[END_REF]. Briefly, 1.10 7 HEK 293TT cells were seeded in a 75 cm 2 flask in DMEM 10% FBS without antibiotics, then transfected using Lipofectamine 2000 reagent (ThermoFisher) according to manufacturer's instructions.

A total of 36 µg VP1 plasmid DNA was mixed with 1.5 mL of Opti-MEM I (ThermoFisher). 72 µL of Lipofectamine 2000 was diluted in 1.5 mL of Opti-MEM I and incubated for 5 min at room temperature prior to mixing with the diluted plasmid DNA. After 20 min at room temperature, 3 mL of DNA-Lipofectamine complexes were added to each flask containing pre-prepared 293TT cells.

Cells were harvested 48h post transfection by trypsinization and washed once in PBS then resuspended in one pellet volume ("v" µL) of PBS, then mixed with 0.4v µL of 25 U/mL type V Neuraminidase (Sigma). After 15 min at 37°C, 0.125v µL of 10% Triton X-100 (Sigma) was added to lyse cells for 15 min at 37°C. The pH of the lysate was adjusted by addition of 0.075v µL of 1M ammonium sulphate, or sodium bicarbonate if VLPs were to be fluorescence-labelled before ultracentrifugation, then 1 µL of 250 U/µL Pierce Nuclease (Pierce) was added to degrade free DNA. After 3h at 37°C, lysates were adjusted to 0.8M NaCl, incubated on ice for 10 min and centrifuged at 5000g for 5 min at 4°C. Supernatant was transferred to a new tube and pellet was resuspended in 2 pellet volumes of PBS 0.8M NaCl, then centrifuged. The second supernatant was combined with the first, then pooled supernatant was re-clarified by centrifuging. Cleared lysate from a T75 flask was labelled with 50 µg Alexa Fluor 647 succinimidyl ester (ThermoFisher Ref A20006) for 1 hour at room temperature. Labelled or unlabeled lysate was layered onto an Optiprep 27%/33%/39% gradient (Sigma) prepared in DPBS/0.8M NaCl, then centrifuged at 175 000 g at 4°C overnight in a Sw55TI rotor (Beckman). For labelled VLPs, visible bands were harvested directly, while for unlabelled VLPs, tubes were punctured with a 25G syringe needle, and ten fractions of each gradient were collected into 1.5 mL microcentrifuge tubes. 6.5 µL of each fraction was kept for SDS-PAGE to verify VP1 purity and determine peak fractions for pooling, then PBS 5% bovine serum albumin (BSA) was added to each fraction to a final concentration of 0.1% BSA as a stabilising agent. Peak VP1 fractions were pooled, then the VP1 concentration of each VLP stock was quantified by migrating 5µL on SDS-PAGE, then quantifying the VP1 band by densitometry using a standard curve constructed from a series of 5-fold dilutions of BSA starting at 5 µg/well.

Pseudovirus production

BKPyV and HPV16 pseudovirus (PSV) particles were prepared following the protocols developed by the Buck lab with slight modifications [START_REF] Pastrana | Neutralization Serotyping of BK Polyomavirus Infection in Kidney Transplant Recipients[END_REF]. Briefly, cell preparation and transfection were performed similarly to BKPyV VLP production.

However, instead of transfecting only VP1 plasmid, a total of 36 µg plasmid DNA consisting of 16 µg VP1 plasmid, 4 µg ph2b, 8 µg ph3b and 8 µg pEGFP-N1 was transfected into 293TT cells. 48h after transfection, producer cells were collected by trypsinization. The pellet was washed once in cold PBS then resuspended in 800 µL hypotonic lysis buffer containing 25 mM Sodium Citrate pH 6.0, 1 mM CaCl 2 , 1 mM MgCl 2 and 5mM KCl. Cells were subjected to sonication in a Bioruptor Plus device (Diagenode) for 10 minutes at 4°C with 5 cycles of 1 min ON / 1 min OFF. Type V neuraminidase (Sigma) was added to a final concentration of 1 U/mL and incubated for 30 min at 37°C. 100 µL of 1M HEPES buffer pH 7.4 (ThermoFisher) was added to neutralise the pH, then 1 µL of 250 U/µL Pierce Nuclease (Pierce) was added before incubation for 2 hours at 37°C. The lysate was clarified by centrifuging twice at 5000 g for 5 min at 4°C and PSV was purified in an Optiprep gradient as described for VLP production. After ultracentrifugation and fraction collection, 8 µL of each fraction was removed for qPCR and the peak fractions were pooled, aliquoted and stored at -80°C for use in neutralisation assays.

For quantification of pEGFP-N1 plasmid, 5µL of each fraction was mixed with 5 µL of proteinase K (stock of 2 mg/mL) and 40 µL of sterile water. This solution was incubated at 55°C for 60 min followed by 95°C for 10 min. Then, 1 µL of the solution was used for qPCR using Applied Biosystems 2x SYBR Green Mix (Applied Biosystems). Primers were CMV-F 5'-CGC AAA TGG GCG GTA GGC GTG-3' and pEGFP-N1-R 5'-GTC CAG CTC GAC CAG GAT G-3'. Thermal cycling was initiated with a first denaturation step at 95°C for 10 min, followed by 35 cycles of 95°C for 15 sec and 55°C for 40 sec. Standard curves were constructed using serial dilutions from 10 7 to 10 2 copies of the pEGFP-N1 plasmid per tube. AAV2-GFP vector was prepared by the Nantes Université CPV core facility (https://sfrsante.univ-nantes.fr/en/technological-facilities/biotherapies/cpv-core-facility).

Ganglioside supplementation

LNCaP cells were seeded at 4.10 5 cells/well in a 12-well Falcon plate for binding experiments and at 10 4 cells/well in 96-well Falcon plate for infectivity experiments.

Gangliosides GM1, GT1b, GD1b, GD1a, GT1a and GD3 (Matreya) were dissolved in chloroform/methanol/water (2:1:0.1) at 1 mg/mL and stored at -20°C. For supplementation, gangliosides in their storage solution were diluted to desired concentration in RPMI containing 20 mM HEPES, 100 U/mL of penicillin, 100 µg/mL of streptomycin and 1x Glutamax-I. Then, ganglioside solutions were sonicated 4*30s and put in open Eppendorf tubes for 3h at 37°C to allow evaporation of chloroform and methanol. Ganglioside solution was then added to cells at a final concentration of 5µM and incubated at 37°C for 18h.

Culture medium contained 1% FBS during supplementation.

For VLP binding, after ganglioside incorporation, cells were detached with trypsin/EDTA for 15 min at 37°C. Cells were seeded at 25 µL per well in a 96-well V-bottom plate and incubated for 30 min at 4°C with the different BKPyV VLPs coupled with Alexa Fluor 647. After staining, cells were washed with PBS containing 0.5% FBS by centrifuging at 2 000 rpm for 1 min, 3 times. Fluorescence was measured with a Canto II flow cytometer (Becton Dickinson).

For infectivity assays, after ganglioside supplementation, cells were washed twice with complete medium, then PSVs were inoculated. Infection was observed after 5 days by measuring GFP fluorescence with a Cellomics ArrayScan HCS reader (Thermo Scientific).

The percentage of GFP + cells was calculated using Cellomics Scan software with identical settings for all wells analysed in a single experiment. For visualisation, GFP and Hoechst fluorescence contrast was enhanced across all wells in a plate in Cellomics View software,

Enzymatic removal of sialic acid and glycosaminoglycans

293TT cells were seeded at 4.10 5 cells/well in a 12-well Falcon plate for binding experiments and at 10 4 cells/well in 96-well Falcon plate for infectivity experiments. 293TT cells were treated for 1h at 37°C, with 0.5U/mL of Neuraminidase V from Clostridium perfringens (Sigma N2876) in DMEM + 20 mM HEPES + 0.1% BSA or without Neuraminidase V for control conditions. The VLP binding protocol was the same as previously described. For infectivity, cells were inoculated with different PSVs for 3 hours and then washed 3 times with complete medium before incubation for 72-96 hours at 37°C.

For glycosaminoglycan (GAG) removal, heparinase I/III (H2519-H8891, Merck) or chondroitinase ABC (C2905, Merck) were applied to 293TT cells for 2h in digestion medium (20 mM HEPES, pH 7.5, 150 mM NaCl, 4 mM CaCl2 and 0.1% BSA) at 37°C. Cells were then used for infectivity assays as described for neuraminidase infectivity experiments.

Inhibition assays with GAGs

293TT cells were incubated with 100 µg/mL of heparin (H4784, Merck) or chondroitin sulphate A/C (C4384, Merk), followed by inoculation with PSVs. Infection was observed after 48h by measuring GFP fluorescence with Cellomics ArrayScan HCS reader (Micropicell, SFR Bonamy). HPV 16 and AVV 2 PSVs carrying eGFP plasmid were used as positive controls.

Glycan array screening

The binding specificities of the his-tagged recombinant BKPyV VP1s were analysed in the neoglycolipid (NGL)-based microarray system [START_REF] Liu | Neoglycolipid-based oligosaccharide microarray system: preparation of NGLs and their noncovalent immobilization on nitrocellulose-coated glass slides for microarray analyses[END_REF]. Two versions of microarrays were used: (1) ganglioside-focused arrays featuring 26 glycolipid and NGL probes (Fig 2A-C), and (2) broad spectrum screening microarrays of 672 sequence-defined lipid-linked glycan probes, of mammalian and non-mammalian type essentially as previously described [START_REF] Mcallister | Chikungunya Virus Strains from Each Genetic Clade Bind Sulfated Glycosaminoglycans as Attachment Factors[END_REF]. Theglycan probes included in the screening arrays and their sequences are given in Supplemental Table 2. Details of the preparation of the glycan probes and the generation of the microarrays are in Supplementary Glycan Microarray Document (Supplemental Table 3) in accordance with the MIRAGE (Minimum Information Required for A Glycomics Experiment) guidelines for reporting of glycan microarray-based data [START_REF] Liu | The minimum information required for a glycomics experiment (MIRAGE) project: improving the standards for reporting glycan microarray-based data[END_REF]. The microarray analyses were performed essentially as described [START_REF] Khan | Crystallographic and Glycan Microarray Analysis of Human Polyomavirus 9 VP1 Identifies N-Glycolyl Neuraminic Acid as a Receptor Candidate[END_REF][START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF]. In brief, after blocking the slides for 1h with HBS buffer (10 mM HEPES, pH 7.4, 150 mM NaCl) containing 0.33% (w/v) blocker Casein (Pierce), 0.3% (w/v) BSA (Sigma) and 5 mM CaCl2, the microarrays were overlaid with the VP1 proteins for 90 minutes as protein-antibody complexes that were prepared by preincubating VP1 with mouse monoclonal anti-polyhistidine and biotinylated anti-mouse IgG antibodies (both from Sigma) at a ratio of 4:2:1 (by weight) and diluted in the blocking solution to provide a final VP1 concentration of 150 µg/mL. Binding was detected with Alexa Fluor-647-labelled streptavidin (Molecular Probes) at 1 µg/mL for 30 minutes. Unless otherwise specified, all steps were carried out at ambient temperature. Imaging and data analysis are described in the Supplementary MIRAGE document (Supplemental Table 3).

Glycolipid extraction and purification

HEK-293-TT and RS cells were detached from T75 flasks and washed twice with PBS. 5.10 6 cells were lyophilized and extracted twice with CHCl 3 /CH 3 OH (2:1, v/v) and once with CHCl 3 /CH 3 OH (1:2, v/v) using intermediary centrifugations at 2500g for 20 min. The combined supernatants were dried under a nitrogen stream, subjected to mild saponification in 0.1 M NaOH in CHCl 3 /CH 3 OH (1:1, v/v) at 37 °C for 2 h and evaporated to dryness. The samples were reconstituted in CH 3 OH/0.1% TFA in water (1:1, v/v) and applied to a reverse phase C18 cartridge (Waters, Milford, MA, USA) on a Interchim® SPE 6.25ws WorkStation.

Reverse phase cartridge was equilibrated in the same solvent. After washing with CH 3 OH/0.1% TFA in water (1:1, v/v), GSL were eluted with CH 3 OH, CHCl 3 /CH 3 OH (1:1, v/v) and CHCl 3 /CH 3 OH (2:1, v/v). The elution fraction was dried under a nitrogen stream prior to structural analysis.

Mass spectrometry analysis of GSL

Isolated glycosphingolipids were permethylated by the sodium hydroxide/DMSO slurry methods [START_REF] Khoo | Chapter One -Mass Spectrometric Analysis of Sulfated N-and O-Glycans[END_REF] at room temperature for 2h under agitation. The derivatization was stopped by addition of water and the permethylated glycans were extracted in CHCl 3 and washed at least seven times with water. Permethylated glycosphingolipids were analysed by a MALDI-QIT-TOF Shimadzu AXIMA Resonance mass spectrometer (Shimadzu Europe, Manchester, UK) in the positive mode. Samples were prepared by mixing directly on the target 1 µL of glycosphingolipid sample, solubilized in CHCl 3 , with superDHB matrix solution (10 mg/mL dissolved in CHCl 3 /CH 3 OH (1:1, v/v)) and spotted on the MALDI target. The "mid mode" for a mass range of m/z 1000-3000 was used for scanning and laser power was set to 100, with 2 shots at each of the 200 locations within the circular sample spot.

Statistics

Significant differences seen in the different experiments were calculated through one-way ANOVA followed by Dunnet's test where one condition per experiment was used as a control group; **** p<0.0001, *** p<0.001, **p<0.01, *p<0.05. All tests were performed using GraphPad Prism 8.

Results:

VP1 variants show differing infectious profiles compared to the wild-type strain

To investigate the effect of VP1 mutations on BKPyV tropism, we selected BC-loop mutations previously identified in three patients from the Nantes University Hospital KTx cohort with persistent DNAemia caused by subtype Ib2 BKPyV (Supplemental Figure 1).

Pseudoviruses carrying the following VP1 variant proteins were generated: the double mutant K69N E82Q (N-Q) from patient 3.4; the E73Q mutant and the triple mutant A72V E73Q E82Q (VQQ) from patient 3.5; and the E73A mutant observed in patient 3.9. Cell lines 293TT and RS were used to test the infectivity of all variant pseudoviruses as well as wild-type subtype Ib2 pseudovirus. These cell lines were chosen for their kidney origin and their expression of SV40 TAg for amplification of reporter gene expression. In 293TT cells, the E73Q variant was as infectious as the WT while E73A and N-Q variants showed 3-fold lower infectivity and VQQ variant was barely infectious (Fig 1A). In RS cells, the VQQ variant had equivalent, or slightly higher infectivity than WT, depending on the experiment, while infectivity of the E73A variant was slightly lower than WT. The strongest differences were observed for the N-Q variant, which was almost non-infectious in this cell line, and the E73Q variant, which showed five to ten-fold higher infectivity compared to the WT (Fig 1B).

To gain insights into the basis of the different infectious profiles that we observed of From these observations and knowing that the mutations are found in the BC-loop, which is directly involved in ganglioside binding, we sought to characterise their effects on glycan binding specificity.

N-Q variant infection is sialic acid-independent

Since polyomaviruses are known to interact with sialylated glycans, we tested whether the infectivity of mutant pseudoviruses was also sialic-acid dependent by infecting cells treated with type-V neuraminidase, which removes terminal α-2,3-α-2,6-and α-2,8-linked sialic acid residues (Fig 1D &E). VQQ variant infection was only performed in RS cells while N-Q variant only in 293TT because of the weak infectious capacity of each variant for the other cell line. However, E73Q and E73A variant infectivity was tested in both cell lines. In RS cells, WT, E73Q, VQQ and E73A BKPyV infectivity was significantly decreased by the removal of sialic acid, leading to a remaining infection of around 15% for WT and E73A PSVs, 50% for VQQ and 40% for E73Q PSVs. In 293TT cells, the ability of WT BKPyV to infect was also impacted by the lack of sialic acid on the cell surface with only around 10% of remaining infection for WT and E73A, and around 20% for the E73Q variant. However, the N-Q variant maintained its ability to infect 293TT cells after sialic acid removal, indicating that its infection occurs in a sialic acid-independent manner. Indeed, its infectious ability was even enhanced by sialic acid removal. Thus, another receptor must be involved to support N-Q variant infection in 293TT cells.

Variants have distinct glycan binding profiles compared to WT

BKPyV is known to use the gangliosides GD1b and GT1b as entry receptors [START_REF] Low | Identification of Gangliosides GD1b and GT1b as Receptors for BK Virus[END_REF] but is also able to infect cells through other b-series gangliosides [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF].

Gangliosides of the b-series are characterised by their two sialic acids (with an α2-8-linkage) attached to the first galactose of the carbohydrate chain via α2-3-sialyl linkage as in GD3 and GD1b. This disialyl moiety interacts directly with the BKPyV capsid. To assess the binding profile of the BKPyV variants, purified variant and WT genotype I VP1 pentamers were used for glycan array screening with aganglioside-focused array comprising 26 ganglioside-related probes, glycolipids and ganglio-oligosaccharide NGLs (Fig 2A -C). The microarray analysis revealed different binding profiles for theVP1 variants compared to WT VP1 pentamers. The WT BKPyV binding was consistent with previously published data where signal was detected for GT1b and GD1b probes [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF]. A broader profile was observed for the E73A, E73Q, and VQQ variants, comprising binding signals for GD1a, GT1a, and GQ1b, as well as NGL probes GM1b-DH and GD1a-DH in addition to GT1b and GD1b. The structural difference for a-series compared to b-series gangliosides is that they carry a single sialic acid α2-3-linked to the on the first galactose from the reducing end of the carbohydrate chain (Fig 2C). These data indicate that mutations at the E73 residue of the VP1 protein lead to less specific and broader binding, including gangliosides of both band a-series. The overall binding intensities for the two variants with E to Q mutation at position 73, E73Q and VQQ, were higher compared to the E73A and the WT VP1s. For the double N-Q mutant, negligible or no significant binding was observed to any of the probes included in the glycan array indicating the loss of ability to bind to sialylated glycan moities of gangliosides for the N-Q mutant.

The five VP1 proteins were further analysed in a broad-spectrum glycan screening array encompassing 672 sequence-defined lipid-linked oligosaccharide probes, representing the major types of mammalian glycans found on glycoproteins (N-linked and O-linked), glycolipids, and proteoglycans, as well as those derived from polysaccharides of bacteria, fungi, and plant origins (Supplemental Fig 2 and Supplemental Table 2). In overall agreement with findings in the ganglioside-focused arrays, the WT, the single and the triple mutant VP1s (E73A, E73Q, and VQQ) showed binding to sialyl glycans but not to the over 400 neutral and sulfated glycan probes that do not contain sialic acids. With the repertoire of sialyl glycans included in the screening array it is clear that the E73Q and VQQ variants acquired the ability to bind to a broader range of sialyl glycans, beyond ganglioside sequences, with enhanced signal intensities compared to the WT VP1 (Supplemental Table 2). The E73A showed a binding pattern similar to that of the WT VP1 except for the additional binding to the a-series ganglioside GD1a and the NGL probe GM1b-DH observed in the focused array. Binding was not detected with the N-Q double mutant VP1 to any sialylated or non-sialylated glycans included in the screening arrays. It remains possible that carbohydrate ligands for the N-Q mutant exist but were not included in the arrayed probe library.

To corroborate the glycan array results, cellular binding assays were performed on LNCaP cells supplemented with a panel of gangliosides (GM1, GD3, GD1b, GT1b, GD1a and GT1a) with fluorescent WT, VQQ and N-Q VLPs (Fig 2D -E). WT VLPs bound to cells supplemented with GD1b and GT1b, consistent with the known role of these gangliosides as BKPyV receptors. VQQ VLPs were able to bind all gangliosides tested except GM1, confirming the glycan array data. Stronger binding was seen for both GD1b and GT1b followed by GD1a and GT1a and then weak binding to cells supplemented with GD3 (Fig 2D-E). Also consistent with the glycan array results, N-Q VLPs did not bind any of the tested gangliosides (Fig 2D -E).

Gangliosides are not sufficient to support VQQ variant infection

To determine whether binding of the different gangliosides by WT, VQQ, E73Q and E73A variant VP1 can lead to infection, we performed infectivity assays on LNCaP and GM95 cells supplemented with gangliosides. As expected, infection was seen for WT in cells supplemented with GD1b, but also for E73Q and E73A PSVs under the same condition, and infection was also seen for E73Q when cells were supplemented with GD1a in both LNCaP and GM95 cells (Fig 2F). The ability of the E73Q variant to infect cells supplemented with GD1a was consistent with its increased infectivity in RS cells, which carried GD1a gangliosides. Surprisingly, no infection was observed for VQQ in any supplementation condition, despite its ability to bind GD1b, GD1a, and other gangliosides on the surface of cells. Hence, ganglioside binding was not sufficient for infection with VQQ variant PSV.

Finally, as predicted, no infection was seen in any supplementation condition for the N-Q variant, confirming that gangliosides are not used by this variant for infectious entry (Fig 2G).

Mutations at VP1 positions 72 and 73 can lead to BC-loop flipping

To understand the impact of the mutations on the VP1 protein structure, variant structures were solved through X-ray crystallography. The single mutants E73Q, E73A, and triple mutant VQQ VP1 pentamer structures were solved at 1.85, 1.89 and 1.8 Å (Table 1).

All variant VP1 pentamer structures were globally similar to the WT VP1 pentamer with a doughnut-shaped ring composed of a central pore surrounded by five VP1 monomers in five-fold symmetry. Like the WT structure, the monomers have a β-sandwich fold with jelly-roll topology. The eight β-strands (B, I, D, G and C, H, E, F) are linked by extensive loops, exposed at the surface of the protein (Fig 3A-B).

The E73Q pentamer structure was almost identical to that of the WT (r.m.s.d. of 0.5 Å), whereas the E73A mutant presenting an alanine in the same position, showed some structural changes (r.m.s.d of 1.3 Å). Indeed, a shift of the BC2-loop, which includes the E73A mutation, was clearly seen for two monomers out of the five (Fig 3C). However, two monomers retained the WT loop conformation while the last monomer seemed to have a state where both conformations are superimposed. Thus, this mutation to alanine induces a more flexible conformation for the loop compared to the WT and the E73Q single mutant.

Interestingly, while the E73Q mutation on its own did not induce any structural changes, when combined with A72V, as seen in the VQQ variant, the second part of the BC-loop was switched (r.m.s.d of 1.5Å) in a similar manner to that seen in the E73A variant (Fig 3C).

However, in the case of the VQQ variant, the modified orientation of the BC-loop was observed in all five VP1 monomers, not just in the two monomers seen in E73A. This suggests that mutations at position 73 on their own may not be enough to induce a clear structural change in the loop orientation, which only occurs if mutations in this position are combined with the A72V mutation at the neighbouring amino acid.

However, structural changes seen in the VQQ variant are not directly involved in the ganglioside interaction. As previously described, the double sialic part of the b-series gangliosides interacts with the BC1-loop, not the BC2-loop, as well as HI-and DE-loops [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF]. Thus, the structure of the VQQ variant is consistent with its ability to bind gangliosides.

K69N mutation in N-Q variant induces loss of interaction with sialic acids

The structure of the N-Q variant VP1 pentamer was also solved at 2.01 Å (Table 1).

Like the other variants, the N-Q VP1 pentamer structure was very similar to the WT VP1 pentamer (Fig 4A -B). Although no major change was observed in the backbone orientation of the BC-loop that carried the K69N and E82Q mutations, the mutation from lysine to asparagine at position 69 induced significant changes (Fig 4C). Lysine 69 is involved directly with the double sialic acid part of the b-series gangliosides by making van der Waals, salt bridge and hydrogen bond interactions through its side chain, and its replacement by asparagine leads to loss of those interactions (Fig 4D). Moreover, if gangliosides were to bind the pentamer in the same way, the asparagine side chain would be orientated too close (1.3 Å) to the hydroxyl group on C8 of the second sialic acid, leading to a steric clash between the sialic acid and the asparagine.

WT and N-Q BKPyV do not interact with GAGs

Despite losing its ability to bind sialic acid, the N-Q variant remains infectious in the 293TT cell line, indicating that another receptor is used by this variant to enter these cells.

Merkel Cell Polyomavirus (MCPyV) is known to interact with both sialylated and non-sialylated glycans for infection. Like BKPyV, MCPyV can interact with gangliosides as attachment receptors, but also heparan sulphate (HS) or chondroitin sulphate (CS) glycosaminoglycans (GAGs), as entry receptors [START_REF] Schowalter | Glycosaminoglycans and Sialylated Glycans Sequentially Facilitate Merkel Cell Polyomavirus Infectious Entry[END_REF]. To test whether the BKPyV N-Q variant could interact with GAGs as an alternative entry receptor, heparin and chondroitin sulphate A/C were added to 293TT cells before and during the infection experiments. Pre-incubation with heparin effectively blocked infectious entry of HPV16 and AAV2, which are both known to use GAGs as entry receptors, whereas pre-incubation with chondroitin sulphate significantly reduced infectious entry of HPV16 ( Fig 

Discussion:

In this functional and structural study, we show that mutations in the BC-loop of the VP1 protein that occur in KTx recipients impact the ganglioside binding specificity of the BKPyV capsid, and we describe two very different functional patterns, illustrated by the VQQ and N-Q variants.

The N-Q variant has lost the ability to interact with sialic acids due to the mutation of lysine 69 to asparagine. In a previous study, mutation of the same lysine to serine induced a change of tropism from b-series gangliosides to GM1, known to be an SV40 receptor [START_REF] Neu | A Structure-Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus[END_REF]. This emphasises the essential role that amino acid 69 seems to play in the interaction with gangliosides. Pseudotypes carrying N-Q VP1 had reduced infectivity in both RS and 293TT cells, but the remaining infectivity in 293TT cells was entirely sialic-acid independent, and in fact increased after neuraminidase treatment, suggesting that an alternative receptor is involved in infectious entry of the N-Q variant. Our first candidates were the heparan sulphate and chondroitin sulphate GAGs, since it has been reported that MCPyV [START_REF] Schowalter | Glycosaminoglycans and Sialylated Glycans Sequentially Facilitate Merkel Cell Polyomavirus Infectious Entry[END_REF] and mutant JCPyV and BKPyV pseudotypes can use GAGs for infectious entry (Geoghagan et al. 2017). However, neither the addition of excess heparin or chondroitin sulphate nor the removal of HS or CS GAGs from 293TT cells had any effect on the infectivity of WT or N-Q BKPyV. Furthermore, none of the BKPyV VP1 variants bound to any of the glycosaminoglycan oligosaccharides presented on the broad spectrum glycan array. We therefore tentatively conclude that an as yet uncharacterized receptor is involved in the infectious entry of the N-Q BKPyV variant.

Mutations at VP1 residue 73 had two distinct effects on VP1 structure: first, loss of charge at the capsid surface on the lip of the sialic acid binding site, seen in the E73A, E73Q and VQQ variants; and secondly, a conformational flip of the BC2-loop with the orientation of amino acids 73 and 74 significantly shifted. Mutation of the initial glutamic acid at position 73 to glutamine in the E73Q variant did not modify the orientation of the BC-loop, while its mutation to alanine, in E73A, revealed the flexibility of this part of the BC loop. In the E73A variant crystal structure, two VP1 monomers kept their initial BC-loop conformation, two monomers had an alternative orientation of the loop, and the last monomer appeared to have both conformational states of the BC2-loop superposed. In the crystal structure of the VQQ variant, all five monomers showed the alternative, "flipped" conformation. Thus, we concluded that on its own, mutation of amino acid 73 does not induce a stable conformational change of the loop, which requires a second mutation at position 72. The requirement for the A72V mutation in order to stabilise the alternative orientation of BC-loop region 73-75 explains the previously reported statistical association of the A72V mutation with E73 mutations in patient samples [START_REF] Mcilroy | Persistent BK Polyomavirus Viruria Is Associated with Accumulation of VP1 Mutations and Neutralization Escape[END_REF], and is consistent with the sequential appearance of VP1 mutations -first at position 73, then followed by A72V, that were seen in patients 3.5 and 3.9 (Figure S1).

Variants E73A, E73Q and VQQ all showed broader ganglioside binding (Figure 2A), indicating that negative charge at residue 73 may restrict WT BKPyV VP1 binding to b-series gangliosides, and that removing this charge is sufficient to allow binding to a-series gangliosides. On the other hand, only variant E73Q showed strongly enhanced infectivity in RS cells which, as shown by mass spectroscopy, carried the GD1a ganglioside, and only variant E73Q was able to infect LNCaP and GM95 cells supplemented with GD1a. Similarly, in 293TT cells, E73Q retained infectivity equivalent to that of WT VP1, whereas both VQQ and E73A showed significantly reduced infectivity. Therefore, flipping of the BC2-loop, and not loss of negative charge at position 73, was correlated with loss of infectivity in 293TT cells. This led us to a model in which the two different structural effects of VP1 mutations at position 73 have opposite effects on infectivity: loss of charge increases infectivity, by broadening ganglioside binding, whereas BC-loop flipping reduces infectivity. These two effects explain the infectivity patterns that were observed for the different VP1 variants. In RS cells, the ability to use GD1a as an entry receptor results in the strongly increased infectivity of the E73Q variant, whereas for E73A and VQQ, enhanced ganglioside binding was balanced by a loss of infectivity due to BC-loop flipping, leading to near-WT infectivity for both variants. In 293TT cells, although the infectivity of WT, E73Q and E73A variants was sialic acid dependent, this was not due to gangliosides, since neither a-nor b-series gangliosides were present on 293TT cells (Figure 1C). Therefore, the infectivity of E73Q was not increased relative to wild type, and the negative impact of BC-loop flipping on the infectivity of E73A and VQQ variants was not compensated by increased ganglioside binding. One previous report described sialic acid dependent infection by BKPyV that was strongly impacted by tunicamycin, an inhibitor of N-linked protein glycosylation, leading the authors to conclude that an N-linked glycoprotein, rather than a ganglioside, was an entry receptor for BKPyV [START_REF] Dugan | An N-linked glycoprotein with alpha(2,3)-linked sialic acid is a receptor for BK virus[END_REF]. A receptor of this type could be involved in infectious entry in 293TT cells. In the broad-spectrum glycan screening arrays, indeed there was binding with various intensities to sialyl glycans beyond ganglioside sequences (Supplemental Table 2). These could be followed up further in future structural and functional studies.

Overall, the N-Q and VQQ variants appeared to be almost mirror images of each other. The N-Q variant lost all ganglioside-binding activity, but retained infectivity in 293TT cells through a sialic-acid independent pathway, whereas VQQ showed enhanced ganglioside binding, but almost completely lost infectivity in 293TT cells. One plausible explanation of these observations is that the VQQ variant may have lost the ability to interact with the unknown entry receptor employed by the N-Q variant to infect 293TT cells, and that this interaction is required, in addition to sialic acid binding, for infectious entry (Figure 6). This would explain why binding and infectivity were uncoupled for the VQQ variant in both 293TT cells and ganglioside-supplemented LNCaP and GM95 cells. If this is correct, then the WT orientation of the BC-loop residues 73-74 must be critical for the interaction of the BKPyV capsid with this putative receptor.

What are the mutational and selective pressures that drive the emergence of these mutations in patients? As previously noted, the E73Q and E82Q mutations we analysed occur at optimal APOBEC3A/B editing sites [START_REF] Peretti | Characterization of BK Polyomaviruses from Kidney Transplant Recipients Suggests a Role for APOBEC3 in Driving In-Host Virus Evolution[END_REF], however, although both the A72V and K69N mutations involve cytosine deamination, they are located in the trinucleotide context GCT, which is not an APOBEC3A/B target site. In addition, the E73A mutation involved a T>G transversion. These observations imply that additional mutagenic processes, independent of APOBEC3A/B, occur in KTx recipients. Once they arise, BC-loop mutations conferring neutralisation escape appear to be selected by the host humoral response, [START_REF] Peretti | Characterization of BK Polyomaviruses from Kidney Transplant Recipients Suggests a Role for APOBEC3 in Driving In-Host Virus Evolution[END_REF][START_REF] Mcilroy | Persistent BK Polyomavirus Viruria Is Associated with Accumulation of VP1 Mutations and Neutralization Escape[END_REF], which explains why variants with reduced infectivity relative to WT can rise to dominance in a given individual's viral population. In terms of tissue tropism, although patient 3.4 underwent transplantectomy, due to deteriorating graft function, at 49 months post-transplant, BKPyV-infected cells could not be clearly identified in kidney tissue at this time (Supplemental Figure 1A). In contrast, PyVAN was clearly diagnosed in patient 3.9 at a time when the viral population was predominantly WT (Supplemental Figure 1C), whereas graft function was stable, with no biopsies taken, after the patient's second graft, when the E73A mutation dominated the viral population. Biopsies were not available for patient 3.5 at time points when the VQQ variant was documented, although the graft was still functional, without PyVAN at 70 months post-graft. These observations are consistent with the reduced in vitro infectivity of the VQQ and N-Q variants, and suggest that BKPyV carrying the K69N mutation had an attenuated phenotype in vivo.

Our study has some important limitations, in particular the description of the structural and functional impact of BKPyV VP1 mutations remains incomplete because additional VP1 mutations accumulated in patients 3.4, 3.5 and 3.9 over time. In patient 3.5, K69M and D75N were added to the VQQ variant, and in patient 3.4 D60N and A72V were added to N-Q. However, we were unable to express the M 69 V 72 Q 73 N 75 Q 82 and the N 60 N 69 V 72 Q 82 mutants as either crystallisable VP1 pentamers, VLPs or high-titer pseudotypes.

It was therefore not possible to determine whether subsequent mutations induced more radical changes in virus tropism, or on the contrary, compensated for the deleterious effects on infectivity that we document in the VQQ and N-Q variants. Moreover, we were not able to generate structural data from crystals of the VQQ variant complexed with GD1a ganglioside, so the details of this molecular interaction remain to be determined. Nevertheless, the identification of a naturally occurring "sialic acid blind" VP1 variant does allow us to conclude that a sialic acid independent entry receptor for BKPyV, relevant for in vivo infection, must exist. 

  WT and variant pseudoviruses we characterised the ganglioside profiles of the 293TT and RS cell lines by mass spectroscopy following organic extraction of cell membrane components. Analysis was performed by a combination of MALDI-QIT-TOF-MS and MS/MS of permethylated glycosphingolipids to establish the cellular profiles and the sequence of individual components. Both cell lines were shown to contain monosialylated GM2 and GM3 a-series gangliosides along with neutral globosides. In addition, RS cells, but not 293TT cells, specifically expressed b-series disialylated gangliosides GD2 and GD3 carrying Sia-Sia epitopes as well as lower proportions of the a-series ganglioside GD1a substituted by a single sialic acid on both internal and external Gal residues (Fig1C). Finally, RS cells exhibited the uncommon disialylated Globo-series ganglioside DSGb5.

  5A). In contrast, neither heparin, nor chondroitin sulphate had any effect on WT or N-Q BKPyV infectivity (Fig 5). To further confirm that GAGs are not receptors for N-Q variant capsids, 293TT cells were treated with heparinase I/III or chondroitinase ABC to remove heparan sulphate or chondroitin sulphate from the cell surface. Infection by both WT and N-Q PSVs was not inhibited by the enzyme treatment (Fig 6B).
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