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Introduction

Many protein-protein interactions are determined by the recognition of short linear motifs (SLiMs) by proteins or folded domains [START_REF] Kumar | ELM-the eukaryotic linear motif resource in 2020[END_REF]. Binding motifs are located within intrinsically disordered regions of proteins and mediate transient, low-affinity interactions in the micromolar range [START_REF] Tompa | A Million Peptide Motifs for the Molecular Biologist[END_REF]. The involvement of each residue in protein-motif interaction can be deciphered by generating single-point mutants and testing their interaction properties. However, in order to discriminate the binding features of various mutants, a binding assay with high sensitivity, accuracy and reproducibility is required.

A variety of methods can be used to assess protein-protein interactions. Phage display, yeast two-hybrid and protein complementation assays are powerful high-throughput methods. Proteomic peptide phage display allows screening binding peptides in a phage library entailing the disordered regions of the human proteome [START_REF] Davey | Discovery of short linear motif-mediated interactions through phage display of intrinsically disordered regions of the human proteome[END_REF]. Recently, a NanoLuc Two-hybrid assay was reported for high-throughput proteome-scale mapping of protein-protein binding [START_REF] Choi | Maximizing binary interactome mapping with a minimal number of assays[END_REF]. However, all above-listed techniques have a binary output: "binding or no binding". To complement these qualitative screening approaches, several biophysical technologies allow affinity quantification (e.g. Isothermal Titration Calorimetry (ITC), Surface Plasmon Resonance (SPR), ...). Although these approaches can lead to the accurate quantification of dissociations constants, they generally have a low-throughput and require a certain level of know-how for handling specific devices and analyzing the results. Recently, innovative high-throughput methods have been developed for the detection and quantification of protein-protein interactions. A Multireporter Bacterial 2-Hybrid strategy was reported for high-throughput identification of in vivo binding partners [START_REF] Ichikawa | A Multireporter Bacterial 2-Hybrid Assay for the High-Throughput and Dynamic Assay of PDZ Domain-Peptide Interactions[END_REF]. The binding partners are identified by deep sequencing and a fluorescence output allows the approximation of their relative binding affinity. A novel technology called MRBLE-pep uses peptides synthesized on spectrally encoded beads for quantifying the protein binding affinity to a peptide library [START_REF] Nguyen | Quantitative mapping of protein-peptide affinity landscapes using spectrally encoded beads[END_REF]. Despite the high potency and robustness of these approaches, their use requires specific equipment and expertise, in particular for the peptide synthesis of the MRBLE-pep technology.

To fill the gap between high-throughput qualitative and low-throughput quantitative binding detection methods, we previously developed the holdup comparative chromatographic retention assay, which allows evaluating the affinity of hundreds of domain-motif interactions in a single experiment. This assay involves testing the interaction between an analyte (protein) in solution and a ligand (biotinylated peptide) immobilized on resin (Figure 1). This approach was originally demonstrated for two viral PDZ-binding motifs tested against a large library of more than 200 PDZ domains [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF]. However, in this previous work the holdup assay was performed in an automated setup requiring specific equipment (mainly, a multifunction liquidhandling robot and a microcapillary electrophoresis). Here, we aimed to develop a streamlined holdup protocol that can be performed manually with standard laboratory equipment. Furthermore, we tested whether the assay would be applicable to quantitatively assay the binding of a given protein to a large array of peptides, rather than the binding of a given peptide to a large array of proteins. Human Papillomaviruses (HPV) are small DNA viruses infecting epithelia, of which a subset causes cancer. Responsible for 61 % of cervix [START_REF] De Sanjose | Human papillomavirus genotype attribution in invasive cervical cancer: a retrospective cross-sectional worldwide study[END_REF] and 90 % of oropharyngeal cancers [START_REF] Gillison | Human Papillomavirus and Diseases of the Upper Airway: Head and Neck Cancer and Respiratory Papillomatosis[END_REF], HPV type 16 is the most prevalent carcinogenic HPV. Once expressed in the host cell, the viral oncoproteins E6 and E7 trigger viral replication by activating cell proliferation. In particular, E6 protein was reported to hijack several human proteins by interacting with a leucine-rich consensus sequence LXXLL motif [START_REF] Huibregtse | Localization of the E6-AP regions that direct human papillomavirus E6 binding, association with p53, and ubiquitination of associated proteins[END_REF][START_REF] Ronco | Human papillomavirus 16 E6 oncoprotein binds to interferon regulatory factor-3 and inhibits its transcriptional activity[END_REF]. Our team published the structure of E6 oncoprotein from HPV16 in complex with the LXXLL motif from the E3 ubiquitin ligase E6AP (E6-Associated Protein) (thereafter named E6APLXXLL) [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. Once formed, the heterodimer E6/E6AP recruits the tumor suppressor p53 and induces its proteasomal degradation [START_REF] Huibregtse | A cellular protein mediates association of p53 with the E6 oncoprotein of human papillomavirus types 16 or 18[END_REF][START_REF] Scheffner | The E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the degradation of p53[END_REF][START_REF] Martinez-Zapien | Structure of the E6/E6AP/p53 complex required for HPV-mediated degradation of p53[END_REF].

In the present work, we investigated the critical positions within the LXXLL peptide motif that govern the affinity of HPV16 E6 / E6APLXXLL interaction, by means of systematic measurements of the binding affinity of purified HPV16 E6 towards a peptide array of 45 single points mutants of the E6APLXXLL motif. Since the affinity of the wild-type complex is relatively weak (in the micromolar range) we needed an approach combining high throughput and high sensitivity and accuracy for affinities in the mid-micromolar range. To this aim, we designed a manual holdup assay protocol, which used chemically synthesized biotinylated peptides and freshly purified monomeric HPV16 E6 F47R 4C/4S (thereafter named 16E6). As the proper quantification of the unbound protein fraction is critical in a holdup assay, we present and compare here two options: capillary electrophoresis and fluorescence spectroscopy. This holdup strategy has proven to be reliable as confirmed by cross validating the results with i) SPOT peptide arrays for all peptide mutants and ii) SPR for the highest affinity peptide mutants. This assay can be adapted to any protein-motif interaction including those involving aggregation-prone proteins, as demonstrated here with HPV E6 oncoprotein. 

Material and Methods 1 Protein expression and purification

The solubility-enhanced mutant of HPV16 E6 protein F47R C80S C97S C111S C140S was fused to a mutant of Maltose-Binding Protein (MBP) as previously described for crystallographic purposes [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. For SPOT assays requiring a His-tag for the detection of MBP-16E6, an MBP-6His-TEVsite-E6 fusion was constructed by cloning the 16E6 sequence into pETM-41 vector by using NcoI and Acc65I restriction sites.

The protein was recombinantly expressed in Escherichia coli BL21 (DE3) grown in LB medium supplemented with glucose 0.2% (w/v) and kanamycin 50 µg/mL. Bacteria were grown at 37 °C until OD600 ≈ 0.7, induced by adding 0.5 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) and ZnSO4 100 µM, incubated overnight at 16 °C and harvested by centrifugation.

To avoid the formation of intermolecular disulfide bridges, all purification buffers were extensively degassed and equilibrated with argon before adding reducing agent.

16E6 was purified as previously described [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. Briefly, bacterial pellets were resuspended in Buffer A ( 

Peptide synthesis

Biotinylated peptides were synthesized by either JPT Innovative Peptide Solutions with >70% purity or by peptide synthesis service from IGBMC with > 80% purity. They are all N-terminally conjugated to biotin via a TTDS spacer (N-(13-amino-4,7,10-trioxa-tridecayl)-succinamic acid) (Iris Biotech GMBH). The lyophilized peptides were resuspended at 5 mM in water supplemented with ammonia or sodium hydroxide and stored at -20 °C. The proper resuspension of the peptide was ensured by overnight incubation of the lyophilized peptide in water at a final concentration of 5 mM. If particles in suspension were still visible, water was supplemented with ammonia 10 % or sodium hydroxide until complete resuspension of the peptide. The resulting solution was stored at -20 °C. Their sequences correspond to the LXXLL motif from E6AP isoform II (uniprot ID: Q05086) residues 402 to 417, with the indicated mutations.

Holdup assay

Principle

Holdup is a comparative chromatographic retention assay [START_REF] Charbonnier | Capturing protein-protein complexes at equilibrium: The holdup comparative chromatographic retention assay[END_REF] for which a robotized protocol was previously described [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF]. In the present work, the assay was performed manually in 96well plates using common eight-channel micropipettes. The analyte (in our setup, MBP-16E6) was incubated either with ligand-saturated beads (here, biotinylated LXXLL peptides) or with biotin-saturated beads as a negative control. After 15 min incubation of analyte/beads mixture, the liquid fraction was recovered by centrifugal filtration. The liquid fraction contained the free analyte, which was directly quantified. By comparing the concentration of free analyte after incubation with the peptide ligand versus the negative control, the proportion of ligand-bound analyte was deduced.

Manual holdup assay protocol

For cysteine-rich proteins sensitive to oxidation: All buffers were degassed and extensively equilibrated with argon gas before adding reducing agent.

The experiment was performed at room temperature.

Remark:

The temperature can be adjusted to the protein's stability as long as it is correctly indicated for conversion into binding free energy ΔG (see section 8 for further information on free energy calculation). 2) Resin equilibration in the filter plate: the liquid fraction was removed by Vacuum Manifold (NucleoVac 96, Macherey-Nagel). The resin was washed twice with 200 µL buffer A per well.

3) Peptide dilution: Biotinylated peptides and biotin were diluted at 62.5 µM in Buffer A in a Vshape 96-well plate.

4) Biotinylated peptide-streptavidin conjugation: 80 µL ligand (in our case, biotinylated peptide) or negative control (in our case, biotin, B4501, Sigma-Aldrich) at 62.5 µM were incubated with streptavidin beads for 15 min under 1,200 rpm agitation (IKA MS3 digital plate shaker). The liquid fraction was discarded from the filter plate by vacuum filtration.

Remark: According to the manufacturer's specifications, these conditions should allow a maximal occupancy of streptavidin beads binding sites.

5) Saturation of streptavidin sites by an excess of biotin: beads were subsequently incubated with 1 mM biotin (80 µL per well) for 10 min under 1,200 rpm agitation.

6) Washing steps prior to analyte-ligand incubation: The beads in the filter plate were washed thrice (200 µL buffer A per well) with vacuum removal of the liquid phase between each washing step. The liquid from the last wash was removed by gentle centrifugation for 2 min at 200xg. This step allows better efficiency in liquid phase elimination for all wells before adding the analyte.

7) Preparation of analyte mixture with internal standards:

The analyte (MBP-16E6 in the present study) was diluted at 4 µM in buffer A with the internal standards, indicated as follows: a) For capillary electrophoresis readout: two internal markers of distinct molecular weight were added to the analyte solution, namely lysozyme (5933-B, Euromedex) at 0.05 mg/mL, and BSA (A0281, Sigma-Aldrich) at 4 µM. b) For fluorescence readout: we chose fluorescein and mCherry at 50 nM, whose absorption and emission spectra do not overlap with tryptophan spectra.

Critical step:

The mixture analyte-internal standards should be mixed by inverting the tube several times for reproducible repartition of the protein standards throughout the plate.

8) Analyte-ligand incubation: 30 µL of analyte mixture were added to each well of the filter plate, corresponding to twice the volume of beads. The plate was shaken at 1,200 rpm for 15 min during the ligand-analyte incubation step, allowing to reach the equilibrium of proteinpeptide interaction.

Critical step: the volume of analyte mixture as well as the time of incubation under stirring should be precisely respected for reproducible study of complex at equilibrium. 9) Collection and storage of liquid fraction after the interaction assay: The liquid fraction was collected in 96-well PCR plate by centrifugal filtration. Samples dedicated to capillary gel electrophoresis were prepared according to the manufacturer's recommendations. The remaining liquid fraction was blocked with SDS-PAGE sample buffer and boiled for 5 min at 95 °C before storage at -20 °C. Samples dedicated to fluorescence were immediately measured.

Remark: in case of limited amount of analyte or ligand, the assay can be performed in 384well plate for lower volumes and equal accuracy. In the 384-well setup, 14 µL of biotinylated peptide are immobilized on 2.5 µL resin per well and 5 µL analyte mixture are required for the interaction assay. 

Curation of electropherograms

This step was performed on LabChip GX II software. Inappropriate molecular weight markers were corrected or excluded prior to samples alignment. Each electropherogram was visually inspected and invalid measurements were excluded according to the three following criteria. First, the dataset was rejected if the molecular weight markers provided by the manufacturer were not detected since their absence would impede the conversion of migration time into molecular weight. Second, the height of the peaks of interest (analyte or internal standards) should be above 50 AU. Below this threshold, we observed a higher variability of intensity, which may indicate that the capillary electrophoresis was reaching its lower quantification limit due to signal uncertainty. Finally, some electropherograms contained spikes that were due to impurities present in the capillary. Those spikes could impede proper selection of the peaks of interest if they migrated in the same size range and/or lead to incorrect estimations of peaks of interest, which led us to exclude the electropherograms containing spikes overlapped with the peaks of interest. Our samples contained three proteins: purified MBP-16E6, with lysozyme and BSA as internal markers for holdup normalization. The peaks corresponding to the three proteins were selected by using the following molecular weight windows: 50 to 70 kDa for MBP-16E6, 10 to 20 kDa for lysozyme and 70 to 90 kDa for BSA. For each sample, the height of the three peaks was calculated by LabChip GX II software and exported in csv table for the calculation of binding intensity, as detailed in section 6.

Detection of MBP-16E6 and standard proteins by fluorescence

Fluorescence was measured on Pherastar PLUS microplate reader from BMG Labtech, using filters sets consisting of an excitation and emission band-pass filters with 485 ± 20 nm and 520 ± 20 nm cut-offs for the detection of fluorescein, 575 ± 20 nm and 620 ± 20 nm cut-offs for mCherry and 295 ± 20 nm and 350 ± 20 nm cut-offs for tryptophan. 10 µL of final holdup samples were pipetted twice in 384-well Greiner black plate (reference 784 900) for duplicated measurements.

Binding intensity calculation

For each sample, a normalized analyte intensity ratio R was calculated by comparing the intensity of the analyte (in our case, MBP-16E6) with the intensity of one of the markers (lysozyme, BSA, mCherry of fluorescein) present in the same well. R is defined as the ratio of analyte over standard intensities I (Equation 1).

= [Equation 1]

In holdup assay, the analyte is incubated in presence of resin saturated with either a ligand (here, biotinylated LXXLL peptide) or the negative control (biotin). R from wells containing biotin-saturated resin is thereafter named Rbiotin. Similarly, R from wells containing resin saturated with biotinylated LXXLL peptides is thereafter named RLXXLL.

In our setup using 96-well plate, biotin-saturated resin has been deposited in 6 to 8 wells randomly distributed over the whole plate. To identify and exclude outliers among these 6 to 8 negative control values, we performed a modified Thompson Tau test on Rbiotin.

After outlier exclusion, the mean of the remaining Rbiotin values ( ) was used for the calculation of the binding intensity (BI) of each analyte-ligand pair according to Equation 2.

= 1 -[Equation 2]

BI values were calculated for each of the two markers corresponding to the quantification method: lysozyme and BSA for capillary electrophoresis, fluorescein and mCherry for fluorescence in order to check for consistency.

Final holdup results entail the mean and standard deviation of BI from duplicated experiments, performed with independent preparations of purified MBP-16E6.

7

Surface plasmon resonance

Experimental setup

SPR interaction assays were performed on a Biacore T200 instrument (GE Healthcare -Biacore) at 25°C. We used as running buffer Tris HCl pH 8.00 50 mM, NaCl 300 mM, DTT 5 mM, surfactant polysorbate 20 (GE Healthcare) 0.005% (v/v). The biotin CAPture kit was used to immobilize the biotinylated LXXLL peptides in a reversible manner. Each cycle started by injecting CAPture reagent (an oligonucleotide coupled with streptavidin which binds to the CAPchip surface by complementarity with the oligonucleotide coating the surface) diluted five times in running buffer on all channels for 300 s at 2 µL/min. In each cycle, one channel (harboring only CAPture reagent and no biotinylated peptide) was defined as the reference flow cell to serve as a control for non-specific binding of the analyte. Biotinylated LXXLL peptides to be tested were immobilized by injecting a 50 nM solution on the remaining channels for 15 -30 s at 10 µL/min. MBP-16E6 analyte was then injected on the four channels for 60 s at a flow rate of 30 µL/min. The post-injection phase was recorded for 120 additional seconds. At the end of each cycle, the surface was regenerated by injecting a 6 M guanidine hydrochloride solution supplemented with 250 mM sodium hydroxide for 60 s at 5 µL/min. This regeneration step allows to fully remove MBP-16E6, biotinylated peptide and CAPture reagent from the surface by dehybridizing the surface oligonucleotide from the CAPture reagent oligonucleotide.

Kinetic measurements were achieved by injecting a series of two-fold dilutions of MBP-16E6, starting from 5 µM. The assays involving the peptides E6APLXXLL wt and E15R were performed in triplicates, with E10A in duplicates and Q9A in simplicate. The uncertainties were estimated according to standard deviation.

Data processing

Data were interpreted as previously described [START_REF] Bonhoure | One-step affinity purification of fusion proteins with optimal monodispersity and biological activity: application to aggregation-prone HPV E6 proteins[END_REF], using first Biacore T200 Evaluation 1.0 software (GE Healthcare, Biacore Life Science, Uppsala, Sweden) and an in-house Python script for steady-state analysis assuming a simple 1:1 interaction binding isotherm model. The uncertainties correspond to the standard deviation between the replicates.

Estimation of KD and ΔG from holdup binding intensities

Although the BI values contain information about the strength of the binding, a conversion needs to be undertaken in order to estimate the dissociation constant, KD. This conversion was achieved using Equation 3. that was previously described [START_REF] Gógl | Rewiring of RSK-PDZ Interactome by Linear Motif Phosphorylation[END_REF]: This equation shows that an estimation of the total peptide concentration is required even when the MBP-16E6 concentration was set up at a fixed value of 4 µM. Assuming that the binding strengths are the same for a given interaction observed by SPR or holdup assays, the peptide concentration was fitted with Equation 3 using experimental binding constants independently obtained by SPR for the interaction of MBP-16E6 with E6APLXXLL wild-type and the mutants F8 and R15 (5 independent measurements). The estimated mean peptide concentration was 11.4 ± 2.4 µM. We finally assumed that all biotinylated single-point mutant E6APLXXLL peptides were at the same concentration on the streptavidin resin, and used a peptide concentration of 11.4 µM for KD extrapolation from holdup data. As reported previously [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF], the repetition of holdup experiments obtained for an irrelevant "neutral" peptide having no specific interaction with the analyte had led to BI values that are almost all below 0.10 (98% of all wells) and with a standard deviation of less than 0.10 (considering 95% of the data). According to this, we applied a conservative safety factor of 2 that leads to BI = 0.20, which represents a very stringent threshold to retain only high-confidence binding event [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF][START_REF] Gógl | Rewiring of RSK-PDZ Interactome by Linear Motif Phosphorylation[END_REF][START_REF] Gógl | Dual Specificity PDZ-and 14-3-3-Binding Motifs: A Structural and Interactomics Study[END_REF]. In practice, we converted all BI < 0.20 to the fixed value of 0.00 prior to KD extrapolation. In practice, we converted all BI < 0.20 to the fixed value of 0.00. ΔG, and ΔΔG for relative analysis of mutant E6APLXXLL as compared to wild-type (wt), were further calculated from KD according to Equation 4 and Equation 5 below. Since the SPR measurements were performed at 25 °C and the holdup assay at room temperature, we applied a temperature of T = 298 K in the following equations.

= 6 !! " #$$## !! " 6 -#$$## % &'(!) " = *+,-. /
∆5 = 6 × ln* 3 [Equation 4] ∆∆5 = ∆5 &9 : -∆5 < [Equation 5]
The uncertainties were obtained by quadratic uncertainty propagation assuming independent variables and using variance formula [START_REF] Ku | Notes on the use of propagation of error formulas[END_REF].

SPOT peptide array

SPOT synthesis

Peptide synthesis on nitrocellulose membrane was performed following a standard protocol previously described [START_REF] Wenschuh | Coherent membrane supports for parallel microsynthesis and screening of bioactive peptides[END_REF][START_REF] Bleeke | Systematic amino acid substitutions improved efficiency of GD2-peptide mimotope vaccination against neuroblastoma[END_REF].

Interaction assay with SPOT peptide array

Nitrocellulose membranes with synthesized peptides were first activated in ethanol 100 % for 10 min at room temperature under agitation. They were subsequently washed three times with TBS (Tris Buffered Saline: Tris HCl pH 8.00 50 mM, NaCl 150 mM) with 10 min incubation at room temperature under agitation for each washing step. The membranes were then saturated by casein blocking buffer (Sigma, B6429) diluted in TBS to the final recommended concentration according to the manufacturer. For saturation, membranes were incubated 3 h at 4 °C under agitation. They were then washed three times with TBS (5 min per washing step).

A solution of purified 6His-MBP-16E6 was prepared as follows: 6His-MBP-16E6 20-40 µg/mL, maltose 10 mM, DTT 5 mM, TBS and casein following the manufacturer's recommendations.

As for purification buffers, the buffer was equilibrated with argon to avoid intermolecular disulfide bridges. Maltose was added to the solution to allow specific interaction of MBP-16E6 with the spotted peptides by binding to MBP. The SPOT membrane was incubated with MBP-16E6 solution for 18 h at 4 °C under agitation. The membrane was then washed with TBS (3 times 4 min). For the detection of 6His-MBP-16E6, we used as a primary antibody, a monoclonal anti-polyhistidine antibody produced in mouse (Sigma, H1029) diluted in casein-TBS buffer at 1 µg/mL and incubated for 90 min at 4 °C under agitation. The membrane was washed with TBS (3 times 4 min). The secondary antibody used was an Anti-Mouse IgG with peroxidase activity (Sigma, A5906) diluted in casein-TBS buffer at 1 µg/mL and incubated for 1 h at 4 °C under agitation. The membrane was washed with TBS (3 times 4 min). A chemiluminescent substrate (Thermo Fisher Scientific, 34080) with 3 min reaction time at room temperature under agitation was used for revelation. The detection was performed with ImageQuant LAS 4000 (GE Healthcare) with exposure time between 1 and 20 s.

In-house python script for extraction of SPOT intensities

Image files previously saved into PNG format are read using the imread function of Python. Inhouse scripts are used to convert the image in gray scale and to integrate the SPOT intensity over a circle for each spot and for the background. The intensities were further normalized to values between 0 and 1 to facilitate the comparison with holdup BI. SPOT intensities equal to the background were set to zero while the highest value of the membrane was set to the highest BI for the same peptide array for easier comparison.

Structure visualization

The crystal structure of 16E6 in complex with E6AP-LXXLL wild-type (sequence ELTLQELLGEER) was previously reported by our team [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF] and deposited on PDB with ID 4GIZ. The surface representation in the present study was generated using the UCSF Chimera package from the Computer Graphics Laboratory, University of California, San Francisco (supported by NIH P41 RR-01081) [START_REF] Pettersen | UCSF Chimera -A visualization system for exploratory research and analysis[END_REF][START_REF] Sanner | Reduced surface: An efficient way to compute molecular surfaces[END_REF]. Other representations were generated using The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.

Results 1

The streamlined holdup assay

General principle

The holdup assay consists of probing the interaction between an analyte in solution (protein) and a ligand immobilized on resin (biotinylated peptide), as shown on Figure 1. On a filter plate, the analyte is incubated in parallel with two distinct resin batches, one bearing the putative ligand and the other one a negative control molecule. The concentration of resin-bound ligand should largely exceed that of analyte (typically, at least 20 µM of ligand peptide for 4 µM of protein). The liquid phase containing the free analyte that did not interact with the ligand, is extracted by centrifugation while the analyte-ligand complex is trapped with the resin on the filter. The protein in the liquid fraction is quantified. We distinguish the amount of analyte after incubation with negative control from the remaining amount of analyte after incubation with the ligand. The amount of analyte-ligand complex can be deducted by comparing these two measures. A value called binding intensity (thereafter called BI) can then be determined. In principle, BI values range from 0.00 (no detected interaction) to 1.00 (100 % of analyte bound to ligand). Therefore, the BI value reflects the strength of the interaction and is correlated to the affinity.

The forthcoming sections describe the different aspects of the holdup assay, including the ligand, the analyte, the quantification of unbound analyte and the BI calculation.

The ligand. Design of biotinylated peptides corresponding to single-point mutants of E6APLXXLL

The immobilization system should i) allow oriented immobilization for homogeneous presentation of the ligand and ii) prevent the release of the ligand in solution for proper affinity estimation. Any leakage of the immobilized molecule from the resin to the final liquid fraction would distort affinity estimation, since a fraction of the bound analyte would not be retained on resin either. To fulfill these requirements, we used biotinylated peptides immobilized on streptavidin resin as the probed ligands while biotin-saturated resin was used as negative control. For a 96-well plate assay, we included 6 to 8 negative control wells placed at random positions on the plate, as shown on Appendices, Figure A1. A polyethylene glycol derivative TTDS (1,13-diamino-4,7,10-trioxatridecan-succinicacid) serves as a linker between the biotin and the peptide for better accessibility of the ligand.

In the present study, we investigated the amino acid sequence determinants of the interaction between 16E6 protein and E6AP-LXXLL motif. The published structure of 16E6 in complex with E6AP-LXXLL motif [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF] comprised a 12-residue long peptide (sequence: ELTLQELLGEER). The structure showed some contacts between 16E6 and the alanine linker preceding the LXXLL motif from E6AP, suggesting that amino acids located on the N-term of E6AP motif may participate in the interaction with 16E6. We based our present study on a 16meric E6AP-LXXLL motif encompassing residues 402 to 417 in E6AP isoform II (sequence: P1E2S3S4E5L6T7L8Q9E10L11L12G13E14E15R16), thereafter called E6APLXXLL. Every designed mutant was bearing one single substitution as compared to the wild-type motif. The key residue E5 and residues T7 to E15 were replaced by alanine or amino acids with similar biochemical properties, allowing us to investigate the impact of subtle changes on the interaction and to estimate the contribution of each residue.

For one holdup assay, the required amount of each peptide is 6 nmol, corresponding for example to 14 µg for the biotin-TTDS linker-E6APLXXLL (molecular weight = 2,360 Da).

The analyte. Purification of biologically active HPV16 E6

In the holdup approach originally reported, soluble crude extracts of MBP-fused PDZ (MBP-PDZ) domains were used as analytes [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF]. In this former study, the same binding activity was observed for purified MBP-PDZ and bacterial extracts of overexpressed MBP-PDZ.

With difficult proteins prone to aggregation or other phenomena altering their activity in solution, the use of a purified analyte allows a better control of activity and reproducibility. Here, experiments have been performed using purified MBP-fused HPV 16E6 oncoprotein (MBP-16E6). HPV16 E6 protein is composed of two zinc-binding domains, named E6N and E6C. In addition to the 8 highly conserved cysteine residues involved in zinc ion coordination, this protein contains 6 non-conserved cysteine amino acids. When overexpressed in bacteria and released in oxidative conditions for cell lysis, the major fraction of the produced cysteine-rich MBP-16E6 accumulates as inactive soluble oligomers due to artifactual intermolecular disulfide bridges [START_REF] Nominé | Formation of Soluble Inclusion Bodies by HPV E6 Oncoprotein Fused to Maltose-Binding Protein[END_REF]. Using a non-purified cleared lysate of MBP-16E6 overexpression would have strongly altered the holdup results since up to 90% of the MBP-16E6 sample would be inactive in the assay. Thus, holdup assay was performed using isolated monomeric MBP-16E6 protein ensuring optimal analyte quality.

For this purpose, we used the solubility-enhanced mutant HPV16 E6 F47R 4C/4S for which the crystal structure HPV16 E6 / E6APLXXLL has been published [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. In this construct, four nonconserved cysteines have been mutated to serine to prevent intermolecular disulfide bridges, and the mutation of phenylalanine 47 to arginine to prevent dimerization of the E6N domain.

In addition, a particular purification protocol involving the elimination of inactive species for the isolation of active MBP-16E6 monomers was applied [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. This purification strategy enables the elimination of residual oligomers by affinity chromatography on amylose resin, overnight ultracentrifugation and size-exclusion chromatography (SEC). In order to limit protein reassociation over time, holdup assay was performed immediately after purification.

1. [START_REF] Choi | Maximizing binary interactome mapping with a minimal number of assays[END_REF] The quantification of the unbound analyte. Two possible protein quantification methods: capillary electrophoresis or tryptophan fluorescence

1.4.

Size-specific protein quantification by capillary electrophoresis

In the former publication reporting the holdup assay [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF], the final holdup samples containing the unbound analyte to quantify were soluble crude extracts of MBP-fused PDZ domains overexpressed in bacteria. Such extracts contained, in addition to the overexpressed domain, many bacterial proteins. Therefore, capillary electrophoresis was used to separate proteins according to their migration time in a high-throughput, accurate and reproducible fashion. The readout is based on fluorescence emission of labels that have been chemically added to the denatured proteins prior to migration, indicating that peak intensities are proportional to protein concentrations. The time-to-mass conversion results in plots of protein molecular weight versus fluorescence intensity named electropherograms. Within the electropherograms, we had to identify and to quantify, the particular peak corresponding to the overexpressed domain.

Depending on the overexpression level, on the quality of the capillary electrophoresis runs and on the amount of data to treat, this task can become arduous and computationally challenging [Jané et al., Meth Mol Biol, 2020, in press].

This difficulty to process electropherograms is bypassed when using a purified sample since it does not contain any bacterial protein background. Figure 2 shows two typical examples of electropherograms recorded with purified protein samples. On each graph, one can observe the peaks of the three proteins present in the holdup sample: MBP-16E6 and the two internal standard proteins, lysozyme and BSA. MBP-16E6, lysozyme and BSA migrate at 64.0 ± 1.3 kDa (theoretical molecular weight MWtheo: 62.5 kDa), 15.7 ± 0.3 kDa (MWtheo: 14.3 kDa) and 77.9 ± 1.5 kDa (MWtheo: 66.3 kDa), respectively. The intense peak at the left of lysozyme is a lower molecular weight marker from the manufacturer's kit, used to detect the beginning of the sample migration. The three panels in Figure 2 display holdup sample electropherograms after incubation with an E6APLXXLL binding ligand, plotted with the biotin negative control for better visualization of MBP-16E6 depletion. On the right panel (Figure 2A), MBP-16E6 was incubated with E6APLXXLL wild-type. The strong depletion of MBP-16E6 in the "ligand" sample as compared to the "negative control" sample indicates that the majority of MBP-16E6 was retained on the filter with E6APLXXLL wild-type. On the opposite, only a very small fraction of MBP-16E6 was depleted after incubation with E6APLXXLL V8 mutant (Figure 2B), indicating that there was no interaction between MBP-16E6 and E6APLXXLL V8 peptide. For each of the two panels, the rather good superimposition of the two electropherograms reflects the absence of migration issues and in particular that equal volumes of the two samples were loaded on the capillary electrophoresis instrument. In addition, the fact that the intensities of the lysozyme or BSA standard protein peaks are similar for "ligand" and "negative control" samples rules out any specific interaction between lysozyme or BSA with E6APLXXLL as compared to resin saturated with biotin. On Figure 2C, the superimposition of biotin and L11A samples is not as clear as in the previous examples due to shifted profiles and possibly volume variation. In this case, the internal standard proteins are determinant for proper analyte quantification. Indeed, after normalization, the resulting BI is 0.05 ± 0.03. This result indicates that there was no interaction between MBP-16E6 and the L11A mutant of E6APLXXLL although this was not clearly visible on the electropherograms. 

Total protein quantification by intrinsic tryptophan fluorescence

While microfluidic capillary electrophoresis is a powerful and reproducible analytical approach, it requires certain preparation time and maintenance. For measuring 96 samples, the time needed is 30 minutes for preparing the chip and reagents, and 1 h 30 for the measurement. In addition, the capillary often gets clogged or may contain bubbles impairing migration, thus requesting the user to prime or prepare fresh reagents several times per day and carefully maintain the chip and the device. This generates expensive maintenance or repair costs which add up to the price of the chips and reagents cited before. Therefore, if the purified protein construct contains tryptophan residues (which is the case for any MBP-fused construct), another strategy for quantifying the unbound analyte is to use intrinsic tryptophan fluorescence measurement. 16E6 contains only one tryptophan residue, however MBP carrier protein contains 8 tryptophan residues which significantly increase the extinction coefficient of the MBP-16E6 fusion protein. Fluorescence spectroscopy of tryptophan is a fast and sensitive method for quantifying a purified protein analyte in holdup samples. It is less time-consuming and about 60-fold cheaper than capillary electrophoresis. In addition, the fluorescence approach has the obvious advantage of delivering, for each sample, two values (the fluorescence intensities of the protein tryptophan and of the internal controls at distinct wavelengths) while the capillary electrophoresis delivers a full electropherogram including numerous peaks that have to be analyzed. However, since the fluorescence method allows the quantification of all proteins present in a sample, great care must be taken when purifying the protein analyte to minimize the presence of protein contaminants. We tested two internal markers for the correction of volume variation: fluorescein and mCherry. Their fluorescence absorption and emission wavelengths (Fluorescein: λabsorption = 485 nm; λemission = 520 nm and mCherry: λabsorption = 575 nm; λemission = 620 nm) do not overlap with those of tryptophan (λabsorption = 350 nm; λemission = 280 nm). For the readout by fluorescence, we systematically include control wells for estimating the background signal. Working buffer is incubated in the filter plate with biotin-saturated resin and the flow-through is measured at the wavelength of tryptophan and internal standards. The resulting background is subtracted to all fluorescence values of the corresponding wavelength prior to further processing.

The internal markers for accurate analyte quantification

During the liquid phase extraction, some volume variations between the different wells can be observed. In order to normalize the amount of analyte, we systematically included one, if not two, internal standard molecules that did not interact with the peptide nor with the negative control. Thus, the concentrations of the standards are supposed to be constant regardless of the presence of the ligand or analyte. The chosen standards were adapted to the quantification method of the analyte. For MBP-E6 quantification by capillary electrophoresis or SDS-PAGE, we recommend lysozyme and BSA as internal standard proteins, because they have very distinct molecular weights from MBP-16E6 and their peaks flank the MBP-16E6 peak on the electropherogram. They allow double normalization in x and y axes, which is more reliable in case of important loaded volume variation and/or time-to-molecular weight conversion. For quantitative analysis, the heights of both standards and analyte were systematically extracted and processed for binding intensity calculation, as further detailed in section 1.5. When MBP-16E6 was quantified by measuring its tryptophan fluorescence, fluorescein and mCherry were used as standards. The amount of internal standard is expected to be independent from the amount of MBP-16E6. In our setup, lysozyme, BSA, fluorescein and mCherry fluorescence signals were in a constant range for different MBP-E6 intensities, with a mean fluorescence intensity of 241 ± 39 AU, 141 ± 25 AU, 39 500 ± 1400 AU and 5 900 ± 280 AU, respectively (Figure 3). The amount of lysozyme, BSA and fluorescein in the flow-through seemed completely independent of the amount of analyte (Figure 3A-C). Their slight variabilities can be attributed to variations of volume and do not affect the quality of the normalization. On the opposite, the amount of mCherry seems to slightly increase with the amount of MBP-16E6 (Figure 3D), suggesting that fluorescein is more reliable than mCherry as an internal standard for the holdup assay using fluorescence detection. The second criterion for selecting an appropriate internal standard is that it should have limited interaction with the filter, the streptavidin resin or the plastic of the well. Figure 4 shows a retention test of different mixtures of analyte and internal standards in filter plate containing biotin-saturated streptavidin resin. The test was performed with lysozyme and BSA quantified by capillary electrophoresis (Figure 4A) or with fluorescein and mCherry quantified by fluorescence (Figure 4B). To facilitate data visualization, the amount of each molecule is plotted as normalized intensity based on its highest signal in the retention test. Thus, a decreased signal indicates partial retention as observed for lysozyme and BSA. In absence of MBP-16E6 and BSA, 70.6 ± 0.3 % of lysozyme flowed through the resin while 82.7 ± 5.2 % of BSA flowed through the resin in absence of MBP-16E6 and lysozyme. Since the holdup is a comparative assay, this partial retention does not impact the quality of the holdup data if it remains in a constant range for all tested ligands and negative controls. This is the case for lysozyme and BSA since their levels remain constant during a holdup assay for different MBP-E6 concentration (Figure 3). Regarding mCherry, the retention test showed complete retention in absence of MBP-16E6, indicating non-specific interaction with the streptavidin resin, the biotin or the filter plate. Thus, fluorescein seems more reliable than mCherry as an internal marker for the holdup assay with fluorescence readout. Finally, another important parameter determining the quality of an internal standard is its stability over time. However, in the holdup assay depicted herein, the time elapsed from the preparation of a fresh standard solution to the measurement is of maximum one hour. Thus, we did not assess the stability of the internal standard for such a short handling time.

Calculation of the binding intensity

The holdup assay allows relative affinity estimation by quantifying the analyte depletion at equilibrium after incubation with an immobilized ligand [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF]. This analysis is enabled by the calculation of binding intensity (BI), which is the ratio of bound analyte (obtained by calculating the difference between the total and the remaining amount of protein) as compared with a negative control. The analyte and internal standard molecules in the final fraction are quantified either by capillary electrophoresis or fluorescence spectroscopy. First, the amount of analyte is normalized by the amount of one of the internal standard molecules. Second, the BI reports on the fraction of depleted analyte after incubation with the ligand molecule as compared to the amount of analyte after incubation with a negative control molecule. In principle, a BI of 0.00 indicates that the concentration of analyte remaining in the filtrate is the same after incubation with the putative ligand or incubation with the negative control. On the contrary, a BI equal to 1.00 means that the analyte cannot be detected anymore in the filtrate after incubation with the ligand.

Figure 5 shows the correlation of the BI values from the two methods used for quantifying the analyte: capillary electrophoresis and fluorescence spectroscopy. For the readout by capillary electrophoresis, Figure 5A shows the correlation between lysozyme and BSA normalization. The correlation between mCherry and fluorescein normalization is plotted in Figure 5B for the fluorescence readout. In both cases, the slope of the linear fit is very close to 1 (0.971 for capillary electrophoresis and 1.067 for fluorescence), showing high correlation between the internal standards. The error bars showing the standard deviation between two independent experiments are higher for capillary electrophoresis than for fluorescence, suggesting a better robustness of the latter. Finally, the comparison between capillary electrophoresis and fluorescence spectroscopy as holdup readouts is plotted on Figure 5C. The two datasets are correlated as they could be fitted by linear regression. However, the BI are significantly lower for fluorescence than for capillary electrophoresis. For the same interaction between E6APLXXLL wild-type and MBP-16E6, the BI estimated by the capillary electrophoresis setup is 0.922 ± 0.043 and 0.778 ± 0.033 for the fluorescence readout. This difference can be explained by the fact that capillary electrophoresis enables specific quantification of one protein based on its molecular weight. On the opposite, fluorescence spectroscopy only allows total protein quantification without any selection. Thus, any protein present in solution with the analyte (bacterial contaminant, keratin...) is included in the quantification by tryptophan fluorescence.

All added together, these contaminant proteins form a background of non-interacting proteins that flow through the resin regardless of the immobilized ligand. In theory, a BI equal to 1.00 corresponds to 100 % of analyte bound to the ligand immobilized on resin and thus, no analyte detected in the flow-through. If some non-interacting proteins are in solution with the analyte, after the holdup they are present in the flow-through even if the analyte is entirely retained on the resin by a high-affinity ligand. Since fluorescence spectroscopy does not allow differentiation between different proteins, the presence of non-interacting protein contaminants would give the same result as if a fraction of the analyte does not bind the ligand. Due to this background of non-interacting protein, the BI from the fluorescence approach are lower than the BI from the capillary electrophoresis approach. These results validate the two internal standards tested for each approach, as they give consistent results. Lysozyme and BSA can be used independently or together in a holdup assay. We recommend using both in each assay, so that they complement and possibly replace each other in case of low-quality measurement. The fact that the BI normalized by mCherry are consistent with those normalized by fluorescein suggests that mCherry did not interfere with the tested 16E6-E6APLXXLL interactions. Nevertheless, since we have previously noted that mCherry strongly interacts with biotin-streptavidin resin in absence of MBP-16E6, we recommend using fluorescein which does not interact with the immobilization support.

The holdup assay with fluorescence readout resulted in reproducible data that were consistent with the results from capillary electrophoresis. The major weakness of this approach is the background due to total protein quantification. To limit this background, it is strongly recommended to purify protein samples carefully in order to avoid high amounts of contaminants in solution with the analyte. Even though the BI values are lower with total protein quantification, the ranking of binding ligands by affinity remains reliable. The conversion of BI into binding free energy ΔG is a robust solution to convert these relative affinity estimations into some comparable values, as further detailed in section 3.
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Validation by SPOT and SPR

SPOT peptide array

We aimed at comparing the sensitivity of the holdup assay to quantify affinities, with SPOT peptide arrays, which are often used for positional scanning. We tested the interactions between 16E6 protein in solution and SPOT peptide arrays entailing our peptide library of mutant E6APLXXLL on membrane. Figure 6A shows a SPOT array on membrane after incubation with 6His-tagged MBP-16E6 and detection of bound 16E6 by an anti-His antibody.

Using an in-house python script, we quantified the intensity of each spot and normalized it.

Since the quantity of analyte retained on the membrane should also be related to affinity, we therefore directly compared the normalized SPOT intensities with BI from the holdup assay.

For a qualitative analysis, we translated these BI values into binary results (bind/does not bind) (Appendices, Table A2). We defined 0.2 as the BI threshold for a significant interaction and compared the number of binders detected by holdup (constant conditions) with those obtained by SPOT array (incubated with increased concentrations of MBP-16E6). Figure 6B shows that the overlap between the two approaches increased with the concentration of MBP-16E6 incubated with the SPOT membrane. At the highest tested MBP-16E6 concentration, we note that 12 presumably weak interactions undetected by SPOT assay are still detected by holdup. In conclusion, while both SPOT and holdup assay allowed efficient and accurate detection of E6-peptide interactions with affinity in the low micromolar range, the holdup assay turned out to be more sensitive than SPOT array for E6-peptide interactions in the mid-micromolar range.

SPR assay

We used SPR to measure the MBP-16E6 binding affinity constants of a selection of LXXLL biotinylated peptides displaying the highest affinity according to holdup data. The first aim was to validate the ranking obtained by holdup data using an orthogonal method. The second aim was to independently estimate KD values allowing us to evaluate the peptide concentration in the holdup assay and subsequently to convert all BI values into KD, and ΔG values, as discussed in the next paragraph.

We assayed the interactions of MBP-16E6 with the E6APLXXLL wild-type and four mutants (Figure 7). As shown by the absence of response on the sensorgram, the mutation L8V abolishes the interaction whereas the affinity is modulated by the mutations Q9A, E15R and E10A. The dissociation constants (KD) were determined by steady-state analysis. Considering the biological replicates, the KD for the interaction between MBP-16E6 and E6APLXXLL wild-type is 0.84 ± 0.12 µM. The mutation Q9A enhances the affinity by 5-fold, which reaches 0.16 µM (simplicate measurement). The mutation E15R has moderate impact on the affinity since the corresponding KD is 1.01 ± 0.15 µM and the mutation E10A seems to decrease the affinity by at least 2-fold. The above KD values are consistent with the BI measured by holdup assay: the BI of MBP-16E6 interaction with E6AP wt is 0.92 ± 0.04 when the BI of the affinity-enhancing mutation Q9A is 0.97 ± 0.02. The BI of E15R peptide is 0.94 ± 0.03. This value is close to the BI of E6AP wt, which confirms the KD estimated by SPR.

For most of the tested interactions, we note that the experimental Rmax (highest experimental response at equilibrium) is close to the fitted Rmax: on Figure 7B, the highest red dot is close to the plateau of the fitted curve for the ligands E6AP wt, Q9A and E15R. However, it is not the case for the peptide E10A, which indicates that the tested conditions did not allow the analyte to fully saturate the surface. Thus, we only report a rough estimation for the corresponding dissociation constant. In addition, we observe that the fitted Rmax (value of the plateau) is rather consistent with the theoretical Rmaxtheo indicated on Figure 7B. The Rmaxtheo value corresponds to the expected maximal signal inferred from the molecular weights of the analyte and ligand and assuming a 1:1 binding model. The consistency between the fitted and theoretical Rmax confirms i) that both analyte and ligand were biologically active for specific binding, ii) that the interaction occurs with a 1:1 stoichiometry. Lastly, the rmsd (root mean square deviation) never exceeds 5 % of the fitted Rmax value, which denotes the good quality of the fit and the reliability of the reported dissociation constants. Our SPR results confirm the slight affinity modulation of the single-point mutations as first observed with holdup binding intensities. The dissociation constants of five E6APLXXLL peptides were accurately estimated by SPR, allowing us to convert binding intensities into dissociation constants for the entire peptide array as detailed in the next section.

Estimation of the free energy (ΔG) of 16E6-E6APLXXLL interactions

BI values can be used to estimate binding affinity constants provided that the concentration of peptide attached on the resin is determined. This can be achieved directly by quantifying the peptide before and after immobilization on the resin, or indirectly by using the dissociation constant of one or several analyte-ligand couples measured independently [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF][START_REF] Gógl | Rewiring of RSK-PDZ Interactome by Linear Motif Phosphorylation[END_REF]. In the present study, we estimated by SPR the dissociation constants of MBP-16E6 for three variants of the E6APLXXLL motif. We then used these dissociation constants to estimate the peptide concentration in the holdup experiments, which was 14.8 ± 5.2 µM. The peptide concentration determined in that way was subsequently used to convert all the experimentally determined BI values into KD and ΔG (Appendices, Table A1), assuming the peptide concentration to be always the same within the holdup experiments. For proper comparison of the E6APLXXLL mutants with the wild-type motif, we calculated for each mutant the ΔΔG = ΔGMUTANT -ΔGWT (Figure 8). Some mutations display ΔΔG values close to 0, suggesting a neglectable impact on the affinity with 16E6 (Q9D, E14D, E14A, E15Q and E15R). On the contrary, we identified mutations enhancing the affinity (Q9A, Q9E and E15D) and several other mutants abrogating completely the interaction, most of them targeting L8, L11 and L12. This result is consistent with the well-defined consensus motif LXXLL. The holdup assay thus allowed us to establish a quantitative interaction map of 45 single point mutants of the E6APLXXLL binding motif. 

Discussion

Advantages of the holdup assay for quantifying affinities in the micromolar range

The methods for studying protein-protein interactions are either highly accurate with quantitative biophysical methods requiring specific equipment and expertise (for instance ITC, SPR), or less accurate with qualitative biochemical assays easier to set-up in a biochemistry laboratory (mainly GST-pulldown assay, co-immunoprecipitation). In addition, very few approaches allow the quantitative assessment of affinities in the mid-micromolar range. The holdup assay with the adapted protocol presented here allows quantitative determination of affinity constants of weak protein-peptide interactions by using an easy setup and standard lab equipment.

The major difference between the traditional pulldown assay and the holdup is the quantification of the unbound fraction in the latter, instead of eluting the complex formed on the resin and directly quantifying it [START_REF] Louche | Protein-Protein Interactions: Pull-Down Assays[END_REF]. The advantage of quantifying the unbound analyte is that it allows subtraction of non-specific binding which may arise from the resin or the plastic plate. Since the holdup is a comparative assay, each sample incubated with a ligand is compared with a negative control in the closest possible conditions. The non-specific binding to any other component than the ligand is expected to be the same in both conditions, therefore the analyte depletion can only be due to specific binding of the ligand. In addition, the washing steps included in pulldown assay prevent the identification of low-affinity fast-dissociating complexes which can be more easily detected in the holdup equilibrium assay.

Quantitative estimations are essential in perturbation experiments of protein-protein binding. Very recently, a chromatographic assay enabling such detailed analysis was published [START_REF] Reese | Chromatographic assay to probe the binding energy and mechanisms of homologous proteins to surface-bound ligands[END_REF].

The analyte in complex with the ligand immobilized on resin packed in a column was eluted by gradient of pH and salt. Since the holdup assay does not require any chromatographic system, the gradient elution cannot be performed but could be replaced by comparative incubation in serial buffers at various pH and ionic strengths for the analyte solution.

Prerequisites and advice for setting up the holdup assay

There are several important prerequisites for setting up the holdup assay, which are discussed below and summarized in Figure 9 as well as the different possible experimental setups. As for most in vitro protein-protein interaction assays, the main requirement for holdup in terms of sample quality is that the two interacting proteins should be biochemically active and stable over the time of the experiment (no degradation nor oligomerization preventing specific interaction). If a holdup assay is performed with an analyte protein that is partly or fully inactive (due to misfolding, aggregation, presence of an inhibitory molecule in the binding site...), the results may falsely indicate an absence of binding (false negative) or a weaker affinity than the actual one. It is therefore crucial to assess the optimal quality of the analyte proteins before starting any interaction assay. The presence of contaminants or cleavage products can be visualized on SDS-PAGE gel and the oligomerization stage can be checked by gel-filtration or dynamic light scattering. If the protein is capable of interacting specifically with its ligand even in the presence of contaminants, the holdup assay can be performed with overexpressed analyte in total extracts, as previously described [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by highthroughput holdup assay[END_REF].

Figure 9: Adaptation process of holdup assay to the user's subject and needs. This scheme describes the main steps by which the holdup assay can be adapted to different protein-protein or protein-peptide interaction systems and how the final output can be interpreted according to the setup chosen. The choice of the resin for running reliable holdup assays should allow stable immobilization without interfering with the tested interaction. The experimental setup is described in the grey squares, the parameters to be adapted are indicated in bold [color online only].

We report two possible techniques for quantifying the free analyte in the final holdup fractions: capillary electrophoresis and fluorescence spectroscopy, the latter being equally accurate for protein quantification in holdup samples and a better choice for the user in terms of budget and time. However, when no fluorimeter is available in a laboratory, it remains possible to use SDS-PAGE as a readout to identify and quantify the protein bands as previously described [START_REF] Charbonnier | Capturing protein-protein complexes at equilibrium: The holdup comparative chromatographic retention assay[END_REF]. It should be mentioned that various setups for high-throughput and reproducible SDS-PAGE, that may represent competitive and cost-effective approaches to microfluidic capillary electrophoresis, are commercially available.

Preparative SPOT synthesis and SPOT peptide arrays for interaction assays

Using the benchtop setup presented herein, the manual holdup assay can in principle reach a throughput of up to a few hundred protein-peptide interaction points measured per day. Based on the setup described in the present study, each single interaction point requires 6 nmol of peptide presenting the required sequence. For higher throughput and lower amount of peptide per well, it is possible to downscale the holdup assay from 96-well plate to 384-well plates. Obtaining all the required peptides in sufficient amounts and purity may represent practical limitations (high costs) if the peptides have to be synthesized by a company. To circumvent that problem, it should be possible to use biotinylated peptides synthetized in large numbers by preparative SPOT synthesis. This approach can yield up to 1000 biotinylated peptides in a single synthesis run. A "chemical purification step", consisting of an acetylating procedure prior to biotinylating, can be applied for optimal purity (> 90%) of biotinylated peptides. The peptides are then detached from the nitrocellulose membranes and re-solubilized prior to the assay. The amount of peptide per spot ranges from 50 to 100 nmol, which allows to perform up to 8-16 individual binding assays. This approach was previously reported for the preparation of a single replacement scan peptide library used for the development of an antimicrobial peptide [START_REF] Pulido | Positional scanning library applied to the human eosinophil cationic protein/RNase3 Nterminus reveals novel and potent anti-biofilm peptides[END_REF].

Besides, SPOT arrays are frequently used for screening a library of mutant peptides. They are well adapted if the purpose of the study is to perform a semi-quantitative screen and to select high-affinity peptides [START_REF] Tapia Mancilla | Peptide Arrays on Planar Supports[END_REF]. However, many protein-motif interactions are transient and can dissociate during the washing steps. In order to accurately detect, compare and quantify the affinity of such interactions, we demonstrated in the present study that the manual holdup is a suitable approach with limited requirements in terms of equipment, that allows to quantify even low affinity interactions not detected by SPOT assays.

Converting holdup binding intensities into equilibrium dissociation constants

For each tested ligand / analyte pair, the holdup experiment provides a binding intensity that can be in principle converted into a steady-state dissociation constant and then free energy. Such an extrapolation requires accurate estimation of the concentrations of free analyte and complex, but also of the concentration of ligand immobilized on the resin. This can be achieved either by direct peptide quantification after immobilization or by indirect estimation using the dissociation constants of several interaction pairs measured by other means. Accurate quantification of peptide having no aromatic residue can be challenging since it requires specific equipment (spectrophotometer capable to record accurate data at 214 nm) [START_REF] Kuipers | Prediction of Molar Extinction Coefficients of Proteins and Peptides Using UV Absorption of the Constituent Amino Acids at 214 nm To Enable Quantitative Reverse Phase High-Performance Liquid Chromatography-Mass Spectrometry Analysis[END_REF]. In addition, direct quantification of immobilized peptide does not consider the percentage of inactive peptide that may be present on the resin (for instance insoluble peptide unable to interact). Those quantification issues can be circumvented by calibrating the holdup results with several known values of dissociation constant, which allows to estimate the concentration of active peptide present on the resin. The dissociation constants used for this purpose can be measured with other orthogonal methods for cross-validation, or reported in published data bearing in mind that such data should have been obtained in conditions as close as possible to the ones used for holdup in order to allow reasonably reliable extrapolation (buffer composition, same ligand and analyte). In the present study, we investigated the recognition specificities of 16E6 for an array of 45 single-point mutation E6APLXXLL peptides and calibrated our holdup data by SPR measurements on a subset of ligands in order to extrapolate ΔΔG values of each tested interaction.

Structural aspects revealed by this study

We interpreted our mutagenesis interaction data with the crystal structure of 16E6 in complex with wild-type E6APLXXLL that was previously published by our team [START_REF] Zanier | Structural basis for hijacking of cellular LxxLL motifs by papillomavirus E6 oncoproteins[END_REF]. As shown on Figure 10A, the LXXLL motif folds onto an α-helix that binds to the basic-hydrophobic pocket between the two zinc-binding domains of 16E6. In addition, the residues of 16E6 forming the interface with the peptide are mainly positive, aliphatic and aromatic (Figure 10A andB). According to the binding data summarized in Figure 8, we observed that the ΔΔG values are mainly positive, indicating that most of the tested mutations decreased the affinity or even abolished the interaction with 16E6 as compared to the wild-type motif. In particular, our data confirmed that the three leucine residues L8, L11 and L12 that determine the LXXLL consensus are amino acid sequence determinants since none of the tested mutations increased the affinity for 16E6. It is interesting to note that the leucine residues L8 slightly tolerates aromatic residues such as tryptophan or tyrosine while the two other leucine residues L11 and L12 do not tolerate any other hydrophobic residue. On the opposite, we identified 3 mutations that improved the affinity of 16E6 for E6APLXXLL: Q9A, Q9E and E15D. In the native motif, the Q9 residue from E6APLXXLL stabilizes the structure by making two hydrogen bonds with R131 in 16E6 (Figure 10C). The mutation of this polar residue into the aliphatic alanine residue might enhance the contacts within the hydrophobic interface, compensating the loss of hydrogen bonds. In addition, our results indicated the substantial participation of the flanking residues E5 and E15. E5 makes a direct hydrogen bond with S74 and a water-mediated interaction with H78 and R77 in 16E6. E15 forms three hydrogen bonds with R10 in 16E6. The E15D mutation slightly increases the affinity, which can be due to the conservation of charges on the lateral chain. These results give hints for the development of affinity-enhanced mutants blocking LXXLL motifs capture by 16E6 for therapeutic purpose. They could also allow the identification of additional protein targets of 16E6 by extending the definition of the recognized motif. It will be interesting to apply the same approach to probe the LXXLL binding preferences of E6 proteins from other papillomaviruses, compare them to those of E6 from HPV16 and interpret preference variations in regard of their biological and pathological properties. 

Conclusions

Streamlined holdup is a fast, easy and versatile assay for accurate affinity estimation without the need for any specific lab equipment. The results are consistent with high-precision biophysical methods like SPR and show higher sensitivity for low affinity interactions. For optimal results, the user can choose to work either with crude extracts or purified proteins, depending on the solubility of the analyte and the ease of handling non-purified protein samples. Streamlined holdup can be readily adapted for pairwise affinity estimation of any protein-protein interaction system, including protein complexes. We hope that the biochemistry community will take advantage of this method by using and adapting it to their subject of interest. By giving hints on the affinity parameters, this approach allows a deeper analysis than binary assays (bind/does not bind), thus a better understanding of protein-protein interactions. In summary, with the same samples and materials as those required for a pull-down with purified proteins, the holdup is more sensitive to low and medium affinities and allows an accurate ranking of the interaction partners based on their affinity with the target protein. This versatile approach can in principle be applied to the interaction of two full-length folded proteins. In addition, the interaction preferences of 16E6 with some single-point mutants of E6APLXXLL allowed us to identify the residues that determine the interaction. In the present case, these key positions are not limited to the three leucine residues from the consensus sequence but also include acidic residues upstream and downstream the LXXLL motif.
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 1 Figure 1: Schematic representation of the holdup assay principle. Adapted from [7]. The analyte in solution is incubated with ligand immobilized on beads and then filtered. A quantification of the unbound analyte allows the calculation of a binding intensity, which can be further correlated with dissociation constant [color online only].

Figure 2 :

 2 Figure 2: Electropherograms of holdup samples of MBP-16E6 after incubation with E6APLXXLL.The final samples from holdup were analyzed by capillary electrophoresis for quantification of the bound fraction of analyte (MBP-16E6). The proteins were labelled by fluorescent dye prior to electrophoresis using manufacturer's kit. The fluorescence intensity shown in the y-axis is proportional to the protein amount. During electrophoresis, the proteins are separated according to their molecular weight, shown on the x-axis. Each holdup sample is a mixture of analyte (MBP-16E6, indicated by a black arrow) and standards (lysozyme and BSA, indicated by white arrows). The analyte-standard mixture was incubated either with the negative control (biotin, represented with blue line) or with biotinylated E6APLXXLL peptide ligand (represented by the red line). A. The tested ligand is E6APLXXLL wild-type (sequence P 1 E 2 S 3 S 4 E 5 L 6 T 7 L 8 Q 9 E 10 L 11 L 12 G 13 E 14 E 15 R16 ). Note the strong depletion of MBP-16E6, indicating the high affinity of the interaction. B. The tested ligand is the L8V mutant of E6APLXXLL. MBP-16E6 is almost not depleted with E6AP V8 as compared with biotin, reflecting the absence of detectable interaction. C. The tested ligand is the L11A mutant of E6APLXXLL. As for L8V mutant, there was not interaction with MBP-16E6. Note the migration shift and the variations of protein peak heights between the tested ligand and the negative control, showing the importance of internal controls for estimating analyte depletion [color in print].

Figure 3 :

 3 Figure 3: Fluorescence intensity of the analyte (MBP-16E6) versus the internal markers (lysozyme, BSA, fluorescein, mCherry).The choice of an internal marker for the holdup assay is based on its ability to flow through the resin independently from the analyte. Thus, the concentration of internal marker is expected to be constant at any analyte concentration. On this figure, MBP-16E6 intensity was plotted versus the intensity of lysozyme (A), BSA (B), fluorescein (C) and mCherry (D). Lysozyme and BSA are the internal markers used for quantification by capillary electrophoresis. Fluorescein and mCherry were tested as internal markers for quantification by fluorescence. The blue dots are the experimental data points from holdup assays. On each plot, the mean intensity of the internal control is indicated by a horizontal orange line. These graphs show that the intensities of the four internal markers are in a constant range regardless of MBP-16E6 intensity [color online only].

Figure 4 :

 4 Figure 4: Retention test of internal controls mixed with MBP-16E6 on streptavidin resin saturated with biotin. The normalized capillary electrophoresis signal (A) or fluorescence intensity (B) are plotted for each tested mixture of MBP-16E6 and standards. 100 % indicates that the molecule flowed through the resin without any loss whereas 0 % indicates that the molecule was completely retained on the filter with the resin. The assay was performed in duplicate and the experimental standard deviations are shown as error bars. Note that mCherry was entirely retained while lysozyme was only partially retained on the filter with biotin-saturated resin [color online only].

Figure 5 :

 5 Figure 5: Comparison of holdup binding intensities (BI) normalized by four internal markers.The holdup assay can be performed using either capillary electrophoresis or fluorescence spectroscopy for quantification of unbound analyte. For each approach, two alternative internal markers were tested. When the analyte was quantified by capillary electrophoresis, lysozyme and BSA were used for normalization (A). Note the high correlation between BI normalized by lysozyme and by BSA. When the analyte was quantified by tryptophan fluorescence, the internal markers were mCherry and fluorescein (B). Finally, it is apparent from the scatter plot C that the BI(lysozyme) from capillary electrophoresis are higher than the BI(fluorescein) that were obtained by measuring fluorescence. The plotted BI values are the mean of duplicated experiments with standard deviation shown as error bars. The linear regression line is plotted on each graph and its equation and coefficient of determination R 2 are indicated in the top left corner. The function y = x is plotted in dotted orange line on each graph [color online only].

Figure 6 : 20 .

 620 Figure 6: Interaction assay by SPOT peptide array. A.Example of a SPOT peptide array with mutant E6APLXXLL after testing the interaction with MBP-16E6. The plan of spotted peptide is displayed above the membrane: the wild-type motif with 12 amino acid sequence ELTLQELLGEER is labelled wt-12aa and the wild-type motif with 16 amino acid sequence P1E2S3S4E5L6T7L8Q9E10L11L12G13E14E15R16 is labelled wt-16aa. The single-point mutants are based on wt-16aa sequence: the initial residue is indicated with its position in the wt-16aa motif, followed by the replacing residue. The membrane was incubated with 40 µg/mL 6His-tagged MBP-16E6, which was further detected by an anti-His antibody. The SPOT membrane entails His spots as positive controls for detection by anti-His antibody. B. Detected interactions in holdup and SPOT arrays tested with different MBP-16E6 concentrations. The selection threshold for a significant interaction based on binding

Figure 7 :

 7 Figure 7: SPR data for estimating the interaction properties of MBP-16E6 with several E6APLXXLL: E6AP wt and the mutants L8V, Q9A, E15R and E10A. A.Sensorgrams for the interaction of MBP-16E6 with the different E6APLXXLL, plotting response normalized by the peptide immobilization level versus time. The flat response for the L8V mutant indicates that the interaction is abolished. B. Steady-state analysis for each interaction plotting the equilibrium response obtained in a 5-seconds window versus protein concentration. rmsd stands for root mean square deviation between experimental data (red dots) and fitted curve (black line). Rmaxtheo corresponds to the maximal expected signal assuming that each molecule of the immobilized ligand is involved in a 1:1 interaction with

Figure 8 :

 8 Figure 8: Interaction of 16E6 with single-point mutant peptides of E6APLXXLL binding motif. ΔG (in kcal.mol -1) was calculated for wild-type and mutant E6APLXXLL peptides according to the SPR normalization of the holdup data (capillary electrophoresis, lysozyme normalization). In this figure we show the values of ΔΔG = ΔGMUTANT -ΔGWT. The mean uncertainty was estimated at 0.5 kcal.mol -1 . Positive values (in blue) correspond to a loss of affinity as compared to the interaction with wild-type motif, whereas a gain of affinity is shown by negative value (red). A value of ΔΔG = 8.43 kcal.mol -1 shows a complete loss of interaction, shown in hatched blue. The color code on the left column indicates the

Figure 10 :

 10 Figure 10: The previously solved structure of 16E6 in complex with E6APLXXLL wildtype. A. Charge distribution at the surface of 16E6. The surface is colored in blue and red for positive and negative potentials, respectively. E6APLXXLL is shown in beige. B. Overview of the 16E6-E6APLXXLL complex. The two zinc-binding domains E6N and E6C are indicated in grey. The secondary structure of 16E6 is shown with ribbon representation. E6APLXXLL wild-type (sequence E 5 L 6 T 7 L 8 Q 9 E 10 L 11 L 12 G 13 E 14 E 15 R 1 ) is shown in blue and the residues from 16E6 at the peptide interface are colored as follows: S: grey; A, I, L, V, M: green; F, W, Y: yellow; Q: turquoise; R, H: orange. C. Detailed view of 16E6-E6APLXXLL interactions using the same color code as in B. Hydrogen bonds are indicated by black dashed lines and water molecules red spheres. PDB ID: 4GIZ [12] [color in print].

  1) Resin dilution and transfer in the filter plate: 3.7 mL (50% slurry suspension in ethanol 20%) streptavidin Sepharose High-Performance beads (17-5113-01, GE Healthcare) were equilibrated in 20.3 mL buffer A. The bead suspension was homogenized by up and down pipetting with a multichannel pipette and dispensed in a 96-well filter plate (MSDVN65, Millipore). For each well, 200 µL suspension (corresponding to 15 µL beads) were transferred. Critical step: the resin should be properly homogenized before being distributed on the plate. Comparative analysis is only possible when an equivalent amount of resin is present in each well of the plate.

4 Microfluidics capillary gel electrophoresis for quantitative analysis

  

	4.1 Data acquisition
	The device LabChip GX II (Caliper, Perkin Elmer) was used for High-Throughput Protein Express 100 High Sensitivity assay, for sizing of proteins in the 14 to 100 kDa range. The samples were mixed with sample buffer and denatured for 5 min at 95 °C. Prior to the injection in the microcapillary, the proteins are labeled with a fluorescent dye. During capillary electrophoresis course, a laser excites the dyes attached to proteins. The resulting electropherogram is the signal of emitted fluorescence plotted versus migration time. By calibration with standard markers, the LabChip GX II software converts migration time into molecular weight. The emitted fluorescence signal being proportional to protein concentration, this analysis allows accurate quantification of proteins separated by size.

Acknowledgements

The authors thank B. Kieffer for the Python script used for intensity quantification on SPOT arrays and colleagues of the Travé team for helpful discussion and support. The authors also thank the reviewers for their careful reading of the manuscript.

Funding

This work received institutional support from le Centre National de la Recherche Scientifique (CNRS), Université de Strasbourg, Institut National de la Santé et de la Recherche Médicale (INSERM) and Région Alsace. The work was supported in part by grants from Ligue contre le Cancer (équipe labellisée 2015 and fellowship to A.B.), Fondation pour la Recherche Médicale (fellowship to A.B.), National Institutes of Health [Grant R01CA134737], Instruct (ESFRI), and the French Infrastructure for Integrated Structural Biology (FRISBI). The authors declare that the content is solely their responsibility and does not represent the official views of the National Institutes of Health.

Declaration of competing interest

The authors declare that they have no competing interest that could have influenced the work reported in the present paper.

Author contributions

Anna Bonhoure : Conceptualization, methodology, investigation, data analysis, visualization, writing -original draft, Anne Forster : Conceptualization, investigation, writing -editing, Khaled Ould Babah : Conceptualization, investigation, writing -editing, Gergő Gógl : investigation, data analysis, writing -editing, Pascal Eberling : Resources, writing -editing, Camille Kostmann : investigation, writing -editing, Rudolf Volkmer : Resources, writingediting, Victor Tapia Mancilla : Resources, writing -editing, Gilles Travé : Conceptualization, supervision, project management, funding acquisition, formal analysis, visualization, writing -review and editing; Yves Nominé : methodology, software, formal analysis, visualization, writing -review and editing.

Appendices

Figure A1: Plate organization for holdup assay. In a single assay on 96-well plate, we can test the interaction between 1 MBP-E6 against up to 90 biotinylated LXXLL peptides immobilized on streptavidin resin.