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50 Phage Display Technology to Obtain Antiheparan Sulfate Antibodies T. H. van Kuppevelt, G. J. Jenniskens, J. H. Veerkamp, G. B. ten Dam, and M. A. B. A. Dennissen 1. Introduction Antibodies have proven to be valuable tools in research on proteoglycans. They have been used extensively to study the tissue expression patterns of proteoglycans at the light as well as at the electron microscopical level. In addition, they have been frequently applied as (immuno)precipitating agents, in immunoaffinity chromatography, and—in some cases—as blocking agents. Most antibodies available are directed against the core protein of proteoglycans. Only a few are reactive with the glycosaminoglycan moiety. This is due to the largely nonimmunogenic character of glycosaminoglycans. Those antibodies that have been raised to glycosaminoglycans were obtained using proteoglycans as antigen, rather than the glycosaminoglycan chains as such. Here, we describe the use of phage display technology to obtain antibodies to glycosaminoglycans, as exemplified by heparan sulfate. Phage display allows the generation of antibodies to “self” antigens. The antibody is “displayed” at the surface of the phage by fusion to a coat protein (1,2). In the protocol described here, a semisynthetic antibody phage display library [“synthetic scFv library # 1”, (3)] was used, consisting of >108 different clones, each expressing one unique antibody. In principle, any antibody phage display library can be used. The synthetic library #1 contains 50 different VH genes with synthetic complementarity-determining region 3 segments (CDR3), which contain a random sequence, encoding 4–12 amino acid residues. Only one lightchain gene is present. In the library, only the variable parts of the heavy and light chains are expressed, joined to each other by a linker sequence to form so-called single-chain variable fragments (scFv). All antibodies contain a cMyc tag for identification with anti-cMyc antibodies.



From: Methods in Molecular Biology, Vol. 171: Proteoglycan Protocols Edited by: R. V. Iozzo © Humana Press Inc., Totowa, NJ



519



520



van Kuppevelt et al.



A major advantage of the phage display system is that once a phage expressing the antibody has been selected, the DNA encoding the antibody is available. This opens the realm of molecular-biological techniques (e.g., large-scale production in bacteria, easy purification using His-tags, fusion of the antibodies to other proteins). Phage display-derived antibodies may be of value in characterizing the structural heterogeneity of heparan sulfate and other glycosaminoglycans. This chapter describes the selection and characterization of anti-heparan sulfate antibodies and their coding genes using antibody phage display technology.



2. Materials 2.1. Selection of Phages Displaying Antibodies Reactive with Heparan Sulfate Using Biopanning 1. To avoid any carryover of phages during selections, several precautions need to be taken. The use of sterile disposable plastic ware and devoted pipetes is highly recommended. Nondisposable plastic ware should be soaked for 1 h in 2% (v/v) hypochlorite, followed by thorough washing and autoclaving. Glassware should be baked at 200ºC for at least 4 h. Use aerosol-resistant pipet tips (Molecular Bio-Products) when working with bacteria or phages. It is recommended to work in a laminar-flow cabinet or in a fume cabinet. Clean the workplace (benchtops, etc.) with 10% (v/v) hypochlorite before and after each working day. Clean pipetes etc., daily by wiping the outside with 0.1 M NaOH. 2. Bacterial strain: Escherichia coli TG1 (3) suppressor strain (K12, ∆(lac-pro), supE, thi, hsd∆(5/F'traD36, proAB, lacIq, LacZ∆(M15) (see Note 1). 3. VCS-M13 helper phages (Stratagene) (see Note 2) used at a titer of 1 × 1012 CFu/mL. Alternatively, M13 KO7 helper phages (Pharmacia) can be used. 4. Glycerol stock of the (semi)-synthetic scFv Library #1 [Dr. G. Winter, Cambridge University, Cambridge, UK (3)], stored at –80ºC. 5. 2XTY: 1.6% (w/v) Bacto-Trypton, 1.0% (w/v) Bacto-Yeast extract (Gibco BRL), and 0.5% (w/v) NaCl. 6. 40% (w/v) glucose (Sigma) in H2O sterilized by filtering using a 0.2-µm filter (Schleicher & Schuell). 7. Ampicillin (Sigma) and kanamycin (Gibco BRL). 8. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 9. 2XTY containing 100 µg of ampicillin/mL and 25 µg kanamycin/mL. 10. Minimal medium: Autoclave 450 mL of 2.2% (w/v) Bacto-Agar (Gibco BRL) in H2O. Cool the solution down to 60°C and add, after sterile filtering with a 0.2-µm filter (Schleicher & Schuell), 50 mL of 10XM9, 0.5 mL of 20% (w/v) MgSO4, 2.5 mL of 40% (w/v) glucose, and 0.25 mL of 1% (w/v) thioamine. a. 10 × M9 medium: 0.60 M K2HPO4, 0.33 M KH2PO4, 76 mM (NH4)2SO4, 17 mM trisodium citrate · 2H2O, pH 7.4 (adjust with phosphate component). 11. Polyethylene glycol (PEG)/NaCl: 20% (w/v) PEG 6000 (Serva) containing 2.5 M NaCl. 12. Phosphate-buffered saline (PBS): 0.14 M NaCl, 8.1 mM Na 2 HPO 4 and 1.5 mM NaH2PO4 · 2H2O, 2.7 mM KCl, pH 7.4 (adjust with phosphate component). 13. Microlon immunotubes, 12/55 mm, 4 mL (Greiner). 14. Heparan sulfate from bovine kidney (Seikagaku). 15. Marvel: dried skimmed milk (Premier Beverages, Stafford, UK). 16. PBS containing 2% (w/v) Marvel. 17. PBS containing 4% (w/v) Marvel.
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Parafilm (American National Can). Polyoxyethylenesorbitan monolaurate (Tween-20, Sigma). PBS containing 0.1% (v/v) Tween-20. 100 mM triethylamine (Merck): add 700 µL (7.18 M) to 50 mL of H2O (prepare on the day of use). 1 M Tris-HCl, pH 7. 4. Sterile 50-mL tubes (Greiner). TYE: 1.5% (w/v) Bacto-Agar, 0.8% (w/v) NaCl, 1.0% (w/v) Pepton, and 0.5% (w/v) Bacto-Yeast extract. TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose. Nunclon TC dish 245 × 245 × 25 mm (Nunc); 94/15 Petri dish (Greiner). Glycerol (Sigma). 2XTY containing 15% (v/v) glycerol.



2.2. Screening for Bacterial Clones Expressing Heparan Sulfate-Binding Antibodies Using ELISA 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19.



96-well flat-bottom and 96-well round-bottom sterile Cellstar plates (Greiner). Sterile toothpicks. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 2XTY containing 100 µg of ampicillin/mL and 0.1% (w/v) glucose. Isopropylthio-β-D-galactoside (IPTG, Gibco BRL). 2XTY containing 100 µg of ampicillin/mL and 9 mM IPTG. Glycerol (Gibco BRL). 96-well Microlon ELISA plates, nonsterile (Greiner). PBS. PBS containing 2% (w/v) Marvel (see Note 3). PBS containing 4% (w/v) Marvel. PBS containing 0.1% (v/v) Tween-20. Anti-c-Myc antibody; hybridoma culture supernatant (clone 9E10, mouse IgG; see Note 4). PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20. Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies (DAKO). PBS containing 1% (w/v) Marvel and 0.1 % (v/v) Tween-20. 0. 9% (w/v) NaCl. 1 M diethanolamine (Fluka) containing 0.5 mM MgCl2, pH 9.8. 4-Nitrophenyl phosphate disodium salt (hexahydrate) (P-NPP, Merck).



2.3. Detection of Antibodies Expressed by Bacterial Clones Using an Immunoblot Assay 1. 2. 3. 4. 5. 6. 7. 8. 9. 10.



0.45-µm nitrocellulose filter (Schleicher & Schuell). Whattman 3 MM paper. PBS. PBS containing 3% (w/v) Marvel and 1% (v/v) Tween-20. PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20. Anti-cMyc antibody; hybridoma culture supernatant (clone 9E10, mouse IgG; see Note 4). PBS containing 0.1% (v/v) Tween-20. Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies (DAKO). PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20. 1 M diethanolamine containing 0.5 mM MgCl2, pH 9.8.
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11. p-Nitro blue tetrazolium chloride (NBT, Merck), and 5-bromo-4-chloro-3-indolyl sulfate p-toluidine salt (BCIP, Research Organics). Add to 10 mL of 1 M diethanolamine containing 0.5 mM MgCl2 (pH 9.8): 45 µL of NBT (stock: 75 mg/mL 70% [v/v] dimethylformamide) and 35 µL of BCIP (stock 50 mg/mL dimethylformamide).



2.4. Screening for “Full-Length” Inserts Using Polymerase Chain Reaction (PCR) and for VH Gene Diversity Using DNA Fingerprinting 1. 2. 3. 4. 5.



6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17.



TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 94/15 Petri dishes. Sterile toothpicks. 5 mM dNTP, Taq DNA polymerase (5 U/µL), and 10 × PCR buffer containing 15 mM MgCl2 (Promega). Primers: LMB3 (5'-CAGGAAACAGCTATGAC-3'), fd-SEQ1 (5'-GAATTTTCTGTATGAGG-3'). Mineral oil (Sigma). Restriction enzyme BstNI (10 U/µL), NEBuffer 2 (New England Biolabs). DNA marker: φX174/HaeIII Molecular Weight Marker 4 (Eurogentec). SeaKem agarose, NuSieve 3:1 agarose (FMC Bioproducts). 10 mg ethidium bromide (Sigma)/mL H2O. 10× TBE buffer: 12.1% (w/v) Tris, 5.1% (w/v) boric acid, and 3.7% (w/v) EDTA. 5× DNA sample buffer: 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, and 40% (w/v) sucrose. QIAprep Spin Miniprep Kit (Qiagen), ABI PRISMTM Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). Sequencing primer: (5'- GCCACCTCCGCCTGAACC- 3'), annealing temperature: 65°C. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 2XTY containing 15% (v/v) glycerol. Sterile cryovials (Greiner).



2.5. Production of Culture Supernatant Containing Antibodies 1. Glycerol stock of a bacteria producing an anti-heparan sulfate scFv antibody, stored at –80°C. 2. TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 3. 94/15 petri dish. 4. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose. 5. 2XTY containing 100 µg of ampicilin/mL and 0.1% (w/v) glucose. 6. IPTG (Gibco BRL). 7. 10× protease inhibitor mix: 0.1 M EDTA, 250 mM iodacetamid, 1 M N-ethylmaleimide, 1% (w/v) NaN 3 , 1.5 mTIU aprotinin/mL, 0.1% (w/v) pepstatin A, and 1 mM phenylmethylsulfofluoride in H2O.



2.6. Production of Periplasmic Fraction Containing Antibodies 1. See Subheadings 2.5.1. – 2.5.7. 2. Periplasmic fraction buffer (PPF): adjust 0.5 M boric acid (Gibco BRL) to pH 8.0 with 0.5 M sodium borate (Sigma). Take 20 mL of the adjusted solution and add 1.6 mL of 5 M NaCl, 0.25 mL of 0.2 M EDTA, and adjust the volume to 50 mL with H 2O. 3. 0.2 µm disposable filter holder. 4. Dialyzing membrane (Spectra/Por, cutoff value 10 kDa). 5. PBS.
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2.7. Evaluation of Specificity of Antibodies Using Immunofluorescence Analysis 1. Tissue specimens, snap-frozen in liquid isopentane cooled with liquid nitrogen, and stored at –70°C. 2. 5-µm tissue cryosections (stored at –20 or –80°C). 3. Heparinase III (0.006 units/mL, Sigma) in incubation buffer (50 mM NaAc and 50 mM Ca(Ac) 2, pH 7.0). 4. Chondroitinase ABC (1 unit/mL, Seikagaku) in incubation buffer (25 mM Tris-HCl, pH 8.0). 5. Slides and cover slips. 6. PBS. 7. Blocking solution: PBS containing 1% (w/v) BSA . 8. Washing solution: PBS. 9. Primary antibody solution: add 1 volume of periplasmic fraction of an anti-heparan sulfate antibody to 1 volume of blocking solution. 10. Anti-cMyc (9E10) antibody (hybridoma culture supernatant) diluted 1/1 with blocking solution (see Note 4). 11. Fluorophore (Alexa-488)-conjugated anti-mouse IgG antibody (Molecular Probes) solution: Make a dilution (1/200–1/500) in PBS containing 0.5% (w/v) BSA. 12. Mowiol (Hoechst) embedding solution.



2.8. Evaluation of Specificity of Antibodies by ELISA 1. 2. 3. 4. 5.



6. 7. 8. 9.



ELISA plates (Microlon, Greiner). PBS. Washing solution: PBS containing 0.1% (v/v) Tween-20. Blocking solution: PBS containing 1% (w/v) BSA. Anti-heparan sulfate (primary) antibody solution: add 1 volume of a bacterial culture supernatant containing an anti-heparan sulfate antibody to 1 volume of blocking solution, or use diluted periplasmic fraction. Anti-cMyc (9E10) antibody (hybridoma culture supernatant) diluted 1/1 with blocking solution (see Note 4). Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies diluted 1/1000 in PBS containing 0.5% (w/v) BSA. Substrate solution: 1 mg of p-nitrophenyl phosphate/mL diethanolamine solution (1 M diethanolamine, 0.5 mM MgCl2, pH 9.8). A number of molecules necessary for evaluation of crossreactivity of the antibodies. These may include heparan sulfate from various sources, heparin, dermatan sulfate, chondroitin 4 and 6-sulfate, keratan sulfate, dextran sulfate, hyaluronate, and DNA.



3. Methods 3.1. Selection of Phages Displaying Antibodies Reactive with Heparan Sulfate Using Biopanning For a schematic outline of the selection procedure, see Fig. 1.



3.1.1. Growth of Antibody Phage Display Library 1. Inoculate 50 mL of 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose with about 5 × 108 bacteria from a glycerol stock of the (semi)-synthetic scFv Library #1 (3).
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Fig. 1. Schematic representation of the selection of phage display-derived anti-heparan sulfate antibodies by biopanning.
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2. Grow the culture, while shaking, at 37°C until an absorbance at 600 nm of 0.5 is reached (see Note 5). 3. Pipet 10 mL of the culture into a sterile 50-mL tube and add about 4 × 1010 VCS-M13 helper phages (see Note 6). 4. Incubate in a water bath, without shaking, at 37°C for 30 min. 5. Spin the infected culture at 3000g for 10 min at room temperature. Decant the supernatant and resuspend the pellet in 30 mL of 2XTY containing 100 µg of ampicillin and 25 µg of kanamycin/mL. 6. Add the 30 mL of bacterial suspension to 270 mL of prewarmed (30°C) 2XTY containing 100 µg of ampicillin and 25 µg of kanamycin/mL (No glucose! see Note 7). Incubate, while shaking, at 30°C for 16–20 h to allow for large-scale (antibody-displaying) phage production. 7. Inoculate 5 mL of 2XTY with a single E. coli TG1 colony from a minimal medium plate and grow, while shaking, at 37°C for 16–20 h. This culture will be used in Subheading 3.1.3, step 16.



3.1.2. Isolation of Phages 1. Spin the culture from step 6 under Subheading 3.1.1 at 10,000g for 10 min at 4°C to remove bacteria. Decant the supernatant containing the phages into another sterile bucket. 2. Add 60 mL of ice-cold PEG/NaCl to the supernatant, mix well by inverting the bucket at least 30 times, and leave the bucket on ice for 1 h. In this step (and step 3) phages are precipitated (see Note 8). 3. Spin the phages at 10,000g for 30 min at 4°C. Resuspend the pellet in 40 mL of ice-cold, sterile milli-Q water. Transfer the suspension to a 50-mL tube and add 8 mL of ice-cold PEG/NaCl. Mix well (as in step 2) and leave for 30 min on ice. 4. Spin the mixture at 3000g for 30 min at 4°C. Decant the supernatant and remove the remains with a pipet. Respin briefly and remove residual PEG/NaCl. Invert the tube on a piece of paper tissue, and leave for 30 min to drain any remaining PEG/NaCl. 5. Resuspend the pellet in sterile PBS and spin at 3000g for 10 min at 4°C to remove any remaining bacterial debris. Decant the supernatant containing the phages into a sterile tube and store at 4°C until use.



3.1.3. Selection of Phages Binding to Heparan Sulfate 1. Add 2 mL of a 20-µg heparan sulfate/mL solution to an immunotube for 16 h, 4°C. Wash the immunotube 3 times with PBS and block the tube with PBS containing 2% (w/v) Marvel. Fill the tube to the brim, cover it with Parafilm, and incubate for at least 2 h at room temperature to avoid nonspecific binding of phages to the surface of the tube. This step should be performed early in the day, so the immunotube will be ready when the phages used for biopanning (step 5, Subheading 3.1.2.) are obtained. 2. Wash the blocked tube 3 times with PBS. Add 2 mL of PBS containing 4% (w/v) Marvel and 2 mL of phage supernatant (step 5, Subheading 3.1.2.) to the tube, cover with Parafilm, and incubate for 30 min on an under-and-over turntable (room temperature), followed by standing for 90 min (room temperature). 3. Discard the phage suspension and wash the tube 20 times with PBS containing 0.1% (v/v) Tween-20, followed by 20 washes with PBS. 4. Remove the last remains of PBS and elute the bound phages with 1 mL of 100 mM triethylamine. Cover the tube with Parafilm and rotate for 10 min on an under-and-over turntable at room temperature.
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5. Add the 1 mL of eluted phages to a 50-mL tube containing 0.5 mL of 1 M Tris-HCl (pH 7.4) for pH neutralization. Also add 200 µL of 1 M Tris-HCl (pH 7.4) to the remaining phages in the immunotube. At this point phages can be stored at 4°C for a short period of time (up to 2 d), or used the same day to infect E. coli TG1 cells. The latter is recommended. 6. Add 1 mL of the eluted phages from the 50-mL tube (Subheading 3.1.3., step 5) to 9 mL of exponentially growing E. coli TG1 cells in a 50-mL tube. Add 4 mL of the TG1 culture to the remaining phages in the immunotube (step 5). Incubate both cultures for 30 min at 37°C in a water bath, without shaking, to allow for infection. Exponentially growing TG1 culture is prepared as follows: Inoculate 50 mL of 2XTY with 0.5 mL of overnight culture from Subheading 3.1.1., step 7. Grow the culture, while shaking, at 37°C until an absorbance at 600 nm of 0.4–0.5 is reached. The culture obtained is ready for infection (see Note 5). 7. Pool both infected TG1 cultures. Take 100 µL of the pooled culture and make 4 serial dilutions (1/102, 1/104, 1/106, and 1/108) in 2XTY containing 100 µg of ampicillin/mL and 1%(w/v) glucose. Plate 100 µl of these dilutions on 94/15 TYE plates containing 100 µg of ampicillin/mL and 1% (w/v) glucose, and grow for 16–20 h at 37°C. Calculate the titer from these dilutions (see Note 9). 8. Spin the rest of the pooled culture at 3000g for 10 min at room temperature. Decant the supernatant and resuspend the pellet in 1 mL of 2XTY. Spread the cell suspension on a Nunclon TC plate with TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose and grow for 16–20 h at 37°C. 9. Add 5 mL of ice-cold 2XTY containing 15% (v/v) glycerol to the Nunclon TC dish and scrape the bacterial cells from the plate with a glass spreader. Take 50 µL of the bacterial suspension and use it for inoculation of 50 mL 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose as in Subheading 3.1.1., step 1. Store the remaining bacteria at –70°C (see Note 10). Repeat the selection procedure for another 3–4 rounds (all steps Subheading 3.1.1.–3.1.3.).



3.2. Screening for Bacterial Clones Expressing Heparan Sulfate-Binding Antibodies Using ELISA 1. Pick individual bacterial clones, using sterile toothpicks, from the serial dilution plates of the last 2 selection rounds (see Subheading 3.1.3., step 6) and inoculate 100 µL of 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose (one clone per well!) in sterile 96-well flat-bottom tissue culture plates. Secure the lid with tape and grow for 16–20 h at 37°C while gentle shaking. These plates will be the master plates. 2. Transfer 2 µL of bacterial culture (step 1) to the corresponding wells of sterile 96-well round-bottom tissue culture plates with 200 µL 2XTY containing 100 µg of ampicillin/ mL and 0.1%(w/v) glucose (see Note 11). Secure the lid with tape and grow at 37°C, while shaking, until an absorbance at 600 nm of 0.9 is reached (see Note 12). Add to each well 25 µL of 2XTY containing 100 µg of ampicillin/mL and 9 mM IPTG. Incubate the plates, while shaking gently, at 30°C for 16–20 h. Add glycerol to the master plates to a final concentration of 15% (v/v), mix well, and store the plates at –70°C until further use. 3. Incubate wells from ELISA plates with 100 µl of a 10-µg heparan sulfate/mL solution for 16 h at 4°C. Wash 3 times with PBS and block with PBS containing 2% (w/v) Marvel for 1 h at 37°C. Wash the plates 3 times with PBS containing 0.1% (v/v) Tween-20. 4. Spin the 96-well round-bottom plates (step 2) at 1800g for 10 min at room temperature. 5. Add 60 µL of the culture supernatant (step 4) to 60 µl of PBS containing 4% Marvel, transfer 100 µl to wells of ELISA plates, and incubate for 1 h at room temperature. Use 50 µL of the culture supernatant in an immunoblot assay used for evaluation of antibody production (see Subheading 3.3.). The immunoblot assay can be performed simultaneously with the ELISA.
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6. Discard the culture supernatant and wash the ELISA plates 6 times with PBS containing 0.1% (v/v) Tween-20. 7. Add 100 µL of 9E10 hybridoma supernatant diluted 1/1 with PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20 to the wells and incubate for 1 h at room temperature. 8. Discard the 9E10 solution and wash the ELISA plates 6 times with PBS containing 0.1% (w/v) Tween-20. 9. Add 100 µL of alkaline phosphatase-conjugated rabbit-anti-mouse IgG antibodies, diluted 1/1000 diluted in PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20 to the wells and incubate for 1 h at room temperature. 10. Discard the fluid and wash the ELISA plates 5 times with PBS containing 0.1% (v/v) Tween-20 followed by 1 wash with 0.9% (w/v) NaCl. 11. Add 100 µL 1 M diethanolamine containing 1-mg/mL P-NPP and 0.5 mM MgCl2 (pH 9.8) to the wells and incubate, in the dark, at room temperature until color development is optimal. 12. Read the absorbance at 405 nm (see Note 13).



3.3. Detection of Antibody Expression by Bacterial Clones Using an Immunoblot Assay 1. Cut two Whattman 3 MM papers and one 0.45-µm nitrocellulose filter to the size required for use in a 96-well dot-blot apparatus. 2. Soak the papers and the filter in PBS for 10 min. Apply the papers and filter to the dotblot apparatus (nitrocellulose filter on top). Make sure to remove all air bubbles. 3. Transfer 50 µL of culture supernatant from step 4 under Subheading 3.2. to the dot-blot apparatus and pull the fluid through the filter by vacuum suction. 4. Remove the nitrocellulose filter from the apparatus and air-dry the filter for 20 min at room temperature. 5. Block the filter in a container with PBS containing 3% (w/v) Marvel and 1% (v/v) Tween20 for 1 h at room temperature, while shaking. The volume of fluids used in this step, as well as in the following steps, depends on the size of the container used. Make sure the filter is sufficiently covered with fluid. 6. Discard the blocking solution and add 9E10 hybridoma supernatant diluted 1/1 with PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20. Incubate, while shaking, for 1 h at room temperature. 7. Discard the solution and wash 3 times for 10 min, while shaking, with PBS containing 0.1% (v/v) Tween-20. 8. Add alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies diluted 1/1000 in PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20. Incubate, while shaking, for 1 h at room temperature. 9. Discard the antibody solution and wash, while shaking, 2 times with PBS containing 0.1% (v/v) Tween-20 for 10 min, 1 time with PBS for 5 min, and 1 time with 1 M diethanolamine containing 0.5 mM MgCl2 (pH 9.8) for 5 min. 10. Add NBT/BCIP substrate solution and incubate, while shaking, at room temperature until the color develops. Discard the substrate solution and wash the filter a couple of times with water (see Note 14).



3.4. Screening for “Full-Length” Inserts Using PCR and for VH Gene Diversity Using DNA Fingerprinting In this procedure, the positive clones will be analyzed for the presence of DNA (about 1 kbp) encoding the scFv antibody. In addition, as an initial screening for the diversity of the clones, restriction enzyme analysis will be performed. (Also see Fig. 2).
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Fig. 2. Restriction fragment analysis of clones expressing anti-heparan sulfate antibodies. Polymerase chain reaction (PCR) is preformed to amplify the region encoding the scFv antibody (A), using a set of primers flanking the VH and VL segments. The resulting (full-length) PCR fragments (B) harbor a unique pattern of BstN1 cleavage sites (CC*A/TGG), serving as a fingerprint. Following digestion with restriction enzyme BstN1 (C), the fragments are separated on an agarose gel and the restriction patterns of each clone are compared (D). Clones with unique restriction patterns are selected and sequenced to establish the VH family, germ line segment (DP number, see ref. 4) and VH -CDR3 sequence (randomized in the library used; see ref. 3).FR, framework region; CDR, complementary determining regions; M, DNA marker.
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1. Select heparan sulfate-positive clones (as detected by ELISA) from the corresponding master plate (see Subheading 3.2.). Plate bacteria on 94/15 dishes with TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose to obtain single colonies. 2. Pick a single colony of each clone (mark the colony on the back of the Petri dish) with a sterile toothpick and transfer the cells into the following PCR-mixture: 34.5 µL H2O, 5.0 µL 10X PCR buffer, 2.5 µL 20X dNTP (5 mM each), 2.5 µL LMB3 primer (10 pmol/µL), 2.5 µL fd-SEQ1 primer (10 pmol/µL), 0.5 µL Taq polymerase (5 U/µL). Overlay the PCR mixture with a droplet of mineral oil and use the following PCR program: 10 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C, 10 min at 72°C, cool to 4°C. 3. Take 4 µL of the PCR-mixture and add 1 µL of 5X DNA sample buffer. Run the samples on a 1% (w/v) Seakem agarose gel (add 3.0 µL ethidium bromide [10 mg/mL] to 75 mL of agarose solution). Include DNA marker (250 ng) in one of the lanes. Run the gel at 50 V in an appropriate volume of 1X TBE buffer. Analyze the gel on a UV transilluminator. PCR products of about 1000 base pairs indicate full-length clones (see Note 15). 4. For DNA fingerprinting take 20 µL of the PCR-mixture and add 20 µL of the following restriction enzyme mix: 17.8 µL H2O, 2.0 µL 10X NEbuffer 2, 0.2 µL BstNI (10 U/µL). Overlay with mineral oil and incubate at 60°C for 3 h. Take 8 µL and add 2 µL 5X DNA sample buffer. Run the restriction mixtures on a 4% (w/v) 3/1 NuSieve agarose gel as described in step 3, Subheading 3.4., Differences in banding pattern indicate different clones (see Note 16 and Fig. 2). 5. Take with a sterile toothpick unique clones from the plate with marked colonies (step 2, Subheading 3.4.) and add to 10 mL 2XTY containing 100 µg ampicillin/mL and 1% (w/v) glucose. Grow for 16–20 h, while shaking, at 37°C. 6. Take 1.5 mL of the bacterial culture (step 5, Subheading 3.4.) for preparation of phagemid DNA, used for sequencing and for long-term storage (see Note 17). For phagemid isolation and sequencing we use materials described in steps 13 and 14, Subheading 2.4. 7. Spin the rest of the culture at 3000g for 10 min at 4°C. Decant the supernatant and resuspend the pellet in 1 mL of ice-cold 2XTY containing 15% (v/v) glycerol. Aliquot the bacterial suspension into several sterile cryovials and store at –70°C.



3.5. Production of Culture Supernatant Containing Antibodies 1. Inoculate 5 mL of 2XTY containing 100 µg ampicillin/mL and 1% (w/v) glucose with a single colony from a 94/15 dish with TYE containing 100 µg ampicillin/mL and 1% (w/v) glucose, and derived from a glycerol stock. Grow for 16–20 h, while shaking, at 37°C. 2. Inoculate 500 mL of 2XTY containing 100 µg ampicillin/mL and 0.1% (w/v) glucose with 5 mL of culture (step 1, Subheading 3.5.) and grow, while shaking, at 37°C until an absorbance at 600 nm of 0.5 –0.8 is reached. 3. Add IPTG to a final concentration of 1 mM and grow the culture, while shaking, at 30°C for 16–20 h. 4. Put the culture on ice for 20 min. 5. Spin the culture at 3000g for 10 min at 4°C. Add 0.1 volume of 10X protease inhibitor mix (see step 7, Subheading 2.5.) to the supernatant and store in aliquots at 4°C, if used directly, or at –70°C (see Note 18).



3.6. Production of Periplasmic Fraction Containing Antibodies 1. See step 1, Subheading 3.5. 2. See step 2, Subheading 3.5. 3. Add IPTG to a final concentration of 1 mM and grow the culture, while shaking, at 30°C for 3 h.
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4. Put the culture on ice for 20 min. 5. Spin the culture at 3000g for 10 min at 4°C. Decant the supernatant and resuspend the bacterial pellet in 5 mL of ice-cold “periplasmic fraction” (PPF) buffer (see step 2, Subheading 2.6.). 6. Vortex the bacterial suspension vigorously for 10 s and spin at 48,000g for 30 min at 4°C. 7. Filter the supernatant (periplasmatic fraction) through a 0.2-µm disposable filter. 8. Dialyze the periplasmatic fraction for 16–20 h against 5 L of PBS at 4°C. 9. Add 0.1 volume of 10X protease inhibitors (see step 7, Subheading 2.5.). Store the periplasmatic fraction at 4°C, if used directly, or at –70°C (see Note 18).



3.7. Evaluation of Specificity of Antibodies Using Immunofluorescence Analysis 1. All incubation steps are carried out in a humid atmosphere at room temperature. 2. Incubate cryosections with heparinase III or chondroitinase ABC overnight at 37°C. As a control for enzyme reactivity, incubation buffer without enzyme is used (see Notes 19 and 20). 3. Rinse 3 times in PBS and block in PBS containing 1% (w/v) BSA for 30 min. 4. Incubate cryosections with primary antibody solution (anti-heparan sulfate antibodies) for 60 min. 4. Remove primary antibody solution carefully and rinse once and wash 3 times (10 min) with PBS. 5. Incubate cryosections with mouse anti-cMyc antibody solution for 60 min. 6. Remove antibody solution carefully and rinse once and wash 3 times (10 min) with PBS. 7. Incubate cryosections with fluorophore-conjugated anti-mouse IgG antibody solution for 60 min. 8. Remove antibody solution carefully and rinse once and wash 3 times (10 min) with PBS. 9. Incubate cryosections in 100% methanol for 10 s for dehydration. 10. Air-dry sections and use mowiol for embedding. 11. Analyze staining patterns by fluorescence microscopy (see Note 21). Figures 3 and 4 are examples of staining patterns.



3.8. Evaluation of Specificity of Antibodies Using ELISA The reactivity of the anti-heparan sulfate antibodies with other molecules can be analyzed by ELISA in two ways: (1) by application of antibodies to wells of microtiter plates coated with the test molecule, or (2) by an inhibition assay in which the antibodies are incubated with the test molecule.



Method 1 1. All incubation steps are carried out at room temperature. 2. Coat wells with test molecules (see step 9, Subheading 2.8.) by incubation with 10 µg of test molecules/mL solution for 16 h at 4°C. 3. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20. 4. Block the free binding sites with 200 µL of blocking solution for 1 h. 5. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20. 6. Incubate the wells with 100 µL of anti-heparan sulfate (primary) antibody solution for 60 min. 7. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20. 8. Incubate the wells with 100 µL of mouse anti-cMyc antibody solution for 60 min.
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Fig. 3. Specificity of anti-heparan sulfate antibody HS3G8. Rat kidney cryosections were treated with heparinase III (A), heparinase III incubation buffer (B), chondroitinase ABC (C), and chondroitinase ABC incubation buffer (D). Next, sections were incubated with periplasmic fraction containing the antibody. Bound antibodies were visualized using mouse anti-cMyc IgG followed by Alexa 488-conjugated goat anti-mouse IgG. Bar= 50 µm. Source: from ref. 5.



9. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20. 10. Incubate the wells with 100 µL of alkaline phosphatase-conjugated rabbit anti-mouse IgG antibody solution for 60 min. 11. Wash the wells 4 times with PBS containing 0.1% (v/v) Tween-20. 12. Wash the wells 2 times with 0.9% (v/v) NaCl. 13. Incubate the wells with 100 µL of substrate solution (in the dark) until color development is optimal. 14. Read absorbance at 405 nm.



Method 2 1. Add 6 µg of test molecule to 150 µl antibody solution and incubate overnight at room temperature. 2. Transfer 100 µl of this solution to a well coated with heparan sulfate and incubate for 60 min. 3. Proceed as under Method 1, starting with step 7.
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Fig. 4. Immunostaining of rat kidney with three different anti-heparan sulfate scFv antibodies. Cryosections were incubated with periplasmatic fractions of bacteria expressing antibody HS4C3 (A), HS4D10 (B), HS3G8 (C), and anti-filaggrin (D)(control; filaggrin is not present in the kidney). Bound antibodies were visualized using mouse anti-cMyc IgG followed by Alexa 488-conjugated goat anti-mouse IgG. Bar=25 µm. All three anti-heparan sulfate antibodies stain differently, indicating reactivity with different heparan sulfate species. G, glomerulus. Arrow in a: peritubular capillary. Source from ref. 5.



4. Notes 1. E. coli TG1 is a T–phage resistant strain that harbors a mutated tRNA gene. The mutated tRNA will suppress the UAG amber (stop) codon. A glutamine will be substituted for the amber codon allowing the expression of scFv-pIII fusion protein on the phage tip. 2. VCS-M13 helper phages provide phage coat proteins and enzymes necessary for phage rescue. 3. Except for the scFv antibody selection procedure, Marvel can be substituted with bovine serum abumin (BSA) in the same concentrations. 4. The 9E10 hybridoma cell line is available from the ATCC (American Type Culture Collection). Alternatively, a polyclonal rabbit anti c-Myc antibody (A14, Santa Cruz Biotechnology) can be used. 5. M13 phages infect F+ E. coli via sex pili. For production of sex pili, E. coli needs to be grown into the log phase (absorbance at 600 nm of 0.4–0.5) at 37°C. When grown to a higher density, sex pili are lost very rapidly. A log phase culture can be kept on ice for no
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longer than 30 min. Have the eluted and neutralized phages (step 5, Subheading 3.1.3.) ready for immediate infection. Take the remaining 40 mL of the culture, spin it down and resuspend the pellet in 1 mL 2XTY. Spread it on a 245 ↔ 245 ↔ 25 Nunclon TC dish containing TYE , 100 µg ampicillin/mL and 1% (w/v) glucose, and grow overnight at 37°C. Harvest the cells in 1–2 mL of ice-cold 2XTY containing 15% (v/v) glycerol and store this stock in 50-µL aliquots (about 108 clones) at –70°C for other selections. Glucose represses transcription of the scFv-pIII fusion protein through the lac operon in the phagemid. Besides concentrating the phages, this step is also necessary for removing any soluble antibodies, since the TG1 suppression of the amber codon is never complete. After each selection round an increase in titer is expected, indicating enrichment of binding clones. The glycerol stocks are used as a backup. When a subsequent selection round fails, use 50 µl of stock for a new round of selection. In this step, 0.1% (w/v) glucose is added to suppress the expression of scFv antibodies until a sufficient number of cells is produced for large-scale antibody production. The total amount of glucose will be metabolized at an absorbance at 600 nm of 0.9. In case no suitable apparatus is available for measering absorbance, grow for 3 h, while shaking, at 37°C before adding IPTG. Bacterial growth should be clearly visible. Include negative controls (e.g., supernatant without scFv antibodies, omission of culture supernatant). Clones that are weakly positive in both the immunoblot assay and in the ELISA may still be clones of interest. They may react weakly in ELISA because of poor scFv antibody production. Non–full-length clones should be ignored, since they are notoriously unspecific binders. Fingerprinting is a quick method for looking for clone diversity. This method is very useful when a large number of positive clones is to be examined. Next to storage of bacteria, it is recommended to store phagemid DNA of a selected clone in 70% (v/v) ethanol at –70°C. You can analyze the DNA sequence for the VH- gene number using the Sanger center’s germline query (http://www.sanger.ac.uk/DataSearch/ gq_search.shtml). With the gene number the VH family can be identified using a paper by Tomlinson et al. (4). The stability of scFv antibodies is variable. Some antibodies can be stored at 4°C for weeks to months, whereas others will stay immunoreactive only for a couple of days. Most antibodies can be stored at –70°C for months up to years. Bacterial supernatants containing scFv antibodies are suitable for ELISA, but are generally not suitable for immunohistochemistry. Periplasmic fractions, in which the antibodies are more concentrated, are suitable for both. The use of the HB2151 nonsuppressor strain of E. coli generally gives a higher yield of (soluble) antibodies. To analyze the HS specificity of the antibody, tissue sections are pretreated with heparinase III, which digests all heparan sulfates. As a control, pretreatment with chondroitinase ABC, which digests chondroitin sulfates and dermatan sulfates, is performed. As a control to verify effectiveness of heparinase III treatment, an antibody (3G10, Seikagaku) directed against heparan sulfate stubs, generated by the enzyme, may be used. The stained tissue sections can be kept for up to 6 mo. The fluorescent tag (Alexa 488) is very stable, and fading of the signal hardly occurs. Store frozen or at –20°C. Background
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van Kuppevelt et al. staining can often be eliminated by additional blocking steps with 1–2% (w/v) BSA or with serum (1–5% v/v) from the same species in which the tertiary antibody is raised. Extra washing steps can also lower the background signals.
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