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APPENDIX A 

LIST OF THE CHEMICALS AND INSTRUMENTS 

 

1. Chemicals 

All chemicals used as in this study were analytical grade reagents 

 

Chemicals Source 

100X Hypoxanthine Thymidine (HT)  

10X BM condimed HI  

50X Hyposanthine Aminopterin 

Thymidin (HAT) 

5-bromo-4-chloro-3-indoly-β-

Dgalactoside (X-gal) 

Acrylamide  

Agarose (electrophoresis grade) 

Amersham HybondTM-ECL  

 

Ammonium peroxodisulphate  

 

Ampiillin 

Bac-N-Blue™ transfection kit  

Gibco, Grand Island, NY, USA 

Roche, Mannheim, Germany 

Gibco, Grand Island, NY, USA 

 

Invitrogen, San Diego, CA 

 

Biorad, Hercules, CA, USA 

Sigma-Aldrich. St.Louis, MO, USA 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ 

Sigma-Aldrich. St.Louis, MO, USA 

Invitrogen, San Diego, CA 
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Chemicals Source 

BCA Protein Assay  

 

BCML (N,N-bis(carboxymethyl) lysine 

hydrate) 

Bis-acrylamide  

BM condimed  

Bovine Serum Albumin (BSA) 

Bradford protein assay  

 

Bromphenol blue  

EDTA  

Ethanol  

Ethidium bromide 

Fetal bovine serum (FBS)  

FractionPREP
TM

 Cell Fractionation 

System 

GeneJet™ PCR purification kit 

Glacial acetic acid  

Glycerol  

Glycine, Ultrapure  

Thermo Fisher Scientific Inc., Rockford, 

IL, USA 

Sigma-Aldrich. St.Louis, MO, USA 

 

Biorad, Hercules, CA, USA 

Gibco, Grand Island, NY, USA 

Sigma-Aldrich. St.Louis, MO, USA 

Thermo Fisher Scientific Inc., Rockford, 

IL, USA 

Sigma-Aldrich. St.Louis, MO, USA 

Sigma-Aldrich. St.Louis, MO, USA 

Merck, Darmstadt, Germany 

Sigma-Aldrich. St.Louis, MO, USA 

Gibco, Grand Island, NY, USA 

Biovision, Mountain View, CA, USA 

 

Fermentas, Burlington, ON, Canada 

BDH Laboratory Supplies, UK 

Sigma-Aldrich. St.Louis, MO, USA 

USB Corporation, Cleveland, OH, USA 
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Chemicals Source 

Grace’s insect medium  

HisTrap column 

 

HiTrap protein G HP column  

 

IMDM medium  

Imidazole  

IPTG, dioxan-free  

Kanamycin  

LB Broth Agar  

L-glutamine  

Methanol 

NaCl  

NaOH  

Non-fat dried milk  

Penicillin/Streptomycin 

Polyethylene Glycol 18000, Ultrapure 

PVDF membrane 

ProofStart DNA polymerase 

QIAprep spin Miniprep kit 

Gibco, Grand Island, NY, USA 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ 

Gibco, Grand Island, NY, USA 

Sigma-Aldrich. St.Louis, MO, USA 

Fermentas, Burlington, ON, Canada 

Sigma-Aldrich. St.Louis, MO, USA 

Bio Basic inc., Ontario, Canada 

Gibco, Grand Island, NY, USA 

Merck, Darmstadt, Germany 

Sigma-Aldrich. St.Louis, MO, USA 

Sigma-Aldrich. St.Louis, MO, USA 

Difco Laboratories, Detroit, MI, USA 

Gibco, Grand Island, NY, USA  

USB corporation, Cleveland, OH, USA 

PALI, Esat Hills, NY, USA 

QIAGEN, Hilden, Germany 

QIAGEN, Hilden, Germany 
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Chemicals Source 

QIAquick Gel Extraction kit 

QIAquick PCR purification Kit 

RNeasy Mini Kit 

Serum-free medium, PFHM-II 

Sucrose  

Sodium chloride 

SureBlue
TM

 TMB Microwell Peroxidase 

Substrate 

T4 ligase enzyme 

TEMED  

Tetracyclin 

TNM-FH medium  

Transcriptor High Fidelity cDNA 

synthesis kit 

Tris [hydroxymethyl] aminomethane, 

Ultrapure 

Triton X-100 

Trypan Blue 0.4% 

Tryptone water 

Tween 20 

QIAGEN, Hilden, Germany 

QIAGEN, Hilden, Germany 

QIAGEN, Hilden, Germany 

Gibco, Grand Island, NY, USA 

Sigma-Aldrich. St.Louis, MO, USA  

Merck, Darmstadt, Germany 

KPL, Gaithersburg, MD, USA 

 

Fermentas, Burlington, ON, Canada 

Biorad, Hercules, CA, USA 

Sigma-Aldrich. St.Louis, MO, USA  

Invitrogen, San Diego, CA, USA  

 

 

USB Corporation, Cleveland, OH, USA 

 

Sigma-Aldrich. St.Louis, MO, USA  

Sigma-Aldrich. St.Louis, MO, USA  

Merck, Darmstadt, Germany 

Fluka, Buchs, Switzerland 
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Chemicals Source 

Urea 

Whatman 3MM blotting paper 

Yeast extract 

Sigma-Aldrich. St.Louis, MO, USA 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ 

Bio Basic inc., Ontario, Canada 
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2. Instruments 

 

Instruments Source 

27ºC incubator  

37 °C CO2 incubator EG 115 IR 

37 °C incubator  

ÄKTA prime™ plus  

 

Amicon Ultra centrifugal filter units 

BECKMAN L-60 ultracentrifuge 

BECKMAN SW41 ultracentrifuge 

BD FACSCanyo™ II cytometer 

Electron microscope  JEM 1400 Jeol 

with Orius-Gatan digitalized camera 

Electrophoretic power supply 3000Xi  

Shaking incubator (JSSI-100C) JS 

Inverted microscope 

Laminar Flow biological safety cabinet  

Microcentrifuge 

Microplate 

MiniVE vertical electrophoresis system 

 

Shel Lab, Cornelius, OR, USA 

Jouan GmbH, Unterhaching, Germany 

JP Selecta, Barcelona, Spain 

GE healthcare Bio-Sciences Co. 

Piscataway, NJ, USA 

Millipore, Cork, Ireland 

Beckman Coulter, Fullerton, CA, USA 

Beckman Coulter, Fullerton, CA, USA 

San Diego, CA, USA 

Gatan France, 78113 Grandchamp 

 

BioRad, Hercules, CA, USA 

JS Research Inc., Gongju-city, Koria 

Olympus, Japan 

NUAIRE, Plymouth, MN, USA 

Eppendorf AG, Hamburg, Germany 

NUNC, Roskilde, Denmark 

Amersham Pharmacia Biotech, 

Buckinghamshire, UK 
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Instruments Source 

MRX-150 Refrigerated microcentrifuge 

MyLab orbital shaker OS-20 

RT 6000 D refrigerated centrifuge 

 

UV spectrophotometer 

 

UV transilluminator 

 

VersaDoc image analyzer  

Quantity One program 

Vortex-Genie K-550-GE 

 

Tomy Tech USA Inc., CA, USA 

BioSan Ltd., Riga, Latvia 

Sorvall, Kendro Laboratory Products 

GmbH, Langenselbold, Germany 

Shimadzu Scientific Instruments Inc, 

Kyoto, Japan 

Fotodyne incorporated, Hartland, WI, 

USA 

Biorad, Hercules, CA, USA 

Biorad, Hercules, CA, USA 

Scientific Industries Inc, Bohemia, NY, 

USA 

 

 

 

 

 



APPENDIX B 

LIST OF CELL LINES AND MICROORGANSIMS 

 

1. Cell lines 

 

Name Type of cell lines 

Sf9 Pupal ovarian tissue of Spodoptera frugiperda 

 

2. Microorganisms 

 

 Escherichi coli XL-1 Blue MRF' 

Genotype: Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 

gyrA96 relA1 lac [F′ proAB lacI
q
ZΔM15 Tn10 (Tet

r
)] 

 

 Escherichi coli HB2151 

Genotype: nalr thi-1 ara lac-proAB [F´ proAB lacI
q
 lacZ∆M15] 

 

 

 Escherichi coli BL21(DE3) 

Genotype: F
–
 ompT gal dcm lon hsdSB (rB

-
 mB

-
) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 

sam7 nin5]) 

 

 

 



APPENDIX C 

LIST OF ANTIBODIES AND CONJUGATED ANTIBODIES 

 

 

Antibody names 

 

 

Source 

 

Anti-CA (Clone G18) 

Anti-HA tag mAb 

Anti-His6 tag antibody 

Anti-MA (Clone HB-8975) 

Anti-gpIII mAb 

Anti-GP64 mAb 

 

Colloidal gold-tagged goat anti-

mouse immunoglobulins 

HRP-conjugated anti-gpVIII 

antibody 

HRP-conjugated anti-HA antibody 

HRP-conjugated anti-mouse 

immunoglobulins 

Generated in this study 

Sigma-Aldrich. St.Louis, MO,USA 

Genscript, Piscataway, NJ, USA 

Purchased from ATCC  

Exalpha Biologicals, Watertown, MA, USA   

Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA USA 

British Biocell International Ltd, Cardiff, UK 

 

Amersham Pharmacia Biotech, 

Buckinghamshire, UK 

Roche, IN, USA 

KPL, Gaithersburg, MD, USA 

 

 

 

 

 



APPENDIX D 

LIST OF ENZYMES 

 

Enzymes 

 

 

Sources 

 

Accuprime™ Pfx DNA polymerase  

Hind III  

Kpn I 

Nhe I 

Sfi I 

T4 DNA ligase 

Invitrogen, San Diego, CAAnti  

Fermentas, St. Leon-Rot, Germany  

Fermentas, St. Leon-Rot, Germany 

Fermentas, St. Leon-Rot, Germany 

Fermentas, St. Leon-Rot, Germany 

Fermentas, St. Leon-Rot, Germany 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX E 

REAGENT PREPARATIONS 

 

1. Reagents for gel electrophoresis 

 

1.1 10X Tris-acetate/EDTA electrophoresis buffer (TAE) 

Tris-base 

Glacial acetic acid 

0.5 M EDTA, pH 8.0 

48.40 

11.42 

20 

gm 

ml 

ml 

Dissolved all ingredients in deionized distilled water and filled up to 1,000 ml. 

Sterilized by autoclave and kept at room temperature. 

 

1.2  1 or 2 % Agarose gel 

Agarose 

1× TAE 

1 or 2 

100 

gm 

ml 

Melted by microwave oven until the agarose was completely dissolved. 

 

1.3 Ethidium bromide working solution (10 mg/ml) 

Ethidium bromide 

Distilled water 

1.0 

100 

gm 

ml 

       Dissolved and kept in dark bottle at 4 °C. 
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1.4 6X gel loading buffer 

Bromphenol blue 

Glycerol  

0.25 

30 

% 

% 

Mixed thoroughly and stored at -20 °C. 

 

2. Medium for bacteria culture  

 

 50% glucose 

D-glucose 5.0 gm 

  

Added distilled water to 10 ml and boiled in boiling water. 

Filtered through 0.2 µm Millipore filter and store at 4 ºC 

 

 LB broth 

Yeast extract 

Tryptone 

NaCl 

5.0 

10.0 

10.0 

gm 

gm 

gm 

  Dissolved all ingredients in 1,000 ml distilled water. 

Sterilized by autoclave and kept at 4 °C. 

 

 

2.3 LB agar 
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LB agar 15 gm 

Dissolved all ingredients in 1,000 ml distilled water. 

Sterilized by autoclave, poured on Petri dish (plate) and stored at 4 °C. 

 

  2.4  2XTY broth 

Tryptone 

Yeast extract 

NaCl 

16 

10 

5 

gm 

gm 

gm 

Dissolved in 1,000 ml distilled water.  

Sterilized by autoclave and kept at 4 °C. 

 

2.5 Terrific broth 

Tryptone 

Yeast extract 

Glycerol 

12 

24 

4 

gm 

gm 

ml 

Adjusted to 900ml with distilled H2O, Sterilized by autoclaving  

Allowed to cool to room temperature  

Adjusted volume to 1000ml with 100ml of a filter sterilized solution of 0.17M 

KH2PO4 and 0.72M K2HPO4 
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3.  Reagents for using in plasmid mini-preparation       

 

3.1  3 M Sodium Acetate pH 7.0 

        NaAcet.3H2O       40.8 gm 

  Adjusted pH to 7.0 with NaOH/HCl 

              Dissolved in 100 ml DW and keep at 4 °C 

           

3.2  Potassium Acetate 

         Potassium Acetate       29.4 gm 

         Glacial acetic acid      11.5 ml 

Dissolved in 100 ml DW and keep at 4 °C. 

           

3.3  10 M NaOH 

         NaOH                 200   gm 

 Dissolved in 500 ml DW and keep at 4 °C. 

           

3.4  10% SDS 

         SDS           5   gm 

Dissolved in 50 ml DW and store at room temperature. 

 

            3.5  7.5 M NH4 Acetate 

         NH4 Acetate       57.8     gm 

 Dissolved in 100 ml DW and keep at 4 °C. 

 

 



 232 

3.6  1 M glucose buffer 

         D-glucose          18.02    gm 

            Dissolved all ingredients in DW and fill up to 100 ml.  

Autoclaved and keep at 4 °C. 

 

3.7  0.5 M EDTA pH 8.0 

         EDTA           37.22    gm 

         DW               100    ml 

Adjusted pH to 8.0, add DW to 200 ml and keep at 4 °C. 

 

3.8  10X glucomix 

         1 M glucose buffer              50   ml 

         0.5 M EDTA pH 8.0              20   ml 

         1 M Tris pH 8.0               25  ml 

         DW                             5  ml 

Autoclaved and keep at 4 °C. 

 

3.9  1X glucomix-lysozyme solution  

         10X glucomix            300   μl 

          Lysozyme stock (50mg/ml in DW)         300   μl 

          DW               2.4  ml 

Kept on ice or store at 4 °C for 7 days. 

            

 

3.10  0.1 M CaCl2 
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                 CaCl2                               1.11    gm 

        Dissolved in 100 ml distilled water.  

        Sterilized by autoclave and kept at 4 °C. 

            

       3.11  85% glycerol 

          Glycerol                    42.5    ml 

 Added distilled water to 100 ml. 

       Mixed well, sterilized by autoclave and stored at RT 

 

4.  Reagents for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

Western blotting 

 

 4.1 1.5 M Tris-HCl, pH 8.8 

Tris-base 18.15 gm 

        Dissolved in 75 ml deionized distilled water.  

       Adjusted pH to 8.8 with concentrated HCL. 

       Adjusted the volume to 100 ml with deionized distilled water and stored at 4 

°C. 
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4.2 0.5 M Tris-HCl, pH 6.8 

Tris-base 6.0 gm 

        Dissolved in 75 ml deionized distilled water.  

        Adjusted pH to 6.8 with concentrated HCl. 

        Adjusted the volume to 100 ml with deionized distilled water and stored at 4 

°C. 

 

 4.3 Running buffer 

Tris-base 

Glycine 

Sodium dodesyl sulfate 

1.51 

7.20 

0.5 

gm 

gm 

gm 

             Dissolved in 500 ml deionized distilled water and kept at 4 °C. 

 

4.4  Blotting buffer 

Tris-base 

Glycine 

SDS 

3.03 

14.41 

0.5 

gm 

gm 

gm 

           Added deionized distilled water to 700 ml and mixed well. 

           Added 200 ml of methanol 

      Adjusted the volume to 1,000 ml with deionized distilled water and kept at 4  °C. 
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   4.5  Copolymerization of 4% stacking gel (5 ml) 

Stock acrylamide 30  

0.5 M Tris-HCl pH 6.8 

10 SDS  

DW  

10 Ammonium persulfate   

TEMED   

0.83 

0.63 

0.05 

3.40 

0.05 

0.01 

ml 

ml 

ml 

ml 

ml 

ml 

 

4.6  Copolymerization of 12% stacking gel (10 ml) 

Stock acrylamide 30  

Gel buffer pH 8.8 

10 SDS  

DW  

10 Ammonium persulfate   

TEMED   

4.00 

2.50 

0.10 

3.30 

0.10 

0.01 

ml 

ml 

ml 

ml 

ml 

ml 
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5. Reagents for using in ELISA      

 

       5.1 0.05 M carbonate buffer, pH 9.6 

Na2CO3 

NaHCO3 

NaN3 

0.159 

0.293 

0.02 

gm 

gm 

gm 

Dissolved all ingredients in deionized distilled water and filled up to 90 ml. 

Adjusted pH to 9.6. 

Adjusted the volume to 100 ml with deionized distilled water and kept at room 

temperature. 

 

         5.2  0.05% Tween20 in TBS (washing buffer) 

Tween20 0.5 ml 

   Dissolved in 1,000 ml PBS. 

 Mixed well and stored at room temperature. 

 

   5.3  Stop reaction solution (1N HCl)  

                  Concentrate HCl             8.3  ml 

                  Distilled water                       91.7  ml  

        Slowly dropped HCl to distilled water, stored at room temperature 
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6.  Reagents for phage precipitation and phage selection 

 

6.1 PEG/NaCl 

        PEG-8000         100 gm 

      NaCl           73  gm 

Dissolved in ddH20 and adjust volume to 1,000 ml. 

Mixed and Filtrated through 0.2 μm Millipore membrane filter. 

Stored at 4 ºC. 

 

6.2 0.1M Glycine pH2.5 

      Glycine         0.375 gm 

Dissolved in ddH2O 40 ml and adjusted pH to 2.5 with 1N HCl 

Mixed and adjusted volume to 50 ml 

Filtrated through 0.2 μm Millipore membrane filter and stored at 4 ºC. 

 

6.3 1M Tris pH8.0 

      Tris base         6.07 gm 

Dissolved in ddH2O 40 ml and adjusted pH to 8.0 with 1N HCl 

Mixed and adjusted volume to 50 ml 

Filtrated through 0.2 μm Millipore membrane 

 

 

 

 



 238 

7. Reagents for Flow cytometry analysis 

 

7.1 4% Paraformaldehyde in PBS 

      Paraformaldehyde           4 gm 

      PBS pH 7.2        100  ml 

Heat at 56°C until dissolved 

Filtrated with 0.2 μm Millipore filter, stored at 4°C. 

 

7.2 1% BSA-PBS-NaN3 

      BSA             1 gm 

      NaN3         0.09 gm 

Dissolved in PBS 100 ml 

 

7.3 0.2% Triton X-100 

      Triton X-100         0.2  ml 

Dissolved in PBS 100 ml 

 

8. Reagents for baculovirus isolation 

 

 8.1 20 % sucrose in PBS 

        Sucrose          20 g 

 Dissolved in PBS up to 100 ml  

Filtered with 0.2 μm Millipore filter, stored at 4°C. 
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8.2 TNE buffer 

       1M Tris pH 7.2           1  ml 

       5 M NaCl            3 ml 

       0.5 M EDTA       1.14 ml 

Filtered with 0.2 μm Millipore filter, stored at 4°C. 

 

 8.3 30% sucrose in TNE buffer 

       Sucrose          30 g 

 Dissolved in TNE buffer up to 100 ml  

Filtered with 0.2 μm Millipore filter, stored at 4°C. 

 

8.4 50% sucrose in D20 water (deuterium water) 

Sucrose        50 g 

Dissolved in D2O water up to 100 ml  

Filtered with 0.2 μm Millipore filter, stored at 4°C. 
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9.  Reagents for hybridoma cell culture 

  

  9.1 Incomplete IMDM medium  

          IMDM powder              1 pack  

          NaHCO
3 

      3.024  g 

   Gentamycin (40 g/ml)            1  ml 

         Dissolved in ddH
2
0 and adjust volume to 1,000  ml  

         Filtered through 0.2 μm Millipore membrane filter. 

             Mixed and stored at 4 ºC. 

             

           9.2  Complete IMDM medium  

          Incomplete IMDM medium           90  ml  

         Fetal calf serum          10  ml  

               Checked sterility before used  

       
           9.3  Freezing medium (10%DMSO in 90%FCS) 

                      Fetal calf serum         9  ml  

                      DMSO            1  ml  

               Freshly preparation before use. 

         

  9.4  Turk’s solution  

                  Glacial acetic acid         3 ml  

                  1% gential violet         1 ml  

                Adjusted volume to 100 ml with ddH2O 
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9.5 Trypan blue (0.2%)  

                   Trypan blue powder      0.2  gm  

                     PBS pH 7.2       100  ml  

                 Filtrated by Whatman filter paper No. 1 and stored at room temperature.  

 

9. Reagents for insect cell culture 

 

9.1 Incomplete Grace’ s insect medium 

 Grace’s insect medium powder       1 pack 

 NaHCO
3 

      0.35 g  

 Dissolved in ddH
2
0 and adjust volume to 750 ml  

         Adjusted pH to 6.2 and volume to 1,000 ml 

 Filtered through 0.2 μm Millipore membrane filter. 

             Mixed and stored at 4 ºC. 

 

             9.2 Complete Grace’s insect medium 

  Incomplete Grace’s insect medium   83 ml 

  Fetal calf serum     15 ml 

  Penicillin-streptomycin      1 ml 

  L-Glutamine        1 ml 

  Amphotericin B     0.25 µg 

      Checked sterility before used  
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10. Reagents for ELIB-PA 

 

10.1 0.5 M NaPO4 

 NaPO4       5.9 g 

  Dissolved in 100 ml of ddH2O and stored at RT       

 

 10.2 0.05% Tween20 in ddH2O 

  Tween20      0.5  ml 

Dissolved in 1,000 ml of ddH2O and stored at RT      

 

 10.3 0.5% BSA, 0.05% Tween20 in TBS 

  BSA       0.5 g 

  Tween20      0.05 ml 

Dissolved in 100 ml of TBS and stored at 4 ºC.    

 

10.4 0.05% Tween20 in Tris-Immidazloe 

1M Tris-HCl      5 ml 

1M Immidazole     0.05 ml 

Tween20      0.05 ml 

Dissolved in ddH2O, adjusted to 100 ml, and stored at 4 ºC  

 

10.5 100 mM EDTA 

0.5M EDTA      20 ml 

Dissolved in ddH2O, adjusted to 100 ml, and stored at 4 ºC 
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10.6 10 mM NiSO4 

0.1 M NiSO4      10 ml 

Adjusted with ddH2O to 100 ml, and stored at RT 

 

10.7 Tris-NaCl-Urea in series of immidazole 

1M Tris-HCL       2 ml 

5M NaCl       10 ml 

8M Urea       75 ml 

1M Immidazole 20mM       2 ml 

   40mM       4 ml 

   60mM       6 ml 

   80mM       8 ml 

Adjusted with ddH2O to 100 ml and stored at 4 ºC  
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List of presentations 

1. Enhancement of Adenovital Infection in K562 Cells Using Substance X: a 

Stratagy for Gene Therary , The First Scientific Meeting in Allied Health Sciences, 

“Trends of Research in Biomedical Sciences” Faculty of Allied Health Sciences, 

Thammasat University, 2008 (oral presentation). 

2. Enhancement of Adenovital Infection in K562 Cells Using Substance X: a 

Stratagy for Gene Therary. Higher education commission, 2008 (poster presentation) 

3. Displaying of anti-MAp17 scFv antibody on recombinant baculovirus. The 

25
th

 Congress on Allergy and Immunology, 2009 (oral presentation). 

4. Improving the solubility and binding affinity of scFv against matrix protein of 

HIV-1 virus (scFvp17) by using FLI-TRAP strategy. Higher education commission, 

2010 (oral presentation). 

5. Enhancement of Adenovital Infection in K562 Cells Using Substance X: a 

Stratagy for Gene Therary. RGJ seminar series LXXIV, From Basic Biomedical 

Research to Sustainable Development. The Royal Golden Jubilee Ph.D. Program and 

Faculty of Medicine, Chiang Mai University (poster presentation). 
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RESEARCH ARTICLE Open Access

Baculovirus display of single chain antibody
(scFv) using a novel signal peptide
Kuntida Kitidee1,2†, Sawitree Nangola1,2†, Gaëlle Gonzalez1, Pierre Boulanger1,
Chatchai Tayapiwatana2*, Saw-See Hong1*

Abstract

Background: Cells permissive to virus can become refractory to viral replication upon intracellular expression of
single chain fragment variable (scFv) antibodies directed towards viral structural or regulatory proteins, or virus-
coded enzymes. For example, an intrabody derived from MH-SVM33, a monoclonal antibody against a conserved
C-terminal epitope of the HIV-1 matrix protein (MAp17), was found to exert an inhibitory effect on HIV-1
replication.

Results: Two versions of MH-SVM33-derived scFv were constructed in recombinant baculoviruses (BVs) and
expressed in BV-infected Sf9 cells, N-myristoylation-competent scFvG2/p17 and N-myristoylation-incompetent
scFvE2/p17 protein, both carrying a C-terminal HA tag. ScFvG2/p17 expression resulted in an insoluble, membrane-
associated protein, whereas scFvE2/p17 was recovered in both soluble and membrane-incorporated forms. When
coexpressed with the HIV-1 Pr55Gag precursor, scFvG2/p17 and scFvE2/p17 did not show any detectable negative
effect on virus-like particle (VLP) assembly and egress, and both failed to be encapsidated in VLP. However, soluble
scFvE2/p17 isolated from Sf9 cell lysates was capable of binding to its specific antigen, in the form of a synthetic
p17 peptide or as Gag polyprotein-embedded epitope. Significant amounts of scFvE2/p17 were released in the
extracellular medium of BV-infected cells in high-molecular weight, pelletable form. This particulate form
corresponded to BV particles displaying scFvE2/p17 molecules, inserted into the BV envelope via the scFv
N-terminal region. The BV-displayed scFvE2/p17 molecules were found to be immunologically functional, as they
reacted with the C-terminal epitope of MAp17. Fusion of the N-terminal 18 amino acid residues from the scFvE2/
p17 sequence (N18E2) to another scFv recognizing CD147 (scFv-M6-1B9) conferred the property of BV-display to
the resulting chimeric scFv-N18E2/M6.

Conclusion: Expression of scFvE2/p17 in insect cells using a BV vector resulted in baculoviral progeny displaying
scFvE2/p17. The function required for BV envelope incorporation was carried by the N-terminal octadecapeptide of
scFvE2/p17, which acted as a signal peptide for BV display. Fusion of this peptide to the N-terminus of scFv
molecules of interest could be applied as a general method for BV-display of scFv in a GP64- and VSV-G-
independent manner.
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Background
The arsenal of HIV-1 antivirals available today includes
a broad variety of drugs directed to viral targets which
have a critical role at various steps of the virus life cycle.
Inhibitors of virus-cell attachment and fusion, reverse
transcription, protease-mediated maturation cleavage of
viral protein precursors, and provirus integration into
the host-cell genome, can be administered in multiple
types of associations to minimize the emergence of
resistance in highly active antiretroviral therapies
(HAART). Among all the antiretroviral molecules, anti-
bodies occupy a special position as they can inhibit
HIV-1 replication by interfering with multiple steps of
virus-cell interaction. Extracellular antibodies can neu-
tralize HIV-1 at the early phase of cell attachment or
entry of the virus [1]. On the other hand, intracellular
antibodies (or intrabodies) can block virus replication by
interfering with different processes, such as intracellular
trafficking of incoming virions or assembly and egress of
the virus progeny. The design of virus-resistant cells via
intracellular expression of specific single chain fragment
variable (scFv) antibodies directed to the virus has been
successfully used to block HIV-1 replication in vitro
[2-4]. The viral proteins which have been targeted by
these intrabodies include structural proteins, such as the
envelope glycoprotein gp120 [5] or the matrix protein
MAp17 [6], the viral enzyme reverse transcriptase [7],
and the auxiliary proteins Tat [8,9] and Vif [10,11].
The baculovirus (BV) Autographa californica multiple

nucleopolyhedrovirus (AcMNPV) is an insect virus with
a large double-stranded DNA genome packaged in a
membrane-enveloped, rod-shaped protein capsid [12].
BVs have been extensively used over two decades as
expression vectors for the production of recombinant
proteins in insect cells [13]. The current interest of BVs
resides in their promiscuous nature as gene transfer vec-
tors, capable of transducing a large repertoire of estab-
lished and primary cells, of both mammalian and
nonmammalian origins [14,15]. Recombinant BVs carry-
ing nonviral glycoproteins fused or nonfused to their
own envelope glycoprotein GP64 have been advanta-
geously used in the baculovirus-display technology and
its multiple biological and therapeutic applications
[16,17]. For example, fusion of scFv specific for the car-
cinoembryonic antigen (CEA) to GP64 conferred to the
BV vector displaying scFv-CEA a targeting and binding
specificity to CEA-expressing cells [18,19]. However, the
fusion to GP64 restricts the display to the poles of the
virions as well as the number of copies of fusion pro-
teins, and other strategies using fusion to VSV-G glyco-
protein have therefore been proposed [16,17,20,21].
It has been shown that the intracellular expression

of a scFv derived from a monoclonal antibody

(MH-SVM33) directed to a highly conserved C-term-
inal epitope of the HIV-1 MAp17 domain [22,23],
scFv/p17, resulted in an efficient antiviral effect, as
determined using CAp24-based ELISA and reverse
transcription assays [6]. The MH-SVM33 epitope was
localised near the MAp17-CAp24 junction and has
been found to be accessible on recombinant Gag
precursor (Pr55Gag), as shown by the high level
of immunoreactivity of virus-like particles (VLP)
produced in Sf9 cells and analyzed in situ by immuno-
electron microscopy [24]. However, the exact molecu-
lar mechanism of the scFv/p17-mediated inhibitory
activity has yet to be determined, since the MAp17
protein is involved in multiple viral functions within
the infected cell (reviewed in [25]).
The original goal of our study was to try and elucidate

the mechanism of the scFv/p17-mediated inhibitory
activity, and its potential use for diagnostic or therapeu-
tic applications. Insect cells infected by AcMNPV
expressing Pr55Gag (AcMNPV-Pr55Gag) have been
shown to produce vast amounts of VLP mimicking
immature virions [26]. AcMNPV-Pr55Gag-infected Sf9
cells represent a convenient model for studying HIV-1
assembly [24,27-32], coencapsidation of Gag and partner
proteins [33-35], and Gag processing by viral protease
coexpressed in trans [36,37]. We constructed two
recombinant BVs expressing scFv/p17 in two different
formats. The N-myristoylation-competent version
scFvG2/p17 carried a sequence which started with the
N-terminal dipeptide Met-Gly, while the N-myristoyla-
tion-incompetent version scFvE2/p17 started with Met-
Glu. Both scFV were incapable of blocking the assembly
of VLP, or be copackaged with Pr55Gag into VLP. How-
ever, we found that scFvE2/p17 was incorporated into
the baculoviral envelope (BV-E2/p17), and retained its
anti-MAp17 functionality when displayed at the surface
of BV particles. BV-E2/p17 represented therefore a
potential biological tool for depletion of soluble MAp17
protein, or/and for competition with HIV-1 MAp17
receptors in in vitro or ex vivo experiments [25]. Inter-
estingly, we found that another scFv molecule, referred
to as scFv-M6-1B9 [38,39] and directed towards CD147
(also known as M6, OK, 5F7, TCSF, Basigin or EMM-
PRIN), was also displayed at the surface of baculoviral
particles when fused to the same N-terminal octadeca-
peptide sequence from scFvE2/p17, abbreviated N18E2.
This suggested that the N-terminal octadecapeptide
sequence N18E2 carried the BV envelope addressing
function and acted as a signal peptide for BV display.
The fusion of this octadecapeptide sequence to the
N-terminus of scFv molecules of biological interest
could be used as a general strategy for BV-display, and
as an alternative to fusion to GP64 or VSV-G.
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Methods
Insect cells and baculovirus infection
Spodoptera frugiperda Sf9 cells were maintained as
monolayers at 28°C in Grace’s insect medium supple-
mented with 10% fetal bovine serum (FBS, Sigma),
penicillin (200 U/ml), and streptomycin (200 μg/ml;
Gibco-Invitrogen). They were infected with one, or coin-
fected with two or more recombinant BVs simulta-
neously at a multiplicity of infection (MOI) ranging
from 2.5 to 20 pfu/cell, as previously described [24,28].

Construction of scFv against HIV-1 MAp17 and CD147
The hybridoma cell line MH-SVM33C9/ATCC HB-8975
was obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The monoclonal antibody
MH-SVM33 reacts with the conserved epitope
121DTGHSSQVSQNY132 at the C-terminus of the matrix
protein (MAp17) of HIV-1 [22,23]. Total RNA was
extracted from hybridoma cells using the RNeasy Mini kit
(Qiagen Inc., Hilden, Germany), and the first strand of
cDNA was synthesized using the oligodT-18 primer of the
Transcriptor High Fidelity cDNA synthesis kit (Roche,
Mannheim, Germany). The variable regions (V) of heavy
(VH) and light chains (VL) were then amplified from
cDNA using specific forward (Fw) and reverse (Rev)
primers. Fw-VHP17 (5’-ATATGCTAGCGGCCCA-
GGCGGCCCAGATCCAGTTGGTGCAGT-3’) and Rev-
VHP17 (5’-CGACCCTCCACCGCGGACCCGCCACCTC-
CAGACCCTCCGCCACCTGCA GAGACAGTGACCA-
GAGTCCC-3’) were used for the VH fragment, and
Fw-VLP17 (5’-GGGTCCGGCGGTGGAGGGTCGGATG-
TTGTGATGACCCAGACTCCA-3’) and Rev-VLP17
(5’-ATATAAGCTTTCATTAAGCGTAGTCCGGAACG-
TCGTACGGGTACTGGCCGCCCTGGCCTT
TGATTTCCAGC-3’) for the VL fragment. The fragment
encoding the single-chain antibody to MAp17 (scFv/p17)
was constructed by overlapping PCR using Fw-VHP17 and
Rev-VLP17 primers, both containing a Sfi I site (shown
underlined). The construction and characterization of
HA-tagged scFv M6-1B9 directed against CD147 have
been described in a previous study [38,39].

Recombinant BV
Foreign genes were inserted into the genome of
AcMNPV, under the control of a chimeric AcMNPV-
Galleria mellonella MNPV polyhedrin promoter in
the case of recombinant HIV-1 Gag polyproteins
[24,28,29,31,32], or under the control of the AcMNPV
polyhedrin promoter in the case of pBlueBac4.5-derived
vectors. AcMNPV-Pr55Gag, which expressed the
N-myristoylated full-length Gag polyprotein (Pr55Gag) of
HIV-1, has been described in detail in previous studies
[30-32,36,40]. The recombinant AcMNPV expressing
CAR (BVCAR), the high affinity receptor for Coxsackie B

and Adenovirus, has been described and characterized in
a previous study [41]. BVCAR virions have been shown to
display the CAR glycoprotein at their surface [41]. A
DNA fragment coding for H6MA-CA, a non-N-myristoy-
lated, carboxyterminal-truncated version of HIV-1 Gag
polyprotein containing the matrix (MA) and capsid (CA)
domains with an oligo-histidine (H6) tag at its N-termi-
nus, was generating using the following pairs of primers:
the first pair consisted of Fw primers 5’-CTAG-
CATGGGTGCGAGAG-3’ and 5’-CATGGGTGCGA-
GAGCG-3’ and the second pair consisted of Rev primers
5’-CTTACTACAAAACTCTTGCTTTATG-3’ and 5’-
GTACCTTACTAC AAAACTCTTGC-3’. Two PCR
reactions were performed using the HIV-1 plasmid
pNL4-3 as the template. The PCR products from both
reactions were then mixed, denatured, and hybridized to
obtain DNA fragments with Nhe I and Kpn I cohesive
ends, competent for ligation to pBlueBac4.5-His inter-
mediate vector linearized with Nhe I and Kpn I. Plasmid
pBlueBac4.5-His was derived from pBlueBac4.5 (Invitro-
gen, San Diego, CA) by insertion of a sequence coding
for the (H6) tag and a GSGSAS linker upstream to the
Nhe I site. Sf9 cells were cotransfected with pBlueBac4.5-
H6MA-CA and linearised BV DNA (Bac-N-Blue™ Trans-
fection kit; Invitrogen). Positive Sf9 cells harboring
recombinant BVs were isolated using the blue plaque
selection method after beta-galactosidase staining.
Recombinant BV, abbreviated BV-H6MA-CA, was iso-
lated using the blue plaque selection method as above.
Recombinant H6MA-CA protein was produced in Sf9
cells infected with BV-H6MA-CA. Sf9 cells were har-
vested at 48 h post infection (pi), and H6MA-CA protein
recovered from clarified Sf9 cell lysate by affinity chro-
matography on Ni2+-NTA-agarose column (Qiagen, Hil-
den, Germany), as previously described [42]. Protein
concentration in H6MA-CA samples was determined by
Bradford protein assay (Pierce; Thermo Fisher Scientific
Inc., Rockford, IL, USA). Recombinant H6MA-CA pro-
tein was used as the antigenic substrate for scFvG2/p17
and scFvE2/p17 in ELISA and co-immunoprecipitation
experiments.
The DNA fragment encoding scFv/p17, obtained as

described above, was cloned into the Nhe I and Hind III
sites of the pBlueBac4.5 plasmid. The 5’ and 3’ ends of
scFv/p17 fragment in the pBlueBac-scFv/p17 vector
were then modified by oligonucleotide insertion at both
Nhe I and Hind III sites, to obtain two versions of the
scFv/p17 cDNA. One encoded the dipeptide Met-Gly at
the N-terminus of scFv/p17, generating the scFvG2/p17
clone, the other the dipeptide Met-Glu, generating the
scFvE2/p17 clone. At the 3’ end of both clones, we
inserted an oligonucleotide encoding the Influenza A
virus hemagglutinin epitope YPYDVPDYA (HA tag). Sf9
cells were then cotransfected with the resulting plasmid
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harboring the scFv/p17 coding sequence and linearised
BV DNA. Recombinant BVs were isolated using the
blue plaque selection method, as described above
The DNA fragment for the HA-tagged scFv M6-1B9

was amplified using plasmid pComb3X-scFv-M6-1B9 as
the template [39], with the M6-1B9 Fw primer (5’-
GAGGAGGAGCTGGCCCAGGCGGCCCAGATCCAG-
TTGGTGCAGTCTGGAGAGCTAGTGATGACCCA-
GACTCCAGC-3’) encoding the N-terminal 18 amino
acids of scFvE2/p17 (1MEASLAAQAAQIQLVQSG18),
and the M6-1B9 Rev primer (5’-CTCCTCCTC-
GGCCGCCCTGGCCACTAGTGACAGATGGGGCTG-
3’). The scFv-M6-1B9 was then cloned into the Sfi I site
of Sfi I-restricted pBlueBac-scFvE2. The recombinant
BV was isolated as described above, and abbreviated
BV-N18E2/M6.

Isolation of BV particles
Concentrated stocks of recombinant BV expressing
scFv/p17 molecules, BV-scFvG2/p17 and BV-scFvE2/
p17, respectively, were prepared as follows [41]. Infected
Sf9 cell culture supernatants were harvested at 50 to 60
h post infection (pi), and clarified by centrifugation at
2,400 rpm and 4°C for 10 min. Aliquots (11-ml) of clari-
fied culture supernatant were subjected to ultracentrifu-
gation at 28,000 rpm for 1 h at 4°C through a 1-ml
sucrose cushion (20% sucrose, w:v in PBS) in Beckman
SW41 rotor. Each baculoviral pellet was resuspended by
gentle shaking in sterile phosphate-buffered saline (PBS)
overnight at 4°C (100 μl per centrifuge tube). The titers
of BV suspensions ranged usually between 5 × 109 and
1 × 1010 pfu/ml, as determined by plaque titration in
Sf9 cells (pfu/ml), which corresponded to 1 × 1012 to
5 × 1012 BV physical particles per ml [12,41]. When
needed, e.g. for electron microscopy, BV particles were
further purified by isopycnic ultracentrifugation in linear
sucrose-D2O gradient [35,40]. Gradients (10-ml total
volume, 30-50%, w:v) were generated from a 50%
sucrose solution made in D2O buffered to pH 7.2 with
NaOH, and a 30% sucrose solution made in 10 mM
Tris-HCl, pH 7.2, 150 mM NaCl, 5.7 mM Na2EDTA.
The gradients were centrifuged for 18 h at 28,000 rpm
in a Beckman SW41 rotor. 0.5 ml-fractions were
collected from the top, and proteins analyzed by
SDS-PAGE and Western blotting with the required anti-
bodies. BV particles were recovered in fractions with an
apparent density ranging from 1.08 to 1.15.

Cell fractionation and scFv purification
BV-infected Sf9 cells were harvested between 48 and
72 h pi. After cell lysis, cellular fractionation was
performed using the FractionPREP™ Cell Fractionation
System (Medical & Biological Laboratories Co. Ltd.,
Nagoya, Japan). Four subcellular protein fractions were

thus obtained, cytosol, nucleus, membrane/particulate
and cytoskeletal fractions. The scFvE2/p17 protein was
purified by affinity selection on anti-HA tag antibody
Affimatrix gel (Roche Applied Science, IN, USA), follow-
ing the manufacturer’s instructions. Each fraction eluted
from the affinity gel, using elution buffer containing HA
peptide (Roche Applied Science) as binding competitor
to displace the bound proteins, was analyzed by
SDS-PAGE, and scFvG2/p17 or scFvE2/p17 detected by
Western blotting, using anti-HA tag antibody, as
described below.

Gel electrophoresis, membrane transfer and antibodies
Polyacrylamide gel electrophoresis of SDS-denatured
protein samples (SDS-PAGE), and immunoblotting ana-
lysis have been described in detail in previous studies
[34,35,40]. Briefly, proteins were electrophoresed in
SDS-denaturing, 10%-polyacrylamide gel and electrically
transferred to nitrocellulose membrane (Hybond™-C-
extra; Amersham Biosciences). Blots were blocked in 5%
skimmed milk in Tris-buffered saline (TBS) containing
0.05% Tween-20 (TBS-T), rinsed in TBS-T, then succes-
sively incubated with mouse monoclonal antibody to
Influenza A virus hemagglutinin epitope YPYDVPDYA
(HA tag antibody; Sigma, St Louis, MO, USA), or pri-
mary rabbit anti-Gag antibody, followed by relevant
anti-IgG secondary antibodies, at working dilutions ran-
ging from 1:1,000 to 1:10,000. Anti-HIV-1 Gag rabbit
polyclonal antibody (laboratory-made; [35]) was raised
in rabbit by injection of bacterially-expressed, GST-
fused and affinity-purified carboxyterminally truncated
Gag protein consisting of the full-length MA domain
and the first seventy-eight residues of the CA domain
(Pst I site; gagLai sequence). Monoclonal antibody
against baculoviral envelope GP64 glycoprotein, clone
AcV1 was purchased from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Apparent molecular weights were estimated by compari-
son with prestained protein markers (Precison Plus Pro-
tein™ Standards, Dual Color; BioRad Laboratories, Inc.,
Bio-Rad France). For protein quantification, blots were
scanned and protein bands were quantitated by densito-
metry, using the VersaDoc image analyzer and the
Quantity One program (BioRad).

Indirect ELISA
The functionality of recombinant scFv/p17 was evalu-
ated by their binding activity to the synthetic MAp17
peptide 121DTGHSSQVSQNY132 (GenScript; Piscataway,
USA) and H6MA-CA protein prepared as above, in stan-
dard indirect ELISA procedure. In brief, aliquots
(100 μl) of MA p17 peptide solution at 50 μg/ml, or of
H6MA-CA protein solution at 5 μg/ml in coating buffer
(0.1 M NaHCO3, pH 9.6) were incubated overnight at
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4°C in 96-well microtiter plates (NUNC, Roskilde,
Denmark). The coated wells were blocked with 200 μl
of blocking buffer (2% bovine serum albumin in TBS;
TBS-BSA) for 1 h at room temperature (RT), then
washed five times with washing buffer (0.05% Tween-20
in TBS; TBS-T). Aliquots (100 μl) from clarified cellular
lysates of BV-G2/p17- or BV-E2/p17-infected Sf9 cells
in blocking buffer was added to each well and incuba-
tion proceeded for 1 hr at RT. After five cycles of wash-
ing with TBS-T, monoclonal anti-HA tag antibody
(Sigma) was added at dilution 1:2,500 in TBS-BSA, and
incubated for 1 hr at RT. After extensive washing with
TBS-T, the reaction was developed by addition of 100 μl
p-nitrophenylphosphate substrate (Sigma), and OD mea-
sured at 405 nm using an ELISA plate reader at the
optimum time. The antigen-binding activity of scFv-M6-
1B9 and chimeric scFvE2/M6-1B9 was assessed in
ELISA using immobilized recombinant CD147-biotin
carboxyl carrier protein (BCCP) fusion protein as the
antigen, produced as previously described [39].

Competition ELISA
Microtiter plates (NUNC) were coated with 50 μl of 10
μg/ml of avidin in coating buffer (0.1 M NaHCO3, pH
6.8) and incubated overnight at 4°C in moist chamber.
The coated wells were then blocked with 200 μl of
blocking buffer (2% BSA in TBS) for 1 h at RT, then
washed four times with washing buffer (0.05% Tween-20
in TBS). 50 μl-aliquots of 50 μg/ml of biotinylated-
peptide 17.1 (Bp17.1) in blocking buffer were added to
each well and incubated for 1 h at RT. In parallel,
scFvE2/p17 purified by anti-HA tag affinity as described
above was mixed with p17 peptide at the final peptide
concentration of 1 μg/ml, and incubated for 1 h at RT.
After washing the wells, the mixture was added to the
wells and incubated for 1 h at RT. Bound scFvE2/p17
was monitored by adding 50 μl of HRP-conjugated
monoclonal anti-HA tag antibody (Sigma) at dilution
1:1,000 in blocking buffer. The wells were washed four
times prior to the addition of 50 μl of 3,3’,5,5’-tetra-
methyl-benzidine (TMB) substrate. Reaction was
stopped by addition of 50 μl of 1 N HCl, and optical
densities (OD) at 450 nm were measured using an
ELISA plate reader. The percentage of inhibition (PI)
was given by the following formula: PI = 100-[(B:Bo) ×
100], where B and Bo were the OD values for scFvE2/
p17 with and without inhibitor, respectively.

Co-immunoprecipitation
Sf9 cells co-infected with BV-E2/p17 (or BV-G2/p17)
and BV-H6MA-CA were harvested by centrifugation at
5,000 rpm for 10 min at 4°C. The cell pellets were
washed 3 times with cold TBS, then resuspended in
lysis buffer (1% Brij-35 in TBS) and incubated on ice for

45 min. The cell lysates were clarified by centrifugation
at 13,000 rpm for 1 h at 4°C, and supernatants added to
pre-washed anti-HA tag affinity gel. After incubation
overnight at 4°C with gentle shaking, the resin was
washed 3 times with washing buffer (20 mM Tris,
pH7.5, 0.1 M NaCl, 0.1 mM EDTA, 0.05% Tween20).
Immunocaptured proteins were eluted from the affinity
gel by heating in SDS-containing buffer (20 mM Tris
pH 7,5, 2 mM EDTA, 5% SDS, 20% glycerol, 200 mM
DTT, 0.02% bromophenol blue) at 100°C for 5 min. The
resin was pelleted by centrifugation and the supernatant
analyzed by SDS-PAGE and Western blotting, using
anti-His6 tag and anti-HA tag primary antibodies, both
purchased from Sigma.

Immunofluorescence (IF) microscopy
BV-infected Sf9 cell monolayers were harvested at 48 h
pi, fixed with 3% paraformaldehyde in phosphate buf-
fered saline (PBS) and permeabilized in 0.2% (v/v) Tri-
ton X-100 in PBS. Cells were blocked with 3% BSA in
PBS (PBS-BSA), and HA-tagged scFv/p17 detected by
reaction with mAb anti-HA (1:10,000 in PBS-BSA) and
Alexa Fluor® 488-labeled goat anti-mouse IgG antibody
(Molecular Probes, Invitrogen). For double labeling of
scFv/p17 and Gag proteins, cell samples were reacted
with rabbit anti-Gag antibody (1:1,000 in PBS-BSA) and
Alexa Fluor® 546-labeled goat anti-rabbit IgG (Molecular
Probes, Invitrogen). Samples were treated with DAPI
and mounted on slides. For conventional IF microscopy,
images were acquired using an Axiovert 135 inverted
microscope (Zeiss) equiped with an AxioCam video
camera. For confocal microscopy, samples were analyzed
using a Leica TCS SP2 confocal microscope.

Flow cytometry
ScFv-expressing Sf9 cells were resuspended in 200 μl
PBS and incubated with monoclonal anti-HA tag anti-
body for 1 h at room temperature (RT), and at the dilu-
tion recommended by the manufacturer (Sigma), then
pelleted. The cell pellet was resuspended in 200 μl PBS
and reacted with Alexa Fluor® 488-labeled goat anti-
mouse IgG antibody (Molecular Probes, Invitrogen).
The cell suspension was then diluted with 10 volumes
of PBS, and analyzed by flow cytometry using a BD
FACSCanto™ II cytometer (Becton Dickinson Bios-
ciences). At least 10,000 events were acquired for each
experiment using the DIVA 6 software (Becton
Dickinson).

Electron microscopy (EM)
Specimens were processed for EM and observed as
previously described [41]. In brief, pelleted virions of
BV-E2/p17 and BV-G2/p17 were resuspended in 20 μl-
aliquots of 0.14 M NaCl, 0.05 M Tris-HCl buffer, pH
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8.2, and adsorbed onto carbon-coated formvar mem-
brane on nickel grids. The grids were incubated with
primary antibody (anti-HA tag monoclonal antibody) at
a dilution of 1: 50 in TBS for 1 h at room temperature
(RT). After rinsing with TBS, the grids were post-incu-
bated with 20-nm colloidal gold-tagged goat anti-mouse
IgG antibody (British Biocell International Ltd, Cardiff,
UK; diluted to 1: 50 in TBS) for 30 min at RT. After
rinsing with TBS, the specimens were negatively stained
with 1% uranyl acetate in H20 for 1 min at RT, rinsed
again with TBS, and examined under a JEM 1400 Jeol
electron microscope equiped with an Orius-Gatan digi-
talized camera (Gatan France, 78113 Grandchamp).

Statistics
Results were expressed as mean ± SEM. of n observa-
tions. Sets of data were compared with an analysis of
variance (ANOVA) or a Student’s t test. Differences
were considered statistically significant when P < 0.05.
Symbols used in figures were (*) for P < 0.05, (**) for
P < 0.01, (***) for P < 0.001, and ns for no significant
difference, respectively. All statistical tests were per-
formed using GraphPad Prism version 4.0 for Windows
(Graphpad Software).

Results
Expression and characterization of scFvG2/p17 and
scFvE2/p17 molecules in recombinant BV-infected
Sf9 cells
The monoclonal antibody secreted by the MH-SVM33C9
hybridoma cell line reacts with the highly conserved and
accessible epitope 121DTGHSSQVSQNY132 correspond-
ing to the C-terminus of HIV-1 MAp17 [22-24]. A single
chain antibody derived from MH-SVM33 (scFv/p17) and
expressed intracellularly showed an inhibitory effect on
HIV-1 replication and virus release [6]. We generated
two scFv/p17 subclones from the MH-SVM33C9 hybri-
doma cell line, scFvE2/p17 and scFvG2/p17, of which the
full sequence could be communicated upon request. The
N-terminal octadecapeptide sequence in scFvE2/p17 read
1MEASLAAQAAQIQLVQSG18 , and 1MGLAAQAA-
QIQLVQSGPE18 in scFvG2/p17. Both subclones were
also modified at the C-terminus by the addition of a HA-
tag, the Influenza A virus hemagglutinin epitope
YPYDVPDYA, and when inserted into the baculoviral
genome, generated two recombinant BVs, BV-E2/p17
and BV-G2/p17, respectively. The rationale for the
N-terminal modification was that the dipeptide Met-Gly
at the N-terminus of scFvG2/p17 represented a N-myris-
toylation signal which would promote the addressing
scFvG2/p17 to the same compartment as the N-myris-
toylated MAp17 protein and Pr55Gag polyprotein. We
have shown in previous studies that the Met-Gly signal
was functional in insect cells in terms of recognition by

N-myristoyl transferase, and that N-myristoylated glycine
residue at the N-terminus of Pr55Gag is a prerequisite
for plasma membrane addressing of unprocessed
Pr55Gag, and budding and egress of membrane-envel-
oped VLP from Sf9 cells [24,27-36,40].
Sf9 cells infected with BV-G2/p17 or BV-E2/p17 were

harvested at 24, 48 and 72 h post infection (pi), lysed in
hypotonic buffer, and the kinetics of synthesis of
scFvG2/p17 and scFvE2/p17 was analyzed by SDS-
PAGE and Western blotting using anti-HA tag antibody.
The extracellular culture medium was analyzed in paral-
lel. We found that scFvE2/p17 protein (migrating with
an apparent molecular mass of 30 kDa) was detectable
as early as 24 h, and was maximal at 72 h pi. In con-
trast, scFvG2/p17 was detected at later times (48 h pi),
and in 4- to 5-fold lower amounts, compared to scFvE2/
p17 at 48-72 h pi (Figure 1a). However, both scFvE2/
p17 and scFvG2/p17 proteins were stable over a period
of 72 h, with no major breakdown products detected in
the Western blot patterns.
Cell lysates were then clarified by centrifugation, and

scFvG2/p17 and scFvE2/p17 were probed in soluble
fraction (S) and insoluble pellet (P), respectively. We
found that 15-20% of the whole recombinant scFvE2/
p17 protein synthesized was recovered as soluble mate-
rial, as determined by scanning and densitometric analy-
sis of the protein bands on blots, with a maximum at
48 h pi (Figure 1b; leftmost half of the panel). The pro-
portion of soluble scFvG2/p17 was lower (Figure 1b;
rightmost half), with only 8-10% of scFvG2/p17 protein
recovered in the soluble fraction. The difference in the
intracellular levels of the two recombinant proteins
could not be explained by a higher level of scFvG2/p17
secretion, compared to scFvE2/p17, as no scFvG2/p17
protein was detected in the culture medium at any time
pi. Only scFvE2/p17 protein was detectable in the extra-
cellular medium, as described below.

Cellular distribution of scFvG2/p17 and scFvE2/p17 in
recombinant BV-infected Sf9 cells
We next performed cell fractionation to determine in
which subcellular compartments the majority of scFvE2/
p17 and scFvG2/p17 proteins were localized. Of note,
the distinction between cytosol (Cy), membranes and
organelles (Mb), nucleus (Nu) and cytoskeleton (Sk) was
only operational, and did not preclude probable cross
contaminations between different fractions. With this
restriction in mind, scFvE2/p17 was found to be asso-
ciated with the cytosolic fraction and nuclear pellet in
similar amounts (ca. 20-25% each), but larger quantities
(50-60%) were recovered in the insoluble fraction of
cytoskeletal proteins (Figure 1c; leftmost half of the
panel). Only small amounts of scFvE2/p17 were detected
in the membrane fraction (Figure 1c, Mb lane). The
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Figure 1 Expression, solubility and cellular localization of scFvE2/p17 and scFvG2/p17 in Sf9 cells. (a), Level of expression. Sf9 cells were
mock-infected (lanes mo), or infected with BV-E2/p17 or BV-G2/p17, and harvested at 24, 48 and 72 h pi, as indicated on top of the panel.
Whole cell lysates were analyzed by SDS-PAGE and Western blotting using anti-HA tag antibody. (b), Solubility. Lysates of mock-infected cells
(mo) or BV-E2/p17- or BV-G2/p17-infected cells harvested at 24, 48 and 72 h pi, as indicated on top of the panel were clarified by centrifugation,
and soluble fraction (S) and pelletable material (P) analyzed as above. M, molecular mass markers, with their apparent molecular masses
indicated in kilodaltons (kDa) on the right side of the blots. (c), Cell fractionation. Sf9 cells infected with BV-E2/p17 or BV-G2/p17 as indicated
on top of the panel were harvested at 48 h pi and processed for cell fractionation into cytosolic compartment (Cy), membranes (Mb), nuclear
compartment (Nu) and cytoskeletal-associated proteins (Sk). Subcellular fractions were analyzed by SDS-PAGE and Western blotting using anti-HA
tag antibody.
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pattern of subcellular localization was different for the
scFvG2/p17 protein, which was undetectable in the
cytosolic and nuclear fractions, but distributed
unequally between membrane and cytoskeletal frac-
tions, two-thirds and one-third of the total, respec-
tively (Figure 1c, rightmost half of the panel). Thus,
the N-terminal G2 mutation conferred two new prop-
erties to scFvG2/p17, compared to its scFvG2/p17
counterpart, (i) a lower level of expression, and (ii) a
relocation to and strong association with the membra-
nal fraction. The membrane association of scFvG2/p17
determined by cell fractionation was a priori consistent
with the membrane targeting expected for a N-myris-
toylated protein.

Cellular localization of scFvG2/p17 and scFvE2/p17
was then studied in situ. BV-infected Sf9 cells were har-
vested at 48 h pi and examined in immunofluorescence
(IF) microscopy or analyzed by flow cytometry using
anti-HA tag antibody, with or without membrane per-
meabilization with detergent. Fluorescent signal of
scFvE2/p17 was detected in both nonpermeabilized
(Figure 2A, i) and Triton X100-permeabilized cells
(Figure 2A, ii), whereas scFvG2/p17 fluorescence was
only detectable in permeabilized cells (not shown). Flow
cytometry of HA tag-positive cells confirmed the acces-
sibility of scFvE2/p17 at the surface of nonpermeabilized
cells, and the absence of significant amounts of scFvG2/
p17 molecules at the cell surface (Figure 2B). Considering

(B) Flow cytometry      
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Figure 2 In situ analysis of scFvE2/p17 and scFvG2/p17 proteins in Sf9 cells. (A), Immunofluorescence (IF) microscopy. Sf9 cells expressing
scFvE2/p17 alone (i, ii), or coexpressing scFvE2/p17 and Pr55Gag (iii), were harvested at 48 h pi and nonpermeabilized (i), or permeabilized with
Triton X-100 (ii, iii). Cells were reacted with anti-HA tag monoclonal antibody followed by Alexa Fluor® 488-labeled complementary antibody.
(B), Flow cytometry. Nonpermeabilized Sf9 cells expressing scFvE2/p17, scFvG2/p17 or the scFv-N18E2/M6 chimera were harvested at 48 h pi,
reacted with antibodies as in (A), and analyzed by flow cytometry. Results shown were the proportion of HA tag-positive cells, expressed as the
fold ratio over the values of control cells, attributed the value of 1. Control consisted of BVCAR-infected cells, i.e. cells expressing irrelevant
membrane glycoprotein. BVCAR was a recombinant BV expressing the human CAR glycoprotein, and BVCAR-infected cells released CAR-displaying
virions in the extracellular medium [41]. Average of three separate experiments, m ± SEM; (**), P < 0.01; ns, not significant.
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the poor recovery of scFvE2/p17 in the membranal frac-
tion upon cell fractionation (refer to Figure 1c), the
results of IF microcopy and flow cytometry suggested
that the majority of scFvE2/p17 molecules were
addressed to the plasma membrane and highly accessible
at the cell surface, but proned to dissociate from the
membrane upon cell disruption and fractionation, and to
relocate into the soluble fraction. In contrast, we
observed a major intracellular retention of most of the
scFvG2/p17 molecules. Together with the data of cell
fractionation (Figure 1c), this suggested that scFvG2/p17
protein was in majority sequestered in the intracellular
membrane network.
When Sf9 cells were coinfected with two recombinant

BVs to coexpress scFvE2/p17 and N-myristoylated
Pr55Gag, we detected no significant change in the IF
pattern of scFvE2/p17, compared to single infected cells
expressing scFvE2/p17 alone (Figure 2A, compare panels
ii and iii). This suggested that there was no major cellu-
lar redistribution of the scFvE2/p17 molecules in the
presence of the Gag precursor. Similarly, no cellular
redistribution of scFvG2/p17 was observed when coex-
pressed with Pr55Gag (not shown).

Immunological characterization of extracellular scFvE2/
p17 molecules: functionality and specificity
(i) Antigen recognition by scFvE2/p17 in vitro
Since a significant proportion of scFvE2/p17 molecules
occurred as soluble intrabody in the cytosolic fraction,
we tested lysates of BV-E2/p17-infected Sf9 cells for the

antigen binding activity of scFvE2/p17 in ELISA. Two
types of immobilized antigens were used: a synthetic
peptide p17.1, which reproduced the epitope sequence
from HIV-1LAI MAp17 (121DTGHSSQVSQNY132), and
corresponded to the immunogen used to generate MH-
SVM33; a recombinant H6MA-CA protein of 39 kDa,
which carried the same epitope as p17.9 (Table 1), but
was embedded in the Gag polyprotein. The binding data
from ELISA clearly showed that recombinant scFvE2/
p17 reacted with its specific epitope in both configura-
tions (Figure 3a, b), and in a dose-dependent manner
(Figure 3c). Competition ELISA indicated that scFvE2/
p17 bound to its epitope with a higher affinity when it
was used as free p17.1 peptide, compared to the H6MA-
CA polyprotein used at equivalent epitope molarities
(Figure 4a), suggesting that scFvE2/p17 preferentially
bound to cleaved matrix protein MAp17, compared to
non processed Gag precursor.
(ii) HIV-1 strain-specificity of antigen recognition by scFvE2/
p17 and scFvG2/p17
Although the MAp17 epitope recognized by the mono-
clonal antibody MH-SVM33 is highly conserved among
HIV-1 strains, there are some subtle differences in
amino acid sequence. To assess the stringency of
scFvE2/p17 towards HIV-1 MAp17 variants, we tested
five different MAp17 peptides versus the original pep-
tide epitope p17.1 in competition ELISA (Table 1). All
MAp17 peptide variants competed with p17.1 to signifi-
cant levels, considering that control homologous compe-
tition (bound p17.1 vs free p17.1) showed a 90% binding
inhibition (Figure 4a, and Table 1). The lowest competi-
tion was observed for peptide p17.7, which corre-
sponded to the MAp17 epitope of isolate g22s2, a
molecular clone of HIV-1 isolated from HAART treated
AIDS patients [43]. The difference between p17.7 and
p17.1 corresponded to an Ala-Val mutation at position
128 in the MA domain. Valine carries a bulkier and
more sterically hindered side chain, compared to
alanine, and many examples have been reported in the
literature of highly deleterious effects provoked by Ala-
to-Val substitutions, in terms of protein conformation
and function [44,45]. Competition ELISA was also
performed using p17.1 versus a synthetic peptide
of identical composition but of inverted sequence,
YNQSVQSSHGTD. No competition was observed
(Table 1), implying that N-to-C orientation of the pep-
tide sequence and the C-terminal position of tyrosine
residue-132 were crucial for the recognition of the epi-
tope by scFvE2/p17.
The affinity and binding specificity of scFvG2/p17 to

the different MAp17 peptides was also tested using
competition ELISA, as above. Since only a minor frac-
tion of recombinant scFvG2/p17 protein was recovered
in the soluble cytosolic fraction, clarified lysates of cells

Table 1 Affinity of scFvE2/p17 for different variants of
the conserved C-terminal epitope of HIV-1 MAp17(a)

Competitor Epitope Binding
competition
vs p17.1 (%)

Origin or
HIV-1
isolate

Unrelated
antigen
(negative
control)

CD147 (M6) 5.2 ± 2.9 -

17.1
(positive control)

DTGHSSQVSQNY 89.5 ± 1.6 LAI (b)

17.3 DTGHSSQISQNY 74.7 ± 10.2 1M-1005 (c)

17.7 DTGHSSQASQNY 44.0 ± 18.0 g22s2 (d)

17.8 DTGHSKQVSQNY 81.5 ± 9.5 4 (e)

17.9 DTGNNSQVSQNY 68.8 ± 2.2 pNL4.3 (f)

Inverted p17.1 YNQSVQSSHGTD 3.8 ± 1.5 -
(a) Competition for scFvE2/p17 binding between the dodecapeptide p17.1
(corresponding to residues 121-132 in the MAp17 from HIV-1LAI, used as
immunogen) and other epitope variants was determined by ELISA, as
examplified in Figure 4c. Data presented are m ± SEM (n = 3). Residues
differing from the LAI prototype sequence are in bold.
(b) [63].
(c) [64].
(d) [43].
(e) [65].
(f) [66].
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(c) Dose-dependent reactivity 
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Figure 3 Functionality of soluble scFvE2/p17: antigen recognition. Sf9 cells were mock-infected or infected with BVCAR (expressing irrelevant
recombinant protein), or BV-E2/p17, and harvested at 48 h pi. Sf9 cell lysates were clarified by centrifugation, and reacted in ELISA with
immobilized antigen. (a), H6MA-CA protein; (b, c), synthetic peptide p17.1 (121DTGHSSQVSQNY132 epitope). Negative controls were, from left to
right: uncoated well, antigen-coated well without addition of scFvE2/p17-containing lysate, mock-infected cell lysate, and BVCAR-infected cell
lysate, respectively. (c), Dose-dependent immunoreactivity of scFvE2/p17 towards p17.1 peptide. Soluble scFvE2/p17 from Sf9 cell lysates was
affinity-purified on anti-HA tag antibody-coupled agarose beads. Average of three separate experiments, m ± SEM; (**), P < 0.01; ns, not
significant.
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Figure 4 Immunological characterization of scFvE2/p17: epitope specificity and affinity. (a), Soluble scFvE2/p17 from Sf9 cell lysates was
analyzed in competition ELISA using solid support-adsorbed p17.1 versus soluble p17.1 (homologous, positive control), or versus MAp17 epitope
variants p17.3, p17.7 and p17.9. Negative controls consisted of ELISA in the absence of competing peptide (no competitor), or ELISA in the
presence of irrelevant antigen (CD147), or irrelevant scFv (scFv-M6-1B9). Average of three separate experiments, m ± SEM. (b), Isolation of H6MA-
CA-scFvE2/p17 complexes. Lysates of cells coexpressing H6MA-CA and HA-tagged scFvE2/p17 were separated on affinity matrix consisting of
anti-HA tag antibody-coupled agarose beads, and fractions analyzed by SDS-PAGE and Western blotting, using anti- His6 tag and anti-HA tag
antibodies. Lane 1, whole cell lysate; lane 2, flow-through fraction; lane 3, column wash; lane 4, fraction eluted with SDS-PAGE loading buffer.
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expressing scFvG2/p17 were concentrated by adsorption
onto anti-HA tag-agarose gel, and specific elution of
scFvG2/p17 protein was carried out using HA peptide-
containing buffer. No significant difference was observed
between scFvG2/p17 and scFvE2/p17 in terms of reac-
tivity with MAp17 epitope variants (Figure 4b). The lack
of difference in the antigen-binding function of soluble
scFvG2/p17 and scFvE2/p17 indicated that the apparent
poorer solubility of scFvG2/p17 compared to scFvE2/
p17 was likely due to its addressing to membranal and
cytoskeletal compartments, and not to major changes in
its overall conformational structure and/or complemen-
tary-determining regions. This underlined the impor-
tance of the N-terminal sequence, which harboured the
only difference between scFvG2/p17 and scFvE2/p17.

Functionality of scFvE2/p17 and scFvG2/p17 as
intrabodies
(i) Antigen binding
Although our recombinant scFvE2/p17 was active
in vitro in ELISA, we sought to determine whether
intracellular scFvE2/p17 molecules could bind in situ to
their MAp17 epitope embedded in Gag polyprotein. Sf9
cells were co-infected with two recombinant BVs, one
expressing scFvE2/p17 (or scFvG2/p17), the other
expressing the non-N-myristoylated Gag polyprotein
substrate H6MA-CA. Possible antigen-intrabody com-
plexes present in cell lysates were isolated by affinity
chromatography on anti-HA tag-agarose gel. The pat-
tern of SDS-PAGE and Western blot analysis showed
that most of the Gag polyprotein H6MA-CA was recov-
ered in the flow-through fraction, and that only a minor
fraction bound to the column as H6MA-CA-scFvE2/p17
complex (Figure 4b, lane 4). This suggested that scFvE2/
p17 intrabody and the non-N-myristoylated H6MA-CA
protein segregated in separate cellular compartments
and that only a small proportion of the scFvE2/p17
molecules could bind to H6MA-CA. This might also
suggest that scFvE2/p17 intrabody had a relatively low
affinity for its Gag-embedded p17 epitope, compared to
fully processed protein MAp17 with accessible p17 epi-
tope at its C-terminus, or free C-terminal p17 peptide.
These different hypotheses are not mutually exclusively.
No detectable antigen-scFv complex was found with
scFvG2/p17 (not shown), which confirmed that the
majority of scFvG2/p17 accumulated in an insoluble
form, and/or in a cellular compartment inaccessible to
cytoplasmic Gag polyprotein.
(ii) Effect of scFvE2/p17 on VLP production
As shown earlier by IF microscopy, Pr55Gag had no sig-
nificant influence on the cellular distribution of scFvE2/
p17 protein (refer to Figure 2A, iii). To further study
the mechanism of HIV-1 antiviral effect of MH-SVM33-
derived scFv/p17 [6], we investigated the possibility that

scFvE2/p17, via its binding to MAp17, could modify the
intracellular trafficking and assembly pathway of
Pr55Gag molecules. Sf9 were co-infected with two
recombinant BVs, one expressing the N-myristoylated
Pr55Gag precursor, the other scFvE2/p17. Pr55Gag
synthesis was analyzed in whole cell lysates, and VLP
production assayed in parallel in the culture medium, as
described in previous studies [34,35,40]. No negative
effect on Pr55Gag protein synthesis and on VLP assem-
bly was detected in the presence of scFvE2/p17 (data
not shown). Possible coencapsidation of Pr55Gag and
scFvE2/p17 molecules into VLP during the assembly
process was also investigated. Extracellular VLP were
isolated from the culture medium, and their protein
composition analyzed by SDS-PAGE and Western blot-
ting using anti-Gag and anti-HA tag antibodies: no
scFvE2/p17 was detected in the VLP fraction (not
shown). This was in contrast to the BV particle fraction,
as shown below.

Biophysical status of extracellular scFvE2/p17 protein:
soluble versus particulate
As mentioned above, a significant amount of scFvE2/p17
protein was recovered in the extracellular medium of
BV-E2/p17-infected Sf9 cells. These extracellular
scFvE2/p17 molecules might occur as soluble protein, or
as particle-associated material, e.g. released within mem-
brane microvesicles or exosomes, or associated with cell
debris. In order to determine the status of extracellular
scFvE2/p17 protein, samples from culture mediun were
subjected to isopycnic ultracentrifugation analysis in
sucrose-D2O density gradients [35,40]. Gradient frac-
tions were analyzed by SDS-PAGE and Western blot-
ting, using anti-baculoviral envelope glycoprotein GP64
and anti-HA tag antibodies. We found that the fractions
positive for the C-terminal HA tag of scFvE2/p17 coin-
cided with the anti-GP64-reacting fractions, and corre-
sponded to particulate material sedimenting with the
apparent density of BV particles of the viral progeny, d
= 1.15-1.08 (Figure 5). This suggested that scFvE2/p17
was associated with the BV particles, either coencapsi-
dated with the baculoviral proteins or inserted into the
viral envelope. In the latter case, scFvE2/p17 molecules
could be exposed at the surface of the BV particles with
their active site accessible for epitope binding.

Immuno-EM analysis of baculoviral progeny of BV-E2/p17
In order to confirm the reality of this surface exposure,
samples of extracellular medium of BV-G2/p17- and
BV-E2/p17-infected Sf9 cells were analyzed by isopycnic
ultracentrifugation in sucrose-D2O gradients, and frac-
tions sedimenting at 1.15-1.08 were deposited on grids,
immunogold labeled with anti-HA tag antibody, and
observed under the electron microscope. BV-G2/p17
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virions were never seen associated with gold grains, and
most immunogold labeling was found at distance from
BV particles, and corresponded to nonspecific, back-
ground labeling (not shown). The absence of anti-HA
labeling of BV-G2/p17 virions in immuno-EM was con-
sistent with the absence of detectable scFvG2/p17 pro-
tein in the extracellular medium, as mentioned above.
Under the same experimental conditions however, anti-
HA tag immunogold labeling was found to be associated
with virions of BV-E2/p17 (Figure 6). The immuno-EM
analysis therefore confirmed that scFvE2/p17 molecules
were truely incorporated into the baculoviral envelope.
Such incorporation of foreign proteins into the baculo-
viral envelope has already been described with human
membrane glycoprotein CAR [41].

Immunological functionality and topology of scFvE2/p17
displayed on the baculoviral envelope
The observation that BV-displayed scFvE2/p17 was
accessible to anti-HA tag antibodies in immuno-EM
analysis strongly suggested that the C-terminal HA tag
was oriented outwards. This orientation was already
suggested by IF microscopy of intact cells expressing
scFvE2/p17 (refer to Figure 2A, i). The next experiments
were designed to assess the topological orientation of
the scFvE2/p17 molecule in the baculoviral envelope,
and, more importantly, to determine the degree of

accessibility of its antigen-binding regions. BV-E2/p17
virions were immobilized on ELISA plate and probed
with anti-HA tag antibody. The positive reaction indi-
cated that the carboxyterminal region of scFvE2/p17
was exposed at the surface of the virions (Figure 7a),
and that the insertion of scFvE2/p17 in the baculoviral
envelope mimicked the orientation of class II membrane
glycoproteins, with the aminoterminal region anchored
in the baculoviral envelope, as depicted in Figure 7b.
The antigen binding activity of BV-displayed scFvE2/

p17 was then determined by ELISA, using immobilized
H6MA-CA protein or synthetic peptide p17.1. In this
assay, BV-E2/p17 virions displaying scFvE2/p17 were
used as the equivalent of primary antibodies, and bound
virions were detected using monoclonal antibody direc-
ted towards the baculoviral glycoprotein GP64. Both
H6MA-CA protein and p17.1 peptide were recognized
by BV-E2/p17 virions (Figure 7c and 7d), which indi-
cated that the BV-displayed scFvE2/p17 molecules
retained their antigen-binding capacity.

BV-display of HA-tagged anti-CD147 scFv-M6-1B9
ScFv expressed in recombinant BV-infected insect cells
are not naturally or spontaneously addressed to the
baculoviral envelope, and different methods have been
developed to obtain baculoviral envelope insertion of
various scFv molecules, including fusion to GP64 or to
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Figure 5 BV display of scFvE2/p17 (BV-E2/p17). Samples of culture medium of Sf9 cells infected with BV-E2/p17 were harvested at 72 h pi
and analyzed by isopycnic ultracentrifugation in sucrose-D20 gradients, as described under Materials and Methods. Gradient fractions were
analyzed by SDS-PAGE and Western blotting, using (a) monoclonal antibody to the baculoviral GP64 envelope glycoprotein for detection of
baculovirus progeny, and (b) anti-HA tag monoclonal antibody for detection of scFvE2/p17.
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VSV-G stem [16-21]. Although scFvE2/p17 did not con-
tain any consensus signal peptide for membrane addres-
sing, we postulated that in Sf9 cells, the N-terminal
octadecapeptide sequence 1MEASLAAQAAQIQLVQSG18

(abbreviated N18E2), was responsible for the intracellular
trafficking and targeting of scFvE2/p17 to the site of BV
budding, where it became inserted into the baculoviral
envelope. To test this hypothesis, N18E2 was fused to
the N-terminus of a non-related scFv, the HA-tagged
scFv-M6-1B9, which recognizes the membrane glycopro-
tein CD147 [38,39]. When expressed in HeLa or 293
cells, scFv-M6-1B9 occurred as an active anti-CD147
intrabody, provoking the intracellular retention of CD147
and the blockage of its surface expression [38,39].
Our resulting chimeric scFv construct, abbreviated
scFv-N18E2/M6, was expressed in Sf9 cells using a
recombinant BV vector (BV-N18E2/M6). ScFv-N18E2/

M6 molecules were detected in significant levels at the
surface of nonpermeabilized cells harvested at 48 h pi, as
for scFvE2/p17 (refer to Figure 2B). The baculoviral pro-
geny from BV-N18E2/M6-infected cells was then isolated
by ultracentrifugation and analyzed by ELISA (not
shown) and immuno-EM (Figure 8) using anti-HA tag
antibody. Both methods showed the accessibility of the
HA tag at the surface of BV particles. In the electron
micrograph shown in Figure 8d, two baculovirus particles
were seen as a V-shape dimer pointing to one gold grain.
This might represent the cross-linking of two particles
via the two Fab domains of a single antibody molecule,
although it could not be excluded that one antibody
would bind to one particle, while the other would be in
close proximity.
We also tested the antigen-binding capability of BV-dis-

played chimeric scFv-N18E2/M6, using the recombinant

50 nm 100 nm

100 nm
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e

b c

d f
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Figure 6 Immuno-electron microscopy of BV particles carrying scFvE2/p17 (BV-E2/p17). Samples of baculovirus progeny recovered from
the culture medium of Sf9 cells infected with BV-E2/p17 and harvested at 72 h pi were deposited on grids and negatively stained with uranyl
acetate. Specimens were reacted with anti-HA tag monoclonal antibody, followed by anti-mouse IgG antibody coupled to 20-nm colloidal gold
grains. Different fields are presented in panels (a) to (f). Arrow in (a) points to a gold grain associated with a BV particle (BV). In (f), two gold
grains are seen associated with one BV particle.
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CD147-BCCP fusion protein as immobilized antigen in
ELISA, as previously described [39]. The data showed that
the chimeric scFv-N18E2/M6 molecules present at the
surface of BV particles conserved their antigen-binding
function and their specificity towards CD147 (Figure 9).
These results suggested that the fusion of the N18E2 pep-
tide to scFv-M6-1B9 was able to confer to the chimeric

scFv-N18E2/M6 protein the capacity to be addressed to
the BV budding sites at the plasma membrane and to be
incorporated into the baculoviral envelope. They also sug-
gested that N18E2 could function as a universal N-term-
inal signal peptide for BV-display of functional scFv of
biological interest. A scheme of the general strategy of
stepwise construction of BV particles displaying scFv
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Figure 7 Topology and functionality of BV-displayed scFvE2/p17 molecules. Baculoviral progeny recovered from the culture medium of Sf9
cells infected with BV-E2/p17 was isolated by ultracentrifugation. (a), BV-E2/p17 virions were immobilized on ELISA plate and reacted with anti-
HA tag monoclonal antibody and peroxidase-labeled complementary antibody. Controls were from left to right, respectively: uncoated well, well
coated with antigen with no BV addition, and well coated with antigen with addition of irrelevant baculovirus particles (CAR-displaying BVCAR;
[41]). (b), Schematic model of scFvE2/p17 molecule displayed at the surface of a BV particle. GP64, baculoviral envelope major glycoprotein. BV-
E2/p17 virions were reacted in ELISA with immobilized antigen, (c) H6MA-CA-embedded p17 epitope, or (d) synthetic peptide p17.1. Average of
three separate experiments, m ± SEM; (*), P < 0.05); (**), P < 0.01).
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molecules of interest equiped with our signal octadecapep-
tide N18E2 is presented in Figure 10.

Discussion
Despite several recent studies, little information is avail-
able at the molecular level on the molecular factors and
mechanisms involved in the secretory pathway of insect

cells in general, and the lepidopterian Sf9 cells in parti-
cular [46]. Secreted recombinant proteins are usually
obtained by fusion of the protein of interest to the
N-terminal leader peptide of the honeybee pro-mellitin
(MBM-SP) [47,48]. However, this strategy does not
always guarantee the secretion of the recombinant pro-
tein. For example, scSCR20, a MBM-SP-leaded scFv

100 nm
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50 nm

b

100 nm 100 nm

c d

Figure 8 Immuno-electron microscopy of BV particles carrying chimeric scFv-N18E2/M6 (BV-N18E2/M6). Samples of baculoviral progeny
recovered at 72 h pi from the culture medium of Sf9 cells infected with BV-N18E2/M6 were deposited on grids and negatively stained with
uranyl acetate. Specimens were reacted with anti-HA tag monoclonal antibody, followed by anti-mouse IgG antibody coupled to 20-nm colloidal
gold grains. Different fields are presented in panels (a) to (d). (a), General view of a cluster of immunogold-labeled BV-N18E2/M6 particles. (b-d),
Enlargement of immunogold-labeled BV-N18E2/M6 particles.
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derived from an anti-African cassava mosaic virus
monoclonal antibody [49] was not secreted in the cul-
ture medium of BV-infected insect cell lines from Spo-
doptera frugiperda, Trichoplusia ni, and Mamestra
brassicae. However, scSCR20 molecules were released at
high levels in the culture medum of Drosophila cell
lines stably expressing MBM-SP-fused scSCR20 [50].
Likewise, certain types of scFv expressed in insect cells
using recombinant BV have been recovered in the extra-
cellular medium although they lack an insect cell leader
peptide [51]. The most probable explanation was that
specific features of recombinant scFv, such as their own
N-terminal amino acid sequence or/and other down-
stream domain(s), can influence their behaviour in BV-
infected cells.
BV-display has been used for almost a decade for

immunisation purposes, gene delivery, or development
of eukaryotic libraries [14,17,52,53]. Conventional BV-
display involves baculoviral envelope glycoprotein GP64
manipulations [17,18,52], or the use of the VSV-G stem
[16,17,20,21]. This differs from the incorporation of for-
eign proteins or glycoproteins into the baculoviral envel-
ope without fusion to GP64, such as the envelope
incorporation and display of functional human beta-2
adrenergic receptor (ß2AR) described in an earlier study
[54]. In a more recent work, we demonstrated the

incorporation of the human CAR glycoprotein into the
baculoviral envelope. CAR is the high affinity receptor
for adenovirus serotype 5 (Ad5) and is a resident glyco-
protein of the human cell plasma membrane. The bacu-
loviral envelope-incorporated CAR was fully functional
at the surface of BVCAR virions, and enabled the forma-
tion of BVCAR-Ad5 complexes, mediated by the interac-
tion between the adenoviral fiber and CAR. We have
used this strategy of BVCAR-Ad5 duo formation to trans-
duce Ad5-refactory cells [41].
It was relatively easy to conceive that human ß2AR

and CAR molecules, even though expressed in heterolo-
gous system, could be displayed on the baculoviral
envelope since both are resident membrane glycopro-
teins. It was rather unexpected for scFvE2/p17, which
was an artificial molecule extrinsic to the BV-insect cell
system. Moreover, in the case of scFvE2/p17, the scFv
molecule was not constructed for membrane targeting,
in contrast to scFvG2/p17 which carried the specific
Met-Gly dipeptide signal for N-myristoylation by
N-myristoyl-transferases. Comparison of the amino acid
sequences of scFvE2/p17 and scFvG2/p17, which both
lacked any consensus leader peptide, showed that they
only differed by three residues at their N-terminus, M
(EAS)L for scFvE2/p17, versus M(G)L for scFvG2/p17.
The results of these minor sequence changes were
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Figure 9 Functional analysis of BV-displayed chimeric scFv-N18E2/M6. The antigen-binding capacity and specificity of chimeric scFvE2/M6
displayed on the BV particle envelope was assessed by indirect ELISA, as described in a previous study [38,39]. Aliquots of BV-N18E2/M6 and
control BV-E2/p17 particles recovered from BV-infected Sf9 cells were added to CD147-BCCP-linked avidin-coated wells, and incubated for 1 h at
RT. After washing steps, bound viral particles were detected by addition of anti-baculoviral envelope glycoprotein GP64 in TBS-BSA. Average of
three separate experiments, m ± SEM. (**), P < 0.01.

Kitidee et al. BMC Biotechnology 2010, 10:80
http://www.biomedcentral.com/1472-6750/10/80

Page 17 of 21



Nhe I

Hind III
HA 

N18E2 
scFv coding sequence  scFv 

Nhe I Hind III

(1) 

(2) 

pBlueBac4.5 

pBlueBac4.5-scFv 

(3)

Linearized BV DNA 

Cross-over Cross-over 

Recombinant BV DNA - scFv 

Selection, amplification, and 

 isolation of BV particles  

(4) HA 

BV-displayed, 

HA tagged scFv N18E2  

VL
VH 

VL
VH 

GP64

Figure 10 Generation of recombinant BV vector designed for display of scFv using the N18E2 signal peptide. Shown is the stepwise
construction and isolation of BV-N18E2/scFv, a recombinant BV designed to expose at its surface scFv molecules of interest equiped with the
signal octadecapeptide N18E2. Step (1) : PCR amplification of the scFv coding sequence, using a Fw 5’-primer containing a Nhe I site and the
N18E2 coding sequence, and Rev 3’-primer encoding a HA tag and a Hind III site. Step (2) : insertion of N18E2-scFv-HA-encoding DNA fragment
into the baculoviral intermediate plasmid pBlueBac4.5, digested with Nhe I and Hind III. Step (3) : cotransfection of insect cells with pBlueBac4.5-
N18E2-scFv-HA and linearized baculoviral DNA, and homologous recombination. Step (4) : Isolation of plaques positive for recombinant
baculoviral clone harboring N18E2-scFv-HA (e.g. blue plaque selection); amplification and isolation of recombinant BV expressing N18E2-scFv-HA,
and displaying N18E2-scFv-HA on the baculoviral envelope.
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drastic in terms of scFv solubility, cell compartmentali-
zation and extracellular release. Recombinant scFvG2/
p17 protein expressed in Sf9 cells was inexploitable
since it was insoluble and trapped in the membrane
pellet.
Recombinant scFvE2/p17 however was recovered

simultaneously under two different forms: (i) as soluble
scFv molecules from lysates of BV-infected Sf9 cells,
and (ii) as BV-displayed scFv in the culture medium of
the BV-infected Sf9 cell cultures. Both forms could be
used as biological tools for different purposes. Soluble
scFvE2/p17 could serve in conventional diagnostic
assays for HIV-1 Gag detection, through specific recog-
nition of the conserved MAp17 epitope. MAp17 func-
tions as a structural component of HIV-1 virions, but
also as a viral cytokine which binds to a cellular recep-
tor, p17R [55,56], when released by HIV-infected cells.
In the case of BV-displayed scFvE2/p17, the potential
applications would be different. For example, if one con-
siders the virokine properties of soluble MAp17 and the
importance of inflammatory response at the mucosal
sites of HIV-1 entry [55,56], one could envisage to use
pelletable, BV-displayed scFvE2/p17 in experimental
models of infected mucosae to deplete soluble MAp17
from the extracellular medium, or/and to compete with
MAp17 for binding to p17R.
To assess the role of the N-terminal domain of

scFvE2/p17 in the process of membrane addressing and
scFv display on the baculoviral envelope, we fused the
N-terminal octadecapeptide 1MEASLAAQAA-
QIQLVQSG18 (abbreviated N18E2) to another bioactive
scFv molecule, scFv-M6-1B9. The ligand of scFv-M6-
1B9 is M6, also called CD147 [38,39], a transmembrane
glycoprotein highly expressed in various types of malig-
nant cells [57] and tumors, e.g. nasopharyngeal carci-
noma [58]. CD147 acts as an inducer of extracellular
matrix metalloproteinases (EMMPRIN is another acro-
nym for CD147) to promote tumor growth, invasion,
metastasis and neoangiogenesis, and is a prognostic
marker for invasiveness in prostate cancer [59] and thyr-
oid carcinoma [60]. CD147 is also involved in athero-
sclerosis plaque instability [61] and in the regulatory
inhibition of starvation-induced autophagy in human
hepatoma cells [62].
We expressed the chimeric scFv-N18E2/M6 molecule

in recombinant BV-infected Sf9 cells, and found that the
BV progeny displayed scFv-N18E2/M6 on the baculo-
viral envelope. This suggested that the N-terminal octa-
decapeptide N18E2 carried the function required for
BV-display of scFv molecules, and could be considered
as a BV envelope addressing/anchoring signal peptide.
This was further supported by the comparison of the
structural domains of scFv downstream of the N18E2

peptide: scFv-N18E2/M6 and scFvE2/p17 differed by the
successive order of their variable regions, VL-linker-VH
from the N- to C-terminus in scFv-M6-1B9, versus VH-
linker-VL in scFvE2/p17. This implied that the nature of
the variable region downstream of N18E2 had little
influence, if any, on the membrane addressing of chi-
meric, N18E2-fused scFv.
Although the molecular mechanism of cell trafficking

of our chimeric scFv-N18E2/M6 molecule still remained
to be elucidated in molecular terms, our present data
provided a novel concept and platform for engineering
scFv molecules competent for BV-display.

Conclusion
In the present study, we identified a N-terminal octade-
cameric peptide sequence, N18E2, which mediated the
plasma membrane addressing and anchoring of scFv
into the baculoviral envelope, and acted as a BV-envel-
ope display signal. N18E2 could therefore be used in a
general technology for BV-display of bioactive molecules
such as scFv. In previous studies, we provided evidence
that scFv-M6-1B9 was biologically active as an intra-
body, and could be used to diminish the expression of
CD147 at the surface of human cells [38,39]. The data
presented here showed that scFv-M6-1B9 was also func-
tional when displayed on the BV vector envelope. One
might therefore envisage to use scFv-N18E2/M6-display-
ing BV particles as CD147-targeted vectors in future
protocols of cancer biotherapy, to transfer therapeutic
genes (e.g. suicide genes or proapoptotic genes) to
CD147-overexpressing malignant cells. Since the baculo-
viral envelope glycoprotein GP64 is a low specificity
attachment protein which allows BV to enter a wide
variety of cells originating from mammalian or non-
mammalian species [14,41], it will be necessary to block
the GP64 binding activity of such vectors, and/or place
the desired therapeutic gene under the control of a
tumor-specific promoter, in order to avoid any bystan-
der effect on cells of the surrounding tissues.
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Taking advantage of the wide tropism of baculoviruses (BVs), we constructed a recombinant BV (BVCAR)
pseudotyped with human coxsackie B-adenovirus receptor (CAR), the high-affinity attachment receptor for
adenovirus type 5 (Ad5), and used the strategy of piggybacking Ad5-green fluorescent protein (Ad5GFP) vector
on BVCAR to transduce various cells refractory to Ad5 infection. We found that transduction of all cells tested,
including human primary cells and cancer cell lines, was significantly improved using the BVCAR-Ad5GFP
biviral complex compared to that obtained with Ad5GFP or BVCARGFP alone. We determined the optimal
conditions for the formation of the complex and found that a high level of BVCAR-Ad5GFP-mediated trans-
duction occurred at relatively low adenovirus vector doses, compared with transduction by Ad5GFP alone. The
increase in transduction was dependent on the direct coupling of BVCAR to Ad5GFP via CAR-fiber knob
interaction, and the cell attachment of the BVCAR-Ad5GFP complex was mediated by the baculoviral envelope
glycoprotein gp64. Analysis of the virus-cell binding reaction indicated that the presence of BVCAR in the
complex provided kinetic benefits to Ad5GFP compared to the effects with Ad5GFP alone. The endocytic
pathway of BVCAR-Ad5GFP did not require Ad5 penton base RGD-integrin interaction. Biodistribution of
BVCAR-Ad5Luc complex in vivo was studied by intravenous administration to nude BALB/c mice and compared
to Ad5Luc injected alone. No significant difference in viscerotropism was found between the two inocula, and
the liver remained the preferred localization. In vitro, coagulation factor X drastically increased the Ad5GFP-
mediated transduction of CAR-negative cells but had no effect on the efficiency of transduction by the
BVCAR-Ad5GFP complex. Various situations in vitro or ex vivo in which our BVCAR-Ad5 duo could be
advantageously used as gene transfer biviral vector are discussed.

Adenoviruses (Ads) are extensively used today as gene
transfer vectors for in vitro, ex vivo, and in vivo gene transfer
protocols (reviewed in reference 65). Cell entry of human Ad
type 5 (Ad5), the serotype most widely used as a gene vector,
occurs most efficiently by the receptor-mediated endocytosis
pathway (reviewed in references 64 and 65), via the coxsack-
ievirus B-adenovirus receptor (CAR) (3, 77) and �v�3/�v�5
integrins (84, 85), although alternative receptors have been
described (11, 12, 14, 27). Cell surface expression of CAR
differs with different cell types, and this represents one of the

major determinants of the efficiency of Ad5-mediated trans-
duction (43). The ubiquitous nature of CAR is responsible for
transduction of nontarget tissues by Ad vectors. Paradoxically,
many target cells such as dermal fibroblasts, synoviocytes, mes-
enchymal stem cells (MSCs), peripheral blood mononuclear
cells (PBMCs), and dendritic cells (DCs), express no or very
low levels of CAR at their surface and are relatively resistant
to Ad transduction (14, 15, 19). Much work has been done
with different strategies to promote the entry of Ad5 into
CAR-defective cells. These strategies include (i) the genetic
modification of Ad capsid proteins to carry cell ligands (2,
15, 20, 28, 49, 50), (ii) pseudotyping Ad5 vectors with fibers
from other serotypes (13, 57, 74, 86), (iii) using bispecific
adapters or peptides (25, 40), (iv) chemical modification of
Ad (9, 42), and (v) tethering on nanoparticles (7). The
limitations to these strategies are that modifications of the
Ad capsid are susceptible to negatively affecting the virus
growth or viability, due to an alteration of virion assembly,
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stability, the viral uncoating process, and/or intracellular
trafficking (13, 51).

Other viruses which are gaining popularity as gene transfer
vectors are the baculoviruses (BVs). Autographa californica
multiple nucleopolyhedrosis virus (AcMNPV) is an insect virus
with a large double-stranded DNA genome packaged in a
membrane-enveloped, rod-shaped protein capsid (70). Since
the 1980s, the BV-insect cell expression system has been highly
exploited for the production of recombinant proteins. In the
mid-1990s, it was shown that recombinant BVs carrying re-
porter genes under cytomegalovirus (CMV) or retroviral Rous
sarcoma virus promoter efficiently expressed reporter genes in
mammalian cells (6, 22, 38, 41, 44, 69), as well as in avian cells
(72) and fish cells (45). Since then, BVs have been reported to
transduce numerous cells originating from species as various as
humans, bovines, and fish (8, 32, 41, 73). As gene transfer
vectors, BVs have been found to be rapidly inactivated by
human serum complement (23), but exposing decay-accelerat-
ing factor (DAF) at the surface of BV by fusion with the
baculoviral envelope glycoprotein can overcome this inactiva-
tion (33). BVs also have a good biosafety profile due to their
incapacity to replicate in mammalian cells (31).

Taking advantage of the ability of BVs to transduce a large
repertoire of cells of invertebrate and vertebrate origins, in-
cluding human primary cells, we investigated whether a recom-
binant AcMNPV could act as a carrier or macroadapter for
Ad5 vectors to enter Ad5-refractory cells. To this aim, we
pseudotyped AcMNPV virions with the high-affinity receptor
for Ad5, the human CAR glycoprotein (BVCAR), to enable the
formation of complexes between vector particles of BVCAR

and Ad5-green fluorescent protein (Ad5GFP) mediated by
Ad5 fiber and CAR interaction. We found that transduction of
cell lines which were poorly permissive to Ad5, including hu-
man cancer cells and primary cells, was significantly improved
using this strategy of piggybacking Ad5 vector on BVCAR.
More importantly, the increase in BVCAR-Ad5-mediated
transduction was obtained with a low range of Ad5 inputs, i.e.,
at multiplicities of infection (MOI) of less than 50 Ad5 vector
particles per cell. We also found that the cell transduction
enhancement observed with BVCAR-Ad5 required the direct
coupling of Ad5 to BVCAR via fiber-CAR binding and that the
cell attachment of the complex was mediated by the baculoviral
envelope glycoprotein gp64. Kinetic analysis of virus-cell bind-
ing showed that the presence of BVCAR in the complex was
beneficial to Ad5 vector, not only in terms of tropism but also
in terms of number of cell-bound virions and rate of cell at-
tachment. In addition, the endocytic pathway of BVCAR-Ad5
did not require Ad5 penton base RGD-integrin interaction.
When administered in vivo to nude BALB/c mice, BVCAR-Ad5
complex showed the same biodistribution as that of control
Ad5 vector injected alone. In vitro, transduction of CAR-neg-
ative cells by BVCAR-Ad5 was insensitive to coagulation factor
X (FX), in contrast to Ad5 vector alone.

Our novel strategy of gene delivery using the BVCAR-Ad5
duo could be advantageously applied to various situations in
vitro or ex vivo, e.g., for transducing Ad5-refractory cells when
Ad5 capsid modifications cannot be envisaged, when oncolytic
Ads need to be delivered to tumors via nonpermissive cell
carriers belonging to the immune system, or when the simul-
taneous delivery of two transgenes by two separate vectors

might be beneficial in terms of timing and/or level of cellular
expression of the transgene products.

MATERIALS AND METHODS

Cells. (i) Cell lines. Spodoptera frugiperda (Sf9) cells were maintained as
monolayers at 28°C in Grace’s insect medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics (Invitrogen). Chinese hamster ovarian cells
(CHO), human embryonic kidney cells (HEK-293), human rhabdomyosarcoma
cells (RD), human ovarian carcinoma cells (SKOV3), and human breast carci-
noma cells (SKBR3) were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA) and grown in Iscove’s medium supplemented with
10% FBS and 50 mg/ml gentamicin (Invitrogen). CAR-expressing CHO cells
(CHO-CAR) were obtained from J. Bergelson (3).

(ii) Primary cells. Human synoviocytes were obtained from synovial tissue
from rheumatoid arthritis patients undergoing joint surgery. Human dermal
fibroblasts were obtained from the skin of a patient undergoing joint surgery for
osteoarthritis. Both synoviocytes and dermal fibroblasts were isolated by enzyme
digestion and cultured in Dulbecco modified Eagle medium supplemented with
10% FBS and antibiotics (76) and were used between passages 4 and 9. Human
MSC cultures were established using the French National protocol of the
SFGM-TC Society. Briefly, bone marrow aspirates were obtained from the pos-
terior iliac crest of healthy donors after their consent was given, and bone
marrow mononuclear cells were isolated by Ficoll density gradient centrifugation
(Lymphoprep; Abcys, Veyrier-du-Lac, France). Mononuclear cells (2.5 � 105/
ml) were seeded in �-minimal essential medium (Gibco BRL, Paisley, United
Kingdom) supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml
penicillin-streptomycin. Cells were allowed to adhere for 48 h followed by the
removal of nonadherent cells. Medium and nonadherent cells were removed
every 3 days thereafter. When culture was confluent, adherent cells were de-
tached using trypsin and reseeded into a new flask, for expansion. At the third
passage, MSCs were identified by immunophenotypic criteria based on the ex-
pression of CD73, CD90, and CD105 and the absence of expression of CD45,
CD34, CD14, CD19, and HLA-DR before use (46). Monocyte-derived human
DCs were obtained as follows. Immature DCs were differentiated from primary
monocytes obtained from PBMCs of healthy donors upon incubation for 4 to 6
days with 100 ng/ml of interleukin 4 and granulocyte-macrophage colony-stim-
ulating factor, as previously described (16). Both interleukin 4 and granulocyte-
macrophage colony-stimulating factor were from R&D. Cells were maintained in
complete RPMI 1640 medium supplemented with 10% fetal calf serum (Bio-
West). All experiments using human primary cells were performed in accordance
with ethical guidelines and regulations and received approval from the Institu-
tional Review board of the Laennec School of Medicine.

Human Ads and BVs. Replication-deficient Ad5 vectors (E1 deleted) express-
ing GFP (Ad5GFP) under the CMV promoter were propagated in HEK-293
cells. The penton base mutant Ad5EGD-GFP, encoding GFP and carrying an
RGD-to-EGD alteration at position 340 in the penton base coding sequence, has
been described elsewhere (13, 83). The fiber mutant Ad5GFP-R7�Knob, carry-
ing a short shafted fiber with seven repeats (R7) and complete deletion of the
knob (�Knob), has been described in detail in previous studies (20, 28, 50, 51).
Ad5Luc, expressing the luciferase gene in the deleted E3 region of the Ad5
genome under the control of the simian virus 40 promoter, was obtained from
Frank Graham (University of Ontario, Hamilton, Ontario, Canada) and de-
scribed in previous studies (27, 56). Ad stocks were purified by CsCl gradient
ultracentrifugation by conventional methods (13). The recombinant AcMNPV
expressing CAR (BVCAR) was constructed by cloning the human full-length
CAR gene DNA into the NheI and KpnI cloning sites of pBlueBac (Invitrogen)
downstream to the polyhedrin promoter, as described in previous studies (36,
37). The CAR gene DNA was isolated by digestion of the pcDNA-hCAR1
plasmid (obtained from Kerstin Sollerbrant, Karolinska Institutet, Stockholm,
Sweden [71]) with NheI and KpnI. The recombinant BV expressing GFP under
the CMV promoter (BV-GFP) was kindly provided by Norman Maitland (Uni-
versity of York at Heslington, York, United Kingdom). BVCAR and BV-GFP
were propagated by infection of Sf9 cells at a MOI of 1 to 2. Concentrated stocks
of recombinant BV were prepared as follows. Infected cell supernatants were
harvested at 48 to 60 h postinfection (p.i.), clarified by centrifugation at 2,400
rpm and 4°C for 10 min, and subjected to ultracentrifugation at 28,000 rpm for
1 h at 4°C through a 20% sucrose cushion. The viral pellet was resuspended by
gentle shaking in sterile phosphate-buffered saline (PBS) overnight at 4°C, and
further purified by isopycnic ultracentrifugation in a linear sucrose-D2O gradient
(10, 34). Gradients (10-ml total volume, 30 to 50% [wt/vol]) were generated from
a 50% sucrose solution made in D2O buffered to pH 7.2 with NaOH and a 30%
sucrose solution made in 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5.7 mM

VOL. 83, 2009 Ad5 CELL ENTRY MEDIATED BY CAR-PSEUDOTYPED BACULOVIRUS 6049

 at A
lbert R

. M
ann Library on A

ugust 20, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


Na2-EDTA. The gradients were centrifuged for 18 h at 28,000 rpm in a Beckman
SW41 rotor. Fractions (0.5 ml) were collected from the top, and proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting with the required antibodies. Baculovirions
pseudotyped with CAR were produced by single infection of Sf9 cells with
BVCAR and isolated from infected cell culture supernatant as described above.
Infectious titers of BV vector stocks were determined using the plaque assay on
Sf9 cells.

Generation of BVCAR- Ad5 complex. The infectivity index, defined as the ratio
of infectious virions (determined by the plaque assay method and expressed as
PFU per ml) to the total number of physical virus particles per ml (vp/ml),
ranged from 1:100 to 1:500 for BVs (80), a value which was about 5- to 20-fold
lower than that of Ad5, which was routinely about 1:20 to 1:30. The titer in
physical vp of BV and Ad5 vectors was determined by absorbance measurement
at 260 nm (A260) of 1-ml samples of SDS-denatured virions (0.1% SDS for 1 min
at 56°C) in a 1-cm-path-length cuvette, using the respective formulas A260 of
1.0 � 1.1 � 1012 vp/ml for Ad5 (genomic DNA � 36 kbp) and A260 of 1.0 � 0.3 �
1012 vp/ml for BV (genomic DNA � 134 kbp). Infectious titers of concentrated
stocks of BVCAR were usually 5 � 109 to 1 � 1010 PFU/ml, and the correspond-
ing physical particle titers ranged between 1 � 1012 and 5 � 1012 vp/ml. Ad5GFP
particle titers ranged from 1 � 1012 to 2 � 1012 vp/ml, with infectious titers
between 2 � 1010 and 5 � 1010 PFU/ml. To generate BVCAR-Ad5GFP com-
plexes with different virus ratios, we considered only the respective titers in
vp/ml. In standard experiments, samples of BVCAR and Ad5GFP virions in 50
mM Tris-HCl (pH 8.0) buffer were mixed and adjusted to a total volume of 20
to 30 �l with the same buffer and then incubated for 1 h at 37°C.

Antibodies and proteins. Monoclonal anti-CAR antibody (clone E1.1 [19])
was obtained from Silvio Hemmi (University of Zürich, Zürich, Switzerland).
The monoclonal anti-gp64 antibody clone AcV1 (Santa Cruz Biotechnology,
Inc.) was used at a working dilution of 1:50 for immunoelectron microscopy.
Mouse monoclonal antibody 7A7 directed against the fiber knob domain has
been characterized in a previous study (27). Group-specific antihexon monoclo-
nal antibody 4C3 was provided by W. C. Russell (University of St. Andrews, St.
Andrews, Scotland) (29, 55, 66). Rabbit anti-Ad5 virion, anti-penton base, and
antifiber were all laboratory made (13, 36, 37, 60). Human coagulation FX was
purchased from Haematologic Technologies, Inc. (Essex Junction, VT) and used
at the normal adult plasma concentration of 8 �g/ml. Adenoviral capsid proteins,
hexon, fiber, and penton (base-plus-fiber) proteins were recovered from the pool
of excess soluble Ad5 proteins present in Ad5-infected cell lysates used for vector
stock preparations. Capsid proteins were purified to homogeneity according to a
three-step procedure including ammonium sulfate precipitation and two chro-
matographic steps using high-performance liquid chromatography (BioLogic
DuoFlow; Bio-Rad), as described in detail in previous studies (5, 58).

Cell transduction assays. Cells for transduction assays were prepared in 24-
well plates containing 1 � 105 cells per well. Complexes of BVCAR and Ad5GFP
virions (BVCAR-Ad5GFP) were prepared by preincubating appropriate volumes
of each virus in a total volume of 300 �l of Dulbecco modified Eagle medium for
1 h at 37°C. The complexes were then added to the cells and incubated for an
additional hour at 37°C, after which 200 �l prewarmed medium was added to
each well. Cellular expression of GFP was observed at 36 h posttransduction,
using an inverted microscope (Axiovert-135; Zeiss, Switzerland). Fluorescence
images were taken using an AxioCam digital camera (Zeiss), analyzed using an
Axio Vision program, and quantitated by flow cytometry analysis. For quantifi-
cation, cells were fixed with 2% paraformaldehyde in PBS overnight and rinsed
once with PBS and the proportion of GFP-positive cells was determined by
fluorescence-activated cell sorting analysis (Dako Galaxy).

Real-time quantitative PCR. DNA was extracted from murine tissues using the
QIAamp DNA blood minikit (Qiagen, Courtaboeuf, France). Ad5 genomes
were assayed using the following fiber gene primers for real-time PCR (9):
GCTACAGTTTCAGTTTTGGCTG (sense) and GTTGTGGCCAGACCAG
TCCC (reverse). BV genomes were assayed using the following gp64 gene
primers (1): ATGAGCAGACACGCAGCTTTT (sense) and GCTGAATGTG
GGCAAAGAGG (reverse). The murine beta-actin gene was used as an internal
control, with the following primers: GCTGTGTTCTTGCACTCCTTG (sense)
and CGCACGATTTCCCTCTCAGC (reverse). Real-time PCR was performed
using a LightCycler 480 (Roche Diagnostics, Meylan, France), and results were
expressed as the number of viral genome copies per cell.

Electron microscopy. Virions of BVCAR and BVCAR-Ad5GFP complexes were
diluted in 20 �l 0.14 M NaCl, 0.05 M Tris-HCl buffer, pH 8.2 (Tris-buffered
saline [TBS]), and adsorbed onto carbon-coated Formvar membranes on grids.
The grids were incubated with primary antibody (monoclonal anti-CAR or anti-
gp64 antibody) at a dilution of 1:50 in TBS for 1 h at room temperature (RT).
After being rinsed with TBS, the grids were postincubated with 20-nm colloidal

gold-tagged goat anti-mouse immunoglobulin G (IgG) antibody (British Biocell
International Ltd., Cardiff, United Kingdom; diluted to 1:50 in TBS) for 30 min
at RT. After being rinsed with TBS, the specimens were negatively stained with
1% uranyl acetate in H2O for 1 min at RT, rinsed again with TBS, and examined
under a JEM 1400 JEOL electron microscope (EM) equipped with an Orius-
Gatan digitalized camera (Gatan, Grandchamp, France).

Animal model. All procedures were performed on 5-week-old female BALB/c
nu/nu mice (Charles River Laboratories, St. Germain sur l’Arbresle, France).
Studies involving animals, including housing and care, method of euthanasia, and
experimental protocols, were conducted in accordance with a code of practice
established by the Experimentation Review Board from the Laennec School of
Medicine. These studies were routinely inspected by the Attending Veterinarian
to ensure continued compliance with the proposed protocols (63). Mice received
intravenously in the tail vein 2 � 1010 vp of Ad5Luc per mouse (control animals)
or BVCAR-Ad5Luc complex formed in the ratio of 15 BVCAR to 1 Ad5Luc (2 �
1010 vp of Ad5Luc and 3 � 1011 vp of BVCAR per mouse). At 48 and 96 h after
injection, the mice were anesthetized and injected subcutaneously with endotoxin-
free luciferin (Luciferin-EF; Promega, Madison, WI) in PBS at 125 mg/kg of
body weight, and 10 min later the whole-body bioluminescence was visualized
using the NightOWL II LB 983 imaging system (Berthold Technologies GmbH,
Bad Wildbad, Germany). After noninvasive whole-body imaging, the animals
were sacrificed and the level of luciferase expression was assayed in different
organs, using a Lumat LB 9507 luminometer (Berthold), as previously described
(25, 27). Results were expressed as relative light units per mg of protein in the
respective cell lysates.

RESULTS

Pseudotyping BV with human CAR glycoprotein: qualitative
aspects. We constructed a recombinant BV expressing the
full-length human CAR glycoprotein (BVCAR) under the con-
trol of the polyhedrin promoter and determined whether prog-
eny viruses produced from BVCAR-infected cells carried the
CAR glycoprotein on their envelope. Baculovirions released in
the culture medium were concentrated by ultracentrifugation
on a sucrose cushion and further purified by ultracentrifuga-
tion on a linear sucrose density gradient. The fractions at
density 1.10 to 1.15 which contained the BV particles were
pooled and analyzed by SDS-PAGE and Western blotting us-
ing anti-gp64 and anti-CAR antibodies. A discrete band of
anti-CAR-reacting protein species migrating at 45 kDa (an
apparent molecular mass consistent with that of CAR glyco-
protein) was found to be associated with BVCAR virions (Fig.
1a). This band was absent from the control, parental BV vector
(AcMNPV-�-Gal expressing bacterial �-galactosidase). Bacu-
lovirions were then analyzed by immunoelectron microscopy,
after deposition on EM grids. EM grids were reacted with
anti-CAR monoclonal antibody, followed by a secondary anti-
body coupled to 20-nm colloidal gold particles, and examined
under the EM. Under our experimental conditions, most anti-
CAR gold grains were found to be associated with virus par-
ticles of CAR-pseudotyped BVCAR, and exceptionally so in the
background (Fig. 1b and c). Most baculovirions carried a single
gold grain (Fig. 1d and e) and occasionally two, three, or more
gold grains (Fig. 1f and g). With control parental BV virions
incubated in parallel with anti-CAR and immunogold-labeled
secondary antibody, we observed only background labeling
(not shown).

As CAR-CAR interactions contribute to the intercellular
tight junctions (24, 82), we expected to find BVCAR-BVCAR

complexes under the EM. This was the case, and pairwise
associations of BVCAR virions lying side by side were observed
(Fig. 2A, subpanels a to d), although at a low frequency (�5%
of total BVCAR virions examined). Interestingly, after anti-
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CAR immunogold labeling of the BVCAR samples adsorbed on
grids, gold grains were often seen at the zone of contact be-
tween the two virions (Fig. 2A, subpanels a to d), suggesting
that the BVCAR-BVCAR complexes occurred via true CAR-
CAR interactions.

Efficiency of CAR pseudotyping of BV: quantitative aspects.
The efficiency of pseudotyping of baculovirions by the foreign
CAR glycoprotein was evaluated in comparison to the viral
envelope glycoprotein gp64, a structural component of the
virion called peplomer (70). Samples of BVCAR virions were
reacted on grids with a monoclonal antibody against gp64,
followed by 20-nm colloidal gold-labeled anti-mouse IgG an-
tibody, and examined under the EM. We found that most gold
labeling localized near the head of the baculovirion (Fig. 2B),
as expected from the gp64 topology (70).

The numbers of anti-gp64 and anti-CAR gold grains per
virus particle were then counted in a population of 70 to 100
individual baculovirions. In our anti-gp64 labeling experi-
ments, ca. 15% of baculovirions carried no grain, implying that

this percentage represented the experimental threshold of de-
tection for the baculoviral envelope glycoprotein gp64. For
anti-CAR labeling, the number of unlabeled baculovirions was
not significantly different and ranged from 16 to 23% (Fig. 3a).
In both types of labeling, the most abundant population con-
sisted of baculovirions carrying a single gold grain. Baculoviri-
ons with two, three, or more grains were found in both types of
labeling, although at a significantly lower frequency (Fig. 3a;
also Fig. 1 and 2). Taken together, these results indicated (i)
that recombinant BV expressing CAR produced viral progeny
pseudotyped by CAR glycoproteins and (ii) that the immuno-
gold labeling (and hence the accessibility) of foreign CAR
molecules on the BVCAR envelope was almost as efficient as
that of the structural gp64 glycoproteins.

Topology of CAR molecules at the surface of BVCAR virions.
To analyze the topology of gp64 and CAR molecules on the
baculoviral envelope, we arbitrarily divided the baculovirions
into 100 map units (mu) and measured the distance between
the center of a 20-nm gold grain and the tip of the virus head.

FIG. 1. Pseudotyping BV with human CAR glycoproteins. (a) Western blot analysis of control, parental (BV), and CAR-pseudotyped
baculovirions (BVCAR). BV (lane 1) and BVCAR (lane 2) purified by ultracentrifugation were analyzed by SDS-PAGE and immunoblotting, using
anti-gp64 and anti-CAR monoclonal antibodies and anti-mouse IgG conjugate. (b to g) Immuno-EM analysis. Virion samples deposited on grids
were negatively stained with uranyl acetate and then reacted with monoclonal antibody against CAR, followed by anti-mouse antibody tagged with
20-nm colloidal gold. (b and c) General views of immunogold-stained BVCAR preparations. Note the immunogold labeling associated with BVCAR

virions and the low level of background labeling. (d to g) Enlargement of anti-CAR gold-labeled BVCAR virions. The number of grains associated
per virion ranged from 0 (c and d) to 7 (b), with the highest frequency at 1, as shown in panels d and e.
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In order to compensate for possible distortion and shrinking
during the EM process, the results were expressed as the per-
centage of the full length of the virus (ca. 250 nm), with the
virus head being taken as the origin (0%) and the end of the
stem being assigned the 100% value. From our knowledge of
BV structure (70), we could predict that most of the anti-gp64
gold grains would localize at or near the head of the baculov-
irions and not along their stem structure. Our EM observations
were consistent with this prediction: nearly 40% of all anti-
gp64 gold grains counted were found within 0 to 10 mu and
25% were found between 10 and 20 mu (Fig. 3b). Thus, almost
two-thirds of the anti-gp64 gold grains localized within 0 to 50
nm. Considering that the approximate size of an IgG molecule

(A) BV          - BV          complexes  (anti-CAR labeling)CAR CAR

(B) Anti-gp64 labeling

a b

c d

100 nm

100 nm

100 nm

a b

dc

100 nm 100 nm

100 nm100 nm

FIG. 2. EM and immuno-EM of BVCAR. (A) Occurrence of
BVCAR-BVCAR complexes. Samples of CAR-pseudotyped baculovirions
(BVCAR) were deposited on grids, negatively stained with uranyl ace-
tate, and then reacted with monoclonal antibody against CAR, fol-
lowed by anti-mouse antibody tagged with 20-nm colloidal gold, as in
Fig. 1. Shown are spontaneously occurring pairwise (a to c) or multiple
(d) associations of BVCAR virions. (B) Anti-gp64 immunogold labeling
of CAR-pseudotyped baculovirions. (a to c) BVCAR virions deposited
on grids were negatively stained with uranyl acetate and then reacted
with monoclonal antibody against peplomer gp64, followed by anti-
mouse antibody tagged with 20-nm colloidal gold grains. (d) Same
reaction as in panels a to c performed on BVCAR-Ad5GFP complexes
deposited on grids. Note that gp64 and Ad5GFP virions are positioned
at opposite poles of the baculovirion.

FIG. 3. Immunogold labeling of BVCAR. (a) Comparison of the
labeling efficiency of BVCAR samples using anti-gp64 or anti-CAR
monoclonal antibodies. The number of anti-gp64 and anti-CAR gold
grains was counted per BVCAR particle, in a population of 70 to 100
virions. (b) Topology of gp64 and CAR molecules on the baculoviral
envelope, as determined by immunogold labeling. The position of gold
grains on BVCAR virions was determined by measuring the distance of
the center of the gold grain to the tip of the virion head. Results were
expressed as map units, defined as the percentage of the BV total
length, which was assigned the 100% value. Shown are the means of
three separate experiments � SEMs.
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is about 15 nm under the EM, the BV-associated primary and
secondary antibodies accounted for 30 nm in length and the
colloidal gold accounted for an extra 20 nm. The immuno-EM
pattern of gp64 labeling was therefore compatible with the
localization of the gp64 at the baculoviral pole. In contrast to
gp64, the anti-CAR labeling showed a polydisperse pattern:
anti-CAR gold grains were found all along the stem of the
BVCAR virions, with some preferential sites between 70 and 90
mu (Fig. 3b; also Fig. 1d to g). This suggested that the CAR
molecules were excluded from the polar region of the baculo-
viral envelope in which the gp64 peplomers were inserted. This
was confirmed by EM analyses of BVCAR-Ad5GFP complexes,
as shown (Fig. 4).

Functionality of human CAR attachment molecules on the
baculoviral envelope: occurrence of BVCAR-Ad5GFP com-
plexes. We next determined whether CAR glycoproteins
present at the surface of the baculovirion were functional as
attachment molecules for Ad5. BVCAR virions were mixed with
the same number of Ad5GFP vector particles, incubated for
1 h at 37°C, and examined under the EM after negative stain-
ing. Different types of BVCAR-Ad5GFP association were ob-
served, but the most frequently seen consisted of binary com-

plexes, or virus duos, composed of one baculovirion bound to
one adenovirion (Fig. 4a to d). Ternary complexes, or virus
trios, formed of one BVCAR carrying two Ad5GFP were more
rarely observed (Fig. 4e to g). Modifications of the particle
ratio between BVCAR and Ad5GFP in the incubation mixture
did not change significantly this EM pattern (not shown).

In the majority of the BVCAR-Ad5GFP binary complexes,
the Ad particles were found to bind to the stem of BVCAR, an
observation consistent with the localization of CAR molecules
on the BVCAR envelope, as determined by our anti-CAR im-
munogold labeling (Fig. 3b). Since an adenovirion carries 12
fiber projections and is therefore multivalent in terms of at-
tachment, we expected that Ad5GFP could bridge two or more
BVCAR particles. Such higher-order complexes were observed
under the EM, although on rare occasions: they mainly con-
sisted of ternary complexes formed of one Ad5GFP bound to
two BVCAR particles (Fig. 4h and i).

Examination of BVCAR-Ad5GFP complexes under the EM
at high resolution revealed that some adenovirions were linked
to their BV carriers via filamentous structures which resembled
the adenoviral fiber. In some cases, two filaments could be
distinguished (Fig. 4b and c, arrows). This suggested that the

FIG. 4. EM and immuno-EM of BVCAR-Ad5GFP complexes. BVCAR-Ad5GFP complexes deposited on grids were negatively stained with
uranyl acetate and examined under the EM (a to c and g to i) or further incubated with anti-CAR monoclonal antibody and 20-nm colloidal
gold-tagged anti-mouse antibody (d to f), in order to test the anti-CAR reactivity of the BVCAR-Ad5GFP complex. Ad5GFP virions are marked
with asterisks. Panels a to d show BVCAR virions associated with a single particle of Ad5GFP, whereas panels e to g show BVCAR virions associated
with two Ad5GFP particles. Panels b and c are enlargements of BVCAR-Ad5GFP complexes showing filamentous structures connecting adeno-
virions to the baculoviral envelope (arrows). Note that CAR molecules were not all occupied by Ad5GFP virions, since anti-CAR antibodies still
reacted with the complexes (d to f). Panels h and i show Ad5GFP virions bridging two BVCAR virions.
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binding of Ad5GFP to CAR molecules could occur via more
than one valence.

This observation raised the question of the degree of occu-
pancy and/or accessibility of CAR molecules inserted in the
baculoviral envelope. To address this issue, BVCAR-Ad5GFP
complexes were reacted on grids with anti-CAR antibody fol-
lowed by secondary 20-nm gold-tagged antibody, as described
above. Many individual BVCAR particles which were associ-
ated with one or two Ad5GFP particles were still labeled by
anti-CAR and carried one (Fig. 4d) or several (Fig. 4e and f)
gold grains. This indicated that when BVCAR-Ad5GFP com-
plexes were formed in a binding reaction involving equal num-
bers of the two viruses, several CAR molecules present at the
BVCAR surface were still unoccupied and available for anti-
CAR antibody binding or CAR-CAR interaction. This was
also suggested by the anti-CAR labeling of BVCAR-BVCAR

complexes shown in Fig. 2A. Taken together, these results
indicated that CAR functioned as a bona fide Ad5 attachment
molecule at the surface of the baculovirions.

Transduction of CAR-negative CHO cells by BVCAR-
Ad5GFP complex. (i) Transduction efficiency. The functional-
ity of our BVCAR-Ad5GFP complex and the capacity of
BVCAR to mediate Ad5 gene delivery by overcoming the lack of
CAR at the cell surface were first assessed on CHO cells, which
are CAR negative and poorly permissive to Ad5 (3). The
transduction level obtained with a BVCAR-Ad5GFP complex
generated with a ratio of Ad5GFP to BVCAR vp (physical
particles) of 1 to 10 in the mix was greatly enhanced, compared
to Ad5GFP alone at a similar MOI of Ad5GFP vector (Fig.
5A, subpanels a and c). As quantified by flow cytometry, 65 to
70% of CHO cells were transduced by the BVCAR-Ad5GFP
complex at an MOI range of 100 to 500 in terms of Ad5GFP
vp/cell, compared to 10 to 15% in control samples transduced
by Ad5GFP alone at the same MOI (Fig. 5B, subpanel a).

(ii) Contribution of BVCAR to the augmentation of Ad5-
mediated transduction efficiency. The role of BVCAR in the
transduction enhancement by the complex was evaluated using
BVCARGFP alone. BVCARGFP was a recombinant AcMNPV
expressing the GFP gene under the control of the CMV pro-
moter (the same promoter as that in Ad5GFP) and was
pseudotyped with CAR by coinfection of Sf9 cells with BVCAR.
The level of CHO cell transduction obtained with BVCARGFP
(Fig. 5A, subpanel b) was lower than that with the BVCAR-
Ad5GFP complex but higher than that with Ad5GFP at the
same MOI (Fig. 5A, subpanels c and a, respectively). This
suggested that both viruses contributed to the enhancing effect
on transduction by the virus duo but that BVCAR contributed
to a higher level than did Ad5GFP.

(iii) Specificity of transduction by BVCAR-Ad5GFP complex.
CHO-CAR is a CHO-derived cell line which constitutively
expresses CAR and is fully susceptible to Ad5 infection (3).
CHO-CAR cells were infected with BVCAR-Ad5GFP, at a
constant MOI of BVCAR and various MOIs of Ad5GFP, or
with Ad5GFP alone at the same MOI as that in the complex.
At a low MOI (less than 50 vp/cell, corresponding to 2 to 5
PFU/cell), CHO-CAR cells were transduced with a slightly
higher efficiency by BVCAR-Ad5GFP than by Ad5GFP alone
(1.5- to 2-fold; Fig. 5B, subpanel b), but this effect was no
longer observed at a higher MOI (100 to 500 vp/cell; Fig. 5B,
subpanel b). The absence of enhanced transduction of Ad5-

permissive cells by the BVCAR-Ad5GFP complex suggested
that this effect was specific in nature.

(iv) Role of CAR glycoproteins in BVCAR-mediated cell
transduction. The AcMNPV envelope glycoprotein gp64 rep-
resents the major cell attachment component of this virus (59).
Gp64 binds to insect cell plasma membrane receptors (70), as
well as to a large repertoire of mammalian cell surface glyco-
proteins (31, 32, 41). In order to determine the respective roles
of baculoviral gp64 and extrinsic CAR glycoprotein in the
efficiency of cell transduction, CHO and CHO-CAR cells were
incubated with the CAR-pseudotyped vector BVCARGFP at
different MOIs. CHO-CAR cells were found to be significantly
more permissive to BVCARGFP than were CHO cells (two- to
threefold; Fig. 5C). This suggested that BVCARGFP could use
different pathways to attach to and enter CHO cells, e.g., one
involving gp64 and its cellular ligand(s) and the other mediated
by interaction between BV-displayed CAR molecules and cell
plasma membrane-exposed CAR. This was reminiscent of the
CAR-CAR interaction suggested by the EM observation of
dimers of CAR-pseudotyped baculovirions (Fig. 2A).

Transduction of CAR-negative human cells by BVCAR-
Ad5GFP complex. (i) Nontumor cell line. Human glandular tra-
cheal cells (MM39) fail to express CAR and are poorly per-
missive to Ad5 (14, 15, 17). As was observed with CHO cells,
a net augmentation of the transduction efficiency was obtained
when MM39 cells were incubated with BVCAR-Ad5GFP, com-
pared to control MM39 samples transduced with a single vec-
tor at the same MOI, Ad5GFP or BVCARGFP (Fig. 6A).

(ii) Cancer cell lines. Gene transduction mediated by BVCAR-
Ad5GFP complexes was also evaluated on rhabdomyosarcoma
cells (RD), ovarian carcinoma cells (SKOV3), and breast car-
cinoma cells (SKBR3), three human cancer cell lines which
were poorly transduced by Ad5 (20). The efficacy of BVCAR-
Ad5GFP transduction was significantly higher than that of trans-
duction with Ad5GFP alone for the three types of cancer cells
(Fig. 6B). For RD cells, the percentage of transduced cells im-
proved by almost 1 order of magnitude, from 5% with Ad5GFP
to 45% with BVCAR-Ad5GFP, and for SKOV3 cells, the augmen-
tation was seven- to eightfold higher, from 2.5% (with Ad5GFP)
to 21% (with BVCAR-Ad5GFP). However, in the case of SKBR3
cells, which were slightly permissive to Ad5, the increase in trans-
duction was only two- to threefold, from 12% (Ad5GFP) to 35%
(BVCAR-Ad5GFP). As for CHO and MM39 cells, the levels of
transduction of RD and SKBR3 cells by the control vector
BVCARGFP alone was intermediate between those of Ad5GFP
and BVCAR-Ad5GFP. Interestingly, the level of SKOV3 trans-
duction was almost equivalent using BVCAR-Ad5GFP and using
BVCARGFP (Fig. 6B), confirming that the contribution of
BVCAR to the transduction enhancement by the BVCAR-
Ad5GFP complex was greater than that of Ad5GFP.

Transduction of human primary cells by BVCAR- Ad5GFP
complex. Several types of human primary cells have been re-
ported to be refractory to or poorly transduced by Ad5 vectors,
e.g., dermal fibroblasts and synoviocytes (76). These cells were
transduced with aliquots of virus inoculum containing increas-
ing MOIs of Ad5GFP mixed with a constant BVCAR input (500
vp/cell) and analyzed by fluorescence microscopy and flow
cytometry. For dermal fibroblasts, a progressive increase in
transduction was observed with increasing MOIs of Ad5GFP,
and the maximum transduction efficiency (82% GFP-positive
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cells) was reached at an Ad5GFP MOI of 20 vp/cell (Fig. 7a).
Transduction of synoviocytes using BVCAR-Ad5GFP complex
was analyzed using the same range of viral complex inputs.
Synoviocytes were moderately permissive to Ad5, and only
20% of cells were transduced at an Ad5GFP MOI of 20 vp/cell.
However, a transduction of 80% of cells was obtained using the
BVCAR-Ad5GFP complex at the Ad5GFP dose of 20 vp/cell
(Fig. 7b).

The efficiency of the BVCAR-Ad5GFP complexes was also

tested on human MSCs. MSCs were transduced to about 25 to
28% with BVCAR-Ad5GFP, versus 2% with Ad5GFP alone at
an MOI of 20, i.e., a 10-fold increase (Fig. 7c). In the case of
immature monocyte-derived DCs, there was a moderate in-
crease in transduction with BVCAR-Ad5GFP (twofold), and
the number of GFP-positive DCs plateaued at around 12 to
15% at the relatively high Ad5GFP MOI of 500 vp/cell (Fig.
7d). For PBMCs, the transduction levels were low, but the
increase was significant, from 0.1% with Ad5GFP alone to 2%

FIG. 5. Transduction of CAR-negative (CHO) or CAR-positive (CHO-CAR) cells by BVCAR-Ad5GFP complex. (A) Fluorescent microscopy.
CHO cells were transduced by Ad5GFP alone (MOI of 100 vp/cell) (a), BVCARGFP alone (1,000 vp/cell) (b), or BVCAR-Ad5GFP complex
(Ad5GFP MOI of 100 vp/cell; Ad5GFP/BVCAR vp ratio of 1:10) (c). (B) Flow cytometry. Bar graph representation of the efficiency of transduction
of CHO (a) or CHO-CAR (b) by Ad5GFP alone (open bars) or BVCAR-Ad5GFP complex (solid bars). Complexes were generated by mixing a
constant amount of BVCAR (corresponding to 500 vp/cell) with increasing amounts of Ad5GFP, as indicated on the x axis. (C) Transduction
efficiency of CHO cells by control vector BVCARGFP. Flow cytometry analysis of CHO cells (gray bars) or CHO-CAR cells (black bars) transduced
by BVCARGFP alone at increasing MOIs, as indicated on the x axis. Results, expressed as the percentages of GFP-positive cells, represent the
means of three separate experiments � SEMs. �, P 	 0.05; ��, P 	 0.01; ns, no significant difference.
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with BVCAR-Ad5GFP at an Ad5GFP MOI of 1,000 vp/cell
(Fig. 7e). As for CHO, RD, and SKBR3 cells, the levels of
transduction of the primary cells treated with control vector
BVCARGFP was intermediate between those of Ad5GFP and
BVCAR-Ad5GFP (Fig. 7).

Requirements for BVCAR- Ad5GFP complex formation and
cell transduction enhancement. (i) Transduction efficiency
versus ratio of BVCAR to Ad5GFP particles. In order to deter-
mine the optimal conditions for cell transduction by the biviral
complex, we prepared a range of BVCAR-Ad5GFP mixtures
differing in their ratios of BVCAR to Ad5GFP vp and assayed
their gene transfer efficiency on two types of primary cells,
dermal fibroblasts and synoviocytes. In one set of transduction
experiments, the number of BVCAR vector particles was kept
constant (500 vp/cell) and Ad5GFP MOI varied from 0.1 to 20
vp/cell. For both cell types, the level of transduction increased
in an Ad5GFP dose-dependent manner and 80 to 85% of cells
were found to be GFP positive at 20 vp/cell (Fig. 8a). In
another set of experiments, Ad5GFP MOI was kept constant
(20 vp/cell) whereas BVCAR particles varied from 0 to 1,000
vp/cell (Fig. 8b). A plateau of maximum cell transduction (80
to 85% GFP-positive cells) was obtained for both cell types at
a ratio of 20 Ad5GFP to 500 BVCAR particles (Fig. 8b). In-
creasing the number of BVCAR particles over this value did not
augment the transduction efficiency (Fig. 8b).

A wider range of Ad5GFP to BVCAR vp ratios was then
tested, and the transduction efficiency was represented as a
function of the vp ratio values (Fig. 8c). The bar graph repre-

sentation followed the Gaussian mode, with the highest trans-
duction efficiency obtained at a ratio of 100 BVCAR to three
Ad5GFP particles. We interpreted this value in terms of cell
transduction as the result of several parameters influencing the
cell transduction. These included (i) the occurrence of a cer-
tain number of CAR-negative BVs in the population of virus
carrier, as shown above; (ii) the dissociation constant of the
equilibrium reaction between free and BVCAR-bound Ad5GFP
in the mixture, which has not been experimentally determined for
Ad5 virion and pseudotyped BVCAR; and (iii) the cellular re-
sponse to this viral duo. Unless otherwise stated, we generated
BVCAR-Ad5GFP complexes using vp ratios ranging from 20
BVCAR:1 Ad to 30 BVCAR:1 Ad.

(ii) Knob dependence of the Ad5GFP-BVCAR liaison. In or-
der to verify that the Ad5 virions present within the BVCAR-
Ad5GFP complexes bound to BVCAR via their fiber knob
domain, we transduced dermal fibroblasts with a mixture of
BVCAR (at a constant MOI of 500 vp/cell) and Ad5GFP-
R7�Knob (at increasing MOIs). Ad5GFP-R7�Knob carried
knob-deleted (�Knob) short-shafted fibers of seven repeats
(R7) and lacked its CAR-binding domains (20, 28, 50, 51). No
detectable enhancement of Ad5GFP-R7�Knob-mediated
transduction was observed in the presence of BVCAR, com-
pared to Ad5GFP-R7�Knob alone, implying that the integrity
of the knob domain was indispensable for the positive effect of
BVCAR on Ad5 transduction (Fig. 9a).

(iii) Requirement for CAR on the envelope of BVCAR. The
enhancement of Ad5GFP-mediated cell transduction in the

FIG. 6. Transduction of CAR-negative human cell lines by BVCAR-Ad5GFP complex. (A) Nontumor cells. Fluorescent microscopy of MM39
cells transduced by Ad5GFP alone (MOI of 20 vp/cell) (a), BVCARGFP alone (500 vp/cell) (b), or BVCAR-Ad5GFP complex (Ad5GFP MOI of
20 vp/cell; Ad5GFP/BVCAR vp ratio of 1:25) (c). (B) Tumor cells. Flow cytometry analysis of human cancer cell lines RD, SKOV3, and SKBR3
transduced by Ad5GFP alone (20 vp/cell), BVCARGFP alone (500 vp/cell), or BVCAR-Ad5GFP complex (Ad5GFP MOI of 20 vp/cell; Ad5GFP/
BVCAR vp ratio of 1:25). Results, expressed as the percentages of GFP-positive cells, represent the means of three separate experiments � SEMs.
�, P 	 0.05; ��, P 	 0.01; ns, no significant difference.
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FIG. 7. Transduction of CAR-negative human primary cells by BVCAR-Ad5GFP complex. Graphs on left show flow cytometry results. Bar
graph representation of the efficiency of gene transfer mediated by Ad5GFP alone versus BVCAR-Ad5GFP complex in different human primary
cells, as indicated above each panel. Cells were transduced by Ad5GFP alone at increasing MOIs or by BVCAR-Ad5GFP complexes at a constant
MOI of BVCAR (500 vp/cell) and increasing MOIs of Ad5GFP, as indicated on the x axis. Results, expressed as the percentages of GFP-positive
cells, represent the means of three separate experiments � SEMs. The black bars on the far left of the graphs represent the values obtained with
the control baculoviral vector BVCARGFP alone, at an MOI of 500 vp/cell. The right panels show fluorescent microscopy results. Shown are cell
samples transduced at the maximal infectivity of each separate vector or biviral complex, as indicated above each panel. Cells were transduced by
Ad5GFP alone (left), BVCARGFP alone (middle), or BVCAR-Ad5GFP complex (right). �, P 	 0.05; ��, P 	 0.01; ���, P 	 0.005.
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presence of BVCAR might be due to a certain degree of non-
specific cellular engulfment of Ad5 vector in the presence of
baculovirions and not to the formation of BVCAR-Ad5GFP
complex via specific CAR-fiber knob interaction. To address
this issue, we mixed Ad5GFP at a constant MOI (10 vp/cell)
with nonpseudotyped, parental vector BV at various doses (0,
250, and 500 vp/cell) and analyzed the transduction level of
synoviocytes and dermal fibroblasts using the mixture of un-
bound viruses, in comparison with the transduction mediated
by BVCAR-Ad5GFP complexes generated with the same virus
ratios. No significant effect on the level of cell transduction was
observed with the mixtures of unbound viruses, compared to
the corresponding BVCAR-Ad5GFP complexes (Fig. 9b). This
indicated that the enhancing effect on cell transduction by the
complex depended on the presence of CAR molecules at the
surface of the baculovirions and on CAR-mediated interaction
with Ad5GFP.

(iv) Blockage of BVCAR-Ad5GFP-mediated cell transduction
by anti-CAR antibody. To further demonstrate the role of
CAR glycoprotein in bridging Ad5GFP to BVCAR in the dual
virus mixture, we analyzed the effect of an anti-CAR mono-
clonal antibody on dermal fibroblast transduction. Anti-CAR
antibody was added at different dilutions during (Fig. 9c) or

after (Fig. 9d) the step of virus mixing, when CAR-fiber bonds
had already formed. When anti-CAR antibody was added si-
multaneously to the viral mixture, inhibition of gene transfer
was observed in a dose-response manner, and the basal level of
transduction was reached in the presence of undiluted anti-
body sample (Fig. 9c). In contrast, when anti-CAR antibody
was added after the mixing, no effect in Ad5 gene transfer was
detected (Fig. 9d). These results confirmed the role of CAR in
the generation of BVCAR-Ad5GFP complex and its require-
ment for the cell transduction enhancement.

Mechanism of cellular uptake of BVCAR-Ad5GFP complex.
(i) Kinetics of cell binding and uptake of BVCAR-Ad5GFP.
There are several parameters, in addition to baculoviral tro-
pism, that might lead to the superior transduction of CAR-
negative cells by the dual vector BVCAR-Ad5GFP. In order to
investigate the possible kinetic benefits of this complex, CHO
cells were incubated with Ad5GFP alone or BVCAR-Ad5GFP
complex at the same MOI in terms of Ad5GFP vector, and the
number of cell-associated virions was determined at 10-min
intervals during the first hour of virus-cell attachment, using
real-time quantitative PCR. The number of Ad5 genome cop-
ies recovered per cell was found to be twofold higher for
BVCAR-Ad5GFP at all time points than for control Ad5GFP.

FIG. 8. Influence of BVCAR-to-Ad5GFP ratios on BVCAR-Ad5GFP-mediated transduction of human primary cells. (a) Dermal fibroblasts and
synoviocytes were transduced by BVCAR-Ad5GFP complex generated using a constant MOI of BVCAR (500 vp/cell) and various MOIs of Ad5GFP,
as indicated on the x axis. (b) Cells were transduced by BVCAR-Ad5GFP complex generated using a constant MOI of Ad5GFP (20 vp/cell) and
various MOIs of BVCAR, as indicated on the x axis. (c) Cell transduction efficiency by BVCAR-Ad5GFP complex was evaluated using a wide range
of BVCAR-to-Ad5GFP ratios. The transduction efficiency was expressed as the percentage of GFP-positive cells, assayed by flow cytometry (means
of three separate experiments � SEMs).
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In addition, the slope of the curves of cell-bound viruses versus
time indicated that the cellular uptake of Ad5GFP complexed
with BVCAR occurred at a significantly higher rate than that of
Ad5GFP alone (twofold; Fig. 10a). In contrast, the cell binding
kinetics of BVCAR and the number of cell-associated baculo-
viral genome copies did not change significantly when BVCAR

was alone or in complex with Ad5 (Fig. 10b). These data
suggested that the presence of BVCAR in the complex provided
significant kinetic benefits to Ad5GFP and not only an advan-
tage in terms of cell tropism. Interestingly, the ratio of viral
genomes recovered from BVCAR-Ad5GFP-infected cells at 30
to 50 min p.i. (two Ad5GFP to 50 to 60 BVCAR) corresponded
to the ratio required for optimal cell transduction (Fig. 8c).

(ii) Role of baculoviral glycoprotein gp64. We next ad-
dressed the question of whether the envelope glycoprotein
gp64 of BVCAR was involved in the cell attachment and uptake
of the BVCAR-Ad5GFP complex, using dermal fibroblasts as
the cellular target. We found that the BVCAR-Ad5GFP-medi-

ated gene transfer was inhibited in the presence of anti-gp64
monoclonal antibody in a dose-dependent manner, suggesting
that gp64 was the major attachment protein of the complex
(Fig. 10c). However, cell transduction was not totally inhibited,
and the inhibitory effect plateaued at a residual value equiva-
lent to twofold the basal level of transduction observed with
Ad5GFP alone (Fig. 10c). This suggested that a baculoviral
envelope glycoprotein(s) other than gp64 (e.g., CAR) might
play a role in the cell attachment of BVCAR-Ad5GFP and/or
that the residual transduction was due to an alternative cell
entry pathway, e.g., via macropinocytosis.

(iii) Influence of Ad5 virions on BVCAR-Ad5GFP-mediated
cell transduction: endosomal escape and cell entry. It is known
that Ad5 is very efficient in endosomal escape, and this repre-
sents one of its advantages as a gene vector (14, 26, 65). In
order to determine whether the adenoviral moiety of the
BVCAR-Ad5GFP complex was beneficial to the internalization of
baculovirions, we used GFP-expressing BV vectors with or

FIG. 9. Role of CAR and fiber knob in BVCAR-Ad5GFP-mediated cell transduction. (a) Requirement for the fiber knob domain in Ad5GFP
vector. Human dermal fibroblasts were transduced by Ad5GFP-R7�Knob alone at increasing MOIs or a mixture of BVCAR at a constant MOI (500
vp/cell) and Ad5GFP-R7�Knob at increasing MOIs, as indicated on the x axis. (b) Requirement for CAR glycoprotein on the baculoviral
membrane. Human dermal fibroblasts and synoviocytes were transduced by a mixture of Ad5GFP and BVCAR or a mixture of Ad5GFP and
nonpseudotyped BV (parental AcMNPV empty vector) at a constant MOI of Ad5GFP (10 vp/cell) and various BV or BVCAR inputs at MOIs of
0, 250, and 500 vp/cell. (c and d) Requirement for CAR-fiber interaction. Human dermal fibroblasts were transduced by a mixture of BVCAR (MOI
of 250 vp/cell) and Ad5GFP (20 vp/cell), containing anti-CAR monoclonal antibody added at different dilutions. In panel c, anti-CAR antibody
was added after complex formation, by premixing the two viruses followed by incubation for 1 h at 37°C (“post”). In panel d, anti-CAR antibody
was added simultaneously with both viruses before complex formation (“pre”). Virus samples and antibody were further incubated for 1 h at 37°C.
Controls consisted of Ad5GFP samples at the same MOI incubated with the same antibody dilutions. Results were expressed as the percentages
of GFP-positive cells, assayed by flow cytometry (means of three separate experiments � SEMs). ��, P 	 0.01; ns, no significant difference.
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without CAR pseudotyping, BVCARGFP and BV-GFP, re-
spectively. BVCARGFP vector was incubated with Ad5Luc, an
Ad5 vector expressing the firefly luciferase (27, 56). The
BVCARGFP MOI was kept constant (500 vp/cell), while Ad5Luc
MOI varied in the mix (MOI, 0, 50, or 100 vp/cell). Control
samples consisted of (i) BVCARGFP alone without Ad5Luc
and (ii) nonpseudotyped BV-GFP at the same constant dose
(500 vp/cell) mixed with increasing MOIs of Ad5Luc. A mod-
est but significant increase of GFP expression was detected in
MSCs transduced by BV-GFP in the presence of Ad5Luc,
compared to that with BV-GFP alone (50%; Fig. 10d, unbound
Ad5). A similar level of enhancing effect was observed with
BVCARGFP mixed with Ad5Luc (Fig. 10d; BVCARGFP-bound
Ad5) compared to BVCARGFP alone. This indicated that Ad5
had only a discrete positive effect on the cellular internaliza-
tion of the BV-GFP vector and that this effect did not require
a physical bond between the baculovirion and the adenovirion.

(iv) Role of penton base-RGD-integrin recognition. To de-
termine the contribution of RGD-dependent integrins in cell
transduction by BVCAR-Ad5GFP complex, we generated an-
other baculoviral-adenoviral complex using the Ad5EGD-GFP
mutant instead of the Ad5GFP vector. Due to its RGD-to-
EGD alteration at position 340 in the penton base, the
Ad5EGD-GFP mutant vector failed to recognize RGD-depen-
dent integrins (26, 37, 67, 83). However, since the penton base
mutation could mask or bias possible effects of BVCAR in the
BVCAR-Ad5EGD-GFP complex, we first analyzed the intrinsic
infectivity of Ad5EGD-GFP in permissive cells, in comparison
to that of control Ad5GFP.

Ad5EGD-GFP stocks showed a range of infectivity indices
(PFU/vp ratio) slightly inferior to that of control Ad5GFP
vector grown in parallel, e.g., 1:108 versus 1:48, respectively,
for the samples used in the present study. Ad5-permissive
HEK-293 cells were infected by Ad5EGD-GFP or Ad5GFP at

FIG. 10. Mechanism of cellular uptake of the BVCAR-Ad5GFP complex. (a and b) Cell binding kinetics. Ad5GFP alone (open symbols), BVCAR

alone (open symbols), or BVCAR-Ad5GFP complex (filled symbols) was incubated with CHO cells at 37°C for 50 min, and cell samples were
withdrawn every 10 min p.i. After washing, cell-associated virions were assayed in cell lysates using real-time quantitative PCR. Results were
expressed as the numbers of adenoviral and baculoviral genomes recovered per cell, using the beta-actin gene as an internal control. (a) Ad5GFP
genomes: Ad5GFP alone (y � 0.24x, R2 � 0.993) and BVCAR-Ad5GFP complex (y � 0.49x, R2 � 0.977). (b) BVCAR genomes (y � 10.5x, R2 �
0.91). (c) Role of baculoviral gp64. BVCAR-Ad5GFP complex, at the BVCAR/Ad5GFP MOI ratio of 500:20 vp/cell, was preincubated for 1 h at 37°C
with different dilutions of anti-gp64 monoclonal antibody and added to monolayers of human dermal fibroblasts. (d) Role of the Ad5GFP moiety
in cell internalization of BVCAR-Ad5GFP complex. Human MSCs were transduced with a mixture of nonpseudotyped, GFP-expressing baculoviral
vector BV-GFP and Ad5Luc (Ad5-unbound BV-GFP; leftmost bars) or a mixture of CAR-pseudotyped, GFP-expressing baculoviral vector
BVCARGFP with Ad5Luc (Ad5-bound BV-GFP; rightmost bars). BV-GFP and BVCARGFP were used at constant MOIs each (MOI of 500), and
Ad5Luc was used at different MOIs (0, 50, and 100). The transduction efficiency was expressed as the percentage of GFP-positive cells, assayed
by flow cytometry (means of three separate experiments � SEMs). �, P 	 0.05; ��, P 	 0.01; ns, no significant difference.
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the same MOI (vp/cell), and the efficiency of infection and
gene expression was determined by flow cytometric analysis of
GFP-positive cells. The MOI required for 50% cell transduc-
tion (50% efficient transduction dose) was found to be 500
vp/cell for Ad5EGD-GFP, versus fivefold lower for Ad5GFP
(50% efficient transduction dose � 100 vp/cell), and the max-
imum transduction was obtained at an MOI of 1,000 vp/cell for
Ad5EGD-GFP, versus an MOI of 500 for Ad5GFP (Fig. 11a).
These data showed that Ad5EGD-GFP infection was delayed
compared to that by control vector Ad5GFP. Likewise, the
growth rates were similar for the two vectors in HEK-293 cells,
but the titer of infectious virus progeny recovered at 24, 48, and
72 h p.i. was three- to fourfold lower for Ad5EGD-GFP than
for Ad5GFP (Fig. 11b). These data indicated that Ad5EGD-
GFP was slightly but significantly impaired by its penton base
mutation.

Taking into account the phenotype of Ad5EGD-GFP, we
infected human dermal fibroblasts with Ad5EGD-GFP alone
or BVCAR-Ad5EGD-GFP complex at higher MOIs than those
used previously with Ad5GFP and BVCAR-Ad5GFP (Fig. 7

and 8). Of note, human dermal fibroblasts express alpha V
integrins (21). Less than 10% of cells expressed GFP after
transduction by Ad5EGD-GFP at an MOI of 1,000. With
BVCAR-Ad5EGD-GFP, however, a two- to threefold increase
in transduction efficiency was observed at MOIs of 200 and
higher (Fig. 11c). This moderate although significant augmen-
tation was confirmed with other primary cells, MSCs. MSCs
were transduced by BVCAR-Ad5EGD-GFP with a 20-fold-
higher efficiency at an MOI of 100 and a 10-fold-higher effi-
ciency at an MOI of 200, compared to transduction with
Ad5EGD-GFP alone (Fig. 11d). This implied that the integrity
of penton base RGD motifs and their interaction with cellular
integrins were not required for the BVCAR-mediated augmen-
tation of Ad5EGD-GFP transduction and that the BVCAR-
Ad5GFP complex could bypass the RGD-integrin endocytic
pathway.

EM analysis of cell attachment and entry of BVCAR-Ad5GFP
complex into CAR-defective cells. CHO cells were incubated
with BVCAR-Ad5GFP complex for 1 h at 37°C, harvested at the
end of this incubation period, fixed, and processed for EM

FIG. 11. Role of RGD-dependent integrins in BVCAR-Ad5GFP-mediated transduction. (a) Efficiency of transduction of permissive cells by
Ad5EGD-GFP mutant versus that by Ad5GFP. Aliquots of HEK-293 cells (1.75 � 105/well) were infected for 1 h with Ad5EGD-GFP or control
vector Ad5GFP at different MOIs, as indicated on the x axis, and the percentage of GFP-positive cells was determined by flow cytometry at 48 h
p.i. (means of three separate experiments � SEMs). (b) Growth rate of Ad5EGD-GFP mutant versus that of Ad5GFP in permissive cells. Samples
of 5 � 104 HEK-293 cells were infected at an MOI of 10 PFU/cell at 37°C for 1 h, rinsed once, and further incubated in culture medium at 37°C.
Cells were harvested at 24, 48, and 72 h p.i. and lysed by freeze-thawing in 0.2 ml PBS, and titers of soluble supernatants were determined on
HEK-293 cells. Titers were expressed as PFU/cell. (c and d) Efficiency of transduction by the BVCAR-Ad5EGD-GFP complex. Dermal fibroblasts
(DFs) (c) and MSCs (d) were transduced by Ad5EGD-GFP alone or a mixture of BVCAR at a constant MOI (500 vp/cell) and Ad5EGD-GFP at
increasing MOIs, as indicated on the x axis. The transduction efficiency was expressed as the percentage of GFP-positive cells, assayed by flow
cytometry at 48 h p.i. (means of three separate experiments � SEMs). �, P 	 0.05; ��, P 	 0.01.
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analysis. Complexes were seen at the cell surface, near or in
close contact with the plasma membrane (Fig. 12a to d). At the
point of BVCAR-cell contact, a curvature of the plasma mem-
brane with electron-dense material at its inner leaflet sug-
gested the formation of a clathrin-coated pit (Fig. 12c), as
previously reported (48). Coendocytosed baculovirions and ad-
enovirions were observed within cytoplasmic vesicles (Fig. 12d
and e). Adenovirions were occasionally seen in the process of
vesicular escape with partial disruption of the endosomal
membrane (Fig. 12g), or free within the cytoplasm, in the
vicinity of nuclear pores (Fig. 12h). In contrast to Ad5 parti-
cles, baculoviral nucleocapsids were not observed within the
cytoplasm and were still found within vesicles at 1 h p.i. (Fig.
12f). This suggested that adenovirions were released into
the cytoplasm at a higher rate than were baculovirions. In
none of the numerous cells examined did we observe a
simultaneous endosomal escape of the two virions. This EM
pattern was consistent with the relatively low rate of bacu-

lovirus release into the cytosol of mammalian cells (78) and
supported the data for BV-bound and unbound Ad5Luc
presented in Fig. 10d.

Biodistribution of BVCAR-Ad5Luc complex in vivo in a
mouse model. The preferential visceral localization of unmod-
ified baculoviral vectors injected in the mouse tail vein has
been reported to be, in decreasing order, heart, spleen, liver,
kidney, lung, and brain (38). However, Ad5 vectors adminis-
tered via the same way are in priority delivered to the liver (35,
61, 79, 81). It was therefore of interest to determine the vis-
cerotropism of our BVCAR-Ad5 complex and evaluate the re-
spective influence of one or the other partner of the duo on the
biodistribution of the complex in an animal model. To this aim,
5-week-old BALB/c nude mice received intravenously a bolus
of 2 � 1010 vp of Ad5Luc or of BVCAR-Ad5Luc complex (2 �
1010 vp of Ad5Luc and 3 � 1011 vp of BVCAR, i.e., a ratio of
BVCAR to Ad5Luc vp of 15 to 1), and the level of luciferase
expression was analyzed by noninvasive whole-body imaging at

FIG. 12. EM analysis of the early steps of virus-cell interaction between BVCAR-Ad5GFP complex and CAR-negative cells. Monolayers of
CHO cells were incubated with BVCAR-Ad5GFP (complex generated with an Ad5GFP-to-BVCAR ratio of 1:25) for 1 h at 37°C, and cells were
harvested and processed for EM analysis. Panels a to c show the steps of attachment of BVCAR-Ad5GFP at the plasma membrane and formation
of clathrin-coated vesicles (CCV). Panels d and e show coendocytosed virions of BVCAR and Ad5GFP (Ad) within intracytoplasmic vesicles. In
panel g, an adenovirion is seen in the process of vesicular escape. In panel h, two adenovirions are free within the cytoplasm, and electron-dense
particles reminiscent of adenoviral cores are seen at the nuclear pore complex (NPC). Panel f shows an intravesicular BVCAR nucleocapsid released
from the baculoviral envelope. N, nucleus; PM, plasma membrane.
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days 2 and 4. The bioluminescent signal localized massively
within the liver, and no qualitative difference could be detected
between control mice receiving Ad5Luc alone and mice receiv-
ing the BVCAR-Ad5Luc complex (not shown). Luciferase ex-
pression was then quantitatively assayed in different organs,
and again the results showed that hepatic tissue was the pref-
erential localization of both Ad5Luc alone and BVCAR-
Ad5Luc complex. In the other organs investigated, spleen,
kidney, lung, brain, heart, and skeletal muscle, no significant
difference in the levels of luciferase expression was found be-
tween Ad5Luc alone and the BVCAR-Ad5Luc complex. The
same organ distribution was observed when adenoviral ge-
nomes were quantitatively assayed using real-time quantitative
PCR (data not shown). Of note, baculoviral genomes were
recovered from the liver, as well as from the other tissues, and
their relative distribution paralleled that of adenoviral ge-
nomes (data not shown). The change in tissue tropism of BV
when complexed with Ad5 suggested that Ad5 carried the
dominant determinants.

Influence of FX on BVCAR-Ad5GFP-mediated transduction
of CAR-negative cells in vitro. It has been shown recently that
Ad5 hexon interacts with blood coagulation FX and to a lesser
degree with FVII, FIX, and anticoagulant factor protein C (35,
61, 79, 81). The hexon-FX interaction is considered the major
determinant of the preferential delivery of nonmodified Ad5
vectors to hepatocytes after in vivo administration. The next
experiments were aimed at determining the possible role of FX
in the hepatotropism of the BVCAR-Ad5 complex, using an
indirect, in vitro approach. Transduction of CHO cells by
BVCAR-Ad5GFP or Ad5GFP alone was performed in the pres-
ence or absence or FX. As expected from previous studies, a
20-fold increase in gene transfer efficiency was observed with
Ad5GFP plus FX, compared to control Ad5GFP without FX:
42.6 � 7.2 versus 1.9 � 0.3 (mean � standard error of the
mean [SEM]; n � 3). However, when CHO cells were trans-
duced with BVCAR-Ad5GFP complex (generated with a sub-
optimal ratio of 10 BVCAR to 1 Ad5GFP), no significant in-
crease was observed: 26.1 � 5.0 with FX versus 19.6 � 1.5
without FX. This result suggested that FX had no direct effect
on BVCAR-Ad5GFP-mediated cell transduction in vitro.

DISCUSSION

The concept of BV display, i.e., exposing proteins or pep-
tides of interest on the baculoviral envelope, is not novel and
has been used to improve BV entry into different mammalian
cell targets, including human cancer cells, by insertion of spe-
cific peptide ligands in the envelope glycoprotein gp64 (18, 39,
52–54, 75). This technology has also been used for immuniza-
tion purposes (31, 32). The strategy described in the present
study differed from conventional BV display methods in that it
did not involve a gp64-fusion construct but consisted of the
incorporation into the baculoviral envelope of a full-length
glycoprotein normally exposed on the human cell plasma mem-
brane and foreign to the virus. This fulfilled the criteria of virus
pseudotyping. Such a pseudotyping of BV by, e.g., human
hormone receptor (47) or vesicular stomatitis virus G (39), has
been previously reported.

The originality of our strategy was to pseudotype BV with
CAR (BVCAR), the high-affinity receptor for Ad5 and several

other Ad serotypes, to generate binary BVCAR-Ad5 complexes
via CAR-fiber knob interaction. BVCAR was therefore used as
a viral adapter to mediate cell entry of human Ad5 vector into
Ad5-resistant cells. The rationale was based on two observa-
tions and implied two hypotheses. (i) It has been observed that
BV has the capacity of entering a wide variety of cell types,
including cells which are refractory to Ad5 infection, and to be
internalized via a receptor-mediated pathway involving the
early endosomal compartment (8, 32, 41, 73). (ii) The Ad5
fiber-CAR binding occurs with a high affinity, with a Kd (dis-
sociation constant) range of 2 to 6 nM (27, 68, 85). We there-
fore hypothesized that (i) bridging Ad5 virions to BVCAR via
the strong interaction between adenoviral fiber and CAR gly-
coprotein inserted in the baculoviral envelope would result in
the simultaneous cellular uptake of both Ad5 and BVCAR into
the same endocytic compartment and that (ii) the coendocy-
tosed viruses would cooperate in the step of endosomolysis and
contribute to a more efficient endosomal release and cell in-
ternalization.

We found that when Sf9 cells were infected with our recom-
binant BV expressing the human CAR glycoprotein under the
control of the polyhedrin promoter, the BV progeny incorpo-
rated CAR molecules into the baculoviral envelope, resulting
in a bona fide CAR-pseudotyped BV, abbreviated BVCAR. EM
analysis of BVCAR-Ad5GFP complexes showed that the most
frequent associations consisted of a stoichiometric ratio of one
Ad5GFP per BVCAR and less frequently two Ad5GFP per
BVCAR. EM observation of BVCAR-Ad5GFP complexes and
isolated BVCAR virions immunogold labeled with anti-CAR or
anti-gp64 antibodies revealed a gold grain topology different
for gp64 and CAR molecules: gp64 localized at the head of the
virus, whereas CAR molecules, free or engaged in bonds with
Ad5 virions, preferentially localized along the stem.

We then exploited the capacity of BVs to transduce a wide
repertoire of cell types. BVCAR was used to piggyback
Ad5GFP vector into cells which do not express CAR and were
nonpermissive or poorly permissive to Ad5. We found that the
transduction enhancement of CHO and MM39 cells using the
BVCAR-Ad5GFP complex was on the order of 30- to 40-fold,
compared to Ad5GFP alone. For three human cancer cell
lines, RD, SKOV3, and SKBR3, a significant augmentation of
gene delivery (3- to 10-fold) was observed with BVCAR-
Ad5GFP. In the case of primary cells, dermal fibroblasts, sy-
noviocytes, and MSCs, BVCAR-Ad5GFP-mediated transduc-
tion increased by 1 order of magnitude and, more importantly,
at a significantly low Ad5GFP input (MOI of 20 vp/cell). For
cells of myeloid origin such as PBMCs and monocyte-derived
DCs, the increase in BVCAR-Ad5GFP-mediated transduction
was less pronounced (only twofold) and observed only at high
Ad5 vector doses of MOIs of 1,000 and 500, respectively. Not
surprisingly, PBMCs and DCs have not been reported in the
literature to efficiently internalize BVs.

We showed that the mechanism of augmentation of cell
transduction of primary cells (e.g., dermal fibroblasts and sy-
noviocytes) by BVCAR-Ad5GFP in vitro, compared to
Ad5GFP alone, required (i) the interaction of adenoviral fibers
with CAR molecules inserted in the baculoviral envelope and
(ii) the cell attachment of the BVCAR partner via its gp64
peplomer; (iii) however, it did not depend on the interaction of
penton base RGD motifs of the Ad5GFP partner with cellular
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integrins; (iv) kinetic analysis of the virus-cell binding reaction
showed that the presence of BVCAR in the complex was ben-
eficial to Ad5GFP, in terms of number of cell-bound virions
and rate of cell attachment; (v) however, there was little reci-
procity, as the benefit obtained by BVCAR from its Ad5GFP
partner in terms of rate of endosomal escape and cell inter-
nalization was modest.

Our data with control nonpseudotyped baculoviral vector
BV-GFP, and BV-bound or unbound Ad5 vector, suggested
that the helper function of BVCAR toward Ad5GFP vector (2-
to 40-fold-increased transduction in the various cell types
tested) was much higher than that in the opposite scenario,
when Ad5 was used as the helper of BVCAR-GFP (only 50%).
We assume that this was due to the mechanisms of vesicular
escape, which differ for the two viruses. Both BVs and sub-
group C Ads are endocytosed into early endosomes but are
released into the cytosol by different mechanisms: Ads rapidly
escape from endosomes by endosomolysis (30), while BVs use
membrane fusion between baculoviral envelope glycoprotein
and the endosomal membrane (32, 70). Our data indicated that
the cell entry pathway and rate of endosomal escape of BVCAR

via gp64-mediated membrane fusion were not greatly affected
by the presence of its Ad5GFP partner in the BVCAR-Ad5GFP
complex. However, both partners of the BVCAR-Ad5GFP
duo played their own part in one or the other step of the cell
entry pathway, and cellular transduction benefited from the
ensemble.

In vivo, after intravascular administration in BALB/c nude
mice, the biodistribution of BVCAR-Ad5Luc complex was un-
changed compared to that of Ad5Luc alone, and the liver
remained the preferred destination of the viral duo, as ob-
served for unmodified Ad5 vectors in many laboratories (35,
61, 79, 81). Unmodified baculoviral vectors injected in the
mouse tail vein also have intrinsic hepatotropism (6) but lo-
calize in smaller amounts in the liver, compared to heart and
spleen (38). This suggested that Ad5 played the dominant role
in the vector duo. Our in vitro experiments showed that
BVCAR-Ad5GFP-mediated transduction of CAR-negative cells
was insensitive to blood coagulation FX and FX-hexon inter-
action (35, 61, 79, 81), in contrast to transduction by Ad5GFP
alone, which was drastically enhanced in the presence of FX.

In conclusion, the advantages of using CAR-pseudotyped
BV as a carrier of Ad5 vector(s) are multiple. (i) Many cells
which are poorly permissive to Ad5 can be transduced at high
MOIs of Ad5 vector, and up to 104 to 105 particles per cell are
necessary to obtain a minimal level of transgene expression.
Such high MOIs are hardly compatible with the cell physiology,
and intrinsic vector cytotoxicity is likely to interfere with the
biological function(s) of the transgene product(s). By compar-
ison, our BVCAR-Ad5 vector complex efficiently transduced
Ad5-refractory cells at MOIs of 10 to 20. (ii) In the same line
of arguments, Ad5 has an early cytopathic and cell-detaching
effect, and the cell-detaching effect has been assigned to one of
the major capsid proteins of incoming virions, the penton base
and its integrin-binding motif RGD (4, 36, 37, 62). Results with
penton base EGD mutant Ad5 suggested that our BVCAR-Ad5
vector complex could bypass the RGD-integrin endocytic path-
way. (iii) It is relatively easy to insert a gene of interest in the
E1-deleted region of Ad5, and many commercial kits are avail-
able to generate recombinant Ad5. It is less easy, however, to

modify the adenoviral capsid so as to redirect the Ad5 vector
to a desired cell target via cell-specific ligands, while respecting
the viability and the productivity of capsid-modified vectors
(51). Our strategy of using BVCAR as a macromolecular
adapter of Ad5 vector, therefore, represents an alternative to
hazardous Ad capsid modifications.

(iv) BVCAR, and a fortiori our BVCAR-Ad5 vector complex,
could be redirected to cell targets by insertion of specific pep-
tides or proteins in the envelope glycoprotein gp64 (18, 39,
52–54, 75). (v) Considering the last point (iv), it might be
argued that there would be no need for a BVCAR-Ad5 vector
complex and that a recombinant BV vector expressing the gene
of interest under the required promoter (31) and displaying a
cell-targeting ligand would be sufficient for gene delivery to
human cells nonpermissive to Ad5. However, our data indi-
cated that our BVCAR-Ad5GFP duo was significantly more
efficient than BVCAR-GFP alone in cell transduction of verte-
brate cells. (vi) Given the possibility of transducing Ad-refrac-
tory cells belonging to the immune system by our BVCAR-Ad5
vector complex, one could envisage delivering oncolytic Ads to
tumors via cell carriers with specificity toward tumor cells. (vii)
Although results of in vitro experiments could hardly be ex-
trapolated to in vivo situations, our preliminary data suggested
that the hepatotropism of the BVCAR-Ad5GFP complex was
independent of Ad5 hexon-FX interaction. (viii) Lastly, our
system of coupling two viruses which are both vectors of gene
transfer also offers the possibility of expressing several trans-
genes within the same target cell, while limiting the risk of
interference between transgenes and promoters carried by a
single recombinant genome.
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a b s t r a c t

Computational assisted modeling was carried out to investigate the importance of specific residues in the
binding site of scFv. In this study, scFv against HIV-1 epitope at the C-terminal on p17 (scFv anti-p17) was
used as a candidate molecule for evaluating the method. The wild-type p17 and its nine natural mutants
were docked with scFv anti-p17. Potential mean force (PMF) scores predicted the most favorable binding
interaction, and the correlation agreed well with the corresponding activity data from the peptide based
ELISA. In the interaction with solvent molecules, the 3D structures of scFv anti-p17 and selected peptide
epitopes were further investigated by molecular dynamics (MDs) simulation with the AMBER 9 program.
Post-processing of the snapshot at equilibrium was performed to evaluate the binding free energy and
pairwise decomposition or residue-based energy calculation of complexes in solution using the Molecular
Mechanics Poisson–Boltzmann Surface Area (MM-PBSA) protocol. Our results demonstrated that the
specific residues located in the complementary determining regions (CDRs) of scFv anti-p17, MET100,
LYS101, ASN169, HIS228, and LEU229, play a crucial role in the effective binding interaction with the
absolute relative decomposed energy more than 2.00 kcal/mol in comparison to the original substrate.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Gag p55 polyprotein of human immunodeficiency virus type
1 (HIV-1) plays a critical role in HIV-1 assembly and maturation. In
the assembly step, the Gag polyprotein is directly targeted to the
cell membrane to produce Gag dimerization or multimerization.
Afterward, the viral-encoded protease cleaves the Gag precursor
into the functional proteins: the matrix (MA or p17), capsid (CA
or p24), nucleocapsid (NC) and p6 domains to form the infec-
tious virus. The matrix protein (p17) is involved in many steps of
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the HIV life cycle, especially the assembly and maturation steps
(Ganser-Pornillos et al., 2008; Bukrinskaya, 2004). Tewari and co-
workers investigated an intrabody strategy using the single chain
antibody fragment (scFv) derived from hybridoma-secreting anti-
p17 antibody inside HIV-1 infected cells, which interfered with the
viral replication process. This antibody specifically binds to the C-
terminal epitope (DTGHSSQVSQNY) of the p17 domain (Tewari et
al., 1998). The scFv platform can be expressed in both prokaryotic
and eukaryotic systems and is able to be engineered in order to
improve its functional affinity and stability (Quintero-Hernandez
et al., 2007; Pavoni et al., 2006; Park et al., 2006). The poten-
tial applications of scFv have been explored in many areas of
research, including diagnostics and gene therapy (Inui et al., 2009;
Shen et al., 2008; Wang et al., 2008; Depetris et al., 2008; Stocks,
2005).

Computational approaches and protein structural analysis can
provide relevant information about the functional roles of the scFv
residues (Arcangeli et al., 2008). Fast protocols using force field
based scoring functions and knowledge-based approaches for pre-
dicting binding affinities of protein-ligand complexes have been
established. Some popular scoring functions for estimating bind-
ing affinities of protein–ligand complexes are DOCK (Ewing et al.,
2001), AutoDock (Morris et al., 1998), PMF (Muegge and Martin,
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1999), GOLD (Jones et al., 1997), LUDI (Bohm, 1998), FlexX (Rarey
et al., 1996), and Ligscore (Krammer et al., 2005). Since most of
the reactions of biological interest occur in water, the evaluation of
the solvent effect represents an important aspect of the analytical
and numerical molecular modeling approaches. Such computa-
tional approaches that consider the solvent as a part of a simulation
system can be divided into several major groups: (i) continuum
electrostatic methods, (ii) explicit solvent models with microscopic
detail, and (iii) hybrids of the first two methods (Kollman, 1993;
Smith and Pettitt, 1994; van Gunsteren et al., 1994; Tomasi and
Persico, 1994; Leach, 1996; Gao, 1996; Levy and Gallicchio, 1998).
An additional term is sometimes added to the force field to account
for specific hydrogen bonding interactions. The more sophisti-
cated methods have three-body nonadditive terms added. These
methods include molecular dynamics (MD) (Pearlman et al., 1995;
Brooks et al., 1983), Monte Carlo (MC) methods (Jorgensen, 1996),
or a combination of these for sampling, and represent an advan-
tage in terms of precision. These approaches can yield a reliable
approximation method that allows one to (i) use a single trajec-
tory of a complex between a receptor and a ligand; (ii) extract
energies for the complex and all binding components by mapping
their coordinates from the single trajectory; (iii) scan the sites of
interest for the ‘hot spots’ in the receptor–ligand interface; and
(iv) evaluate what the changes to the binding free energy would
be upon modifications/mutations of the residues at the binding
interface.

With the major advances in computer processing and cluster-
ing techniques, we are now able to perform molecular simulations
of a large biomolecular system on a reasonable time scale. In
this study, scFv anti-p17 was simulated based on molecular mod-
eling of its homologue structure. The antibody-antigen complex
models were generated using the flexible docking program incor-
porating binding activity data obtained from the peptide ELISA.
The scFv anti-p17 structure with its epitopes at the C-terminal on
the p17 fragment of HIV-1 and its natural mutant epitopes were
analyzed in detail. In addition, the dynamic simulation method
was applied to analyze the antibody–antigen interacting surface
and to quantify the energetic nature of the complexes resulting
from protein–ligand binding in water by applying the Molecular
Mechanics–Poisson–Boltzmann Surface Area (MM-PBSA) proto-

col. The latter analysis can provide interesting information, such
as electrostatic and van der Waals energies, solvation energies
and entropic contributions at the binding interface. Our goal is
to improve our understanding of the molecular basis of antigen
recognition by scFv anti-p17.

2. Experimental

2.1. Computer assisted modeling

2.1.1. Homology modeling
The primary sequence of the scFv anti-p17 protein has previ-

ously been obtained by Tewari et al. (1998). The sequence of the
light (VL) and heavy (VH) chain variable domains of scFv anti-p17
were compared with the primary sequences of all immunoglobu-
lins deposited in the Protein Data Bank using the BLAST program
(Altschul et al., 1997). The Complementary Determinant Region
(CDR) definition of scFv anti-p17 variable domains was investigated
using the Kabat method (Kabat et al., 1983).

The best match for the VH of scFv anti-p17 was the VH of
idiotype-anti-idiotype Fab complex (pdb id:1iai), sharing 82% of
sequence identity with the template, whereas the most homol-
ogous VL of scFv anti-p17 was the VL of the Fab fragment of a
neutralizing antibody directed against an epitope of gp41 from HIV-
1 (pdb id:1nld), sharing 96% of sequence identity with the template.
These structures were used as templates for homology modeling of
the 3D structure of scFv anti-p17 using the MODELLER program.
The orientations of the VH and VL chains were generated by super-
position using a crystal structure of the anti-DNA binding antibody
(pdb id:2gki) as a scaffold template.

To minimize the steric clashes, the structure of scFv anti-p17
was subjected to energy minimization with 500 steps of steep-
est descent followed by 500 steps of conjugate gradient until the
convergence criterion of 0.05 kcal/mol/Å was obtained, using the
AMBER03 force field (Case et al., 2006). Structural validation of
the scFv anti-p17 was checked using PROCHECK; more than 92%
of the residues were in the most favored regions of the Ramachan-
dran plot, and overall G-factors were inside the expected regions
for structures with 2.0 Å resolutions. It is generally acknowledged
that antigen binding occurs in a variety of ways, and thus leads to

Table 1
PMF scores and residues on CDR loops of scFv at 4.5 Å from each of four peptide epitopes. The common amino acids are in boldface type.

Peptide names Peptide sequences PMF score
(kcal/mol)

Amino Acid in 4.5 Å from peptide epitope

Nonpolar hydrophobic Polar hydrophilic

p17.1 121DTGHSSQVSQNY132 −902.11 GLY33 (H1), TRP50 (H2), MET100 (H3),
GLY226 (L3), LEU229 (L3)

SER99 (H3), SER103 (H3), ASP163 (L1),
ASP190 (L2), THR227 (L3)

p17.2 121DTGHSNQVSQNY132 −899.18 TRP50 (H2), MET100 (H3), GLY161 (L1),
LEU185 (L2), GLY226 (L3), LEU229 (L3)

THR59 (H2), SER99 (H3), LYS101 (H3), SER103
(H3), SER162 (L1), ASP163 (L1), THR227 (L3),
HIS228 (L3)

p17.3 121DTGHSSQISQNY132 −882.65 TRP50 (H2), MET100 (H3), PHE167 (L1),
GLY226 (L3), LEU229 (L3)

SER99 (H3), LYS101 (H3), ASP163 (L1),
TYR184, ASP190 (L2), SER191, THR227 (L3),
GLN231 (L3)

p17.4 121DTGHNSQVSQNY132 −898.71 GLY33 (H1), MET100 (H3), GLY226 (L3),
LEU229 (L3)

ASP31 (H1), TYR32 (H1), ASN52 (H2), SER99
(H3), LYS101 (H3), HIS228 (L3), GLN231 (L3)

p17.5 121NTGHSSQVSQNY132 −843.51 TRP50 (H2), MET100 (H3), PHE167 (L1),
LEU185 (L2), LEU229 (L3)

ASN35 (H1), SER99 (H3), LYS101 (H3), ASN169
(L1), TYR184, ASP190 (L2), SER191, THR227
(L3), HIS228 (L3)

p17.6 121DTGNSSQVSQNY132 −846.12 GLY33 (H1), TRP50 (H2), MET100 (H3),
LEU229 (L3)

SER99 (H3), LYS101 (H3), LYS165 (L1), TYR184,
SER191

p17.7 121DTGHSSQASQNY132 −829.94 TRP50 (H2), MET100 (H3), PHE167 (L1),
GLY226 (L3)

THR59 (H2), LYS101 (H3), LYS165 (L1), LYS188
(L2), THR227 (L3), HIS228 (L3)

p17.8 121DTGHSKQVSQNY132 −926.79 TRP50 (H2), MET100 (H3), PHE167 (L1),
GLY226 (L3), LEU229 (L3)

THR59 (H2), SER99 (H3), LYS101 (H3), SER103
(H3), SER162 (L1), ASP163 (L1), THR227 (L3)

p17.9 121DTGNNSQVSQNY132 −841.02 TRP50 (H2), MET100 (H3), PHE167 (L1),
LEU185, LEU229 (L3)

THR59 (H2), SER99 (H3), LYS101 (H3), LYS165,
ASN169 (L1), TYR184, ASP190 (L2), SER191,
HIS228 (L3)

The underlined letters are the mutated residue in each sequence compared to the wild type.
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a differing arrangement of antibody conformations. In scFv anti-
p17, there are actually six unique hypervariable units. Each of the
chains contains three of the six loops that form the binding groove.
The hypervariable portions of the loops on the heavy chain are
designated H1(31–35), H2(50–66) and H3(99–104) while those on
the light chain are L1(154–169), L2(185–190), and L3(224–232)
(Tewari et al., 1998). These regions are also known as comple-
mentary determining regions (CDRs), which have a higher binding
affinity to the antigen.

2.1.2. Molecular docking
Nine peptides, an original HIV-1 epitope at the C-terminal

(121DTGHSSQVSQNY132) on p17 and eight natural mutants
(Table 1), were built partly based on a crystal structure from the Pro-
tein Databank (pdb id:1kj4). The initial structures of the nine mod-
eled peptides were energy minimized (1000 steps of Adopted Basis
Newton Raphson (ABNR)) using CHARMm force field with a RMS
gradient of 0.01 kcal/(Å mol) in Discovery Studio 1.7. Structures of
scFv anti-p17 (a homology model) complexed with the peptides
were constructed using the docking procedure in the BioMedCaChe
2.0 (Fujitsu, Inc.) program, in which the CDR loops (L1–L3 and
H1–H3) were defined as the potential binding sites. Both the pep-
tides and the binding sites were set to be flexible during the docking
simulation. Each of the docking complexes were energetically eval-
uated based on the potential of mean force (PMF) that describes the
potential energies involving bond stretching, angle bending, tor-
sional, and non-bonded interactions such as Amber van der Waals
and hydrogen bond interactions of molecules (Muegge and Martin,
1999). The PMF scores of each peptide were evaluated by a genetic
algorithm with a population size of 50, crossover rate of 0.80,
elitism of 5, mutation rate of 0.2, and the maximum cycle genera-
tion was set to be 40,000. The size of the grid box was 30 × 30 × 30 Å.
Finally, the complex structures were analyzed and the interaction
energy between the peptides and antibody was calculated.

2.1.3. Molecular dynamics (MD) simulations and binding free
energy calculation

MD simulations were carried out at the molecular mechanics
level using the AMBER03 force field as implemented in the AMBER9
suite of programs (Case et al., 2005). Structures of antibody-peptide
were solvated in a cubic box of TIP3P water extending at least 10 Å
in each direction from the solute, and the cut-off distance was
kept to 12 Å to compute the nonbonded interactions. All simula-
tions were performed under periodic boundary conditions (Weber
et al., 2000), and long-range electrostatics were treated by using the
particle-mesh-Ewald method (Darden et al., 1993; Essmann et al.,
1995). The time step was set to 1 fs and the trajectory was recorded
every 0.1 ps.

Prior to MD simulations, the systems were relaxed by a series of
steepest descent (SD) and conjugated gradient (CG) minimizations.
The 2-ns MD simulations were performed based on each of the min-
imized systems by gradually heating over 60 ps from 0 to 310 K with
the protein atoms fixed using a force constant of 5 kcal/mol/Å2.
Then, a 200 ps pressure-constant period (NPT) was applied to
obtain an equilibrated density of the constrained protein atoms.
The following step was a 40 ps-volume-constant period (NVT) at a
force constant of 2.5 kcal/mol/Å2 followed by 100 ps dynamics at a
force constant of 1.25 kcal/mol/Å2. Finally, a 1.6 ns unrestrained MD
simulation (no force applied on any protein atoms) was performed
for each fully flexible system in the NVT ensemble at a constant tem-
perature of 310 K. A total of 500 snapshots were collected at 1 ps-
intervals from the last 500 ps of MD for binding free energy analysis.

Based on the selected MD snapshots, the binding free energy for
each antibody-peptide system could be estimated using MM-PBSA
(Molecular Mechanics Poisson–Boltzmann Surface Area) (Kollman
et al., 2000) and MM-GBSA (Molecular Mechanics Generalized

Born Solvent Area) (Chong et al., 1999). The binding free energies
(�Gbinding) were determined from the free energies of the complex,
protein and peptide according to the equation:

�Gbinding = �Gwater(complex) − [�Gwater(protein)

+ �Gwater(peptide)]

The binding free energies for each species in turn were estimated
from the absolute molecular mechanical energies (EMM), the solva-
tion free energies (GPB/GB + Gnonpolar) and the vibration, rotation and
translation entropies. Each of these terms was calculated as follows:

�Gwater = EMM + �Gsolvation − T�S;

Gsolvation = Gsolvation−electrostatic + Gnonpolar;

EMM = Einternal + Eelectrostatic + EvdW;

Einternal = Ebond + Eangle − Etorsion

where the internal energy Einternal has three contributions: Ebond,
Eangle, and Etorsion, which represent the strain energy in bonds,
angles and torsion angles caused by their deviation from the equi-
librium values; Eelectrostatic and EvdW are the electrostatic and van
der Waals interaction energies, respectively; −T�S is the change of
conformational entropy upon peptide binding, which is not consid-
ered here because of its high computational demand and relatively
low accuracy of prediction (Hou et al., 2002). All energies are aver-
aged along the MD trajectories.

EMM was determined with the sander module of the AMBER
suite with an infinite cut-off for all interactions. For the MM-
PBSA calculations, �GPB was calculated with a built-in module,
the pbsa program in AMBER9 which solves the Poisson–Boltzmann
equation. The grid size for the PB calculations was 0.5 Å. In the
MM-GBSA calculations, �GGB was calculated using the GB model
with the parameters developed by Tsui and Case (2000). The val-
ues of the interior and exterior dielectric constants were set to 1
and 80, respectively. �Gnp was estimated based on the solvent
accessible surface area (SASA) as �Gnp = 0.0072 × SASA, using the
molsurf program (Kabat et al., 1983) and (Case et al., 2006). The
scFv anti-p17/peptide interaction energy profiles were generated
by decomposing the total binding free energies into residue-residue
interaction pairs by the MM-GBSA decomposition process in the
mm pbsa program of AMBER9 (Gohlke et al., 2003; Hou et al., 2008).

2.2. Affinity determination

2.2.1. Vector construction
A vector for expressing scFv that specifically binds to the C-

terminal epitope (121DTGHSSQVSQNY132) of the p17 fragment
of HIV (scFv anti-p17) was constructed. Briefly, to generate the
gene encoding scFv anti-p17 as described previously (Tewari et
al., 1998), total RNA was extracted from hybridoma cells, MH-
VM33C9/ATCC HB8975, using an RNeasy Mini kit (Qiagen, Hilden,
Germany) and the first-strand cDNA was synthesized using a
Transcriptor High Fidelity cDNA synthesis kit (Roch, Mannheim,
Germany). The resulting cDNA was further amplified for the VH
and VL fragments using specific primers, and the two fragments
were linked together using Fw VHP17 and Rev VLP17 primers by
overlapping PCR, which resulted in the completed fragment encod-
ing scFv anti-p17. The fragment was treated with SfiI restriction
enzyme and cloned into SfiI-treated pComb3X phagemid vector (a
gift from Dr. C.F. Barbas, Scripps Research Institute, USA) resulting
in the pComb3X-scFvp17 vector. The sequence of scFv anti-p17 was
analyzed by standard sequencing methods (1st Base, Singapore).
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The pComb3X-scFvp17 vector was subsequently transformed into
the non-suppressor Escherichia coli strain HB2151.

The primers used for the amplification reactions were as fol-
lows: (1) Fw VHP17 (5′-ATATGCTAGCGGCCCAGGCGGCCCAGATC-
CAGTTGGTGCAGT-3′), (2) Rev VHP17 (5′-CGACCCTCCACCGCG-
GACCCGCCACCTCCAGACCCTCCGCCACCTGCA GAGACAGTGACC-
AGAGTCCC-3′) for VH fragment generation, (3) Fw VLP17 (5′-
GGGTCCGGCGGTGGAGGGTCGGATGTTGTGATGACCCGACTCCA-3′)
and 4) Rev VLP17 (5′-TATAAGCTTTCATTAAGCGTAGTCCGGAACGT-
CGTACGGGTACTGGCCGCCCT GCCTTTGATTTCCAGCTTGGTACCTCC-
3′) for VL fragment generation.

2.2.2. Preparation of soluble scFv anti-p17
The soluble scFv anti-p17 was produced by expressing

pComb3X-scFvp17 vector in the non-suppressor E. coli strain
HB2151. The bacterial cells harboring the vector were grown in
10 ml of Terrific broth (1.2% (w/v) tryptone, 2.4% (w/v) yeast extract,
0.4% [w/v] glycerol, 17 mM KH2PO4, 72 mM K2HPO4) containing
ampicillin (100 �g/ml) at 37 ◦C for 18 h with shaking. One hun-
dred microliters of precultured bacteria were inoculated in 100 ml
of the same medium containing 1% (w/v) glucose and ampicillin
(100 �g/ml), with shaking continued at 37 ◦C until an optical den-
sity (OD) of 1.5 at 600 nm was reached. To induce the protein
expression, IPTG was added to the culture at a final concentration of
1 mM. After induction, the bacteria were grown at 25 ◦C for 20 h. The
culture supernatant containing extracellular soluble scFv anti-p17
was collected by centrifugation at 5000 × g for 30 min at 4 ◦C. Pro-
tein was precipitated with saturated (NH4)2SO4 in an ice bath and
concentrated with Amicon Ultra centrifugal filter units (Millipore,
Cork, Ireland). Finally, the concentrated protein was reconstituted
with 1.5 ml of 0.15 M PBS, pH 7.2. The concentrated protein was sep-
arated in 12% SDS-PAGE under reducing conditions, and transferred
to a nitrocellulose membrane (GE Healthcare, Buckinghamshire,
UK). The blotted membrane was blocked with 5% skimmed-milk in
PBS for 1 h at room temperature (RT) with shaking and then treated
with anti-HA antibody (Sigma–Aldrich, St. Louis, MO). After incu-
bation, the membrane was washed 5 times with washing buffer
(0.05% Tween-20 in PBS) and peroxidase-conjugated goat anti-
mouse immunoglobulin antibodies were added to the membranes.
The peroxidase reaction was visualized using a SuperSignal West
Pico Substrate (Pierce, Rockford, USA).

2.2.3. Evaluation of the binding activity of scFv anti-p17 by ELISA
To evaluate the binding activity of scFv anti-p17 with mutant

peptides, four peptides were synthesized (GenScript, Piscataway,
New Jersey, USA) and tested with the scFv protein using a stan-
dard ELISA procedure. Peptide p17.1 represented the wild-type
epitope while another peptide represented the mutant peptides.
The amino acid sequences of all synthetic peptides are shown in
Table 1. Briefly, 100 �l of 50 �g/ml of each peptide in coating buffer
(0.1 M NaHCO3, pH 8.6) were added to microtiter plates (NUNC,
Roskilde, Denmark) and incubated overnight at 4 ◦C. The coated
wells were then blocked with 200 �l of blocking buffer (2% BSA in
TBS) for 1 h at RT. The wells were washed five times with wash-
ing buffer (0.05% Tween-20 in TBS). 100 �l of 200 �g/ml of scFv
anti-p17 protein in blocking buffer were added to each well and
incubated for 1 h at RT. After incubation, the excess antibody was
eliminated by washing. Subsequently, the wells were incubated
for 1 h at RT with 100 �l of HRP-conjugated goat anti-mouse IgS
antibody (KPL, Maryland, USA) diluted 1/3000 in blocking solution.
Wells were then washed again prior to adding 100 �l of 3,3′,5,5′-
tetramethyl-benzidine (TMB) substrate. The optical densities (OD)
at 450 nm were measured by an ELISA plate reader (TECAN, Austria)
after adding 100 �l of 1 N HCl.

To assess the binding affinity between scFv anti-p17 and mutant
peptides, a peptide competitive ELISA was performed. The same

procedure was followed as described for the peptide ELISA; the
scFv protein was mixed with 100 ng/ml of each mutant peptide
and incubated for 1 h at RT. 100 �l of the mixture were applied
into individual peptide p17.1 pre-coated wells and incubated for
1 h at RT. After washing the wells, the bound scFv anti-p17 was
monitored by adding 100 �l of HRP-conjugated goat anti-mouse
IgS antibody. Wells were then washed again and 100 �l of TMB
substrate were subsequently added for 45 min. The enzymatic reac-
tion was stopped by adding 100 �l of 1N HCl. The OD at 450 nm was
measured by an ELISA plate reader. The OD values were converted
to percentage inhibition values (PI) by using the following formula:

PI = 100 −
((

B
B0

)
× 100

)
B and B0 are the OD values of scFv with

peptide inhibitor and without peptide inhibitor respectively.

3. Discussion

3.1. Homology modeling of scFv and complex model

We selected VH and VL fragments of anti-p17 antibody from
hybridoma cells MH-VM33C9/ATCC HB8975 for analysis. We had
also prepared recombinant scFv anti-p17 by cloning the gene
encoding VH and VL into a prokaryotic expression vector. For
the homology modeling, the scFv antibody with the peptide epi-

Fig. 1. Molecular models of scFv anti-p17. (a) 3D structural model for scFv anti-p17.
VH and VL domains are colored white. The hypervariable binding loops are colored
green (H1), pink (H2), cyan (H3), yellow (L1), purple (L2), and orange (L3). (b) Amino
acid sequences of the hypervariable binding VH (1–114) and VL (131–241) domains
of scFv anti-p17 and an artificial linker shown in bold (GGGGS)3; the loops in the
heavy chain (CDRH1: 31–35, CDRH2: 50–66, and CDRH3: 99–104), and the loops
in the light chain (CDRL1: 154–169, CDRL2: 185-190, and CDRL3: 224–232) of the
scFv antibody. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.).



986 V.S. Lee et al. / Molecular Immunology 47 (2010) 982–990

Table 2
Relationship between the binding activities from competitive ELISA and those from MM-PBSA methodology at 310 K.

Method Contribution Peptide Names CD147

p17.1 p17.3 p17.7 p17.8

MM �(L( −227.32 −174.34 −169.29 −91.34
�VDW −72.28 −55.46 −48.01 −68.95
�GAS −299.60 −229.81 −217.30 −160.29

PBSA �PBSUL −11.02 −9.73 −8.54 −10.56
�PBCAL 280.63 230.71 217.07 144.47
�PBSOL 269.61 220.99 208.53 133.91
�PBELE 53.31 56.37 47.78 53.13
�PBTOT −29.98 −8.82 −8.77 −26.38

GBSA �GBSUL −11.02 −9.73 −8.54 −10.56
�GBCAL 273.07 220.02 207.41 136.89
�GBSOL 262.05 210.29 198.87 126.33
�GBELE 45.75 45.68 38.12 45.55
�GBTOT −37.55 −19.52 −18.43 −33.97

Experimental valuea 75.94 55.25 44.60 79.46 7.94

ELE, electrostatic interactions; VDW, van der Waals interactions between the fragments; GAS, addition ELE + VDW + INT being the binding enthalpic contributions in vacuo;
PBSUR, nonpolar contribution to solvation; PBCAL, polar contribution of solvation; PBSOL, the PBSUR + PBCAL; PBELE, PBCAL + ELE addition; PBTOT, total binding free energy calculated
by the MM-PBSA method.

a Competitive ELISA: PI (%)

tope was assembled and modeled based on a homology modeling
approach. The three dimensional structure and the amino acid
sequence of scFv anti-p17 are shown in Fig. 1. The models of scFv,
nine peptide epitopes, and the scFv-peptide complexes were gen-
erated separately. The sequences of mutated peptides that were
obtained from the GenBank database comprised the following posi-
tions: the single mutation of S126N, V128I, S125N D121N, H124N,
V128A, S126K, and the double mutation of H124N and S125N.
The sequences of all peptide epitopes that were initially posi-
tioned outside the binding region were docked against scFv in
the same manner. The PMF scores (Table 1) of the complex struc-
tures were calculated with the BioMedCaChe 2.0 (Fujitsu, Inc.)
program, where flexible peptide epitopes were docked into flexi-
ble side chain proteins. The peptide epitopes and the side chains
of the amino acids of the CDR domains were kept flexible dur-
ing the docking simulation. The PMF scores were in the range of
−829.939 to −926.793 kcal/mol. The peptides bound in two ori-
entations, where the N-terminal (p17.1, p17.2, p17.4–p17.6, and
p17.8) and the C-terminal (p17.3, p17.7, and p17.9) of peptide
sequences were directed toward the binding pocket. All interac-
tions of the optimum docking structures reflected the negative
binding energies in all models, indicating favorable binding in all
complexes. Less favorable binding of peptide 17.3 and p17.9 to scFv
was due to their inverted binding of the N-terminal to the outside
of the binding pocket. The C-terminal sequences of p17.3 and p17.9
had better fits in the binding pocket. A similar binding pattern as
for the substrate with the N-terminal sequence towards the inside
of the pocket was also observed, but had higher binding energy
scores. Interestingly, we found that mutation of a particular epitope
at S125K of peptide p17.8 caused the maximum enhancement of
the binding energy. The interacting amino acids of scFv within 4.5 Å
from an individual docked peptide are listed in Table 1. The com-
mon binding residues of scFv are composed of the combination of
hydrophilic and hydrophobic amino acids: Trp50 (H2), Thr59 (H2),
Ser99 (H3), Met100 (H3), Lys101 (H3), Ser103 (H3), Asp163 (L1),
Phe167 (L1) Asp190 (L2), Gly226 (L3), Thr227 (L3), His228 (L3), and
Leu229 (L3), as indicated in boldface type.

3.2. Comparison of calculated binding free energy with
experimental data

The DNA encoding scFv fragment of anti-p17 was success-
fully generated and cloned into a pComb3X phagemid vector,

resulting in the pComb3X-scFvp17 vector. This vector was sub-
sequently transformed in non-suppressor E. coli (HB2151) for
soluble expression of scFv anti-p17. The bacterial cells harboring
pComb3X-scFvp17 vector were cultured and induced with 1 mM
IPTG. The soluble protein in the culture supernatant was pre-
cipitated by ammonium precipitation and concentrated with an
Amicon Ultra centrifuge filter. The scFv anti-p17 was expressed
in its soluble form by induction, secreted into culture supernatant
and revealed by western immunoblotting. A band with a molecular
weight of approximately 30 kDa, corresponding to the molecular
size of scFv, was detected in the concentrated protein (data not
shown).

In order to investigate protein binding efficiency, peptide ELISA
was employed to demonstrate the binding activity of scFv anti-p17
to its target peptide (p17.1), and the chosen mutant peptides (p17.3,
p17.7 and p17.8) (Fig. 2). Positive signals were observed in all pep-
tide coated wells, indicating that this recombinant scFv could bind
to all mutant peptides. Peptide p17.8 gave the highest signal fol-
lowed by p17.1, p17.3 and p17.7, respectively. All soluble mutant
peptides were able to inhibit the binding between the scFv and
immobilized p17.1 peptide (Table 2), as revealed by the percent-
age inhibition value (PI), but the CD147 peptide had no significant
inhibitory effect. Peptides p17.1 and p17.8 exhibited the highest

Fig. 2. The binding activity of soluble scFv anti-p17 from peptide ELISA.
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inhibitory effects compared to the other two peptides, p17.3 and
p17.7, at the same concentration.

Comparison of experimental activities with the results derived
from MM-PBSA and MM-GBSA calculations suggested that the
experimental value for MM-PBSA had a nearby correlation
(r2 = 0.88) with the calculated binding free energy of MM-GBSA
(r2 = 0.90), as shown in Table 2. Initially, favorable configurations
for forming a scFv anti-p17–antigen complex system were built
by molecular docking. The binding structures of the ligand to
its receptor were analyzed based on the energy of the ligand or
receptor. From the PMF scores, we selected four peptide epitopes
consisting of one wild-type peptide (p17.1) and three mutated pep-
tides (p17.3, p17.7, and p17.8) for further investigation by MDs
and peptide ELISA. Peptide p17.7 had the lowest score and p17.8
had the highest score, whereas p17.3 had very similar score to
that of the wild-type peptide. To understand the binding inter-
action in water, the binding free energies of those complexes
were simulated by molecular dynamics simulations (MDs), and the
Molecular Mechanics Poisson–Boltzmann Surface Area methodol-
ogy was applied to calculate the binding free energy of all residues
of the complexes. Table 2 lists the terms that contributed the calcu-
lation of binding free energy for the selected complex. The value of
PBTOT was used to compare the simulation with the experimental
results. The more negative the value, the more favorable the bind-
ing. The binding energies identified by the MM-PBSA protocol were
ranked as follows: peptide p17.1 < p17.8 < p17.3 < p17.7 with the
values of −29.98, −26.38, −8.82, −8.77, and kcal/mol, respectively.
The results were consistent with PMF scores from molecular dock-
ing data, which divided the mutants into two groups of high and low
activities. The binding free energy indicated highly favorable bind-
ing of scFv with peptides p17.1 and p17.8, about 18 kcal/mol more
negative than p17.3. Consequently, we identified the p17.3, p17.4,
p17.5, p17.6, p17.7 and p17.9 as the low affinity binding peptides,
whereas the p17.1, p17.2, and p17.8 were identified as the high
affinity binding peptides with our scFv.

The major contributions to the binding free energy arise from
the electrostatic energy, as calculated by the molecular mechanic
(MM) force field (ELE); from the electrostatic contribution to the
solvation free energy, as calculated by PB (PBCAL); and van der Waals
contribution from MM (VDW). For the four binding peptides, both
van der Waals and electrostatic energies were quite varied among
the low and high activities groups, indicating that both terms are
factors determining the binding activity. Peptide p17.8 had a some-
what lower electrostatic contribution (−91.34 kcal/mol). Among
the other sequences, however, the combination with VDW and
the sum of nonpolar and polar contributions to solvation (PBSOL)
resulted in a total negative binding free energy. This supported a
favorable scFv–peptide complex in pure water. The result does not
equal the real binding free energy since we did not estimate the
entropy contribution to binding in this study.

3.3. Decomposition of energy on the amino acid residues in CRD
loops and specific contact upon binding

The interpretation of macroscopic data in terms of microscopic
interactions of scFv with a peptide binding sequence can be done
by decomposing the calculated binding free energies as a sum
of components that correspond to the contributions of different
energy terms or different parts of the system. Therefore, impor-
tant residues of anti-HIV p17 scFv will show strong interactions
in association with its antigen. To gain further insight into the key
residue interactions, the overall agreement between the calculated
and experimental values for the ligands obtained by the MM-PBSA
approach allows us to be optimistic of the results when estimating
protein–ligand interactions. Table 3 and Fig. 3 illustrate the results
of this analysis, plotting the relative decomposed energies versus
common amino acids on the CDR loops of scFv anti-p17 and each
of four peptide epitopes. All amino acids in the scFv sequences
were found to exhibit positive or negative influences on bind-
ing to the substrate molecules. Several residues of the wild-type

Table 3
Common interacting residues found among the natural peptide sequences in the docking study.

Residue Loop Decomposed energy (kcal/mol)

p17.1 p17.3 p17.7 p17.8

ASP31 H1 0.26 0.35 (0.09) 0.28 (0.02) 0.24 (−0.02)
TYR32 H1 0.04 −0.05 (−0.09) 0.03 (−0.01) 0.01 (−0.03)
GLY33 H1 0.01 −0.08 (−0.09) −0.02 (−0.03) −0.11 (−0.12)
ASN35 H1 0.14 −0.14 (−0.28) −0.09 (−0.23) −0.34 (−0.48)
TRP50 H2 −1.73 −3.76 (−2.03) −2.05 (−0.32) −4.90 (−3.17)
ASN52 H2 0.03 −0.25 (−0.28) −0.05 (−0.08) −0.84 (−0.87)
THR59 H2 0.04 −0.56 (−0.60) −0.57 (−0.61) −0.61 (−0.65)
SER99 H3 −0.18 −0.17 (0.01) 0.09 (0.27) −0.62 (−0.44)
MET100 H3 −3.80 −1.02 (2.78) −3.27 (0.53) −3.59 (0.21)
LYS101 H3 −2.91 −0.56 (2.35) −1.10 (1.81) 4.24 (7.15)
SER103 H3 −0.11 0.06 (0.17) 0.03 (0.14) −1.31 (−1.2)
GLY161 L1 0.01 −0.01 (−0.02) −0.07 (−0.08) −0.02 (−0.03)
SER162 L1 0.11 0.03 (−0.08) −0.07 (−0.18) 0.20 (0.09)
ASP163 L1 0.40 0.28 (−0.12) 0.39 (−0.01) −0.27 (−0.67)
LYS165 L1 −0.50 −0.16 (0.34) −0.26 (0.24) 0.46 (0.96)
PHE167 L1 −2.26 −3.14 (−0.88) −1.59 (0.67) −4.87 (−2.61)
ASN169 L1 −2.66 0.00 (2.66) 0.09 (2.75) −0.22 (2.44)
TYR184 – −2.41 −2.06 (0.35) −1.44 (0.97) −1.79 (0.62)
LEU185 L2 −0.07 −1.24 (−1.17) −1.13 (−1.06) −2.06 (−1.99)
LYS188 L2 −0.14 −0.07 (0.07) −0.30 (−0.16) 0.02 (0.16)
ASP190 L2 0.26 −0.37 (−0.63) 0.20 (−0.06) −0.10 (−0.36)
SER191 – −0.03 0.00 (0.03) 0.00 (0.03) 0.01 (0.04)
GLY226 L3 −0.18 −0.57 (−0.39) −0.07 (0.11) −1.29 (−1.11)
THR227 L3 −0.30 −0.32 (−0.02) −1.85 (−1.55) −2.90 (−2.6)
HIS228 L3 −3.93 0.14 (4.07) −0.42 (3.51) −1.12 (2.81)
LEU229 L3 −4.53 −0.70 (3.83) −1.15 (3.38) −2.07 (2.46)
GLN231 L3 −0.52 −2.75 (−2.23) −1.20 (−0.68) 0.14 (0.66)

Relative energy to p17.1 is in parenthesis. The amino acids which have significant contribution with the absolute relative energy larger than 2 Kcal/mol are indicated in bold
letters.
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Fig. 3. List of the decomposed energies of the common amino acids in CDR loops of scFv.

p17.1 (Trp50, Met100, Lys101, Phe167, Asn169, Thr227, His228,
Leu229 and Gln231) were verified to have significant effective con-
tributions with the absolute relative energy larger than 2 kcal/mol
for the stabilization energy as highlighted in Table 3. There was
strong interdependence of the effects of the individual residues in
the epitope sequences. Among three mutated peptides, poor bind-
ing and/or weak interaction, with relative energy above 2 kcal/mol
in comparison with wild-type p17.1, was obtained from Met100,
Lys101, Asn169, His228, and Leu229 of scFv. Better binding was
indicated by the lower decomposed energy with the absolute rel-
ative energy below 2 kcal/mol. The difference between high and
low affinity binding depends on the interaction of each sequence
with the amino acids in the CDR region of scFV. The Trp50 of scFv
exhibited more binding interaction with both p17.3 (V128I) and

p17.8 (S125K) than the wild-type peptide. Sequence p17.1 shows
the strongest binding among all sequences, with Met100, Lys101,
Asn169, His228, and Leu229, whereas sequence p17.8 exhibited the
strongest binding with different amino acids such as Try50, Phe167
and Thr227. This is compared to only one strong binding interac-
tion among other sequences with Gln231 as observed in sequence
17.3 and no strong binding interaction with 17.7 resulted in a low
binding affinity. These interactions make a significant contribution
to the overall binding. As mentioned in the previous section, the
decomposed energies of some residues in scFv have positive values
with peptide epitopes. A particularly strong case, with decom-
posed energy of 4.24 kcal/mol, was observed for p17.8 binding with
Lys101. However, the sum of all those energy terms resulted in
favorable binding. Overall we found that Met100(H3), Lys101(H3),

Fig. 4. The residues interaction of the final MD complex structures between scFv anti-p17 and four peptide epitopes.
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Asn169(L1), His228(L3), and Leu229(L3) exhibited strong interac-
tions with peptide p.17.1. From the MD structure in the last 500 ps,
we also observed strong hydrogen bonding interactions with more
than 95% occupancy for R181 in L2 with D121 and Q127 of the
substrate sequence.

Further analysis of the final MD complex structures is shown in
Fig. 4. As expected, p17.3 bound in different patterns among other
sequences since its C-terminal has binding sites oriented toward
the inside of the pocket instead of the N-terminal. Our study using
pairwise decomposition of residue interaction energies has allowed
us to gain insight into the interactions between anti-p17 single
chain Fv with its peptide epitopes for HIV-1.

4. Conclusions

Computer models were combined with laboratory experiments
for the efficient determination and the identification of the most
important residues for scFv in binding with natural peptide sub-
strates. ScFv anti-p17 was built from its X-ray structure homologue,
and the complexes of scFv anti-p17 with its natural epitope
were generated using a flexible docking method. The efficacy of
combining the scFv antibody with peptide epitopes according to
the potential mean force scoring correlated well with peptide
ELISA results. Molecular dynamics simulations were performed
on selected peptides to evaluate their interaction in water. Over-
all structural changes of binding peptides in response to enzyme
binding in water were investigated by the root mean square dis-
placement. Poorly binding peptides exhibit a larger root mean
square displacement than do tightly binding peptides. MM-PBSA
and pairwise decomposition energies were calculated from post-
analysis of molecular dynamics structures. The calculated binding
free energies concurred well with experimentally determined high
binding affinity (decomposed energy >2 kcal/mol) and low binding
affinity of investigated peptides to anti-p17 scFv. Several amino
acids, MET100, LYS101, ASN169, HIS228, and LEU229, in the com-
plementary determining regions (CDRs) were defined for their
major contribution to the binding efficiency of natural HIV epitope
at the C-terminal on p17. This technique could be applied to elu-
cidate the most important amino acids involved in the binding of
scFv with its target molecules. Moreover, the identified amino acids
can be modified for improving the binding activity.
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