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Abstract 1 

 2 

Monoclonal antibodies and antibody fragments are used for diverse diagnostic and 3 

therapeutic applications. We have investigated the secretory production of Fab 4 

fragments from insect cells cotransfected with plasmid vectors carrying heavy- and 5 

light-chain genes. In the present study, to promote the formation of the disulfide bond 6 

between the heavy and light chains, some positively charged amino acid residues were 7 

introduced near the cysteine residue for the disulfide bond at the C-terminus of CL, 8 

while some negatively charged amino acid residues were added near the cysteine 9 

residue for the disulfide bond at the C-terminus of CH1. This electrostatic steering led to 10 

an increase in Fab secretions from insect cells. 11 

 12 
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16 
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Introduction 1 

 2 

Monoclonal antibodies and antibody fragments, such as Fab and scFv, have been 3 

employed in a variety of diagnostic and therapeutic applications. These are expressed 4 

and produced not only in mammalian cells, such as CHO cells (Kim et al. 2012; Mohan 5 

et al. 2008; Omasa et al. 2010) and 293T cells (Menzel et al. 2008; Puttikhunt et al. 6 

2008), but also in insect cells (Furuta et al. 2012; Gilmartin et al. 2012; Palmberger et al. 7 

2011; Yamaji et al. 2008), Escherichia coli (Katsuda et al. 2012; Schlapschy and Skerra 8 

2011), and other organisms (Klatt and Konthur 2012). 9 

 Insect cells are easier to handle than mammalian cells because they do not require 10 

CO2 supplementation in the culture atmosphere and can be grown to high densities in 11 

suspension with a serum-free medium. Insect cells can also produce heterologous 12 

proteins including antibodies via post-translational processing and modifications similar 13 

to those performed in mammalian cells. 14 

 There have been several efforts to improve the productivity of antibody molecules, 15 

which include culture techniques (Ahn and Antoniewicz 2012; Amanullah et al. 2012; 16 

Kishishita et al. 2015; Quek et al. 2010; Reinhart et al. 2015), establishment of cell lines 17 

(Costa et al. 2010), coexpression of factors related to protein folding such as chaperone 18 

proteins (Nishimiya 2014; Schlapschy and Skerra 2011), optimization of codon usage 19 

(Carton et al. 2007; Colcher et al. 1998; Tiwari et al. 2010), and the selection of vectors 20 

(Davies et al. 2011; Li et al. 2007) and a signal sequence (Haryadi et al. 2015; Klatt and 21 

Konthur 2012; Kober et al. 2013). 22 

 An IgG and an Fab fragment consist of two polypeptide chains: a heavy chain (Hc) 23 

and a light chain (Lc). Each chain is expressed independently, and both chains 24 

intracellularly associate by disulfide bond(s) and hydrogen bonds during the secretory 25 
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process. A disulfide bond is formed between the cysteine residue at the C-terminal 1 

region of CH1 of Hc and the cysteine residue at the C-terminal region of CL of Lc (Fig. 2 

1). We have investigated the secretory production of an Fab fragment from insect cells 3 

cotransfected with plasmid vectors containing Hc (Fd fragment) and Lc genes (Yamaji 4 

et al. 2008). In the present study, a Myc tag, which contained negatively charged amino 5 

acid residues including two glutamic acids and an aspartic acid near the C-terminus, 6 

was added near the cysteine residue for the disulfide bond at the C-terminus of the Hc 7 

of an Fab fragment. On the other hand, some positively charged arginine residues were 8 

introduced near the cysteine residue for the disulfide bond at the C-terminus of the Lc of 9 

the Fab fragment (Fig. 1). We examined whether the static electricity interaction 10 

between the Hc and the Lc would promote the formation of a disulfide bond and could 11 

improve the productivity of Fab fragment secretion from insect cells. 12 

 13 

Materials and methods 14 

 15 

Materials 16 

 17 

All reagents were of the highest grade available and were acquired from Nacalai Tesque 18 

(Kyoto, Japan) unless otherwise indicated. 19 

 20 

Plasmid construction 21 

 22 

The plasmids encoding the Hc and Lc genes of the Fab fragment of 3A21 mouse anti-23 

bovine RNaseA (Katakura et al. 1996) were gifts from Dr. Y. Kumada who is with the 24 

Kyoto Institute of Technology. The expression vector, pIHAneo (Yamaji et al. 2008), 25 
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which was designed to add a 6 × histidine tag at the C-terminus of a target protein when 1 

a native stop codon for the gene is not included, was used. A Drosophila 2 

immunoglobulin heavy chain binding protein (BiP) signal sequence (Yamaji et al. 2008) 3 

was employed upstream of the Hc and Lc genes of the 3A21 Fab. Primers (Eurofins 4 

Genomics, Tokyo, Japan; or Life technologies, Tokyo, Japan) used for the plasmid 5 

construction are shown in Table 1. 6 

 The DNA fragment encoding the BiP signal sequence and the 3A21 Fab Hc gene 7 

was amplified with the primers, BipHcSacII and BipHcXbaI (Table 1), via PCR. The 8 

amplified fragment was digested with SacI (New England Biolabs, Ipswich, MA, USA) 9 

and XbaI (New England Biolabs) and inserted into pIHAneo between the SacI and XbaI 10 

sites. The resultant plasmid was designated pIHAneo/H. The DNA fragment encoding 11 

the BiP signal sequence and the 3A21 Lc gene was amplified with the primers, 12 

BipLcXbaI and BipLcSacII, via PCR, and was subcloned at the XbaI-SacII site of 13 

pIHAneo to give pIHAneo/L. 14 

 To construct a plasmid that would express the 3A21 Lc with one arginine residue 15 

added at the C-terminus, the procedure established for the QuikChange site-directed 16 

mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) was utilized with a 17 

small modification. The full length of the pIHAneo/L with nucleotides encoding an 18 

arginine residue was amplified by PCR from the pIHAneo/L with the primers CLR1for 19 

and CLR1rev that included nucleotides encoding one arginine residue, and the PCR 20 

product was treated with DpnI (New England Biolabs) to digest the template 21 

pIHAneo/L. The resultant plasmid was designated pIHAneo/L/R1. 22 

 To construct a plasmid that would express the Lc with three arginine residues added 23 

at the C-terminus (pIHAneo/L/R3), PCR was performed with the template pIHAneo/R1 24 

and the primers pIHAneofor and CLR3rev that included nucleotides encoding three 25 
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arginine residues. The amplified fragment was digested with SacI and XbaI and inserted 1 

into the pIHAneo/Lc between the SacI and XbaI sites using Ligation high ver. 2 2 

(Toyobo, Osaka, Japan). 3 

 To construct a plasmid expressing the Lc with five arginine residues added at the C-4 

terminus (pIHAneo/L/R5), PCR was performed with the template pIHAneo/L/R3 and 5 

the primers pIHAneofor and CLR5rev, which included nucleotides encoding five 6 

arginine residues. The procedure was the same as that for pIHAneo/L/R3. 7 

 To construct a plasmid encoding the 3A21 Fab Hc gene and a Myc tag at the C-8 

terminus (pIHAneo/H/myc), PCR was performed with the template pIHAneo/H and the 9 

primers pIHAneofor and CH1mycrev including nucleotides encoding the Myc tag. The 10 

procedure was the same as that for pIHAneo/L/R3. In the pIHAneo/H/myc, the stop 11 

codon was included downstream of the nucleotides encoding the Myc tag. On the other 12 

hand, in the other expression plasmids, pIHAneo/H, pIHAneo/L, pIHAneo/L/R1, 13 

pIHAneo/L/R3, and pIHAneo/L/R5, no stop codon was included downstream of the 14 

inserted gene so that a 6 × histidine tag could be added at the C-terminus of the target 15 

protein. 16 

 17 

Cell culture and transfection 18 

 19 

Trichoplusia ni BTI-TN-5B1-4 (High Five) cells (Life Technologies) were maintained 20 

at 27 °C with a serum-free medium (Express Five SFM; Life technologies), as described 21 

previously (Furuta et al. 2012). Cells (8 × 104 cells/well) were inoculated in 24-well cell 22 

culture plates. For cotransfection of the Hc and Lc genes, the plasmids of the Hc (300 23 

ng/well) and Lc (600 ng/well) genes were added to polyethyleneimine “Max” (Mw 24 

40,000; Polysciences, Warrington, PA, USA) (1.8 g/well) in 150 mM of NaCl and 25 
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incubated for 5 min. On the other hand, for transfection of the Lc gene alone, the 1 

plasmid of the Lc gene (600 ng/well) was added to polyethyleneimine (1.2 g/well) and 2 

incubated. The mixture (20 l/well) was added to the cells 45 min after the cell 3 

inoculation. The supernatants were collected three days after the transfection. 4 

 5 

Enzyme-linked immunosorbent assay (ELISA) 6 

 7 

Culture supernatants were analyzed by ELISA to evaluate an Fab fragment with the 8 

antigen-binding activity, as previously described (Furuta et al. 2012). ELISA plates 9 

were coated with bovine RNaseA (Sigma-Aldrich, St. Louis, MO, USA) as the antigen, 10 

and peroxidase-conjugated goat anti-mouse IgG (Promega, Madison, WI, USA) was 11 

used. The detections were carried out using the ELISA POD substrate TMB kit (Nacalai 12 

Tesque) according to the manufacture’s protocol. 13 

 14 

Western blotting 15 

 16 

The 6 × histidine tag encoded in the pIHAneo was detected. The culture supernatants 17 

were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-18 

PAGE) using a 12.5% gel under non-reducing conditions. The dry transfer was carried 19 

out using the iBlot 2 dry blotting system (Life Technologies) according to the 20 

manufacturer’s protocol. The following reaction was performed with rabbit anti-6 × His 21 

(Bethyl Laboratories, Boston, MA, USA) as the primary antibody and anti-rabbit IgG 22 

(Fc) AP conjugate (Promega) as the secondary antibody using the SNAP i.d. 2.0 protein 23 

detection system (Merck Millipore, Darmstadt, Germany). The detection was carried 24 

out with the BCIP/NBT color development substrate (Promega) according to the 25 
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manufacturer’s protocol. The relative quantities of the detected bands were calculated 1 

using Image Lab 5.0 (Bio-Rad, Hercules, CA, USA). 2 

 3 

Results and discussion 4 

 5 

The effect of positively charged amino acids added at the C-terminus of CL on Fab 6 

production 7 

 8 

We constructed four types of 3A21 Lc expression plasmids: pIHAneo/L expressing the 9 

Lc without an arginine residue at the C-terminus of CL (L); and, pIHAneo/L/R1, 10 

pIHAneo/L/R3, and pIHAneo/L/R5, expressing the Lc with one, three, or five arginine 11 

residues at the C-terminus of CL (L/R1, L/R3, and L/R5), respectively. High Five cells 12 

were cotransfected with pIHAneo/H expressing the 3A21 Fab Hc (H) and one of the Lc 13 

expression plasmids, and we examined the secretory production of the 3A21 Fab 14 

fragment three days after cotransfection (Fig. 2). 15 

 The quantities of the secreted Fab fragments were compared by western blotting 16 

under non-reducing conditions (Fig. 2B). The quantity was decreased when a positive 17 

charge was added to the Lc; the relative quantities of the Fab fragment consisting of the 18 

Lc with one, three, and five arginine residues at the C-terminus of CL (L/R1, L/R3, and 19 

L/R5) were 76, 74, and 52%, respectively, of the Fab fragment consisting of the Lc 20 

without an arginine residue (L). 21 

 The antigen-binding activity of each Fab fragment was determined by ELISA (Fig. 22 

2C). The ELISA data corresponded with the results of western blot analysis. The 23 

binding activities of Fab fragments were decreased with the number of arginine residues 24 

added at the C-terminus of CL; the relative activities of the Fab fragments consisting of 25 
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L/R1, L/R3, and L/R5 was 71, 68, and 58%, respectively, of the Fab fragment 1 

consisting of the Lc without an arginine residue (L). 2 

 3 

The effect of adding positively charged amino acids at the C-terminus of CL on Lc 4 

secretion 5 

 6 

Both Lc(s) alone and Lc(s) associated with Hc(s) are secreted from insect cells the same 7 

as with mammalian cells, although Hc(s) alone are not secreted from these cells. To 8 

determine whether decreases in the secreted Fab fragment were caused by decreases in 9 

Lc secretion, High Five cells were transfected with each of the 3A21 Lc expression 10 

plasmids: pIHA/L, pIHA/L/R1, pIHA/L/R3, and pIHA/L/R5 (Fig. 3). 11 

 The quantities of the secretory Lc were compared by western blotting. The quantity 12 

was decreased with the addition of a positive charge to the Lc; the relative quantities of 13 

L/R1, L/R3, and L/R5 were 71, 45, and 40%, respectively. These results show that a 14 

decrease in the secretory Fab fragment resulted from the decrease in secretion of 15 

positively charged Lc. This might have been caused by some interactions with 16 

negatively charged phosphate groups of nucleic acids and phospholipids in cells as well 17 

as in the cell membranes. 18 

 19 

Secretory production of Fab containing negatively charged amino acids at the C-20 

terminus of CH1 and positively charged amino acids at the C-terminus of CL 21 

 22 

Finally, we examined whether the electrostatic steering between the negatively charged 23 

amino acids added at the C-terminus of CH1 and the positively charged amino acids 24 

added at the C-terminus of CL would facilitate an association between the Hc and the Lc 25 
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of the 3A21 Fab. A Myc tag was added near the cysteine residue for the disulfide bond 1 

at the C-terminus end of CH1 using pIHAneo/H/myc. The Myc tag contains four 2 

negatively charged amino acids (three glutamic acids and one aspartic acid) but only 3 

one positively charged amino acid (a lysine), and three negatively charged amino acid 4 

residues (Glu-Glu-Asp) are located near the C-terminus (Fig. 4A). Hence, we assumed 5 

that the electrostatic steering between the negatively charged Myc tag at the C-terminus 6 

of the 3A21 Fab Hc and the arginine residues added at the C-terminus of the Lc could 7 

promote the formation of a disulfide bond for the association of the Hc and the Lc (Fig. 8 

1). High Five cells were cotransfected with each pair of plasmids: pIHAneo/H/myc and 9 

pIHAneo/L, pIHAneo/H/myc and pIHAneo/L/R1, pIHAneo/H/myc and pIHAneo/L/R3, 10 

pIHAneo/H/myc and pIHAneo/L/R5, and pIHAneo/H and pIHAneo/L (Fig. 4). 11 

 The quantities of the secretory Fab fragment were compared by western blotting 12 

under non-reducing conditions (Fig. 4B). The quantity of the Fab fragment consisting of 13 

the Lc without an arginine residue (L) and the Hc with a C-terminal Myc tag (H/myc) 14 

was slightly lower than that of the Fab fragment consisting of L and the Hc without a 15 

Myc tag (H). The quantities of the Fab fragment consisting of H/myc were increased by 16 

adding either three or five positively charged arginine residues to the Lc; the relative 17 

quantity of the Fab fragment consisting of H/myc and L/R1 was 93% of the Fab 18 

fragment consisting of H/myc and L, the relative quantity of the Fab fragment 19 

consisting of H/myc and L/R3 was 127%, and the relative quantity of the Fab fragment 20 

consisting of H/myc and L/R5 was 137%. 21 

 The antigen-binding activities of the Fab fragment consisting of H/myc were 22 

examined by ELISA (Fig. 4C). The result was similar to that obtained by western 23 

blotting; the relative activities of the Fab fragments consisting of H/myc and L/R1, 24 

L/R3, and L/R5 were 93, 157, and 164% of the Fab fragment consisting of H/myc and L, 25 
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respectively. This result indicates that the electrostatic steering between the C-terminus 1 

of CH1 and the C-terminus of CL did not affect the antigen-binding activity of the 3A21 2 

Fab fragment. 3 

 Consequently, the increase in secretory Fab fragments by the electrostatic steering 4 

between the C-terminus of Hc and the C-terminus of Lc overcame the decrease in Fab 5 

secretion by adding positively charged amino acids to the Lc. Reportedly, the 6 

electrostatic steering was useful for the heterodimeric association when a bispecific 7 

antibody was produced (Igawa et al. 2010; Klein et al. 2012; Strop et al. 2012). On the 8 

other hand, the appropriate modifications of the charges in antibody molecules are 9 

known to promote the correct folding (Nichols et al. 2015; Perchiacca et al. 2014; 10 

Zhang et al. 2004), and then the correct folding is required for the secretion. Therefore, 11 

we concluded that the fine-tuning of the added charges for the H/L association was 12 

useful for antibody production. This procedure could be applied to both mammalian 13 

cells and E. coli, as well as to insect cells, for efficient antibody production. 14 
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Figure legends 1 

 2 

Fig. 1  Schematic representation of electrostatic steering between the heavy chain (Hc) 3 

and the light chain (Lc) of an antibody Fab fragment 4 

 5 

Fig. 2  Effect on Fab fragment secretion of adding arginine residues at the C-terminus 6 

of the Lc. a Amino acid sequence at the C-terminus of the Lc. Bold characters indicate 7 

the cysteine residue for a disulfide bond. The added arginine residues are underlined. b 8 

Fab fragments detected by western blotting. The quantity of the Fab fragment consisting 9 

of the Lc without an arginine residue (L) is indicated as 100%. c Antigen-binding 10 

activities of Fab fragments detected by enzyme-linked immunosorbent assay (ELISA). 11 

Error bar = 1 SD (n = 3) 12 

 13 

Fig. 3  Effect on Lc secretion of adding a positive charge at the C-terminus of the Lc. 14 

Fab fragments were detected by western blotting. The quantity of L is indicated as 15 

100% 16 

 17 

Fig. 4  Secretion of Fab fragments with a positive charge at the C-terminus of the Lc 18 

and a negative charge at the C-terminus of the Hc. a Amino acid sequence at the C-19 

terminus of H/myc. Bold characters indicate the cysteine residue for a disulfide bond. 20 

The Myc tag is underlined. b Fab fragments detected by western blotting. The quantity 21 

of the Fab fragment consisting of H/myc and L is indicated as 100%. c Antigen-binding 22 

activities of Fab fragments detected by ELISA. Error bar = 1 SD (n = 3) 23 

 24 
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Table 1  Sequence of oligonucleotides used for plasmid construction 

 

Primer Sequence 

BipHcXbaI 5’-CTCTAGAGCATGAAGTTATGCATATTACTGGCCGTCGTGGCCT

TTGTTGGCCTCTCGCTCGGGGATGTGCAGCTTCAGGA-3’ 

BipHcSacII 5’-TCCCCGCGGTTAGTGATGGTGATGGTGATGACTAGTACAAT

CCCTGG-3’ 

BipLcXbaI 5’-GCTCTAGAGCATGAAGTTATGCATATTACTGGCCGTCGTGGCCT

TTGTTGGCCTCTCGCTCGGGGACATCAAGATGACCCAGTCT-3’ 

BipLcSacII 5’-TCCCCGCGGGGACTCGAGTGCGGCCGCACACTCATT-3’ 

CLR1for 5’-GTGTGCGGCCAGACTCGAGCACC-3’ 

CLR1rev 5’-GGTGCTCGAGTCTGGCCGCACAC-3’ 

CLR3rev 5’-TTCGAACCGCGGGGACTCGAGCCTACGTCTGGCCGCACA

CTC-3’ 

CLR5rev 5’-TTCGAACCGCGGGGACTCGAGGCGTCGCCTACGTCTGGC

CGCAC-3’ 

pIHAneofor 5’-GACGGTATCGATAAGCTTGATAT-3’ 

CH1mycrev 5’-GAATTCCGCGGTCACAGATCCTCTTCTGAGATGAGTTTTTGTT

CCTCGAGTGCGGCCGC-3’ 

Bold nucleotides encoding arginine, italic nucleotides encoding BiP signal sequence or 

Myc tag, underline restriction enzyme sites 
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