Cytotechnology (2018) 70:891-898
https://doi.org/10.1007/s10616-017-0109-0

@ CrossMark

ORIGINAL ARTICLE

Modifications of a signal sequence for antibody secretion

from insect cells

Yuki Ohmuro-Matsuyama - Hideki Yamaji

Received: 25 January 2017/ Accepted: 11 May 2017/ Published online: 5 June 2017

© Springer Science+Business Media Dordrecht 2017

Abstract Monoclonal antibodies and antibody frag-
ments have recently been developed for use in diverse
diagnostic and therapeutic applications. Insect cells can
efficiently secrete recombinant proteins such as antibody
molecules through post-translational processing and
modifications that are similar to those performed in
mammalian cells. In eukaryotic cells, the signal sequence
in a nascent polypeptide is recognized by the signal
recognition particle, and the polypeptide is then folded
and modified in the endoplasmic reticulum. The signal
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sequence consists of three regions, a positively charged
N-terminus, a hydrophobic core, and a polar C-terminus.
In the present study, we examined the substitutions of the
characteristic amino acids of a Drosophila immunoglob-
ulin heavy chain binding protein signal sequence, and
investigated the effect on the secretory production of an
antibody Fab fragment from lepidopteran insect cells in
transient expression. A modification of the signal
sequence for the heavy chain resulted in a twofold
increase in the secreted Fab fragment, while the modi-
fication for the light chain led to a more than 3.6-fold
increase.
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Introduction

The production of recombinant antibody molecules
has improved because monoclonal antibodies and
antibody fragments have recently been developed for
use in diverse diagnostic and therapeutic applications.
The most common host cells to express antibodies are
mammalian cells such as CHO cells (Kim et al. 2012;
Mohan et al. 2008; Omasa et al. 2010) and 293T cells
(Menzel et al. 2008; Puttikhunt et al. 2008). Insect
cells can also be used for the production of recombi-
nant antibodies (Furuta et al. 2010; Gilmartin et al.
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2012; Sonoda et al. 2012; Yamaji 2011; Yamaji et al.
2008). The advantages of insect cells include the
following: ease of handling compared with mam-
malian cells; CO, supplementation in the culture
atmosphere is not required; insect cells can be grown
to a high density in suspension with a serum-free
medium; and, the yield of recombinant protein with
insect cells is often higher than that with mammalian
cells (Drugmand et al. 2012; Yamaji 2011). In
addition, the post-translational processing and modi-
fications performed in insect cells are similar to those
in mammalian cells (Luckow 1995).

When synthesis of a secretory protein begins on the
ribosomes in the cytosol of eukaryotic cells, an
endoplasmic reticulum (ER) signal sequence located
at the N-terminus of the nascent protein directs the
ribosome to the ER membrane. The ER signal
sequence of the nascent protein is recognized by the
signal recognition particle (SRP), and the growing
polypeptide is translocated across the ER membrane.
The signal sequence consists of three regions: a
hydrophilic N-terminal region that usually contains
positively charged amino acid residues, a hydrophobic
core region, and a C-terminal region with a cleavage
site for a signal peptidase that commonly contains
polar amino acid residues. The modification of signal
sequences has been extensively examined in microbial
cells such as Escherichia coli and yeast (Gennity et al.
1990; Jonet et al. 2012; Klatt and Konthur 2012;
Rakestraw et al. 2009). Reportedly, the substitution of
amino acid residues in signal sequences for translo-
cation to the periplasm remarkably affects the yield of
secreted proteins from E. coli (Gennity et al. 1990). In
contrast, only a few studies have reported on signal
sequence modification for recombinant protein secre-
tion in mammalian and insect cells (Futatsumori-
Sugai and Tsumoto 2010; Haryadi et al. 2015;
Tsuchiya et al. 2004, 2005).

Previously, we reported that a Drosophila
immunoglobulin heavy chain binding protein (BiP)
signal sequence was available for efficient secretory
production of recombinant antibody molecules from
lepidopteran insect cells (Sonoda et al. 2012; Yamaji
et al. 2008). In the present study, we examined the
changes of the characteristic amino acids in each
region of the BiP signal sequence and the effects that
these changes can exert on the secretory production of
an antibody Fab fragment from insect cells in transient
expression.
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Materials and methods
Materials

All reagents were of the highest grade available and
were purchased from Nacalai Tesque (Kyoto, Japan)
unless otherwise indicated.

Plasmid construction

The transient expression of the Fab fragment of 3A21
mouse anti-bovine RNaseA (Katakura et al. 1996) was
examined using the expression vector plHAneo (Ya-
maji et al. 2008). The pIHAneo contained the Bombyx
mori actin promoter downstream of the B. mori
nucleopolyhedrovirus (BmNPV) IE-1 transactivator
and the BmNPV HR3 enhancer for high-level expres-
sion. A Drosophila BiP signal sequence (Yamaji et al.
2008) was employed upstream of the heavy chain (Hc)
and light chain (Lc) genes of the 3A21 Fab. The
primers (Eurofins Genomics, Tokyo, Japan; or Life
technologies, Tokyo, Japan) used for the plasmid
construction are shown in Table S1. Plasmid inserts
were confirmed by DNA sequencing.

The numbers contained in the primer names shown
in Table S1 are correlated with the names of the
modified signal sequences in Table 1. For example,
the primer ss1for was used for amplifications via PCR
of the Hc gene with the modified signal sequence
referred to as Hss1 and the Lc gene with the modified
signal sequence referred to as Lssl; and, the primer
ssH25/26/27for was used for amplification of the He
genes with the modified signal sequences Hss25,
Hss26, and Hss27.

The DNA fragments encoding each of the modified
signal sequences ranging from Hss1 to Hss13 and the
3A21 Hc gene were amplified via PCR using pI[HA-
neo/Hc/myc (Ohmuro-Matsuyama et al. 2016) as a
template. Each of the primers ranging from ss1for to
ss12/13for was used as the forward primer, while
pIHAneorev served as the reverse primer. Each
amplified fragment was digested with Sacll (New
England Biolabs, Ipswich, MA, USA) and Xbal (New
England Biolabs) and inserted into pI[HAneo/Hc/myc
between the Sacll and Xbal sites.

To amplify the Hc gene downstream of each of the
modified signal sequences of Hss14-HsslS8,
Hss20-22, Hss25-Hss27, and Hss29-Hss32, PCR
was first performed using plHAneo/Hc/myc as a
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Table 1 Amino acid sequences of a modified Drosophhila
BiP signal peptide

Sequence
HssWT, LssWT MKLCILLAVVAFVGLSLG
(native sequence)
Hssl, Lssl MKKICILLAVVAFVGLSLG
Hss2, Lss2 MRRLCILLAVVAFVGLSLG
Hss3, Lss3 MKKKKLCILLAVVAFVGLSLG
Hss4, Lss4 MRRRRLCILLAVVAFVGLSLG
HssS, Lss5 MKRKRLCILLAVVAFVGLSLG
Hss6, Lss6 MRLCILLAVVAFVGLSLG
Hss7, Lss7 MKRLCILLAVVAFVGLSLG
Hss8, Lss8 MRKLCILLAVVAFVGLSLG
Lss9 MRKRLCILLAVVAFVGLSLG
Hss10, Lss10 MKRKLCILLAVVAFVGLSLG
Hssl1, Lssl11 MRKRRLCILLAVVAFVGLSLG
Hss12, Lss12 MELCILLAVVAFVGLSLG
Lss12/27 MELCILLAVVAFVGLHSLG
Hss13, Lss13 MDLCILLAVVAFVGLSLG
Lss14 MKLCILLVGLSLG
Hssl15, Lss15 MKLCILLAVVAFLVLVGLSLG
Hssl16, Lss16 MKLCILVAFVGLSLG
Hss17, Lss17 MKLCILLAVLAVVAFVGLSLG
Hss18, Lss18 MKLCILLAVVVGLSLG
Lss19 MKLCILLAVVVVLAFVGLSLG
Hss20, Lss20 MKLCILLVAFVGLSLG
Hss21, Lss21 MKLCILLAAFVGLSLG
Hss22, Lss22 MKLCILLAVVAFVGLTLG
Lss23 MKLCILLAVVAFVGLNLG
Lss24 MKLCILLAVVAFVGLQLG
Hss25, Lss25 MKLCILLAVVAFVGLQCLG
Hss26, Lss26 MKLCILLAVVAFVGLHCLG
Hss27, Lss27 MKLCILLAVVAFVGLHSLG
Lss28 MKLCILLAVVAFVGLQSLG
Hss29 MKLCILLAVVAFVGLKLG
Hss30 MKLCILLAVVAFVGLDLG
Hss31 MKLCILLAVVAFVGLPLG
Hss32 MKLCILLAVVAFVGLALG

Altered amino acid residues are underlined. Mw 1600-2400

template with pIHAneofor as the forward primer and
each of the primers ss14rev, ss15rev, ss16/17rev, ss18/
19rev, ss20/21rev, and $s22/23/24/25/26/27/28/29/30/
31/32rev as the reverse primer; or, using pI[HAneo/Hc/
myc as a template with each of the forward primers of
ss14/15for, ssl6for, ssl7for, and ssH22/29/30/31/

32for and pIHAneorev as the reverse primer. The
overlap extension PCR was then performed using two
PCR-amplified fragments as the templates with a pair
of primers: pl[HAneofor and pIHAneorev. The fol-
lowing procedure was the same as that for the Hc gene
with Hss1-Hss13.

The DNA fragments encoding each of the modified
signal sequences ranging from Lss1 to Lss13 and the
Lc gene were each amplified via PCR using pIHAneo/
Lc/His (Ohmuro-Matsuyama et al. 2016) as a tem-
plate, along with each of the forward primers ranging
from ss1for to ss13for and pIHAneorev as the reverse
primer. Each amplified fragment was digested with
Sacll and Xbal and inserted into pIHAneo/Lc/His
between the Sacll and Xbal sites.

To amplify the Lc gene downstream of each of the
modified signal sequences of Lss14-Lss28, PCR was
first performed using pIHAneo/Lc/His as a template
with p[HAneofor as the forward primer, and each of
ssl4rev, ss15rev, ss16/17rev, ss18/19rev, ss20/21rev,
and $s22/23/24/25/26/27/28/29/30/31/32rev as the
reverse primer; or, using pIHAneo/Lc/His as a tem-
plate with each of ss14/15for, ssl16for—ss21for, ssL-
for22—ss24for, ssL.25/26for, and ssL.27/28for as the
forward primer and pIHAneorev as the reverse primer.
The overlap extension PCR was then performed using
two PCR-amplified fragments as the templates, pIHA-
neofor as the forward primer, and pI[HAneorev as the
reverse primer. The following procedure was the same
as that for the Lc gene with Lss1-Lss13.

The modified signal sequence referred to as Lss12/
27 and the Lc gene was amplified using Lss27 and the
Lc gene as a template with ss12 as the forward primer
and pIHAneorev as the reverse primer. The amplified
fragment was digested with Sacll and Xbal and
inserted into pIHAneo/Lc/His between the Sacll and
Xbal sites.

Cell culture and transfection

Trichoplusia ni BTI-TN-5B1-4 (High Five) cells (Life
Technologies) were maintained at 27 °C in a serum-
free medium (Express Five SFM; Life technologies),
as described previously (Furuta et al. 2010). Cells
were inoculated at 8 x 10* cells/well in 24-well cell
culture plates. For cotransfection with the Hc and Lc
genes, the plasmids of the Hc (450 ng/well) and Lc
(450 ng/well) genes were added to polyethyleneimine
“Max” (Mw 40,000; Polysciences, Warrington, PA,
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USA) (1.8 pg/well) in 150 mM of NaCl and incubated
for 5 min. The mixture (20 pl/well) was added to the
cells 45 min after the cell inoculation. The super-
natants were collected three days after the transfec-
tion. Each supernatant from triplicate wells was
analyzed by enzyme-linked immunosorbent assay
(ELISA). For western blotting, equal amounts of each
supernatant were mixed and applied. Each transfection
experiment was repeated over twice, and a repro-
ducible trend was observed on repeated runs.

ELISA

Culture supernatants were analyzed by ELISA to
identify any Fab fragments with antigen-binding
activity, as previously described (Furuta et al. 2010).
ELISA plates were coated with bovine RNaseA
(Sigma-Aldrich, St. Louis, MO, USA) as the antigen,
and peroxidase-conjugated goat anti-mouse IgG
(Promega, Madison, WI, USA) was used. The detec-
tions were carried out using the ELISA POD substrate
TMB kit (Nacalai Tesque) according to the manufac-
turer’s protocol. The culture supernatant obtained by
cotransfection with HssWT and LssWT was diluted
100-800 times and used for ELISA. The supernatants
obtained by cotransfection with the native signal
sequence and each modified signal sequence were
diluted 400 times and used for ELISA. From the fitted
curve between the dilution ratio and the absorbance,
the binding activity in the supernatant obtained by
cotransfection with the native signal sequence and
each modified signal sequence was calculated.

Western blot analysis

Equal amounts of the culture supernatants from
triplicate wells were mixed and were subjected to
sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) using a 12.5% gel under
non-reducing conditions. A dry transfer was con-
ducted using the iBlot 2 dry blotting system (Life
Technologies) according to the manufacturer’s proto-
col. The following reaction was performed with anti-
mouse IgG (H&L) AP conjugate (Promega) using the
SNAP id. 2.0 protein detection system (Merck
Millipore, Darmstadt, Germany). The detection was
carried out with the BCIP/NBT color development
substrate (Promega) according to the manufacturer’s
protocol.

@ Springer

Results and discussion
Design of modified signal sequences

A Drosophhila BiP signal sequence was modified, and
modified signal sequences were used upstream of the
Hc and Lc genes of an Fab fragment of 3A21 mouse
anti-bovine RNaseA. Twenty-six types of modified
BiP signal sequences were designed for the Hc gene,
while 29 types of modified BiP signal sequences were
designed for the Lc gene (Table 1).

In ssl-ss13, the positively charged amino acid in
the N-terminal region of the BiP signal sequence,
lysine, was altered. In ss1—ss11, the native lysine was
substituted with arginine and/or lysine. In ss12 and
ss13, lysine was replaced with a negatively charged
amino acid, aspartic acid and glutamic acid,
respectively.

In ss14-ss21, the length of the hydrophobic core in
the BiP signal sequence was changed. The leucine
count was maintained at more than 3, because
reportedly a leucine-rich sequence is necessary for
the association between a signal sequence and an SRP
(Keenan et al. 1998; Ng et al. 1996; Rothe and Lehle
1998; Zheng and Nicchitta 1999).

In ss22—ss31, the polar amino acid in the C-terminal
region, serine, was replaced. Since serine is a neutral
amino acid, in ss22-ss24 it was substituted with
another neutral polar amino acid. For ss25-ss28, a
polar amino acid sequence was employed that was
reported to be the sequence contained in the C-termi-
nal region of a signal sequence of human antibody
(Haryadi et al. 2015). In ss29—ss31, the native serine
was substituted with a nonpolar amino acid.

Improved secretion of Fab fragments using
modified signal sequences

High Five cells were cotransfected with the Hc gene
downstream of each of the modified signal sequences
and the Lc gene downstream of the native BiP signal
sequence. The antigen-binding activity of the Fab
fragment secreted in the culture supernatant was
measured via ELISA. The use of modified signal
sequences with the Hc gene led to varied binding
activities. When the modified signal sequence Hss2,
Hss5, Hss12, and Hss21 was used, the binding activity
significantly increased, along with the maximum
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binding activity that exhibited a twofold increase
(Fig. 1a).

Western blotting under non-reducing conditions
showed that each modified signal sequence was
removed by the signal peptidase in the ER, and the
Hc without the signal peptide was secreted (Fig. 1b).
When Hss21 was used, a lower quantity of the Fab
fragment was observed, as shown in Fig. 1b, although
the binding activity was increased, as shown in
Fig. la. This could have been because either the
modification decreased the expression level of the
nascent polypeptide, or a polypeptide with a different
signal sequence was carried into a degradation path-
way because the signal peptidase plays the role of ER-
associated degradation. This result could also indicate
that the use of Hss21 yielded correctly folded Fab
fragments, and therefore the modification of the signal
sequence might improve both the secreted amount and
the quality of the antibody. In addition, a DNA
sequence in the 5'-terminal region affects the mRNA
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Fig. 1 Improved secretion of an Fab fragment by using a
modified BiP signal sequence upstream of the heavy chain (Hc)
gene. a Antigen-binding activity of an Fab fragment, as detected
by enzyme-linked immunosorbent assay (ELISA). The binding
activity obtained with the native BiP signal sequence was
indicated as 100%. Error bar = 1 SD (n = 3). b Fab frag-
ment (Mw 50,300), as detected by western blotting

structure (Goodman et al. 2013; Kudla et al. 2009) and
translation elongation (Ban et al. 2000; Cannarozzi
et al. 2010; Tuller et al. 2010; Zhang et al. 2009).
Hence, modifications of the signal sequence might
have influenced folding of the nascent polypeptide.

The use of modified signal sequences with the Lc
gene also resulted in different binding activities. When
the modified signal sequence, Lss7, Lss12, Lssl3,
Lss20, Lss27, and Lss28, was used with the Lc gene,
the binding activity was remarkably improved
(Fig. 2a). The maximum binding activity showed a
3.6-fold increase. Western blotting also confirmed that
the modified signal sequences were removed
(Fig. 2b).

In Hss12, Lss12, and Lssl3, each of which
increased the secretory production of Fab, the native
lysine in the N-terminal region was substituted by
either glutamic acid or aspartic acid, although com-
mon signal sequences contain a positively charged
amino acid rather than a negatively charged amino
acid. Interestingly, this is in accord with a recent report
showing that some ER signal sequences for human
antibodies contained aspartic acid and glutamic acid
but not a positively charged amino acid in the
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Fig. 2 Improved secretion of an Fab fragment via a modified
BiP signal sequence upstream of the light chain (Lc) gene.
a Antigen-binding activity of an Fab fragment, as detected by
ELISA. The binding activity obtained with the native BiP signal
sequence was indicated as 100%. Error bar = 1 SD (n = 3).
b Fab fragment (Mw 50,300), as detected by western blotting

@ Springer



896

Cytotechnology (2018) 70:891-898

N-terminal regions, and that the signal sequences
increase the secretory production of other human
antibodies (Haryadi et al. 2015). The increased
negative charge might prevent protein aggregation
and enhance soluble expression as previously reported
(Joshi et al. 2012; Kvam et al. 2010).

Effect of multiple modifications

The modifications in Lss12 and Lss27 were combined,
and a doubly modified signal sequence referred to as
Lss12/27 was prepared (Table 1). Lss12/27 showed no
synergistic effect on the secretory production of the
Fab fragment, although Lss12 and Lss27 both showed
increased production (Fig. 3a).
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Fig. 3 Effect of double modifications in the BiP signal
sequence upstream of the Lc gene. a Antigen-binding activity
of an Fab fragment, as detected by ELISA. Error bar = 1 SD
(n = 3). b Fab fragment (Mw 50,300), as detected by western
blotting
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As described above, Hss12 and Lss12, respectively,
increased the secretory production of Fab. When
Hss12 and Lss12 were simultaneously used with the
Hc and Lc genes, respectively, they did not improve
the secretory production (Fig. 4a). It remains unclear
why additive effects were not obtained in these
examinations, and this should be elucidated. In both
cases, western blotting showed that each modified
signal sequence was removed (Figs. 3b, 4b).

In conclusion, the modification of a signal sequence
is highly effective in promoting efficient secretory
production of recombinant proteins including anti-
bodies using cultured cells. After selection of the best
signal sequence for the production of a target protein
in each cell system (Kober et al. 2013), modification of
the signal sequence could further improve both the
yield and the quality of the secreted protein.
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Fig. 4 Effect of the simultaneous use of Hss12 and Lss12.
a Antigen-binding activity of an Fab fragment, as detected by
ELISA. Error bar =1 SD (n = 3). b Fab fragment (Mw
50,300), as detected by western blotting
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