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Codon modification for the DNA sequence of a single-chain Fv
antibody against clenbuterol and expression in Pichia pastoris

Jie-Xian Dong - Xi Xie - Da-Wei Hu - Shu-Chi Chen - Yong-Sheng He -
Ross C. Beier - Yu-Dong Shen - Yuan-Ming Sun + Zhen-Lin Xu -

Hong Wang - Jin-Yi Yang

Received: 29 July 2013 /Revised: 8 October 2013 /Accepted: 9 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract The expression efficiency was improved for the
recombinant single-chain variable fragment (scFv) against
clenbuterol (CBL) obtained from mouse and expressed in the
methylotrophic yeast Pichia pastoris GS115, by redesigning
and synthesizing the DNA sequence encoding for CBL-scFv
based on the codon bias of P. pastoris. The codons enco4ding
124 amino acids were optimized, in which a total of 156
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nucleotides were changed, and the G+C ratio was simul-
taneously decreased from 53 to 47.2 %. Under the optimized
expression conditions, the yield of the recombinant CBL-scFv
(41 kDa) antibodies was 0.223 g L™ in shake culture.
Compared to the non-optimized control, the expression level
of the optimized recombinant CBL-scFv based on preferred
codons in P. pastoris demonstrated a 2.35-fold higher yield.
Furthermore, the recombinant CBL-scFv was purified by Ni-
NTA column chromatography, and the purity was 95 %. The
purified CBL-scFv showed good CBL recognition by a
competitive indirect enzyme-linked immunoassay. The average
concentration required for 50 % inhibition of binding and the
limit of detection for the assay were 5.82 and 0.77 ng mL ",
respectively.

Keywords Single-chain variable fragment - Clenbuterol -
Codon optimization - Expression - Pichia pastoris

Introduction

Clenbuterol (CBL) is a 3-agonist bronchodilator drug, which
is prohibited as an additive in animal feed because it
constitutes a severe risk for animal welfare and exposes
consumers to a pharmacological active drug (Sporano et al.
1998). However, for pursuing economic benefits, CBL has
been illegally abused to improve meat production (Sporano
et al. 1998), and CBL residues have caused acute food
poisoning to consumers (Barbosa et al. 2005).

At present, many methods have been used to analyze for
CBL residues (Damasceno et al. 2002; Pan et al. 2006;
Melwanki et al. 2007). Among them, the immunoassay is
widely used as a screening technology because of its high
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sensitivity, rapid detection, and moderate price (Mortl et al.
2013), and production of high-quality antibodies is
important for development of an immunoassay method.
Currently, recombinant single-chain variable fragment
(scFv) antibodies with good specificity and sensitivity to
the determined antigens have become a new focus of
immunoassay applications (Chan et al. 2008). A scFv can
be produced by fungal fermentation over a short period of
time and at a low cost. These advantages benefit the large-
scale production of a scFv (Sommaruga et al. 2011).

In previous work, a mouse scFv antibody against CBL was
expressed in Escherichia coli BL21 (DE3) as inclusion bodies
(Wang et al. 2010). However, the expression level of this
recombinant protein was very low, too low to allow it to be
used in practical immunoassay applications (Li et al. 2008).
Another disadvantage for expression of a mouse scFv in .
coli is that the refolding of the inclusion body from bacteria is
intricate and time-consuming (Lange et al. 2001; Li et al.
2008). To overcome these disadvantages, a system is needed
that can produce high expression of soluble active scFv useful
for downstream applications.

Pichia pastoris , a methylotrophic yeast, has been utilized as
an efficient expression system to produce heterologous proteins
(Macauley-Patrick et al. 2005). Compared to traditional
bacteria systems, the P. pastoris expression system has many
attractive advantages, such as rapid growth on low-cost media,
high cell densities, genetic stability, and scale-up without loss
of yield (Romanos 1995). Furthermore, P. pastoris has the
potential to perform many necessary posttranslational
modifications such as processing of pre- and prepro-type signal
sequences, folding, disulfide bridge formation, lipid addition,
and glycosylation (Cereghino and Cregg 2000).

Although the CBL-scFv was expressed in P. pastoris
successfully (Chen et al. 2011), the yield of the CBL-scFv
was too low to be used on an industrial scale. A promising
technique for increasing the protein expression level is codon
optimization. Many researchers have shown that the different
bias of codon usage between the exogenous gene sequence
and the expression host has a considerable influence on the
expression level of the recombinant protein (Hu et al. 2006;
Teng et al. 2007; Wu et al. 2008). Codon optimization is a
significant strategy to overcome the bias on codon usage
between different species and to achieve a high level of
expression.

In this paper, we redesigned and constructed a full-length
synthetic gene by changing the codon usage to that preferred by
P, pastoris for improving the expression of scFv against CBL.
After determining the gene copies by real-time quantitative
polymerase chain reaction (PCR), the recombinants were
investigated for the effects of codon optimization and culture
conditions on CBL-scFv accumulation. The bioactivity of the
recombinant CBL-scFv antibody was characterized by
competitive indirect enzyme-linked immunoassay (ciELISA).
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Materials and methods
Strains, plasmid, and media

P, pastoris GS115 and the P. pastoris integrative expression
vector (pPICZaA) were purchased from Invitrogen
Biotechnology Co. (Shanghai, China). E. coli was grown in
Luria—Bertani medium (1 % peptone, 0.5 % yeast extract, and
1 % sodium chloride), and P, pastoris was cultivated in yeast
peptone dextrose (YPD) medium (1 % yeast extract, 2 %
peptone, and 2 % glucose).

Reagents

Gel extraction kits were obtained from Tiangen (Beijing, China).
Yeast genome extraction kits were obtained from Beijing
ComWin Biotech Co., Ltd (Beijing, China). PrimerSTAR
DNA polymerase, restriction enzymes, and dNTP were obtained
from Takara Biotechnology Co. Ltd. (Dalian, China). Primers
were synthesized by Shanghai Sangon Biotechnology
(Shanghai, China). The mouse anti-His monoclonal antibody
was obtained from Sigma-Aldrich (St. Louis, MO, USA). CBL
standards were obtained from the National Center of Standard
Material (Beijing, China).

Synthesis of the gene and construction of expression vector

The nucleotide sequence of CBL-scFv (GenBank accession
no. FJ597759) was re-encoded by selecting the preferred
codons in P. pastoris (http://www.kazusa.or.jp/codon)
(Sinclair and Choy 2002), and codons with a low usage rate
(<15 %) were replaced by ones with a high usage rate. The
redesigned gene was synthesized by Shanghai Shengong
Biotechonology (Shanghai, China).

The modified CBL-scFv gene (GenBank accession no.
KF494185) was amplified with the primers PSH-CBL-syn-1
/PSH-CBL-syn-2 (Table 1). Both the modified and
unmodified genes were cloned into the EcoR I-Xba 1 sites of
the pPICZxA vector to generate pPICZxA-CBL-syn and
pPICZxA-CBL, respectively. The recombinant vectors were
transformed into competent £. coli DH5 o cells for propagation
of the recombinant plasmids. The recombinant plasmid
pPICZxA-CBL-syn was confirmed by restriction enzyme
digestion and DNA sequencing.

Transformation and selection of CBL-scFv expressing clones

The constructed pPICZxA-CBL-syn expression vector was
linearized with BstX I and then transformed into competent cells
of P, pastoris strain GS115 by electroporation (1,500 V cm ',
25 uF, 400 €2; Gene Pulser MXcell Electroporation System, Bio-
Rad Laboratories, Hercules, CA, USA). After pulsing,
electrocompetent cells were placed in ice-cold 1 M sorbitol
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Table 1 Primers used for plasmid construction and quantitative PCR
analysis

Name Sequence (5'-3") Annotation

PSH-CBL-syn-1 CGCGAATTCATGGCTC EcoR I site (underline)

AAGTCAAG
PSH-CBL-syn-2 CGCTCTAGATCTCTTA  Xba I site (underline)
ATCTCCAAT
FQ-TEST (F)  CGATGGCTCAAGTCAA qPCR for pPICZoA-
GTTG CBL and pPICZxA-
CBL-syn
FQ-TEST (R)  GTCTAGATACTTATCAT qPCR for pPICZoA-
CGTCGTCT CBL and pPICZxA-
CBL-syn
GAP (F) CTCATCACTGCTCCATC ¢PCR for GAPDH gene
CAA
GAP (R) CTTCCGAAAGTGTCGT qPCR for GAPDH gene
TGAC

(1 mL) and regenerated at 30 °C for 2 h. Transformants were
plated (100 puL) on yeast extract peptone dextrose sorbitol
medium plates containing 100 mg mL™' Zeocin and grown at
30 °C for 3-5 days to isolate Zeocin-resistant transformants.

Single colonies were selected and transferred to 100 mL
buffered glycerol-complex medium (BMGY) in a 250-mL
baffled flask. After growing at 28 °C in a shaking incubator
(260 rpm) over night, the cell pellets were harvested after
centrifugation at 3,000xg for 5 min at 25 °C. The pellets were
resuspended using 10 mL buffered methanol-complex
medium (BMMY) and 100 pL of 100 % methanol was added
every day to induce expression. The expression level of
recombinant protein was determined using the Bradford
method (Bradford 1976). Culture supernatants were analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The expression level of CBL-scFv was
quantitated by scanning the gray level of samples on gels
and comparing them with protein standards. The differences
of expression among colonies were statistically analyzed in
SPSS, version 16.0 (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered statistically significant. Differences between
the means of continuous parametric data were analyzed with
the use of Duncan’s test.

Real-time qPCR protocol

The copy numbers of the original CBL-scFv gene (Wang et al.
2009) and modified CBL-scFv gene from recombinant P
pastoris were detected according to the previous report
(Livak and Schmittgen 2001). The real-time quantitative
PCR (qPCR) assay was based on the 2724C method (Livak
and Schmittgen 2001). Two pair of primers were designed for
the assay: First, FQ-TEST (F) and FQ-TEST (R) (Table 1)
were designed according to the homologous sequence from

both the original CBL-scFv gene and modified CBL-scFv
gene to amplify the same size of genomic DNA fragment.
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene from P. pastoris was used as the reference. Second,
GAP (F) and GAP (R) (Table 1) were used to amplify the
reference gene GAPDH from strain GS115. Genomic DNA
from strain GS115, GS115/pPICZxA-CBL, and GS115/
pPICZaA-CBL-syn recombinants were prepared using a
yeast DNA extraction kit. A standard curve was prepared by
diluting the genomic DNA of GS115 1:2 from 200 to
50 ug mL™'. The DNA of GS115/pPICZxA-CBL and
GS115/pPICZxA-CBL-syn was adjusted to 50 ug pL™" for
the qPCR assay. The yeast recombinant DNA and the standard
sample were analyzed concomitantly using a real-time PCR
instrument (AP800, TaKaRa, Japan).

For each gradient sample, the crossing points of the
amplification curve with the threshold line (C,) versus the
GAPDH gene concentration were plotted to calculate the
slope. The PCR efficiency (E) was calculated from the slope
of each standard curve by the following equation: £=10"/
slope . To rectify the starting copy quantity of the GS115/
pPICZxA-CBL and GS115/pPICZxA-CBL-syn DNA, the
reference gene GAPDH was quantified in parallel. Relative
quantification of the copy number was performed according to
the 2722t method, where AAC,=AC, of target— AC, of
calibrator; AC=C; of target or calibrator—C; of reference
(GAPDH); Copy number (agger geney=(1+E) *2",

Optimization of the expression conditions

The culture conditions, such as induction time, inoculum
density, methanol concentration, and pH value, were
optimized to increase CBL-scFv expression levels. To
optimize protein expression following methanol induction,
culture supernatants were collected every 24 h for five
collections. To investigate the optimal inoculum density, a
single recombinant P. pastoris colony was grown in BMGY
medium, and then inoculated into fresh BMMY medium at six
different inoculum densities (4 o0 nm=2.25, 4.5, 9, 18, 45, and
90). To determine the optimal methanol concentration, 0.5,
1.0, 1.5, 2.0, 2.5, and 3.0 % methanol was added to the
BMMY medium. The optimal pH was investigated by using
100 mM potassium phosphate added to BMMY medium at
different pH values (3.0, 4.0, 5.0, 6.0, 7.0, and 8.0).

Scale-up for the expression and purification of the CBL-scFv
antibody

To scale-up scFv production under optimized conditions, the
colony with the highest CBL-scFv expression was inoculated
into a 5-L baffled flask containing 1 L of BMGY medium.
Fermentation was performed according to the basic
fermentation methods used for P. pastoris. The fermentation
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culture was filtered through 0.22 um filters and concentrated
by ultrafiltration (Minitan ultrafiltration membrane with
NMWL: 20,000; Millipore, Bedford, MA, USA).

The 6x His-tagged recombinant CBL-scFv protein was
purified by Ni-NTA affinity chromatography. The pH of the
concentrated protein solution was adjusted to 8.0 by the
addition of 1/10 volume of 10x lysis buffer (500 mM
NaH,POy,, 3,000 mM NaCl, 100 mM imidazole, pH 8.0).
The 50 % Ni—NTA slurry was added to the pH-adjusted
concentrate at the ratio of 1:4 (v/v) and mixed gently by
shaking for 30 min at 4 °C. Then, the concentrate—resin
mixture was carefully loaded into an empty column
(20 cmx1.2 cm) with the bottom cap still attached. After
removing the bottom cap, the flow-through was collected.
The column was further washed with 15 mL washing buffer
(50 mM NaH,PO,4, 300 mM NaCl, 20 mM imidazole, pH
8.0). The recombinant protein was then eluted with 81 mL
aliquots of elution buffer (50 mM NaH,PO,, 300 mM NaCl,
250 mM imidazole, pH 8.0). The flow-through of the wash
fraction and the eight elution fractions were collected for SDS-
PAGE analysis.

Reverse phase high-performance liquid chromatography
of the recombinant protein

The purified recombinant protein was further analyzed by
reverse phase high-performance liquid chromatography
(RP-HPLC). The separation was performed at 30 °C on a
column of C-18 (25 cm*4.6 mm 300 pore size, 5 um particle
size (Agilent Technologies, Santa Clara, CA, USA). The
mobile phase of 0.1 % aqueous trifluoroacetic acid, pH 2.5/
chromatography-purity acetonitrile (80/20, v/v), was delivered
at a flow rate of 1 mL min~'. The detection was monitored by
ultraviolet absorbance at a wavelength of 280 nm. Injection
volume was set to 20 puL. The chromatogram was analyzed
using the Empower program (Waters, Milford, MA, USA).

CBL-scFv protein-based ciELISA protocol

The antigen-binding activities of the purified soluble CBL-scFv
antibodies were determined by ciELISA as described previously
(Wang et al. 2010). Briefly, soluble CBL-conjugated ovalbumin
(CBL-OVA) at 100 pug mL ™' was coated (100 pL per well) on
microtiter plates at 37 °C overnight. The plate was washed two
times with 0.01 M phosphate-buffered saline which contained
0.05 % Tween-20 (PBST, 136.9 mM NaCl, 7.9 mM Na,HPO,,
1.5 mM KH,POy, 2.7 mM KClI, and 0.05 % Tween-20, pH 7.4)
and then blocked with 120 pL per well of 5 % (w/v) skim milk
powder in PBST at 37 °C for 3 h. After washing, serial diluted
CBL standards (50 pL) and fusion protein (50 L) appropriately
diluted in PBST were added to each well, and the plates were
incubated at 37 °C for 1 h. After washing, 100 uL of anti-His
mouse monoclonal antibody diluted 1:15,000 in PBST was
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added as the primary antibody and incubated at 37 °C for
30 min. After washing, 100 pL of horseradish peroxidase
(HRP)-conjugated goat anti-mouse immunoglobulin G
diluted 1:15,000 in TBST was added as the secondary
antibody and incubated at 37 °C for 30 min. After washing
again, 50 puL of the substrate solution used with HRP (10 mL
of substrate buffer (102 mM Na,HPO,, 48.6 mM citrate, pH
5.4),50 uL of 1 % (w/v) 3,30,5,50-tetramethylbenzidine in N,
N-dimethylformamide, and 2.5 uL of 6 % (w/v) H,0,) was
added to visualize the signal, and the reaction was stopped
after 20 min with 2 M H,SO,. The plates were analyzed at
450 nm using a Multiskan MK3 96-well microplate reader
(Thermo Scientific, Hudson, NH, USA). The absorbance data
was fitted with a four-parameter logistic equation to determine
the 50 % inhibition of binding (ICs() value.

Results
Codon modification and synthesis of the CBL-scFv gene

After codon modification the gene sequence, more than 124
non-preferred codons in the original gene were replaced by
preferred codons in the synthetic gene, which represents
49.4 % of the total amino acid sequence. As a result, codon
modification reduced the overall G+C content of the full-
length gene from 53 to 47.2 %, which is closer to the G+C
content of other high-expression genes in P. pastoris, but
the new engineered CBL-scFv still shared 79.4 % similarity
to the original CBL-scFv (Fig. S1). Moreover, to avoid
premature termination, much of the potential DNA folding
regions were eliminated by alternately changing the preferred
codons. Compared with the original CBL-scFv gene, more
than 3/4 of the potential DNA folding regions were eliminated

(Fig. 1).

Transformation and selection of high-expressing clones

After selection of transformants on YPD-Zeocin plates, 43
positive pPICZxA-CBL-syn colonies were obtained. Eight of
the 43 colonies were resistant to 1,000 pg mL™" Zeocin. But
this strategy is not universal because a number of genes have
now been identified whose expression did not increase with
increasing copies of the recombinant genes (Yang et al. 2012).
Therefore, it is necessary to screen for high-yielding clones
using an expression test. Eight colonies were grown and
induced in BMMY medium at 30 °C for 120 h as described
in the “Materials and Methods.” A clear band with molecular
weight of 41 kDa was detected in the supernatant (Fig. 2).
Colony no. 6 (GS115/pPICZxA-CBL-syn-6) showed steady,
strong expression of the 41 kDa protein and was selected for
protein expression optimization.
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Fig. 1 Analysis of the potential folding region by DNAstar

Identification of copy number by qPCR

According to the qPCR test, the AC; of GS115/pPICZxA-
CBL was —0.95 and the AC, of GS115/pPICZxA-CBL-syn-6
was —0.45. The AAC; was 0.50 and the PCR efficiency was
93 %. On the basis of the 27**“ method, the ratio of the copy
number of GS115/pPICZxA-CBL-syn to GS115/pPICZxA-
CBL was 1.38 (Table 2).

Optimization of expression conditions

The expression level was further improved by optimization of
the induction conditions. To obtain the best time for CBL-
scFv protein collection, a time course of the extracted
recombinant protein GS115/pPICZxA-CBL-syn-6 from P.
pastoris cells was conducted and analyzed by SDS-PAGE
and ELISA (Fig. 3a). The novel 41-kDa recombinant protein
appeared at 24 h post-induction and peaked at 96 h. The
antigen-binding activity of CBL-scFv peaked at 72 h and
decreased in the late stages of induction. Considering the
expression and the quality of CBL-scFv, the supernatant was
collected at 72 h post-induction to prevent significant
degradation and maintain bioactivity of the CBL-scFv.

Cell growth is particularly important for bioreactor
production of secreted proteins, and optimal inoculum
density plays an important role in the production of
recombinant proteins (Macauley-Patrick et al. 2005). For
optimization of the inoculum density, the recombinant
protein was inoculated at six different inoculum densities
and was analyzed by both SDS-PAGE and ELISA (Fig. 3b).
An inoculum density of 409 nm=45 expressed the most
recombinant CBL-scFv. Also, it was found that the highest
binding activity of the CBL-scFv was recorded at an
inoculum density of 4400 nm=45. Therefore, the overall
optimal inoculum density was determined to be 4500 nm=
45 for the best CBL-scFv expression.

During optimization of the methanol concentration
required for the best expression, six different methanol
concentrations were investigated, and the expression was
analyzed by SDS-PAGE and ELISA (Fig. 3c). The expression
yield of CBL-scFv improved over the range of 0.5-1 %
methanol feeding (Fig. 3c, lanes 1-2). When the methanol
concentration was increased between 1.5 and 3 % (Fig. 3c,

H ' :} { Ln[ O Bend Region - Bending Index

lanes 3-6), the original 41 kDa protein band was greatly
reduced compared with a methanol feeding of 0.5-1 %. In
addition, at 1 % methanol feeding, the binding activity of
CBL-scFv was stronger than that of other methanol levels.
Therefore, the optimal concentration of methanol feeding was
selected as 1.0 % v/v.

During traditional induction of P. pastoris, a growth
culture pH of 5-6 is routinely used; however, when the media
is buffered to lower pH values, the yield of recombinant
proteins often increases due to reduced protease activity
(Pais-Chanfrau et al. 2004). In the experiment determining
the optimal pH values, inductions were carried out in BMMY
culture medium at six pH values (3.0, 4.0, 5.0, 6.0, 7.0, and
8.0). The highest CBL-scFv production was observed at pH 4
(Fig. 3d). In addition, the production of CBL-scFv was
reduced when the pH increased from 6.0 to 8.0. The binding
activity of CBL-scFv was steady when the pH was between
3.0 and 6.0 and decreased above pH 6.0; therefore, pH 4.0 was
selected as optimal due to the maximum CBL-scFv secretion
and binding.

Scale-up of expression and purification of the CBL-scFv
antibody

Large-scale expression of the CBL-scFv was accomplished by
increasing the culture volume and then concentrating the
CBL-scFv protein by ultrafiltration. The CBL-scFv antibody
yield was 0.223 g L™!, which is 2.34-fold higher than that from
the original CBL-scFv gene in recombinant P. pastoris
(0.095 g L™") (Chen et al. 2011). These results demonstrated
that soluble CBL-scFv protein expression was functionally
enhanced by optimization of the codon and expression
conditions in P. pastoris. The culture supernatant was
concentrated by ultrafiltration and then separated by Ni-NTA
column chromatography for further purification. The purified
recombinant CBL-scFv antibody had a retention time of 7 min
in RP-HPLC analysis (Fig. 4). In addition, the purity of the
CBL-scFv antibody was determined by SDS-PAGE (Fig. 5a,
lane 2) and Western blot (Fig. 5b, lane 2) analysis. The
recombinant CBL-scFv protein demonstrated a single 41-
kDa band. The final scale-up yield of the CBL-scFv protein
was approximately 3.2 g L™ and the purity reached 95 %.
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Fig. 2 SDS-PAGE and quantitative analysis of the recombinant protein
expressed in different colonies. Lane M, protein molecular weight
standards; /anes 1-8, secreted proteins from different pPICZoA-CBL-
GS115-syn recombinant P. pastoris 120 h after methanol induction. The
quantitative experiments of CBL-scFv were performed by scanning the

CBL-scFv protein-based ciELISA

To determine whether the obtained CBL-scFv protein
presented characteristics of the parent antibody, a ciELISA
was developed and the results are shown in Fig. 6. The linear
range extended from 1.76 to 19.97 ng mL™" and the limit of
detection was 0.77 ng mL™". The ICs, value of the prepared
CBL-scFv was 5.82 ng mL'. The results demonstrated that
the CBL-scFv produced in P. pastoris can be used for the
determination of CBL by a ciELISA.

Table 2 Treatment of replicate data where target and reference are
amplified in separate wells

Object CBL CBL-syn
Ct (n=3) 17.64 17.63
17.57 17.68
17.61 17.66
GADPH C, (n=3) 18.62 18.11
18.48 18.09
18.56 18.13
Average (Avg C,—Avg GADPH C)) -1.01 -0.48
—0.91 —0.41
—0.92 —0.47
AC, —0.95+0.03 —0.45+0.02
AAC, 0.50
(1+E)y 84¢ 138

@ Springer

(b) (c)

gray level and comparing the results to protein standards. Statistical
analysis of the results from the experiments was conducted using one-
way analysis of variance. Results showed that there was a significant
difference in protein concentration for colony 6 compared to all others (P
<0.05)

Discussion

Immunoassays are often developed using either a polyclonal
antibody (PAb) or a monoclonal antibody (MAb) and standard
immunochemical methods. PAbs are the easiest and quickest
to produce, but they are not single molecular entities and
sometimes cause nonspecific binding. MAbs are single
molecular entities, and multiple clones are available for
selection during the developmental process. But the
preparation of MAbs is complex, and expensive cell culturing
facilities are required for large-scale production. Recently,
advances in the field of recombinant antibody (RAD)
technology have provided an alternative means to engineer
low-cost antibodies with desirable affinity and specificity
(Chiu et al. 2000; Lauer et al. 2005). Moreover, the cost of
RAb production can be lowered through fermentation of
engineered strains, such as recombinant P. pastoris. The
scFv is one of the most popular candidates for RAb
production. Many researchers have described the preparation
and application of scFvs against low molecular weight
contaminants in food, water, or soil, such as aflatoxin,
atrazine, chlorpyrifos, dioxin, sulfadiazine, and triazine
(Ward et al. 1993; Lee et al. 1998; Alcocer et al. 2000;
Moghaddam et al. 2001; Korpiméki et al. 2004; Lauer et al.
2005; Nishi et al. 2005).

This study focused on obtaining high-level expression of a
recombinant scFv against CBL in P, pastoris and to develop a
novel screening immunoassay for CBL using a RAb instead
of a conventional PAb or MAb. P. pastoris has been widely
used as a heterologous expression system because of its
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Fig. 3 Different influences on scFv expression and antigen-binding. a Different induction times of culture supernatants; b different inoculum densities;

¢ different methanol concentrations; and d different pH values

efficient protein secretion, high-expression, proper protein
folding ability, and high-density of growth. However, poor
codon bias in the native CBL-scFv gene may be a possible
cause of inefficient translation and, therefore, production in P,
pastoris. Over the past decade, a number of different genes
have achieved high-level or increased expression through
codon optimization, such as Bacillus licheniformis beta-1,3-
1,4-glucanase (Teng et al. 2007), internalizing anti-ErbB2
single-chain antibody (Hu et al. 2006), Aspergillus sulphureus
endo-p3-1,4-xylanase (Li et al. 2010), Thermotoga maritima
[-fructosidase (Menéndez et al. 2013), capsid protein of
human papillomavirus type 16 and 18 (Rao et al. 2011),
Penicillium notatum glucose oxidase (Gao et al. 2012),
eukaryotic membrane proteins (Oberg et al. 2011), and
Drosophila melanogaster acetylcholinesterase (Wu et al.
2008). Some human genes including glucocerebrosidase
(Sinclair and Choy 2002), adenosine A2A receptor (Singh

et al. 2008), activin A (Fredericks et al. 2010), and Zbtb7A
(Wang et al. 2008) were also highly expressed in P. pastoris
through codon optimization. To achieve a high-level of
expression for the CBL-scFv gene in P, pastoris, we used a
novel strategy of optimizing the codons of the scFv according
to the following two steps: First, the CBL-scFv gene was
redesigned by changing the codons to those that P. pastoris
preferred (Hoekema et al. 1987). When encountering several
identical amino acids, we changed the codons to the most-
preferred and the second-preferred codons alternatively to
eliminate stable secondary structures like hairpin turns. The
G+C content was adjusted to an appropriate range based on
the content of highly expressed genes in P. pastoris. Second,
the DN AStar program (Burland 2000) was used to predict the
potential DNA folding positions. The potential folding
positions were then interrupted by changing to the preferred
codons.
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Studies have revealed that the gene copy number of foreign
proteins is one of the vital factors for recombinant protein
production (Yu et al. 2009; Zhu et al. 2009). Athmaram et al.
(2012) demonstrated that an increase in copy number resulted in
a proportional increase in expression level of the HINTHA
recombinant protein. Previous reports indicated that determining
the copy number of strains for both wild-type and codon
optimized genes and comparing their expression levels were
necessary to confirm whether codon optimization was a good
strategy for improving expression levels (Hu et al. 2013;
Menéndez et al. 2013). In our study, the copy number of

kDa ~ M 1 2 3 M 1 2 3
97.2—
66.4—

A, G

29.0—

20.1—
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Fig. 5 SDS-PAGE and Western blotting analysis of the CBL-scFv
antibody: a SDS-PAGE analysis and b Western blotting. Lane M, protein
molecular weight standards; lane I, secreted proteins from GS115/
pPICZxA-CBL-syn-6 recombinant P. pastoris; lane 2, purified CBL-
scFv antibody; and lane 3, secreted proteins from pPICZaxA-GS115
recombinant P, pastoris
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GS115/pPICZoA-CBL and GS115/pPICZxA-CBL-syn-6 was
at the same level. Therefore, the observed improvement in
expression level of the redesigned CBL-scFv was due to codon
modification. Mechanistically, associations between mRNA
concentrations (Coghlan and Wolfe 2000) and aminoacyl-
tRNA (aa-tRNA) abundances (Akashi 2003) could contribute
to relationships between gene expression and codon bias. As
previously reported, codon bias affects the transcriptional rate
and mRNA stability and therefore may contribute to the mRNA
concentration (Kim et al. 2010). The increase of mRNA
concentration is a necessary and sufficient cause for the
improvement of protein expression (Maertens et al. 2010). In
addition, the codon bias is co-adapted with aa-tRNA pools to
enhance the efficiency of protein synthesis. The pool of
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B/Bo

0.4 +

0.2 +
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0.1 1 10 100
CBL concentration (ng mL-")

Fig. 6 ciELISA for CBL using CBL-scFv antibodies
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available aa-tRNAs is kept rate limiting for accuracy and
efficiency of gene translation (Zhao et al. 2005). Replacement
of the less-preferred codons with those codons that are more
commonly used can greatly increase gene expression in living
cells, resulting in improvement in translational efficiency
attributed to correction of a mismatch between the aa-tRNA
pools and gene codon bias between different species.

To further improve scFv production, we examined
parameters such as induction time, inoculum densities,
methanol concentration, and culture medium pH. In the
induction time assay, the recombinant CBL-scFv can be
detected by SDS-PAGE at 24 h following methanol induction.
But a decrease in CBL-scFv expression levels was observed
after 96 h, which was most likely due to the presence of
proteases. Previous reports indicated that the presence of
endogenous or extracellular proteases may cause partial
degradation of the protein over a long induction period
(Minning et al. 2001). We chose 96 h as the optimal induction
time to prevent further degradation and maintain bioactivity of
the CBL-scFv. The production and bioactivity of the protein
were increased when inoculum densities were between 2.25
and 45 (Fig. 3b), which indicated that higher densities were
more effective for protein secretion. Expression decreased at
an inoculum density of 4 600 nm=90, which coincided with the
known damage from proteases and also the negative effect of
oxygen limitation at high cell densities (Kang et al. 2000;
Koganesawa et al. 2002). The amount of added methanol in
the BMMY medium has significant effects on heterologous
protein production because the methanol-induced AOX1
promoter is used in P. pastoris (Zhang et al. 2009). In our
study, we found the peak scFv expression and binding activity
at a methanol concentration of 1 %. But a decrease was
observed when methanol feeding was increased to 1.5-3 %,
which might be due to either limited carbon availability or to a
toxic effect of accumulated methanol (Boettner et al. 2002;
Mayson et al. 2003). In the traditional induction step of P,
pastoris, a pH value of 5-6 has most often been used for the
growth medium. However, the yield of recombinant protein
often increases when there is reduced protease activity because
of low media pH values (Pais-Chanfrau et al. 2004). As seen in
Fig. 3d, the amount of CBL-scFv produced at pH 7.0 was only
51 % of that produced at pH 4.0. This result was probably due
to degradation by protease activity at pH 7. Therefore,
proteolysis of the recombinant protein may be reduced by
adjusting the pH of the culture medium to a lower value.

In our studies, P. pastoris released comparatively few
endogenous proteins into the culture medium while secreting
large amounts of recombinant protein. This characteristic
greatly facilitates subsequent protein purification
(Sarramegna et al. 2003; Idiris et al. 2010). To further
characterize the purified protein, we performed ciELISA to
determine the CBL-binding activity of the purified scFv. The
P. pastoris-expressed scFv showed comparable CBL

recognition activity to the parent MAb (Pan et al. 2006). The
recombinant scFv was then used in the determination of CBL
by a ciELISA.

The methylotrophic yeast P. pastoris is particularly suited
for scFv expression because it cannot only express high levels
of protein at the intra- or extracellular level but also can
perform higher eukaryotic protein modifications, such as
glycosylation and disulfide bond formation (Macauley-
Patrick et al. 2005). In general, the conserved intrachain
disulfide bond is one of the main structural features of
immunoglobulin folding and is seen as an important factor
in the folding of the native antibody domain structure. ScFv
fragments normally contain two intrachain disulfide bridges:
one in the VH domain and one in the VL domain (de Jaeger
et al. 1999). Thus, the eukaryotic protein modification of
disulfide bond formation would be helpful to retain the
recognition characteristics of an antibody.

Preparation of a high quality antibody plays an important
part in immunoassay development. In this study, the
expression efficiency of recombinant CBL-scFv was
functionally enhanced by optimization of the codon and
expression conditions. This work suggests that P. pastoris is
a suitable host for high level production of the CBL-scFv
antibody. Soluble CBL-scFv can be useful for developing a
high throughput, rapid, and cost-effective immunoassay for
the detection of CBL in food and in the animal production
industry.
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