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Biotechnology processes are the unique feasible way for the
production of some pharmaceutical active principles. Thus,
developments in molecular biology, recombinant techniques,
separation, and purification methods have a primordial
role because of the innovative characteristic and economic
impact in obtaining these new drugs through biotechnological approaches. This special issue compiles a series of
relevant studies on different biotechnological fields and applications, reporting up-to-date developments on downstream
and upstream biopharmaceuticals.
Summarizing the results reported in the manuscripts
published here, our readers may find further insights through
a series of fields, from the most fundamental genetic
approaches to the general aspects of biological and biochemical engineering. A complete study proposed by S. Zhang et
al. applied next-generation RNA sequencing and developed a
method to analyse the mutation rate of the mRNA of Chinese
hamster ovary producing monoclonal antibodies, which are
widely used for the production of biological therapeutics.
Following the concept of monoclonal antibodies, E. Sasso et
al. have presented a research study where they expanded the
availability of monoclonal antibodies interfering with hepatitis C infection in hepatocytes. The results of these authors
report an effective sequencing approach for library screening,
demonstrating the successful conversion of recovered clones
to active immunoglobulins. This novel approach allows rapid
and cheap isolation of antibodies for virtually any native

antigen involved in human diseases, for therapeutic and/or
diagnostic applications.
On the other hand, to clone and express 𝛾-polyglutamic
acid (𝛾-PGA) synthetase gene in B. subtilis, B. Lin et al.
have constructed a plasmid, which allowed the recombinant
microorganism the synthesis of 𝛾-PGA into the fermentation
broth. This approach has potential industrial applications
since 𝛾-PGA is a new water-soluble biodegradable anionic
polypeptide and, due to its interesting properties, such as
nontoxicity, edibility, adhesiveness, film forming, and moisture retention capability, it can be a key compound for the
health care industries. Also R. Niu and X. Chen reported a
full-length cDNA, prokaryotic expression, and antimicrobial
activity of cloned haemoglobin (Hb) from Urechis unicinctus,
a marine spoon worm and economically important seafood.
Their results elucidate the structure and potential function
of Hb, which may help to understand the immune defense
mechanism of invertebrates and to give some new insights
into antimicrobial peptides for drug discovery and disease
control in U. unicinctus aquaculture. Following the same
concept, in “Enhanced and Secretory Expression of Human
Granulocyte Colony Stimulating Factor by Bacillus subtilis
SCK6,” S. Bashir et al. describe a simplified approach for
enhanced expression and secretion of granulocyte colony
stimulating factor (GCSF), a human cytokine, in the culture
supernatant of B. subtilis SCK6 cells. Their results have
shown that after expression and purification the protein has
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a biological activity similar to the commercial preparation
of GCSF. The last two works of this issue are aimed at the
evaluation of stability of biomolecules and their accurate
quantification, respectively. Formulating appropriate storage
conditions for biopharmaceutical proteins is essential for
ensuring their stability and thereby their purity, potency,
and safety over their shelf life. With that in mind B. K.
Chavez et al. employed a model murine IgG3 produced in a
bioreactor and evaluated multiple formulation compositions.
These studies have evaluated the antibody stability in a series
of conditions using an experimental design approach, an
optimized formulation being identified in which the stability
was substantially improved under long-term storage conditions and after multiple freeze/thaw cycles. The last work is
focused on the importance of proteases in the biotechnological and pharmaceutical industries, and, consequently, the
determination of optimum conditions and the development
of a standard protocol are critical during selection of a reliable
method to determine its bioactivity. With that in mind, D. F.
Coêlho et al. employed a quality control theory to validate a
modified version of a method proposed in 1947, presenting
a validated protocol that offers a significant improvement,
given that subjective definitions are commonly used in the
literature and this simple mathematical approach makes it
clear and concise.
The quality of the results and protocols compiled in this
issue have caught our interest, and we hope that these will
help researchers and biotechnology-related professionals to
develop more exciting science regarding the improvement
of the human health and the sustainability and safety of the
biotechnological industry.
Priscila G. Mazzola
Arthur Cavaco-Paulo
Jorge G. Farı́as
Jorge F. B. Pereira
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Hemoglobin, which widely exists in all vertebrates and in some invertebrates, is possibly a precursor of antimicrobial peptides
(AMPs). However, AMPs in the hemoglobin of invertebrates have been rarely investigated. This study is the first to report the
full-length cDNA, prokaryotic expression, and antimicrobial activity of UuHb-F-I from Urechis unicinctus. The full-length cDNA
sequence of UuHb-F-I was 780 bp with an open-reading frame of 429 bp encoding 142 amino acids. MALDI-TOF-MS suggested
that the recombinant protein of UuHb-F-I (rUuHb-F-I) yielded a molecular weight of 15,168.01 Da, and its N-terminal amino
acid sequence was MGLTGAQIDAIK. rUuHb-F-I exhibited different antimicrobial activities against microorganisms. The lowest
minimum inhibitory concentration against Micrococcus luteus was 2.78–4.63 𝜇M. Our results may help elucidate the immune
defense mechanism of U. unicinctus and may provide insights into new AMPs in drug discovery.

1. Introduction
Hemoglobin (Hb), which widely exists in all vertebrates
and in some invertebrates, contains endogenous biologically
active proteins [1] exhibiting various properties, including hormone release and immunomodulatory, hematopoietic, coronaroconstrictory, antigonadotropic, and opioid-like
activities [2]. Hb is also a possible precursor of antimicrobial
peptides (AMPs) [3–10]. Thus far, 30 AMPs have been derived
from peptic Hb hydrolysates, 24 peptides have been obtained
from the 𝛼 chain of Hb, and 6 peptides have been obtained
from the 𝛽 chain of Hb [10, 11]. Intact Hb𝛼 or Hb𝛽 is
also a potent antibacterial protein [5]. Hence, Hb-associated
AMPs have been extensively investigated. However, few Hbassociated AMPs in invertebrates have been reported [12].
Urechis unicinctus (Uu), a marine spoon worm, is economically important seafood mainly distributed throughout Russia, Japan, Korea, and China. Uu possesses a welldeveloped body cavity filled with coelomic fluid, which
contains cells with Hb. In general, AMPs are found in most
living organisms and considered an essential component of
an organism’s innate immune system [13]. Thus, AMPs may
be found in the Hb or coelomic fluid of Uu. AMPs may
also play an important role in its innate immune system.

However, the Hb of Uu and its antimicrobial activity have
yet to be described. Novel AMPs or antimicrobial substances
from the blood of Uu should be identified and isolated. In
this study, the Hb of Uu was analyzed and its cDNA was
cloned. Recombinant expression and antimicrobial activity
assay were then performed. Our research on the structure
and potential function of Hb may help elucidate the immune
defense mechanism of invertebrates. This study may also
provide insights into new AMPs for drug discovery and
disease control in U. unicinctus aquaculture.

2. Materials and Methods
2.1. Cloning of the cDNA of UuHb-F-I Fragment. The
coelomic fluid of an adult fresh Uu (about 20.5 cm in
length and 30.5 g in mass) was collected and centrifuged at
12,000 rpm for 5 min at 4∘ C. The precipitates were collected
and RNA was extracted by using a Trizol kit in accordance
with the manufacturer’s protocol (Shenggong Bioengineering
Co., Ltd., China). First-strand cDNA was synthesized with
M-MLV reverse transcriptase, oligo dT, dNTP mix, and total
RNA. Then, PCR was conducted in 20 𝜇L reaction mixture
containing 1 𝜇L of first-strand cDNA, 0.5 𝜇L of each primer
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Table 1: Primers used in this study.

Name
Adaptor primer (Ap)
3 -RACE outer primer
3 -RACE inner primer
Gene-specific primer (GSP1)
Gene-specific primer (GSP2)
SMARTer IIA oligo primers
5 -RACE CDS primer A
10x universal primer
A Mix (UPM)
5 -RACE outer primer
5 -RACE inner primer
Gene-specific primer (A1)
Gene-specific primers (A2)
Primer P1
Primer P2
CDS-P1
CDS-P2

Sequences (5 -3 )
Containing the dT region designed by TaKaRa and adaptor
primer part
TACCGTCGTTCCACTAGTGATTT
CGCGGATCCTCCACTAGTGATTTCACTATAGG
GGATATAGCGTTCTTTGACAAG
GCCCAGACTCTAACAGTTATCAGCTACTTGGAT
(T)25VN
Long: CTAATACGACTCACTATAGGGC
AAGCAGTGGTATCAACGCAGAGT
Short: CTAATACGACTCACTATAGGGC
CATGGCTACATGCTGACAGCCTA
GCGGATCCACAGCCTACTGATGATCAGTCGATG
CATCATTACAGACCAGACAATACG
CGCTTCAAGAGTTGTCCGAAATGCTTCGTGGTG
CAGGACGGAAGATATAGT
GTCGTTGTGATGTAGCAG
GCGAGTCCATATG GGTCTTACTGGAGCTC
TATACTCGAGCTTCATGGCGGCCACCAGG

(primers P1 and P2; Table 1), 10 𝜇L of 2x Taq Master Mix
(Omega Bio-Tek), and 8 𝜇L of MilliQ H2 O. Amplifications
were performed on PCR 3 Block Professional Thermocycler
(Biometra) under the following conditions: initial denaturation at 94∘ C for 3 min, 30 cycles of denaturation at 94∘ C
for 30 s, annealing at 48∘ C for 30 s, extension at 72∘ C for
50 s, and final extension at 72∘ C for 10 min. The obtained
cDNA was further purified with a SanPrep PCR product
purification kit (Shenggong Bioengineering Co., Ltd., China)
and cloned into pUM-T vector. Positive recombinants were
transformed into competent DH5𝛼 cells, identified through
anti-Amp selection, and verified through double digestion
with Sal I and BamH I (Thermo Scientific). Afterward, the
positive clone was sequenced (Nanjin Jinsirui Biotechnology
Ltd., Co., China).
2.2. Full-Length cDNA Sequence Determination
2.2.1. 3 -RACE. 3 -RACE was performed using 3 -Full RACE
Core Set with PrimeScript RTase (TaKaRa) in accordance
with manufacturer’s instructions. Nested PCR was conducted
in 3 -RACE outer primer and 3 -RACE-GSP1 or 3 -RACE
inner primer and 3 -RACE-GSP2 (Table 1). The first round of
PCR was performed using a reaction mixture containing 1 𝜇L
of the first-strand cDNA, 0.5 𝜇L of each primer (10 𝜇M), 2 𝜇L
of 10x Trans Taq HiFi buffer, 2 𝜇L of dNTPs (2.5 mM), 0.3 𝜇L
of Trans Taq HiFi DNA Polymerase (TransGen Biotech),
and 13.7 𝜇L of MilliQ H2 O. The second round of PCR was
conducted using a reaction mixture with 2 𝜇L of outer PCR
purified product, 1 𝜇L of each primer (10 𝜇M), 5 𝜇L of 10x
Trans Taq HiFi buffer, 4 𝜇L of dNTPs (2.5 mM), 0.5 𝜇L of
Trans Taq HiFi DNA polymerase, and 36.5 𝜇L of MiliQ

Purpose
3 -RACE cDNA
3 -RACE
3 -RACE
3 -RACE
3 -RACE
5 -RACE cDNA
5 -RACE cDNA
5 -RACE
5 -RACE
5 -RACE
5 -RACE
5 -RACE
cDNA
cDNA
Recombinant expression
Recombinant expression

H2 O. The amplifications of the first round were performed
with initial denaturation at 94∘ C for 3 min, 30 cycles with
denaturation at 94∘ C for 30 s, annealing at 48∘ C for 30 s,
extension at 72∘ C for 50 s, and the final extension step at 72∘ C
for 10 min. The second round was performed in the same
manner as that of the first round except annealing at 56∘ C.
The inner PCR product was ligated with pUM-T vector and
further purified and transformed into DH5𝛼. The detailing
process was the same as above. The sequence was then
determined (Nanjin Jinruisi Biotechnology Ltd., Co., China).
2.2.2. 5 -RACE. 5 -RACE was performed using 5 -Full
RACE kit with TAP (TaKaRa) in accordance with the manufacturer’s instructions. Nested PCR was conducted with 5 RACE outer primer and 5 -RACE-GSP1 or 5 -RACE inner
primer and 5 -RACE-GSP2. The PCR system in the first
round contained 2 𝜇L of reverse transcriptase, 1 𝜇L of each
primer, 5 𝜇L of 10x Trans Taq HiFi buffer, 4 𝜇L of dNTP
(2.5 mM), 0.5 𝜇L of Trans Taq HiFi DNA polymerase, and
36.5 𝜇L of MilliQ H2 O. The touchdown PCR profile was as
follows: initial denaturation at 94∘ C for 3 min; 30 cycles at
94∘ C for 30 s, at 60∘ C for 30 s (decreased by 0.5∘ C in each
cycle), and at 72∘ C for 1 min; 10 cycles at 94∘ C for 30 s,
at 45∘ C for 30 s, and at 72∘ C for 1 min; final extension at
72∘ C for 10 min; and being terminated at 15∘ C. The inner
PCR was performed using 1 𝜇L of the purified outer PCR
product, 1 𝜇L of each primer, 5 𝜇L of 10x Trans Taq HiFi
buffer, 4 𝜇L of dNTPs (2.5 mM), 0.5 𝜇L of Trans Taq HiFi
DNA polymerase, and 37.5 𝜇L of MilliQ H2 O. The touchdown
PCR was performed using the following parameters: 94∘ C for
3 min; 30 cycles at 94∘ C for 30 s, at 66∘ C for 30 s (decreased
by 0.5∘ C in each cycle), and at 72∘ C for 40 s; 10 cycles at 94∘ C
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for 30 s, at 51∘ C for 30 s, and at 72∘ C for 40 s; final extension
at 72∘ C for 10 min; and being terminated at 15∘ C. After the
results were verified through electrophoresis, the product was
sequenced to obtain the full length of UuHb-F-I cDNA.
2.3. Bioinformatics Analysis. Bioinformatics was conducted
to predict the new gene and the conservation, consistency,
and structure of the mature peptide. The homology of
nucleotide and protein sequences was blasted by using an
online tool at the National Center for Biotechnology Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The deduced
amino acid sequence was analyzed by using a translate tool
(http://web.expasy.org/translate/). Clustal X and DNAman
were used to perform multiple alignments of amino acid
sequences. The presence and location of a signal peptide
were predicted by using SignalP 4.1 Server online. ProtScale
(Hphob/Kyte & Doolittle), Sopma, and Phyre2 online software were adopted to analyze possible amphiphytes and
structures.
2.4. Expression and Purification of Recombinant UuHb-F-I
2.4.1. Construction of Recombinant UuHb-F-I. The CDS
sequence, encoding mature peptide of UuHb-F-I, was amplified by a pair of primers (CDS-P1 and CDS-P2). The PCR
product and pET-22b+ plasmids were double-digested with
Nde I and Xho I (Thermo Scientific). Afterward, the purified product was inserted into pET-22b+ vector by the T4
ligation enzyme. The ligation product was transformed into
competent BL21(DE3) cells and sequenced to ensure in-frame
insertion. Blank pET-22b+ plasmids were used as a negative
control.
2.4.2. Expression and Determination of Recombinant Protein. BL21(DE3)/pET-22b+ and BL21(DE3)/pET22b-UuHbF-I were inoculated in a TB medium with Amp (100 𝜇g/mL)
at 200 rpm and 37∘ C until OD600 of 0.6–0.8 was reached.
Isopropyl-𝛽-d-thiogalactosidase (IPTG, 100 mM) was added
to induce expression under the same conditions. The cells
were harvested through centrifugation at 12,000 rpm for
1 min. Inducing conditions, including the final IPTG concentration and induction time, were optimized.
Lactose instead of IPTG was used to induce protein
expression. The positive transformants of UuHb-F-I and
the negative control were incubated in an FML medium
composed of 15 g/L tryptone, 12 g/L yeast extract, 3 g/L
NaH2 PO4 ⋅2H2 O, 7 g/L K2 HPO4 ⋅3H2 O, 2.5 g/L NaCl, 0.2%
glucose, 2.1 mM lactose, 0.05% MgSO4 ⋅7H2 O, and 100 g/mL
Amp at 37∘ C with shaking at 180 rpm in accordance with
the procedure involving IPTG. Lactose was added to induce
expression; the cells were then harvested. The induction time
obtained using lactose was compared with that recorded
using IPTG. The quantities of the expressed proteins were
compared through SDS-PAGE.
The recombinant protein of UuHb-F-I (rUuHb-F-I) was
further confirmed through Western blot analysis. After SDSPAGE was conducted, the proteins were transferred from
the gel to a PVDF film. The film was blocked with 5%

3
fat-free milk, inoculated with His-Tag (27E8) mouse mAb
(Cell Signaling) and peroxidase-conjugated AffiniPure goat
anti-mouse IgG (H+L) (Shenggong Bioengineering Co., Ltd.,
China), and colored with a stable peroxide solution (A) and
a luminol/enhancer solution (B). Images were captured using
ChemiDoc MP imaging system (Bio-Rad).
2.4.3. Purity and Renaturation of Recombinant Proteins.
Lactose was used to induce protein expression. The recombinant strain of pET-22b-UuHb-F-I was inoculated in an
LB medium, transferred to 100 mL of FML in a 1 L flask,
and cultivated for 16 h at 37∘ C with 180 rpm. The cultivation
solution was centrifuged at 10,000 rpm for 10 min. The pellet
was solubilized with cell lysates (0.5 M NaCl, 50 mM TrisHCl, 1 mM EDTA, and 0.5% Triton X-100, pH 7.4). The
solution was sonicated for 20 min with 2 s ultrasonication and
2 s intervals at 400 W power and centrifuged at 10,000 rpm
and 4∘ C for 20 min. The pellet contained inclusion bodies,
which were further washed with buffer I (0.5 M NaCl, 50 mM
Tris-HCl, 2 M urea, 0.5% Triton X-100, and 1 mM EDTA,
pH 7.4) and dissolved in buffer II (0.5 M NaCl, 50 mM TrisHCl, 8 M urea, and 1 mM EDTA, pH 7.4). The supernatant
was prepared for column purification. The samples from
each step subjected to SDS-PAGE to determine the target
protein. rUuHb-F-I was purified with Ni+ affinity resins
under denaturation conditions.
The purified proteins were renatured through dialysis
in the following: gradient urea glycerol buffer (0.5 M NaCl,
50 mM Tris-HCl, 1% glycine, 10% glycerol, 1 mM EDTA,
and a gradient concentration of 4, 2, and 1 M urea in each
gradient, pH 7.4; each gradient for 4 h); PBS for 4 h; and
deionized water for 8 h. The sample was cold-dried and
analyzed through SDS-PAGE.
2.5. Determination of the Molecular Weight and Amino
Sequence of the Purified rUuHb-F-I. The molecular weight
of the purified rUuHb-F-I was confirmed by using an ABI
5800 MALDI-TOF/TOF plus mass spectrometer (AB SCIEX)
operated in a linear mode at Boyuan Bio-Tech Co. (Shanghai,
China). MS and MS/MS data were integrated and analyzed
in GPS Explorer V3.6 (Applied Biosystems, USA) with
default parameters. The MS/MS spectra revealed that proteins
were successfully obtained, as indicated by ≥95% confidence
interval of their scores in MASCOT V2.3 search engine
(Matrix Science Ltd., London, UK).
2.6. Antimicrobial Analysis. The lyophilized protein was dissolved in acetic acid (0.025%, V/V) at different concentrations: 1, 1.67, 2.78, 4.63, 7.72, 12.86, 21.4, 35.7, 59.5, and
99.2 𝜇M. The concentration of rUuHb-F-I was estimated by
using a BCA protein kit (Thermo Scientific). The antimicrobial activities of eight microbial strains were measured:
three Gram-positive bacteria, namely, Staphylococcus aureus,
Bacillus subtilis, and Micrococcus luteus; four Gram-negative
bacteria, namely, Escherichia coli (ATCC8739), Pseudomonas
aeruginosa, Vibrio alginolyticus, and Vibrio parahaemolyticus;
and one fungus, namely, Pichia pastoris GS115 (China General Microbiological Culture Collection Center (CGMCC,

4
China)). V. alginolyticus and P. pastoris GS115 were cultured
in TSB (17 g/L tryptone, 3 g/L soytone, 5 g/L NaCl, 2.5 g/L
glucose, and 2.5 g/L K2 HPO4 ) and YPD (2% (W/V) tryptone,
2% (W/V) d-glucose, and 1% (W/V) yeast extract) at 30∘ C,
separately. Other bacteria were cultured in TSB at 37∘ C.
Antibacterial activity was analyzed through a liquid phase
assay, as described previously [14, 15]. The strains were
initially adjusted to 103 CFU/mL with LTM (1% agar in PBS);
afterward, 120 𝜇L of each strain was seeded into 96-well plate,
and each well contained 50 𝜇L of the protein sample. The
plate was incubated for 3 h at 37∘ C or 30∘ C. Subsequently,
125 𝜇L of the medium was added to each well and cultivated
for another 12 h. Then, 100 𝜇L sample from each well was
spread onto plates and cultivated for 24 h. The highest growth
concentration and the lowest inhibitory concentration were
recorded. Minimum inhibitory concentration (MIC) was
determined by using the following equation: 𝑎 − 𝑏, where 𝑎
is the highest protein concentration of bacterial growth and
𝑏 is the lowest protein concentration that totally inhibited
bacterial growth. Acetic acid (0.025%) was used as a negative
control. Isopropanol (70%) was used as a positive control for
P. pastoris GS115. Chloramphenicol solution (0.68 mg/mL)
was utilized as a positive control for other bacteria. Each
treatment was repeated thrice.

3. Results
3.1. cDNA Cloning and Sequence Analysis of UuHb-F-I. On
the basis of Urechis caupo F-I complete CDS (GI:945055),
we obtained the cDNA of U. unicinctus. The nucleotide and
deduced amino acid sequences are shown in Figure 1, and the
sequence data were deposited in GenBank (KJ865621).
The full-length cDNA sequence of UuHb-F-I was 780 bp.
It contains 95 bp 5 -untranslated region (UTR), 256 bp 3 UTR, and 429 bp open-reading frame (ORF) encoding 142
amino acids (AA). The poly(A) tail was found in UuHb-F-I,
and a canonical polyadenylation signal sequence (AATAAA)
was detected. The estimated molecular weight of mature
UuHb-F-I was 15,120.67 Da, and the theoretical isoelectric
point was 9.02. Moreover, numerous 𝛼-helices were observed
in the secondary structure of mature UuHb-F-I. UuHb-FI is amphiphilic, as analyzed by Hphob./Kyte & Doolittle
in ProtScale. Signal peptide prediction revealed no signal
sequences in UuHb-F-I. Using Sopma and Phyre2, we could
further predict the secondary and tertiary structures of this
protein (not shown in this study).
BLAST analysis revealed that the nucleotide acid and
deduced amino acid sequences of UuHb-F-I matched those of
UcHb-F-I, with 82%–87% and 79% similarities, respectively
[16]. By contrast, the sequence similarities to other organisms
were relatively low and mainly conserved in the binding site
(Figure 2). UuHb-F-I displayed 43%, 36%, and 13.79% amino
acid identities with Capitella teleta (GI:443723524), Daphnia
magna (GI:322229317) [17], and human hemoglobin chain
(GI:3114508), respectively.
3.2. Expression and Purification of Recombinant UuHb-F-I.
The recombinant plasmids pET-22b-UuHb-F-I were transformed and expressed in E. coli BL21(DE3) (Tianjin, China).

BioMed Research International
Table 2: Antimicrobial activities and minimal growth inhibition
concentrations (MIC) of the recombinant protein.
Microorganisms
G+
Staphylococcus aureus
Bacillus subtilis
Micrococcus luteus
G−
Escherichia coli
Pseudomonas aeruginosa
Vibrio alginolyticus
Vibrio parahaemolyticus
Fungus
Pichia pastoris GS115

MIC (𝜇M)
7.72–12.86
>99.2
2.78–4.63
35.7–59.5
35.7–59.5
>99.2
21.4–35.7
>99.2

The results showed that the protein expression level of the
inducing group was much higher than that of the noninducing group. The blank plasmid did not induce band expression;
this finding suggested that BL21(DE3)/pET22b-UuHb-F-I
was the actual strain that induced expression. We further
optimized the IPTG inducing conditions and observed that
the highest protein expression level was obtained at 1 mM
IPTG and 3 h induction time. We also induced the protein
expression by using lactose and found that the highest protein
expression level was determined at 16 h induction time. The
obtained protein expression level at 16 h was higher than that
recorded at 8 or 12 h.
After induction was completed, the whole cell lysate
and insoluble fraction were analyzed through SDS-PAGE.
The results revealed that the recombinant UuHb-F-I was
mainly expressed as insoluble proteins and accumulated in
inclusion bodies. Western blot (Figure 3) demonstrated that
the recombinant strain could produce recombinant proteins
with His-Tag after induction was completed. This finding
confirmed that the obtained protein was indeed the target
protein. The target protein was purified using Ni+ affinity
column (Figure 4), dialyzed, and cold-dried for antibacterial assay. The purified rUuHb-F-I was further measured
by MALDI-TOF-MS/MS. The result showed that the pure
peptide yielded an observed molecular mass of 15168.01 Da,
and its N-terminal sequence was MGLTGAQIDAIK.
3.3. Antimicrobial Activities of rUuHb-F-I. The antibacterial
activities of rUuHb-F-I are described in Table 2. rUuHb-F-I
exhibited inhibitory activity against G+ and G− . Among the
obtained MICs, the MIC against M. luteus was the smallest,
with 2.78–4.63 𝜇M. The MIC against S. aureus was 7.72–
12.86 𝜇M. The MIC of rUuHb-F-I against G− , such as E. coli
and P. aeruginosa, was 35.7–59.5 𝜇M, which was higher than
that of G+ . This protein also elicited an inhibitory effect on
V. parahaemolyticus, with MIC of 21.4–35.7 𝜇M. By contrast,
this protein did not affect V. alginolyticus and P. pastoris
GS115.
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Figure 1: Nucleotide and deduced amino acid sequences of F-I chain of hemoglobin from Urechis unicinctus. The start codon (ATG) is
boxed. The stop codon (TAA) is indicated by an asterisk. The polyadenylation signal motif (AATAAA) is in dotted line. The protein sequence
of UuHb-F-I deduced from the nucleotide sequence is underlined. The letters underlined with a curve line are the predicted combining site
of heme to protein. The poly(A) is double-underlined. Numbers on the right side of the sequence show the positions of the last nucleotide or
amino acid on each line.

UuHb-F-I
UcHb-F-I
Ct-Hp

∗
∗ ∗∗
1 MGLT GAQI DAI KG HWFTNIKG HLQ AAG DSIFIKYL IT YPGD IAFF DKF STVP I-YALR SN
1 MGLT TAQI KAI QDHWFLNIKG CLQ AA ADSIFFKYL TAYPGD LAFF HKF SSVP L-YGLR SN
1 MGLT KAQI AAI QNNWAR -ISNN LQ DF GDTLFMRYL TIYPGD LAFF PKF EHEG VGDH LR HN

UuHb-F-I
UcHb-F-I
Ct-Hp

∗ ∗
∗∗
∗ ∗
60 AAYK AQTL TVISYLDKV IQGLG-- SD AGALMKAK VPS HEAM GI TTKH FGQ LL KLVG VVF Q
60 PAYK AQTL TVINYLDKV VDALG-- GN AGALMKAK VPS HDAM GI TPKH FGQ LL KLVG GVF Q
60 ADFQAQTL VVCQFLSKV IAS LSDMDA AKAML QE RVRTHAPRGI AMA QFERLL DLLPR LVQ

UuHb-F-I 118 EQFGACPETVA AW GV AAGV LVA AM K-----UcHb-F-I 118 EEFSADPTTVA AW GDAAGV LVA AM K-----Ct-Hp
120 DAS AASGP TAD AW RVAVASLMPAM RQEFAKV

Figure 2: Multiple alignment of amino acid sequences of UuHb-F-I with other known globins. Amino acid residues that are conserved in
the same sequences are shaded in black; similar amino acids of at least 60% are shaded in gray. Numbers on the right indicate the amino acid
position of the different sequences. The heme-binding domains are marked with asterisk above the alignment. The species and the GenBank
accession numbers are as follows: UuHb-F-I (Urechis unicinctus hemoglobin F-I), UcHb-F-I (Urechis caupo hemoglobin F-I, GI:122733), and
Ct-Hp (Capitella teleta hypothetical protein, GI:443723524).
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Recombinant protein

Figure 3: Result of Western blot for induced expression (1, negative;
2, IPTG induction; 3, lactose induction).
M

1
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40 KD
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Figure 4: Purified recombinant protein (M: marker; 1: recombinant
protein).

4. Discussions
This study is the first to report the full-length cDNA,
prokaryotic expression, and antimicrobial activity of UuHbF-I from U. unicinctus.
Sequence analysis revealed that the mature peptide of
UuHb-F-I is a globin belonging to the heme protein family.
UuHb-F-I contains many 𝛼-helices (70.42%) and hemebinding sites. These properties are similar to those of Hb
in other animals [14, 16]. The nucleotide acid and deduced
amino acid sequences of UuHb-F-I exhibited 82%–87% and
79% similarities to those of UcHb-F-I, respectively. The
combination sites of heme with UuHb-F-I are 31 (F), 41 (D),
44 (F), 45 (F), 65 (Q), 68 (T), 94 (S), 95 (H), 105 (F), and
108 (L), which are consistent with those of UcHb-F-I. UcHbF-I contains 137 (L) sites, but UuHb-F-I does not consist of
these sites. Therefore, Uu and Uc were derived from the same
descendent, and their Hb-F-I was the same.
The mechanism of AMPs shows that positive charges
and amphiphilic 𝛼-helices are common molecular structures
which accounted for their antimicrobial activity [18, 19].
Zhu et al. [15] reported that 𝛼-helices in peptides and
charges are responsible for antimicrobial activities; changes
in amphiphilicity can affect antimicrobial properties. Giangaspero et al. [20] suggested that antimicrobial activities may
be decreased by reducing the positive charges or the number

of 𝛼-helices. Our results showed that UuHb-F-I contains
many 𝛼-helices (70.42%). Therefore, UuHb-F-I could exhibit
antimicrobial activity. Uu with a unique Hb can live in active
pathogenic zones, such as muds and burrows in sand, because
of this property and thus protect themselves from other
microbial invasions.
As a strong inducer, IPTG can induce high protein
productivity at low doses. In this study, the expression
level increased as IPTG concentration increased within a
certain range, and the maximum product was obtained at
1 mM IPTG after 3 h of induction. However, IPTG might
be replaced with lactose because of its high costs and
toxicity. Lactose can produce the same or greater expression
level than that of IPTG [21–23]. Our result indicated that
lactose could induce the expression of relatively pure proteins and thus simplify purification. rUuHb-F-I was purified
and further quantified through MALDI-TOF-MS/MS. The
result revealed that the pure peptide yielded an observed
molecular mass of 15,168.01 Da, and its N-terminal sequence
was MGLTGAQIDAIK. The other amino sequence fragments
exhibited a theoretical molecular mass of 15,120.67 Da, and
this finding is consistent with that of amino acid sequences
subjected to blast analysis. Therefore, rUuHb-F-I is the same
as UuHb-F-I. With AMP prediction (CAMPR3 Collection of
Anti-Microbial Peptides, http://www.camp.bicnirrh.res.in/
predict c/hii.php), many fragments in UuHb-F-I are predicted as AMPs by the Support Vector Machine classifier. For
example, GLTGAQIDAIKGHWFTNIKG in positions 2–21
exhibits AMP probabilities of 1.0 (nucleotide acid sequence)
and 0.873 (peptide sequence). Nevertheless, the hydrolysis of
rUuHb-F-I should be further investigated.
In the current research, G+ , G− , and fungus, especially
common pathogenic species in aquaculture, such as V.
alginolyticus and V. parahaemolyticus, may help elucidate the
innate immunity of Uu. Bao et al. [12] indicated that Tg-HbI
(Hb dimer) from Tegillarca granosa is involved in immune
defense responses against microbial infection because the
mRNA expression of Tg-HbI (Hb dimer) is significantly
upregulated after T. granosa is subjected to V. parahaemolyticus challenge. Thus, our future work will conduct bacterial
challenge to investigate the relationship between Hb and
defense mechanisms of Uu.
In general, Hb and its fraction exhibit different antimicrobial activities against microorganisms through recombination or isolation [5]. Zhang et al. [11] reported that
AJHb, derived from Hb-𝛼 in Japanese eel, exhibits a strong
antibacterial activity against Edwardsiella tarda, with an MIC
of 11.30 𝜇M of MIC. Srihongthong et al. [24] found that the
Hb of alligator Hb exerts biological activity against G+ Bacillus
species, such as B. amyloliquefaciens, B. subtilis, and B.
pumilus. Belmonte et al. [25] showed that the MICs of Hb98114 against Cryptococcus neoformans and Candida tropicalis
are 1.6 and 2.1 𝜇M, respectively. Consistent with previous
findings, our results revealed that rUuHb-F-I exhibits a
wide range of inhibitory activities and broad antibacterial
spectrum against G+ and G− bacteria from nonaquatic and
aquatic pathogenic species. Our results also showed that the
inhibitory effects of rUuHb-F-I were stronger against G+
than against G− . By comparison, rUuHb-F-I did not affect
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P. pastoris GS115. The lowest MIC was 2.78–4.63 𝜇M observed
in M. luteus. Therefore, rUuHb-F-I is an antibacterial protein
or AMP precursor, which may exhibit functional diversities
or selective antimicrobial activities. The results also suggested
that U. unicinctus, similar to other aquaculture animals, may
possess an innate peptide-dependent host defense system to
eradicate microbes, as indicated by an MIC of 21.4–35.7 𝜇M
against V. parahaemolyticus. Thus, our study provided a
basis for the development of potent therapeutics or agents
against U. unicinctus disease. Further studies on the digestion
of rUuHb-F-I or its effects on other pathogens should be
performed to produce highly active AMPs.
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Chinese hamster ovary (CHO) cells have been used widely in the pharmaceutical industry for production of biological therapeutics
including monoclonal antibodies (mAb). The integrity of the gene of interest and the accuracy of the relay of genetic information
impact product quality and patient safety. Here we employed next-generation sequencing, particularly RNA-seq, and developed a
method to systematically analyze the mutation rate of the mRNA of CHO cell lines producing a mAb. The effect of an extended
culturing period to mimic the scale of cell expansion in a manufacturing process and varying selection pressure in the cell culture
were also closely examined.

1. Introduction
The development of next-generation sequencing (NGS) technologies has greatly improved the efficiency of sequencing
and contributed to the understanding of dynamic changes
in gene expression [1]. With the maturation of NGS, its
applications in biomedical research and drug discovery
have greatly advanced the identification of disease related
mutations and the development of molecules targeting the
aberrantly expressed gene products [2–6]. Massively parallel
cDNA sequencing (RNA-seq) has revolutionized transcriptomics studies compared to microarray technologies [7].
RNA-seq allows both qualitative and quantitative analysis of
the expressed gene product at messenger RNA (mRNA) level
with wide dynamic ranges and superior sensitivity [8].
Mammalian cell lines such as the Chinese hamster ovary
(CHO) cells have been widely used in the production of
recombinant therapeutic product including monoclonal antibodies [9, 10]. These cell lines are propagated extensively
to reach large-scale production vessel. Production cell lines
are generated by transfecting the host cells with a plasmid
vector expressing the gene of interest (GOI) and a selection
marker, followed by drug treatment and clone selection.

During a large-scale manufacturing process, cells from a
frozen bank need to be expanded multiple times to reach a
final volume as large as 20,000 liters. The integrity of the GOI
and the accurate flow of genetic information throughout this
process are crucial to product quality. Traditionally, protein
sequencing and mass spectrometry are used to characterize
the final product for its consistency and homogeneity at the
protein level [11]. DNA sequencing based on the Sanger or
pyrosequencing method has also been used for sequence
analysis of the mRNA (via cDNA) [12]. Although these mammalian host cells have a proven track record in consistently
producing high-quality products, a potential threat is posed
to the quality of the final product by the drug selection
process, cloning procedures, and environmental stress over
extended passaging conditions [13]. Product variants including point mutations could develop during the life cycle of
the production cells. However, the extent of this risk has not
been fully understood due to the limitations of traditional
molecular biology tools mentioned above.
In this study, we explored the use of RNA-seq technology
for the characterization of the mutation rate in a stably transfected CHO cell line expressing a recombinant monoclonal

2
antibody (mAb) under extensive in vitro passaging. The goal
is to identify and quantify mutations in a cell population at
the transcript level under various culture conditions. We first
carried out a feasibility study by mixing two slightly different
mAb light chain cDNAs at different ratios and subjected the
mixture samples to RNA-seq analysis. The detection limit of
the mutation rate was determined by the feasibility study.
Since mutation rate is presumably related to the length of
passaging and the presence of potentially mitogenic selection
reagents, such as methotrexate (MTX), we next cultured
the CHO cell line continuously to reach an in vitro cell
age of ∼150 population doubling levels (PDLs). In parallel,
increasing the dose of MTX was also evaluated for its impact
on mutation rate. The method we developed in this study
will be instrumental in defining the cell culture parameters
to ensure consistent and reliable product quality.

2. Materials and Methods
2.1. Feasibility Study by cDNA Mixing. Two cell clones (A and
B) expressing a human IgG with different light chain (LC)
sequences were thawed from frozen banks and cultured in
alpha-MEM (Gibco, Cat. 12561) containing 10% dialyzed fetal
bovine serum (FBS, SAFC, Cat. 12015C) and 0.45% glucose
(Sigma, Cat. G8769). Cells were passaged and expanded for
RNA extraction. RNA extraction was performed using the
RNeasy kit (Qiagen, Cat. 74104), and RNA was eluted in 50 𝜇L
RNase-free water. RNA concentration was measured on NanoDrop Spectrophotometer (ND-1000, Thermo Scientific).
RT-PCR of IgG light chains was set up with 200 ng RNA
per sample using the OneStep RT-PCR kit (Qiagen, Cat.
210212) in 50 𝜇L reaction volume. RT-PCR was run on the
Applied Biosystems 2720 Thermal Cycler with incubation
periods of 30 min at 50∘ C and 15 min at 95∘ C, 30 cycles
of 30-second denaturing at 94∘ C, 30-second annealing at
62∘ C, and 2 min extension at 72∘ C, followed by final 10 min
incubation at 72∘ C. cDNA was purified using the Qiaquick
PCR Purification Kit (Qiagen, Cat. 28106) and eluted in 30 𝜇L
EB buffer (10 mM Tris-Cl, pH 8.5). cDNA concentrations
were measured on NanoDrop. The cDNA of clone B was
mixed with cDNA of clone A at mixing ratios of 5%, 1%, 0.5%,
0.1%, 0.05%, and 0.01%. Triplicate samples of pure cDNA of
clones A and B and each mixture were submitted to BGI for
RNA-seq.
See Supplementary Information in Supplementary Material available online at http://dx.doi.org/10.1155/2016/8356435
for light chain and primer sequences.
2.2. cDNA Preparation from Cell Line under Different Culture
Conditions (Main Study). Clone A, derived from a single
cell, was thawed from a frozen bank at about 14 PDLs since
serum-free adaptation and cultured in Ex-cell ACF CHO
medium C5467 (SAFC Cat. 86016C-1000 mL) with 4 mM Lglutamine (Gibco, Cat. 25030), 1x Trace Elements A (Cellgro
Cat. 99-182-C1), and 1x Trace Elements B (Cellgro Cat. 99175-C1). Cells after thawing were termed PDL 0 and around
1 million cells were pelleted and resuspended in 350 𝜇L RLT
buffer with 1% beta-mercaptoethanol for RNA extraction.

BioMed Research International
Cells were further passaged at 0.5 million/mL every 3-4 days
in the presence of 0, 20, or 80 nM MTX (Sigma Cat. 8407), at
37∘ C and 7.5% CO2 .
At PDLs 0, 50, 100, and 150, 15 million cells were pelleted,
divided into 3 aliquots upon lysis (except PDL 0 sample
which was divided into replicates at RNA level) and RNA
was extracted following Qiagen protocol (Qiagen RNeasy
kit, Cat. 74104). Reverse transcription was performed with
200 ng RNA using the AccuScript High Fidelity RT-PCR kits
(Agilent, Cat. 600180). The thermal program includes 5 min
incubation at 65∘ C and cooling to room temperature for
5 min, followed by addition of 1 𝜇L of 100 mM dithiothreitol
(DTT) and 1 𝜇L of AccuScript Reverse Transcriptase. The
reaction was further incubated at 42∘ C for 30 min and stored
at 4∘ C. Three separate reverse transcription reactions were
performed for PDL 0 RNA to create replicates. cDNAs of
heavy chain (HC), light chain (LC), dihydrofolate reductase
(DHFR), and GAPDH were amplified via PCR using PfuUltra
HF DNA polymerase (Agilent, Cat. 600380) and the following thermal cycle program: 1 min at 95∘ C, 30 cycles of 30 seconds at 95∘ C, 30 seconds at 64∘ C (62∘ C annealing was used for
DHFR), and 3 min at 68∘ C, followed by a final 10 min incubation at 68∘ C. PCR products were purified using Qiaquick PCR
Purification Kit (Qiagen, Cat. 28104). For each sample, equalmolar ratios of HC, LC, DHFR, and GAPDH were mixed to a
total cDNA mass of 2.5 𝜇g and submitted for RNA-seq at BGI.
The experimental procedure is outlined in Figure 1.
For the feasibility study, the amplified fragment for light
chain corresponded precisely to the target sequence. In the
main study, a slightly larger region was amplified for each
target to ensure that the region of interest was outside the
range of the PCR primers themselves. The references used for
mapping were modified accordingly.
2.3. RNA-Seq. At BGI, cDNA was fragmented to an average
fragment size of 170–180 bp using Covaris. On Thermomixer,
these fragments were subjected to end-repair and the 3
end was adenylated. Adaptors were ligated to the 3 ends.
The ligation products were purified on TAE-agarose gel, and
∼14 rounds of PCR amplification were performed to enrich
the purified cDNA template. For quality control, the library
was validated on the Agilent Technologies 2100 Bioanalyzer
and the ABI StepOnePlus Real-Time PCR System. Qualified
libraries were sequenced on Illumina HiSeq2000 and 100 Mb
clean sequence data were generated for each.
See Supplementary Information for details on sequences
of primers and amplified regions. Analysis was performed
excluding the regions corresponding to the PCR primers.

3. Results
3.1. Feasibility Study. cDNAs from two clones expressing
light chain with closely related but slightly differing sequences
were mixed in different ratios to assess the ability of NGS to
quantitatively detect the fraction of mutant bases in a mixed
population. The sequences chosen for this were each 714 bases
long and differed in 46 positions. The sequence alignment is
shown in Figure S1.
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Figure 1: Experimental outline of RNA-seq studies of production CHO cell lines. The tested CHO cell lines expressing mAb were propagated
in suspension. Cell pellets were isolated and RNA samples were subsequently extracted. Reverse transcription was performed on the RNA
samples and certain genes of interest were amplified from cDNAs. After library preparation, the product was sequenced on Illumina
HiSeq2000. Details of data analysis are described in Section 3.

Detecting the fraction of sequence reads from a mixture
of these clones is fundamentally different than detecting
emerging mutations in cell culture in that one would not
expect to find so many mutations emerging at once. In terms
of the data analysis, the main impact is on the ability to map
reads. For example, in the sequence between positions 80 and
120, there are more than a dozen sequence differences. By
default, most short-read mappers will only map reads reliably
when the error rate is less than around 5%. If sequences
including mixtures of reads from clones A and B were
mapped directly to clone A reference, some reads from clone
B would not map at all to clone A reference. This would not be
expected to happen in the real case of an emerging mutation
at a single position. To address this issue, for the feasibility
study, we map reads to a reference sequence that includes
both clone A and clone B sequences, using BWA (https://
github.com/lh3/bwa; version 0.7.0; Li H. and Durbin R.
(2009) Fast and accurate short read alignment with BurrowsWheeler transform. Bioinformatics, 25, 1754–1760. [PMID:
19451168]). BWA will output the single best alignment for
each read in SAM format. For reads from regions where
clones A and B differ, the alignment will indicate that the
mapping was specific to reference A or B. For reads from
regions where clones A and B do not differ, reads will be
randomly assigned to one reference or the other. In order
to obtain a mapping that is consistent with what we would
expect to find in the real study if any one of the 46 mutations
had occurred singly, we modify the mappings obtained in
this way as follows. We replace all occurrences of the clone
B sequence identifier in the SAM-formatted alignment files
with the clone A identifier, and we ignore the trailing tag
fields. Since there are no insertion or deletion differences
between the two clones, the SAM file obtained in this way
is perfectly consistent with what would have been obtained
if the mutations had occurred separately. This procedure is
equivalent to mapping reads to each of the clone sequences
separately, determining which reference was a better fit and

then translating the clone B alignments to become clone
A alignments. In this case, that translation step is trivial
since the two sequences differ only by substitutions. The key
advantage of this approach over any single-reference mapping
approach is that it eliminates the possibility of any edge
effects or incorrectly induced insertions or deletions in the
alignments in regions where the clones A and B sequences
are significantly different. Had we used a more exhaustive
approach such as a Smith-Waterman alignment of all reads to
the clone A sequence, for example, the resulting alignments
of reads from clone B that included significantly differing
sections would have had small errors in alignment that would
have confounded the analysis. Also, it is important to note
that this modified alignment procedure is only relevant for
the initial validation portion of this study.
Aside from this mapping difference, the analysis for the
feasibility study is performed exactly as for the main study.
Sequence data were received from BGI in FASTQ format.
Adapters were removed using SeqPrep (https://github.com/
jstjohn/SeqPrep; version 0.4; unpublished) and aligned to
the reference sequence using BWA. Coverage across the light
chain sequence for all samples is shown in Figure S2. The
overall mapping rate across all experiments was very high,
generally around 99%, and the reads aligned with a very low
mismatch rate, typically around 0.2 mismatches per 90 bp
read. This indicates that we had very little contamination in
the experiment.
The SAMtools program “mpileup” (https://github.com/
samtools/samtools; version 0.1.19; Li H.∗ , Handsaker B.∗ ,
Wysoker A., Fennell T., Ruan J., Homer N., Marth G., Abecasis G., and Durbin R. and 1000 Genome Project Data Processing Subgroup (2009) The Sequence alignment/map (SAM)
format and SAMtools. Bioinformatics, 25, 2078-9. [PMID:
19505943]) was used along with custom scripts to extract for
each position in the target region the counts of each base of A,
C, G, and T, as well as the numbers of insertions and deletions.
Insertions were counted according to the base immediately
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Distribution of error rates (feasibility study)
300
250
Frequency

preceding the insertion regardless of what sequence was
being inserted. Similarly, deletions were attributed to the base
being deleted, regardless of how many bases were spanned
by the overall deletion. These counts were stratified based on
whether they were found from reads aligned in the forward
or reverse directions. Bases with quality scores less than
15 were ignored in this analysis. This cutoff was selected
to remove a minimum amount of data (typically 2–5% of
bases), while eliminating the lowest quality bases, which are
mainly those with reported base quality of two, indicating
that the sequencer failed to call the base at the position.
Within each experiment, for each position in each target
sequence, a preferred orientation was determined based on
which orientation gave rise to higher overall coverage. Only
data from reads in the preferred orientation at each position
was used to generate final results. Overall, this step has the
impact of removing a small portion of very-low-quality data,
at the cost of ignoring just under half of the overall sequence
data, which has little impact on most positions.
This decision to use only data from reads in a preferred
orientation is driven by the fact that some sequence contexts
are problematic for sequencing (observed in a variety of
targeted sequencing experiments; unpublished results). The
problem may arise from any step in the process, from
amplification to library prep to the sequencing itself. The issue
is often found in regions that are G-rich. The reads on the
G-rich strand will often have errors, while the reads from
the other C-rich strand do not. In those cases, we find that
the “better” strand usually has higher coverage, presumably
because the sequencer was unable to generate acceptable
reads from that direction and/or some of the base calls had
quality scores below the threshold of 15. By applying a cutoff
based on coverage, we are able to identify the “better” strand
without explicitly biasing the analysis to lower-frequency
results. For consistency, the strand choice is made once for
each unit of analysis, the feasibility study, and the main study.
Once the data have been processed to the counts of A, C,
G, and T, indels and deletions for each position, we can determine the consensus sequence and the rate of occurrence for
each possible alternate allele at each position. If we consider
the data from the unmixed sample for clone A to be our reference, and any alternate allele observations to be errors, we
find that the error rate across all possible positions, measured
as the frequency of the most common alternate allele at each
position, ranges from less than 0.01% to a high of 0.27%, with
99% of possible alternate alleles occurring at a rate of less than
0.2%. The full distribution is shown in Figure 2.
To assess the reproducibility of the data, we looked at the
apparent error rates for each possible mutation using replicate
experiments. Figure S3 shows plots of error versus error for
two of the 100% clone A reference samples versus the third.
The plot has a point for each possible base at each position,
including the reference base. The reference base calls all hover
near 1 when there are consensus base calls that all fit into the
same pixel on the log-log plot. In this way, the plot focuses
attention on the erroneous base calls. The red, green, and blue
curves correspond to a difference in apparent mutation rate of
10%, 1%, and 0.1%, respectively. Using these plots, it is possible
to quickly identify any outliers that might correspond to true
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Figure 2: Distribution of error rates across all positions in light
chain from the feasibility study. The most frequent alternate allele
at each position is used to populate the figure.

mutations and to get an estimate of the overall noise level in
the experiment.
For these samples, there are a few points very close to
the blue 0.1% line, but none that actually cross it in either
comparison. By contrast, when there is a true signal in the
data set, data points are expected to be well outside this
region. For example, if we take two of the 0.1% spiked controls
and two of the 0.5% spiked controls and compare them to the
0% reference, we obtain the plots in Figure S4. The points corresponding to the true spiked-in mutations are colored red.
We will take the signal for each mutation in each spikedin sample to be the difference between the average alternate
allele rate observed in each of the three replicate spike-in
samples and the average alternate allele rate observed for the
corresponding mutation in the replicate reference samples.
For each of these possible mutations, we will use a 𝑡-test
to assess whether the difference between the two means is
statistically significant. Given the small numbers of replicates
involved, the 𝑡-test results will not be used aggressively, but
rather as a filter to weed out spurious results (uncorrected 𝑃
value cutoff of .01).
The main results from the samples in the feasibility study
are shown in Figure 3. We find that the estimates of mixing
ratio are very accurate. The median signals at positive control
sites for the 0.01%, 0.05%, 0.1%, 0.5%, 1%, and 5% spikein experiments were 0.017%, 0.057%, 0.11%, 0.57%, 1.1%,
and 5.3%, respectively. The range of signals was typically as
much as ±2x, however. Certain sites have consistently lower
or higher signal estimates across different spike-in levels,
suggesting that the variability may be sequence-dependent
and may not be corrected by additional sequencing.
All 46 true-positive mutations are observed with statistical significance for spike-in levels of 5%, 1%, and 0.5%.
At the 0.1%, 0.05%, and 0.01% spike-in levels, 45/46, 42/46,
and 10/46 of the mutations are observed. Across all control
sites (true negative), 27 false positives were observed. The
observed signal was less than 0.01% in most of those cases,
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Figure 3: The seven horizontal bands of points correspond to
experiments with mixing ratios of 0.01%, 0.05%, 0.1%, 0.5%, 1%, 5%,
and 100%. There are points for each position in light chain for each
sample sequenced. The 𝑥-axis corresponds to the apparent signal
for each spiked-in sample. In order to include the negatives that
result from this measurement on the log-scale plot, they are plotted
as their absolute values, colored grey, and offset just below the
other points. The points corresponding to the spiked-in mutations
are colored blue and offset just above the other points. The light
blue points did not meet the threshold for statistical significance.
True-negative mutations that did meet the criteria for statistical
significance are colored purple instead of black. All points have had
a small amount of vertical jitter added. The jitter and offsets serve to
allow visualization of the full distribution of points for the negative
and positive controls.

and the highest signal observed was 0.03%. By contrast,
for the positive control sites at the 0.1% spike-in level, the
lowest observed excess signal was 0.0599%. Based on these
observations, we set the following thresholds for mutation
detection in the main study: excess mutation signal of more
than 0.05% with a 𝑃 value less than .01. In the feasibility study,
these criteria would yield 45/46 true positives at the 0.1%
spike-in level, with no false positives. The one false negative
had an apparent signal of 0.12% but just barely missed the 𝑃
value cutoff with a value of .012. Therefore, these settings are
designed to be sufficient to detect (or rule out) mutations with
a true signal of more than 0.1%.
It is worth noting here that had we been interested only
in mutations at higher levels, the natural thresholds based
on this feasibility study would always be around one-half of
the desired mutation detection rate. That threshold would
still allow perfect sensitivity for all 46 tested mutations, while
minimizing the false positive rate.
3.2. Main Study. We found that the error profile for the main
study was slightly different than that observed in the feasibility study. Overall, the error profile was better for the main
study, with an average error rate over all possible substitutions
and indels of .011%, versus .017% for the feasibility study.
However, while there were no mutations with a background rate of more than 0.3% in the feasibility study, there
were four such mutations in the main study, including two

1e − 02
1e − 04
Error (feasibility study)

1e − 06

Figure 4: Comparison of a baseline sample from the main study
versus a reference sample from the feasibility study, showing the
rate of apparent error versus error for each possible alternate allele
at each position. The dotted lines correspond to a mutation rate of
0.3%.
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Figure 5: Histogram of counts of mutations meeting the threshold
for detection of mutations at the 0.1% level for each experimental
condition tested. Those mutations that also met the criteria for the
0.5% level are highlighted in light grey.

above the 1% level. The overall correspondence between
the error rates was nevertheless quite good overall. See the
error : error plot in Figure 4. More importantly, the error
profiles for the main study samples compared to replicates
within that study were very consistent. See the error : error
plots for the reference samples in Figure S5.
We proceeded with the analysis as described. Across all
nine samples covering no MTX, 20 nM MTX, and 80 nM
MTX at 50, 100, and 150 PDLs, 245 mutations met the
criteria established in the feasibility study for the 0.1% level.
These were unevenly distributed across the samples, biased
strongly toward samples with larger PDLs. The distribution
of mutations is shown in Figure 5. Also highlighted in this
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Figure 6: Four panels correspond to each of the four targets: light chain, heavy chain, GAPDH, and DHFR (clockwise from the top left).
Each panel has points for each experimental condition, stratified vertically, exactly as done for the feasibility study (Figure 3). The coloring,
jittering, and offsets for the points are also identical to Figure 3, except that there are no spike-in signals here, and hence no blue points.
Positions meeting the criteria for significance (𝑡-test 𝑃 value <.01) are colored purple.

figure are those mutations that would have met the criteria
for mutation detection at the 0.5% level. In total there were
ten signals detected at that level.
The same analysis was performed with identical settings
for the other three targets in the experiment. The pattern of
mutations was very similar in each case. The plots in Figure 6
show the apparent rate of mutation for all possible mutations
in each of the four targets studied. In this more quantitative
view, it is possible to see the full distribution of error rates
across the study. While many mutations met the criteria for
statistical significance (𝑡-test 𝑃 value <.01; points colored
purple), the vast majority of those have a very low apparent
mutation rate. Since we had only triplicate data, it was not
possible to use a more stringent statistical cutoff. However, it
is also possible to see some general trends in this view. Across
all four targets, as the PDL increases, the distribution of
apparent mutation rates shifts uniformly higher, for example.
Presumably this reflects small, true shifts in the population
accumulating over time, though few mutations met our
criteria for detection. In terms of specific mutations meeting

the criteria established for detection at the 0.5% level, the
numbers of signals observed in light chain, heavy chain,
DHFR, and GAPDH were 10, 17, 4, and 0, respectively. A table
with all signals found across all four genes is included in the
Supplementary Information.

4. Discussion
Here we explored using RNA-seq technology for the detection of emerging mutations in a CHO cell line producing a
recombinant antibody during long-term culture. In the feasibility study, we established a high-confidence mutation level
detection limit of 0.1%, which is significantly more sensitive
than traditional molecular biology or protein characterization techniques. The detection limit of mutation by Sanger
DNA sequencing is around 15–20% [14]. When comparing
the feasibility study to the main study, we noticed that the
background error profile revealed by sequencing replicates
of the same biological sample can vary from batch to batch.
Within each batch, the error profile at each position (whether
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arising from amplification, library prep, or sequencing itself)
was very consistent. Therefore, a reference run should be
included in each sequencing batch and used to assess variation within each batch. By considering each position to
have an independent error profile, we can implicitly account
for a variety of error sources without knowing exactly what
contribution each source makes.
In the main study, we analyzed all three exogenous genes
introduced by the expression vector, which were heavy chain
and light chain of the mAb, and the DHFR selection marker.
We also analyzed the house-keeping gene GAPDH as a
representative host endogenous gene. As the study shows,
the mutation rate displayed a clear increasing trend with
extended culture passaging. And, in most cases, the mutation
rate also increased in the presence of selection pressure
(MTX). In the actual cell culture manufacturing process,
the cell inoculum typically needs to be passaged for at least
30–40 PDLs starting from a frozen cell bank, and often in the
presence of selection pressure such as MTX. Our experiments
were designed to sufficiently cover this manufacturing
window with respect to both process conditions. In Figure 6,
there is a noticeable jump in the numbers of significant mutations (above 0.1%) starting at 150 PDLs. At the same time, up
to 100 PDLs, only the sample treated with 80 nM MTX exhibited detectable mutations higher than 0.5%. No mutation
above 0.5% was observed in the house-keeping gene GAPDH
under any of the culture conditions. This indicates that
increasing selection pressure and extending passaging period
mainly affect the stability of the transgenes but have minimal
effect on endogenous host genes, presumably due to the
deleterious effect to the host. It is noteworthy that mutation
rate can be described in two ways. The first is the number
of mutations above the 0.1% detection limit across the
entire gene fragment. And the second is the percentage of
population that carries a specific point mutation. Both representations showed similar trend in our study.
On the molecular level, mutations identified in mRNA
can be attributed to DNA template mutations [15], transcriptional errors [16, 17], or posttranscriptional modifications [8].
Understanding the mechanism behind individual mutations
requires further characterization of all these possible factors,
including DNA sequence analysis of the expression vector
inserted into the genome. In addition, mutations detected by
RNA-seq require confirmation by protein sequence analysis
to assess their impact on product quality.
NGS technologies have played increasing roles in the
development of cell culture production process and facilitated
the understanding of the production cell line. There has not
been a report on applying RNA sequencing to systematically
analyze mutation rate during extended passaging of production CHO cells. Production cell line stability with respect
to sequence integrity is crucial for the biopharmaceutical
industry because cell lines carrying the intended transgene
sequences are essential for product quality and patient safety.
Here we have demonstrated that RNA-seq can help to ensure
the accurate flow of genomic information to the final product.
Although CHO cell lines developed with DHFR as the
selection system are used as a model system in this study
to characterize gene stability, the methods developed in this
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study should also be applicable for other production host cell
lines and selection methodologies. The information generated should further stimulate investigation on the molecular
mechanisms behind sequence variations in mRNA.
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To clone and express the 𝛾-polyglutamic acid (𝛾-PGA) synthetase gene pgsBCA in Bacillus subtilis, a pWB980 plasmid was used to
construct and transfect the recombinant expression vector pWB980-pgsBCA into Bacillus subtilis WB600. PgsBCA was expressed
under the action of a P43 promoter in the pWB980 plasmid. Our results showed that the recombinant bacteria had the capacity to
synthesize 𝛾-PGA. The expression product was secreted extracellularly into the fermentation broth, with a product yield of 1.74 g/L
or higher. 𝛾-PGA samples from the fermentation broth were purified and characterized. Hydrolysates of 𝛾-PGA presented in single
form, constituting simple glutamic acid only, which matched the characteristics of the infrared spectra of the 𝛾-PGA standard, and
presented as multimolecular aggregates with a molecular weight within the range of 500–600 kDa. Expressing the 𝛾-PGA synthetase
gene pgsBCA in B. subtilis system has potential industrial applications.

1. Introduction
Gamma-polyglutamic acid (𝛾-PGA) is a new water-soluble
biodegradable material. It is an anionic polypeptide formed
by the condensation of amide linkages between 𝛼-amino
and 𝛾-carboxylic acid groups of the D- and/or L-glutamate
in microorganisms. It has nontoxic, edible, adhesive, filmforming, and moisture retention properties [1]. 𝛾-PGA and its
derivatives can be used as drug carriers and bioadhesive materials that have been widely used in pharmaceutical, cosmetics,
food, agriculture, and sewage treatment industries and have
become one of the most interesting topics in biopolymer
research [2].
Traditionally, 𝛾-PGA is primarily produced through microbial fermentation [3]. Bacteria involved in 𝛾-PGA synthesis
are mostly gram-positive (genus: Bacillus, class: Bacilli) and
are classified as glutamate-dependent or glutamate nondependent types based on their needs for glutamate [4]. Wildtype 𝛾-PGA-producing strains have unstable heritability,
easily leading to a reduction or loss in the ability to synthesize 𝛾-PGA during fermentation, undergo 𝛾-PGA degradation, and produce extracellular polysaccharide by-products,

thereby lowering product yield. Compared to traditional
mutation breeding, genetic engineering technologies have
been expected to become an effective method to create 𝛾PGA high-yield strains. Ashiuchi et al. [5] and Tarui et al. [6]
confirmed that pgsB, pgsC, and pgsA are three essential genes
involved in 𝛾-PGA synthesis in glutamate-dependent strains.
Urushibata et al. [7] and Jiang et al. [8] constructed recombinant plasmids containing the pgsBCA gene through different
methods of fusion expression and further transformed the
plasmids into Escherichia coli to obtain positive clones that
were capable of producing 𝛾-PGA. E. coli, a gram-negative
bacterium, has been reported as the primary host strain for
transforming the recombinant vector of the 𝛾-PGA synthase
gene. However, its synthase gene is mainly derived from
Bacillus subtilis (gram-positive bacteria). The membrane
structures and protein secretion systems of both types of bacteria vary, which in turn may result in poor positioning of the
recombinant expressed 𝛾-PGA synthase system on the bacterial cell membrane [9]. Therefore, the level of expression
of 𝛾-PGA in the host strain is lower; and the amount of 𝛾PGA obtained from positive clones is only within the range of
0.024–0.134 g/L [10]. B. subtilis, as a prokaryotic expression
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host for food safety, carries some excellent features in expressing 𝛾-PGA that E. coli does not possess. For example, B. subtilis is capable of expressing the soluble and nonfusion proteins, as well as preferentially expressing the nonpathogenic
and nonapparent codons [11]. In addition, its expression of a
recombinant plasmid after transformation is high. Therefore,
its expression products have greater advantages and higher
potential in manufacturing biological engineering products
for the food and pharmaceutical industries. However, the
relevant study of cloning and expression of pgsBCA in B.
subtilis was comparatively scarce. To date, the expression of
the 𝛾-PGA synthase gene pgsBCA still need D-xylose and Larabinose induced, generally with poor expression yield and
low molecular weight (only 200–500 kDa) [12], indicating the
need to resolve this particular bottleneck. Considering this, in
this paper, the recombinant plasmid expressing pgsBCA gene
was reconstructed and highly expressed in B. subtilis as to
improve the yield and molecular weight of 𝛾-PGA. B. subtilis
168 has been widely used in the study of 𝛾-PGA regulation.
It is one of the few bacterial strains that has a complete set
of 𝛾-PGA synthase genes but does not produce 𝛾-PGA [13].
The present study used the genomic DNA of B. subtilis 168 as
DNA template to amplify the 𝛾-PGA synthase gene pgsBCA
and to further clone the pgsBCA gene into the B. subtilis
expression vector pWB980 to transform into type strain B.
subtilis WB600. We constructed a recombinant B. subtilis
expression system for 𝛾-PGA synthesis, which may serve as a
foundation for the high-yield industrial production of 𝛾-PGA
based on an engineered B. subtilis expression system.

2. Materials and Methods
2.1. Bacterial Strains and Plasmids. B. subtilis 168 and B. subtilis WB600 were purchased from Shanghai Genemy BioTech
Co., Ltd. (Shanghai, China); E. coli JM109 was prepared and
preserved at our laboratory and described in a previous study.
pMD19-T vector and B. subtilis expression vector pWB980
were purchased from TakaRa Biotechnology (Dalian) Co.,
Ltd. (Dalian, China).
2.2. Reagents. All restriction endonucleases, T4 DNA ligase,
Taq DNA polymerase, dNTPs, DNA ladder marker, and protein molecular weight markers, were purchased from TakaRa
Biotechnology (Dalian) Co., Ltd. Plasmid extraction and
agarose DNA extraction kits were purchased from Tiangen
Biotech (Beijing) Co., Ltd. (Beijing, China). Bacterial genomic DNA extraction kits were purchased from and primers
were designed and synthesized by Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China). Silica gel plates for thin layer
chromatography (TLC) were purchased from Qingdao Jiyida
Silica Reagent Factory (Model number: 50 × 100 GF254,
Shandong, China).
2.3. Culture Medium. Lysogeny broth (LB) was prepared
using 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl (pH
7.0) and 2.0% (W/V) agar powder to solidify the medium. E.
coli and B. subtilis transformants were selected with 50 𝜇g/mL
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ampicillin (Ampr ) and 30 𝜇g/mL kanamycin (Kmr ), respectively. Fermentation broth for the genetically engineered
recombinant bacteria contained 40 g/L glucose, 0–100 g/L
sodium glutamate, 6 g/L (NH4 )2 SO4 , 2 g/L K2 HPO4 , and
0.2 g/L MgSO4 (pH 7.5).
2.4. Primer Design. With reference to the NCBI database, the
upstream and downstream pgsB, pgsC, and pgsA coding gene
sequences of B. subtilis 168 were designed as follows: BAC1: 5 CGCGGATCCATGTGGTTACTCATFATAGCC-3 (restriction site of BamHI endonuclease is underlined); BAC2:
5 -CCCA AGCTTTTATTTAGATTTTAGTTTGTCA C-3
(restriction site of HindIII endonuclease is underlined).
2.5. Cloning of 𝛾-PGA Synthetase Gene. B. subtilis 168 genomic DNA was used as template. BAC1 and BAC2 primers were
used to amplify the gene. The PCR reaction system included
2 𝜇L of DNA template, 10 𝜇L of 5x buffer, 2 𝜇L of dNTPs, 2 𝜇L
of individual primers of BAC1 and BAC2, 0.5 𝜇L of 5x Primer
STAR, and sterile double-distilled water to prepare a final
volume of 50 𝜇L. Reaction conditions were as follows: 94∘ C
for 3 min, followed by 30 cycles of 94∘ C for 30 s, 55∘ C for 15 s,
and 72∘ C for 3 min, and a final 72∘ C extension for 10 min. One
percent agarose gel electrophoresis was used to identify the
PCR reaction products. PCR products were recovered using
a DNA rapid recovery reagent and ligated into the pMD19T vector, which was followed by transformation into E. coli
JM109 competent cells using CaCl2 methods. The selected
single colonies were inoculated into liquid LB to expand
the plasmid. Intermediate vectors pMD-pgsBCA were then
obtained and identified using BamHI and HindIII double
digestion as well as sequencing.
2.6. Construction of B. subtilis Expression Vector. BamHI and
HindIII double digestion was performed to cut the intermediate vector pMD-T-pgsBCA and pWB980 plasmid, followed
by ligating these into the recombinant expression vector,
pWB980-pgsBCA (Figure 1). Kanamycin resistance screening
was performed to screen the recombinant plasmid, followed
by plasmid extraction and identification using restriction
enzyme digestion and sequencing to obtain the positive
clones of the bacterial strain.
2.7. Induced Expression of pgsBCA Gene. pWB980-pgsBCA
plasmids were transformed into B. subtilis WB600 to obtain
recombinant strains of Bacillus WB600-pgsBCA, which were
inoculated into 5 mL of fresh liquid LB containing 30 𝜇g/mL
kanamycin and incubated at 37∘ C in a 200 rpm shaker overnight. The next day, a 2% inoculum of the culture suspension
was further inoculated into 250 mL flask with 100 mL recombinant fermentation medium containing kanamycin and
incubated at 37∘ C in a 200 rpm shaker for 36–48 h until the
bacterial concentration stopped growing and fermentation
was terminated. pWB980-pgsBCA contained a constitutive
P43 promoter. Hence, we did not add any inducers during
the fermentation process. Approximately 0–100 g/L sodium
glutamate was added into the fermentation medium as a
synthetic substrate for 𝛾-PGA to further study the impact of
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Figure 1: Construction of recombinant plasmid pWBb980-pgsBCA from Bacillus subtilis expression vector pWB600 and 𝛾-pgsBCA gene.

different substrate concentrations on the synthetic yield of 𝛾PGA.
2.8. 𝛾-PGA Isolation and Purification. After adding the optimal substrate concentration and fermentation had ended, the
fermentation medium was centrifuged at 5,000 rpm for 5 min
to collect the supernatant. The supernatant was mixed with
4 volumes of absolute ethanol and left to stand overnight at
4∘ C, followed by centrifugation at 4,000 rpm, and then the
supernatant was discarded. The pellet was redissolved in the
appropriate amount of distilled water and further centrifuged
at 5,000 rpm to obtain the supernatant. A 20 mg/mL solution
of proteinase K was added into the supernatant and dialyzed
overnight using deionized water. After the centrifugation as
earlier described, the supernatant was collected and freezedried to obtain the purified solid samples of 𝛾-PGA. 𝛾-PGA
samples were stored at −70∘ C until analysis.

2.9. Hydrolysis of 𝛾-PGA. A 0.5 g purified 𝛾-PGA sample was
added to 10 mL of 6 moL/L HCl, vacuumed for 10 min, and
then sealed. The sample was then hydrolyzed at 110∘ C for 12–
24 h, allowed to cool down and then filtered, and redissolved
in 6 moL/L of NaOH to adjust the pH to 7.0. The aqueous
solution was transferred to a 100 mL flask, and the hydrolysate
was subjected to TLC using silica gel plates to analyze its
amino acid composition.
2.10. Determination of 𝛾-PGA Contents and Properties. 𝛾PGA contents of fermentation broth were measured by highperformance liquid chromatography (HPLC) [14]. The purified 𝛾-PGA samples underwent infrared spectroscopy using
Shimadzu’s IR Prestige-21 infrared spectrometer, Shimadzu
(China) Co., Ltd. (Beijing, China). Potassium bromide (KBr)
was used as reference material [15]. The molecular weight of
𝛾-PGA was determined by SDS-PAGE [16].
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3. Results

1
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3.1. PCR Amplification and Identification of 𝛾-PGA Synthetase Gene pgsBCA. The target gene was amplified by PCR.
Figure 2 shows the PCR products that were separated and
analyzed using agarose gel electrophoresis. The observed size
of the amplified pgsBCA fragment, 2.8 kb, was in agreement
with our expected results. An agarose DNA extraction kit
was used to recover and purify the PCR products. After
confirming with DNA sequencing, the DNA sequence of the
PCR products was determined to be 100% identical with the
sequence of the reported gene of B. subtilis 168.

3.3. Impact of Different Substrate Concentrations on the Synthetic Yield of 𝛾-PGA. Figure 4 shows that, with increasing
amounts of the substrate, glutamate, the production of 𝛾-PGA
was enhanced. However, when glutamate concentration was
>50 g/L, the synthetic yield of 𝛾-PGA declined. This result
suggested that pgsBCA was secreted by B. subtilis WB600. The
expressed product, 𝛾-PGA, could be secreted into extracellular fermentation broth. Using a lower substrate concentration, we observed that the recombinant bacteria did not synthesize 𝛾-PGA, indicating that an excess amount of substrate
was necessary for the recombinant bacteria to synthesize 𝛾PGA. Therefore, from the perspective of economic efficiency,
we identified that a substrate concentration of 50 g/L was
optimal to synthesize the highest possible amount of 𝛾-PGA
(1.74 g/L).
3.4. Characterization of Recombinant 𝛾-PGA in Fermentation
Broth. Figure 5 shows the TLC results of the hydrolysate
samples observed under ultraviolet light, wherein, after the
acid hydrolysis of 𝛾-PGA, no other band was observed on
the silica gel plates but only single spots of uniform color
intensity. Its retention (𝑅𝑓 ) value was consistent with that of
the standard, glutamate spots, indicating that the hydrolysates
had no other amino acids and other protein impurities. These
hydrolysates were in single form, solely consisting of pure glutamic acid. Figure 6 shows the infrared (IR) spectroscopy of
𝛾-PGA. The absorption peak at 3,421 cm−1 was the symmetric
stretching vibration band of N-H; and the absorption peak at
1,649 cm−1 was the asymmetric stretching vibration band of
an amide group, -CONHR. Both peaks were the main indicators used in the identification of amides and for the presence
of amide groups in 𝛾-PGA molecules. The absorption peak
at 1,408 cm−1 was the symmetric stretching vibration band of
COOH; the absorption peak at 1,076 cm−1 was the hallmark
peak representing the presence of aliphatic hydrocarbons,

1200 bp
800 bp
500 bp
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Figure 2: PCR product of pgsBCA gene. Note: Lane 1, pgsBCA PCR
product; Lane M, DNA markerIII (Tiangen).
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Figure 3: Map of electrophoresis of recombinant plasmid pWB980pgsBCA after digestion. Note: Lane 1, pgsBCA PCR product; Lane 2,
after double digestion of pWB980-pgsBCA with BamHI and HindIII;
Lane M, DNA markerIII (Tiangen).

Production of 𝛾-PGA (g/L)

3.2. Identification of B. subtilis Expression Vectors. After transforming the constructed recombinant expression vectors,
pWB980-pgsBCA, into competent cells, the plasmids were
collected and identified using BamHI and HindIII restriction
enzyme digestions. Figure 3 shows that, as shown in the
map of double restriction enzyme digestions, the size of the
cleaved fragment was the same as that of the pgsBCA PCR products, thereby initially confirming the successful construction of the recombinant expression vector, pWB980-pgsBCA.
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Figure 4: Production of 𝛾-PGA in fermentation of recombinants
(g/L). As increasing amounts of the substrate, glutamate, the production of 𝛾-PGA was enhanced. However, when glutamate concentration was >50 g/L, the synthetic yield of 𝛾-PGA declined.

BioMed Research International

5
M

1

2

600 kDa
440 kDa
230 kDa
140 kDa

67 kDa
1

2

3

Figure 5: The thin layer chromatography spectrums of sample
hydrolysate. Note: Lane 1, standard sample of L-glutamic acid; Lanes
2 and 3, hydrolyzed sample of 𝛾-PGA.

Figure 7: SDS-PAGE analysis of product of pWB980-pgsBCA. Note:
Lane M, marker, high molecular weight standard protein (TakaRa);
Lane 1, 𝛾-PGA samples obtained and purified from the fermentation
broth; Lane 2, control, Bacillus subtilis WB600.

80

Bacillus WB600-pgsBCA was determined using SDS-PAGE.
Figure 7 shows that the molecular weight of the 𝛾-PGA was
between 500 and 600 kDa and occurred as aggregates of a
multimolecular mass, but not of a single molecular composition.
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4. Discussion and Conclusions
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Figure 6: Analysis of FT-IR spectrum of the 𝛾-PGA sample. The
absorption peak at 3,421 cm−1 was the symmetric stretching vibration band of N-H; 1,649 cm−1 was the asymmetric stretching vibration band of –CONHR; 1,408 cm−1 was the symmetric stretching
vibration band of COOH; 1,076 cm−1 was the hallmark peak representing the presence of aliphatic hydrocarbons, -CH2 or -CH3 (flexural vibration); 1,000 cm−1 –500 cm−1 were caused by (CH2 )𝑛 (𝑛 > 4)
planar rocking vibration, as well as in-plane bending vibration.

-CH2 or -CH3 (flexural vibration), in the molecular structure;
and the absorption peaks within the range of 1,000 cm−1 –
500 cm−1 were caused by the (CH2 )𝑛 (𝑛 > 4) planar rocking
vibration, as well as in-plane bending vibration. The spectral
characteristics of recombinant 𝛾-PGA in fermentation broth
was consistent with those of the standard 𝛾-PGA’s IR spectroscopy, indicating that the sample obtained in the present
study contained the N-H and C=O functional groups, as well
as the aliphatic hydrocarbon structure (CH2 )4 of the 𝛾-PGA
[17], thereby confirming that the sample was 𝛾-PGA. The
molecular weight of the 𝛾-PGA sample obtained after the
fermentation, isolation, and separation of recombinant strain

The present study evaluated the cloning and expression of 𝛾PGA synthase gene pgsBCA in B. subtilis and used plasmid
pWB980 to construct the recombinant expression vector,
pWB980-pgsBCA, and to further transfer the recombinant
expression vector into B. subtilis WB600. The P43 promoter
of pWB980 induced the expression of pgsBCA; then the
host cells of this expression vector showed a capacity to
synthesize 𝛾-PGA, and the product yield of 𝛾-PGA reached
≥1.74 g/L. The isolated and purified 𝛾-PGA sample from the
fermentation broth was confirmed to have a single form of
hydrolysates that solely consisted of pure glutamic acid. This
result matched the characteristics of the standard 𝛾-PGA’s IR
spectroscopy and showed the aggregates of a multimolecular
mass, with a molecular weight ranging between 500 and
600 kDa.
The present study used B. subtilis as the expression host,
and the pgsBCA gene originated and was expressed in B.
subtilis. The 𝛾-PGA synthase system is better positioned in
the cell membrane (as shown in Section 1). Therefore, the
synthetic yield and molecular weight of 𝛾-PGA produced in
B. subtilis were as high as ≥1.74 g/L and between 500 and
600 kDa, two features that are consistent with or even higher
than the expression system of E. coli and B. subtilis that had
previously been described to have high expression efficiency
[18–20]. The molecular weight of 𝛾-PGA especially expressed
in this host is the highest in the existing report [21–24].
The recombinant expression vector, pWB980-pgsBCA, in the
present study contained the P43 promoter. Therefore, the
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costly use of isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG),
D-xylose, and L-arabinose as an inducer to secrete the
pgsBCA into the extracellular fermentation broth is circumvented using the methodology developed in the present study.
This technique may also be potentially used in industrial
production as it can increase the stability of products, simplify
the purification work, and have more obvious application
potential advantage.
Although the constructed recombinant bacteria Bacillus
WB600-pgsBCA showed the capacity to synthesize 𝛾-PGA,
our results still could not match the highest synthetic yield
of 𝛾-PGA (40–50 g/L) that is induced by the fermentation
of mutated bacteria [25, 26]. Therefore, our next research
study will focus on introducing hemoglobin, other exogenous
genes, or certain control sequences to efficiently synthesize
and express 𝛾-PGA and to increase the bacterial concentration, oxygen uptake, or endogenous synthase expression,
thereby ultimately increasing 𝛾-PGA yield [27, 28]. Alternatively, we will knock out genes of degrading enzymes in
𝛾-PGA-producing strains to reduce 𝛾-PGA degradation,
thereby increasing 𝛾-PGA yield [29]. Therefore, our future
research direction and goal will focus on establishing and
modifying our current engineered strains through genetic
engineering to improve its performance and further increase
𝛾-PGA yield, thereby laying the foundation for the industrial production of high-yielding 𝛾-PGA engineered bacteria
based on the B. subtilis expression system.
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Formulating appropriate storage conditions for biopharmaceutical proteins is essential for ensuring their stability and thereby their
purity, potency, and safety over their shelf-life. Using a model murine IgG3 produced in a bioreactor system, multiple formulation
compositions were systematically explored in a DoE design to optimize the stability of a challenging antibody formulation worst
case. The stability of the antibody in each buffer formulation was assessed by UV/VIS absorbance at 280 nm and 410 nm and size
exclusion high performance liquid chromatography (SEC) to determine overall solubility, opalescence, and aggregate formation,
respectively. Upon preliminary testing, acetate was eliminated as a potential storage buffer due to significant visible precipitate
formation. An additional 24 full factorial DoE was performed that combined the stabilizing effect of arginine with the buffering
capacity of histidine. From this final DoE, an optimized formulation of 200 mM arginine, 50 mM histidine, and 100 mM NaCl at a
pH of 6.5 was identified to substantially improve stability under long-term storage conditions and after multiple freeze/thaw cycles.
Thus, our data highlights the power of DoE based formulation screening approaches even for challenging monoclonal antibody
molecules.

1. Introduction
The manufacturing of biotechnology products is a complex
logistical process that connects multiple unit operations and
often leads to lengthy in-process hold times or bulk drug
substance storage. Identification of appropriate storage conditions and optimized buffer systems for biopharmaceutical
proteins is essential in ensuring the stability of these products
and therefore maintaining the purity, potency, safety, and efficacy of these drug substances throughout the manufacturing
process. A typical purification scheme for monoclonal antibodies involves Protein A affinity chromatography followed
by polishing chromatography and filtration steps, with an end
product of concentrated antibody in a mild acid to neutral pH
solution, prior to drug substance formulation. Selection of a
suitable buffer system that mitigates physical and chemical
degredation of monoclonal antibodies, especially one that
minimizes aggregate and particle formation is an important

consideration for efficient downstream fill-finish operations
and long-term stability [1]. Parameters that are typically
studied include solution pH, buffering system, inclusion of
saccharides, tonicity agents, detergents, and other excipients
[2, 3].
Regulatory guidance stipulates that antibodies intended
for human subjects are tested both at lot release and in stability studies [4] for a variety of product attributes, including
opalescence and degradation products such as aggregates,
particles, or precipitate formation. These undesirable degradation products may be associated with immune responses
[5] and in extreme cases can lead to loss of significant
monomer content or protein insolubility, impacting potency,
and efficacy to the point where it is unacceptable to use in
humans.
In this study we use a monoclonal antibody cell culture
system that was developed by hybridoma technology and has
been used by several academic groups to evaluate different

2
aspects of manufacturing from cell culture to formulated
bulk drug substance [6–10]. This model murine IgG3, while
not a humanized antibody suitable for clinical use, has no
proprietary entanglements and can be successfully used as
a model for bioreactor produced monoclonal antibodies. Its
production system was previously adapted to serum-free
suspension bioreactor culture and used by several groups
to evaluate cell culture bioprocesses both in single run
experiments and in design of experiment (DoE) formats
[11–13]. We have subsequently found that certain aspects
of its biochemistry present a stringent challenge model for
formulation development. Acetate buffer can be used for
other antibodies [2], but it seems to cause aggregation and
precipitation in the case where it is difficult to formulate
model antibody.
Prior experience with this antibody (data not shown)
showed that it formed visible particulates over time at
concentrations above 5 mg/mL to the extent of noticeable loss
of monomeric species over time. The aggregation was further
exacerbated by freeze/thaw cycles (data not shown). While
this drug substance model antibody has been stable enough
for short-term storage in 50 mM arginine and 100 mM NaCl,
pH 8.0 prior to use in drug product lyophilization studies
[14], a stable model antibody solution is needed for long-term
quality assessment and testing. In addition, by performing
this exercise with our model antibody, we present a rigorous
test case for demonstrating the power of DoE approaches for
liquid antibody formulation development.
To this end, we demonstrated the power of DoE based
studies to quickly pinpoint suitable buffer formulations to
maximize the stability of this antibody. We tested four
different buffer systems that were chosen to possess a range
of pH optima while also avoiding the antibody’s known
isoelectric point (pI) range 8.4–8.8. The DoE approach
enables comprehensive evaluations of relevant formulation
parameters that can impact antibody stability.

2. Materials and Methods
2.1. Reagents. Buffers were prepared using components
commonly employed to formulate antibodies: L-Histidine
(Sigma-Aldrich, St. Louis, MO), Sodium Chloride (BDH,
Radnor, PA), Hydrochloric Acid (Fisher, Fairlawn, NJ), and
either L(+)-Arginine (Acros Organics, Waltham, MA) or
Freebase Arginine (Fisher). NuPAGE LDS Sample Buffer,
NuPAGE Reducing Agent, NuPAGE Antioxidant and Novex
Sharp Standard, and MOPS were obtained from Invitrogen
(Carlsbad, CA). Brilliant Blue G-250, acetic acid, and 2propanol were obtained from Fisher Scientific. Unless noted
otherwise in the text, reagents were as described in Read et al.
[7].
2.2. IgG Production. A suspension adapted murine
hybridoma that produces IgG3/𝜅 antibody [15] was grown
in a 7.5-liter Bioflo 110 bioreactor (New Brunswick Scientific,
Edison, NJ) that contained 4 liters of media as described
in Read et al. [7]. Antibodies from the clarified cell
culture fluid (CCF) were captured with a 25 mL Prosep A
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Table 1: Single buffer DoE composition ranges. Levels for the
individual buffer 23 full factorial DoEs with center points.Each
variable was assigned a high, middle, and low range before the full
factorial was designed.
Buffer
Acetate
Arginine
Histidine

Concentration (mM)
25, 50, 100
100, 200, 300
25, 50, 100

pH
4.5, 4.75, 5.0
7.75, 8.0, 8.25
6.25, 6.5, 6.75

NaCl (mM)
25, 50, 100

(Millipore, Billerica MA) column run on an AKTA Avant
(GE Healthcare, Uppsala, Sweden) and eluted with 1 M
Arginine pH 4.0 [16]. As described in other studies, this
elution strategy results in two peaks, an early peak containing
mostly host cell proteins, and a subsequent peak containing
largely intact antibody [13, 16]. Fractions that comprise the
second elution peak were then tested by UV to confirm
protein content prior to pooling, buffer exchange, and
analytical methods described below.
2.3. Preliminary Experimental Design. An initial exploration
of three common buffer systems was performed by a 23 full
factorial DoE with a center point (Table 1). Experience with
the IgG3 antibody used in this study revealed that it was
a challenging model from the standpoint of stability and
propensity to precipitate (data not shown). Early attempts
to find a suitable single species buffer system (including
phosphate, tris, acetate, histidine, and citrate) encompassing
a range of mildly acidic or neutral pH failed to produce a
system where opalescence, or even gross precipitation, did
not accumulate over time. Given the need to establish a
suitable buffer system for this model antibody, we initiated a
controlled evaluation of commonly used single species buffer
systems (acetate, histidine, and arginine) described in Table 1.
While arginine has limited buffering capacity in the neutral
pH range, it was chosen as a mild chaotropic agent that has
been reported to stabilize antibodies prone to aggregation
[16]. The following full factorial DoEs evaluated each buffer
species while varying NaCl, pH away from the antibody
isoelectric point, and buffer species concentration. The statistical design, experimental randomization, and analysis were
performed on JMP version 10.0 (SAS Institute Inc., Cary, NC).
2.4. Sample Analysis Plan. To buffer exchange the 1 M arginine stabilized antibody into the test single buffer species
formulation buffers, a 3 mL aliquot of IgG3 at 2 mg/mL or
above was loaded into a 10 kDa molecular weight cutoff SlideA-Lyzer cassette (Thermo Scientific, Rockford, IL). It was
dialyzed in the test formulation buffer overnight, equivalent
to an 18,000-fold buffer exchange. Dialyzed samples were
collected, weighed to determine postdialysis volume, and
visually inspected for the presence of gross precipitate and
opalescence. To monitor long-term stability, SEC, Protein A,
and absorbance measurements at 280 nm (protein content)
and 410 nm (opalescence) were performed at day 0 (T0), 30
days in 4∘ C (T30), and after three cycles of freezing (−80∘ C
held for 2 hours) and thawing (F/T) (37∘ C for 10 minutes) for
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Table 2: Full factorial DoE for dual buffer component (His/Arg) formulations. Detailed composition of each buffer tested in the 24 full
factorial DoE.
HR 1
HR 2
HR 3
HR 4
HR 5
HR 6
HR 7
HR 8
HR 9
HR 10
HR 11
HR 12
HR 13
HR 14
HR 15
HR 16

Pattern
++−+
+−+−
++−−
++++
− − −−
−+++
−+−+
−++−
−−+−
−+−−
− − −+
+−++
+−−+
+++−
−−++
+− − −

Arginine (mM)
200
200
200
200
100
100
100
100
100
100
100
200
200
200
100
200

the arginine and histidine buffer formulations. The remaining
9 acetate formulations were not fully tested based on initial
analytics indicating decreased stability of the antibody at T0.
2.5. Experimentally Derived 24 Full Factorial DoE. A 24
full factorial combined arginine and histidine systems for
an additional 16 buffer formulations. Test articles from the
His/Arg (HR) DoE were analyzed by the same procedures
described in Table 2.
2.6. UV/VIS (A280 nm/A410 nm) Analyses. A NanoDrop
2000c system was blanked with the test buffer before measuring absorbance of the samples at 280 nm and 410 nm.
Samples were not centrifuged before these readings so as not
to skew the 410 nm absorbance which accounts for opalescence/visible particulates. To make sure that the 280 nm measurement was within the instrument linear range, samples
were then diluted 10-fold and reanalyzed. Any samples that
showed an A410 reading of 0.2 or greater were considered
poor candidates for further optimization, and further analytics were discontinued.
2.7. SEC. Analytical scale size exclusion chromatography
(SEC) was performed with a TSKgel G3000SWxl column
(Tosoh Bioscience, Grove City, OH) and Agilent 1200 HPLC
system. These data were used to determine the relative
proportion of aggregates with the antibody samples [7].
Visible particulates were removed by centrifugation prior to
HPLC analysis to prevent clogging of the frit.
2.8. SDS-Page Gel (Reduced and Nonreduced). Samples
(200 𝜇L) were centrifuged at 17,000 ×g to create soluble

Histidine (mM)
50
25
50
50
25
50
50
50
25
50
25
25
25
50
25
25

NaCl (mM)
50
100
50
100
50
100
50
100
100
50
50
100
50
100
100
50

pH
6.5
6.0
6.0
6.5
6.0
6.5
6.5
6.0
6.0
6.0
6.5
6.5
6.5
6.0
6.5
6.0

(supernatant) and insoluble (pellet) fractions. The supernatant was recovered directly for analysis. The pellet was
washed with the corresponding test buffer formulation before
it was resuspended in 20 𝜇L of sterile water. Both fractions
were mixed 1 : 1 with loading buffer (containing DTT for
reduced samples) and held at 70∘ C in a water bath for 10
minutes. 15 𝜇L of each sample was loaded onto a Novex
NuPAGE (4–12%) Bis-Tris Mini Gel (Invitrogen, Carlsbad,
CA) in MOPS buffer. NuPAGE Antioxidant was added
to the upper buffer chamber for reduced samples. After
electrophoresis, test article banding patterns were compared
to Novex Sharp Standards as a molecular weight reference.
All gels were fixed using a solution of 25% acetic acid, 10%
propanol for at least 20 minutes before staining with 0.006%
Brilliant Blue G-250 in 10% acetic acid overnight. Destaining
was achieved using 10% acetic acid, replaced twice before
imaging the gels.

3. Results and Discussion
3.1. Preliminary DoE Results. Our model IgG3 antibody has
been established over time to present a stringent challenge
model for formulation development. Its amino acid sequence
(Genbank protein sequence ID’s AKH40268 and AKH40269)
establishes it as a murine IgG3:𝜅 with V𝜅 4 and VH 1-S121
regions. To scout individual buffer species, the IgG3 antibody
was formulated with variable NaCl concentration and pH
ranges and evaluated for gross stability of the antibody. Single
buffer species formulations were chosen based on historical
formulation experience and known acceptable pH ranges.
Many of these formulations were eliminated as candidates
based on the T0 analytics that indicated decreased solubility and decreased stability of the antibody. Absorbance at
410 nm (a surrogate for opalescence) and SEC proved to
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Figure 1: Quantile graphs of the buffer formulations at all measurement points. (a) Recorded absorbance of the samples at 410 nm and (b) the
percent aggregate as determined by SEC. Histidine formulations showed gross precipitation so large that they are captured by a SEC-column
frit during analysis and this may have led to a false negative of percent aggregates (see Section 3.1.2). T0 denotes initial time point, T30 denotes
30-day storage time point, and F/T denotes freeze/thaw.

be sensitive measurement of solubility and stability of the
antibody. These data guided the 24 full factorial DoE based
on histidine/arginine buffer formulations as described below.
3.1.1. Acetate. All acetate buffer formulations showed visible
precipitation during the small scale buffer exchange process.
This observation was reflected in a high A410 reading coupled
with a decreased A280. This unusual result indicated that the
antibody was becoming insoluble as the acetate formulations
replaced the 1 M arginine elution buffer during dialysis. This
was verified in the SDS-PAGE showing heavy and light chain
in the insoluble fraction of the buffer exchanged samples
(Figure 2). All acetate formulations gave A410 readings
greater than 0.5 (Figure 1(a), Table 3) and were therefore
discontinued from further study. Although not a common
lot release test employed by manufacturers, A410 acted
as a measure for opalescence. This test quickly ruled out
less desirable formulations by quantifying particulates. For
our model antibody, insoluble aggregates in an abundance
reflected in an A410 greater than 0.2 allowed us to focus our
analytics on more promising buffer species. After this initial
precipitation, the antibody maintained virtually 100% percent
monomer, as measured by SEC, suggesting that components
prone to nucleation precipitated completely, leaving behind
monomer. The high percent monomer remaining was not
beneficial enough to outweigh the solubility issues of acetate,
therefore no further testing beyond a T0 time point was
conducted on these formulations.
3.1.2. Arginine. As expected, arginine improved solubility. At
T0, arginine buffer formulations showed minimal opalescence, reflected in generally lower A410 values. The samples
seemed to fall into two categories, moderate A410 around
0.5 and undetectable A410 (Figure 1(a)). The A280 remained
stable after 30 days as well as after three freeze/thaw cycles
proving that antibody did not grossly precipitate to the
extent seen when formulated in acetate. Looking at all

Histidine
1

Acetate
2

3

4

HC

LC

Figure 2: Reduced SDS-PAGE. HC denotes the heavy chain, while
LC denotes the light chain of the antibody. Lanes 1 and 3 represent
the insoluble fraction immediately after dialysis into the respective
buffer system, while lanes 2 and 4 represent the supernatant.

9 formulations, there was decreased solubility at T30, as
compared to T0, leading to minimal opalescence in some
but not all formulations. These findings suggest that the
arginine was conferring a cytoprotective effect, much like
that seen when lyophilizing antibodies in arginine solutions
[17]. The increased percent aggregates of the arginine buffer
formulations as compared to acetate and histidine formulations (Figure 1(b), Table 3) arise from smaller aggregates
that were not removed from the samples prior to running
HPLC. Upon statistical analysis of the 9 formulations, we
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Table 3: 𝑇0 analytic readout ranges for all DoEs for each buffer system; the range of values for A410, A280, and percent aggregates is given.This
overview of the range of values gives a snapshot of how the different buffer systems compare to each other. ∗ Gross precipitation of larger
aggregates that would have been centrifuged out of solution before SEC or trapped by the column frit may have led to an artifactual 0%
aggregate reading for antibody in the histidine formulations.
𝐴410
𝐴280
Percent aggregates

Acetate
0.57–0.99
2.11–3.7
0–2.0

Arginine
0–0.7
2.23–2.93
0–4.5

found that increased arginine concentration had the most
overall positive effect on the antibody stability. We used
this information to create an additional DoE to narrow our
focus on higher concentration arginine in combination with
a different buffering system at a more typical pH used for
formulating antibodies.

Histidine
0.49–2.42
2.22–8.88
0∗

Histidine/arginine
0–0.18
1.36–2.24
0–3.87

this effect in combination with arginine. It was further noted
that the stabilizing effect of NaCl was more pronounced when
NaCl was at a higher concentration, across all three single
buffer systems.

3.1.3. Histidine. Overall, the histidine buffer system showed
even more extreme A410 versus acetate buffer at T0, which
trended up by T30 as well as after the freeze/thaw procedure.
This increase in opalescence over time was from the antibody
becoming less soluble and forming large aggregates that
completely fell out of solution, indicating that the antibody
was increasingly unstable over time and after freeze/thaw
cycles. These aggregates can be seen on the SDS-PAGE
(Figure 2) and were removed before SEC analysis, leading to a
misleading readout of 0% aggregate (Figure 1(b)). In addition,
there was more variability in the A410 results, with the lower
pH data points generally with lower opalescence (Table 3).
Test formulations His 5 and His 6 both showed considerably
lower absorbance at 410 nm as compared to the other buffers.
This is likely due to the combination of high histidine
(100 mM) and high salt (100 mM). Even after washing the
insoluble fraction, the reduced SDS-PAGE of the histidine
buffer formulations at T0 shows that there was a substantial
amount of heavy and light chain in the insoluble fraction after buffer exchanging the antibody (Figure 2). These
results indicated the particulates and precipitates formed
were the drug substance and not host cell proteins or other
insoluble components. A410 readings for histidine formulations were greater than 0.2 and discontinued from further
study.

3.2. Second Round DoE. As described above in the single
species buffer experiments, the antibody exhibited a modest
trend towards better solubility at lower pH, and at higher
arginine concentrations. We hypothesized that a combined
histidine and arginine (His/Arg) DoE, at a pH further away
from the antibody isoelectric point, could further minimize
opalescence. In this case, histidine would buffer the pH
below the pI of the antibody, while arginine would promote
increased solubility and protein integrity due to chaotropic
effects.
After statistical analysis of the T0 data, we found that
there was a significant main effect for arginine buffer concentration. Lower arginine values (100 mM) were associated
with higher levels of A410 absorbance, an undesirable indication for product quality. Additionally, while not statistically significant, but potentially biologically relevant, the
arginine/histidine interaction (𝑃 = 0.05) and the histidine
concentrations (𝑃 = 0.0547) are markedly more important than the remaining factors when considering strategies for minimizing A410 absorbance. Thus, by adjusting
histidine concentration, we could design an optimal buffer
to achieve the goal of low opalescence while also minimizing arginine addition, which could interfere in certain
assays. The increased solubility achieved in the His/Arg
DoE allowed us to select a final buffer formulation of
200 mM arginine, 50 mM histidine, and 100 mM NaCl at a pH
of 6.5.

3.1.4. Summary. Histidine and acetate as single buffer systems were eliminated in early rounds due to extensive opalescence in all DoE test articles (see Figures 1(a) and 2). Arginine,
even at a pH close to the antibody isoelectric point, provided
better results relative to the other two buffer systems, and
stability correlated with higher arginine concentrations. This
observation argues that instability was not a pH effect but that
arginine was acting as a stabilizing agent. Thus, we further
optimized the formulation buffer by retaining the presumed
stabilizing effect of the arginine, while incorporating a second
parameter that could provide buffering capacity at a pH
(6.25 ± 0.25) sufficiently lower than the reported antibody
isoelectric point (8.4–8.8) to help prevent self-association
[15]. Histidine, even at lower concentrations, would provide

3.2.1. Buffer DoE Freeze-Thaw and Stability. Bioprocessing
usually occurs in separate drug substance and drug product
facilities. This approach requires drug substance, and in some
cases in-process material, to undergo freezing and thawing
to allow shipping between distant sites. Regulatory agencies
require specific studies that support hold times; these may
include shipping studies of materials between facilities and
long-term storage if not immediately processed into drug
product [4]. While freeze/thaw is usually performed only
once during shipping between drug substance and drug
product sites, manufacturers may also study the impact of
multiple freeze/thaws on product stability to understand risks
posed by potential temperature deviations and unanticipated
freezing and thawing. Poorly buffered formulations of other
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t ratio
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0.38

4.41
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0.725
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0.1149
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0.413

0.27
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0.1855

Histidine (25, 50)

0.38
0.27
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0.27

0.56
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Figure 3: Significant effects on percent aggregate (a) shows that at T30, arginine concentration significantly reduced the aggregates. (b) After
freeze/thaw, arginine played a significant role in reducing aggregation.

antibodies exposed to multiple freeze-thaw cycles have been
shown to be prone to aggregation, subvisible particle formation that can ultimately nucleate visible aggregation [18]. This
effect has been hypothesized to lead to undesirable product
immunogenicity, although to an unknown degree [19]. They
could also nucleate further aggregation during drug product
fill operations [20]. Therefore, it is important to evaluate the
drug substance stability over multiple freeze-thaw cycles and
for extended hold times to evaluate the suitability of any
buffer system.
To evaluate our His/Arg formulations for cryoprotection
properties and extended hold times, we preformed the
previously described analytics after 30 days of being held at
4∘ C, as well as three freeze/thaw cycles. Overall, we found
that A410 was consistently more favorable among all 16 buffer
formulations. The A410 of all the formulations from the
combined DoE were below 0.2 AU (Figure 5) both over time
and after freeze/thaw cycles. Not surprisingly, the significance
of 200 mM arginine for reducing A410 values continued
from the original T0, throughout the T30 and freeze-thaw
studies. This was also reflected in a significantly decreased
percent aggregates (Figure 3(a)). However, the importance
of the arginine:histidine interaction became evident and
statistically significant (𝑃 = 0.0476, R2 = 0.97, 𝑃 = 0.0355, R2
= 0.96, resp.) (Figure 4). This value was well below the A410

achieved by the histidine formulations alone, and the 30-day
stability in arginine formulations (Figure 1(a)).
We also evaluated antibody freeze/thaw stability. Upon
three freeze-thaw cycles, arginine and the arginine-histidine
interaction was statistically significant (𝑃 < 0.05, R2
= 0.96) (Figures 3(b) and 4(b)). Histidine has previously
been shown to reduce mAb aggregation in a concentration dependent manner under freeze/thaw conditions. Our
results of an optimal histidine concentration of 50 mM
coincide with observations from Chen et al. who found
that 60 mM histidine showed a minimum amount of aggregates after 3 cycles of freeze/thawing [21]. It is often seen
that when excipients are combined, the protective effects
conferred on the antibody may not necessary increase
[22]. The DoE format of our study allowed us to comprehensively evaluate the interactions of our chosen buffer
species.
Overall, our observations indicate that the dual buffer
system was improving the robustness and duration of the
solubility of the antibody. An Arg:His interaction appears
to allow for a lower arginine concentration if the other
excipients are carefully balanced. The final buffer choice
confers adequate solubility characteristics for short-term
storage to allow additional studies of this antibody. This was
important for other studies that depend upon its stability
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Figure 4: Significant interations on HR stability after both T30 (a) and freeze/thaw (b), and interactions between two variables lead to to
significantly decreased A410. At T30 (a), NaCl concentration in combination with pH leads to a more desireable A410. After F/T (b), the
interaction between arginine and histidine concentrations had a significant effect on A410.

even the stability of difficult to formulate antibodies can be
vastly improved by careful, DoE-informed choice of buffering
species and pH as well as controlled inclusion of stabilizing
chaotropic agents. We also demonstrate that avoiding directly
overlapping the antibody isoelectric point can minimize
opalescence and precipitation.

0.2

A410

0.15

0.1

Highlights

0.05

(i) We used 4 DoEs to test 43 buffer formulations for
stability of a model IgG3.

0
His/Arg F/T

His/Arg T0

His/Arg T30

Figure 5: His/Arg A410 at each measurement point. Absorbance
at 410 nm of 16 histidine/arginine buffer formulations as measured
after the indicated time point.

(ii) Arginine increased the solubility of the model antibody.
(iii) Combining 2 buffer systems, arginine and histidine,
increased stability.
(iv) Shifts in pH were a critical attribute affecting solubility of the antibody.

long enough to perform biochemical and physicochemical
analysis.

4. Conclusions
As an individual component in a larger manufacturing
process, bulk protein formulation choice is a critical step in
antibody development. The right selection strategy choice
can efficiently inform and assure that the best buffer choice
will be made that enables drug product process robustness
and ultimate product stability. An organized and directed
approach can make the difference in determining if a biological candidate has a future for clinical or commercial use.
Clearly, short-term, long-term, and freeze/thaw stability are
critical considerations for this decision, as logistic constraints
and shipping requirements are an inevitable part of the
biotechnology manufacturing landscape. As we show here,
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38700-128 Patos de Minas, MG, Brazil
2

Correspondence should be addressed to Diego F. Coêlho; dfcoelho@feq.unicamp.br
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Given the importance of protease’s worldwide market, the determination of optimum conditions and the development of a standard
protocol are critical during selection of a reliable method to determine its bioactivity. This paper uses quality control theory to
validate a modified version of a method proposed by Charney and Tomarelli in 1947. The results obtained showed that using
azocasein substrate bromelain had its optimum at 45∘ C and pH 9 (Glycine-NaOH 100 mM). We also quantified the limit of detection
(LoD) and limit of quantification (LoQ) in the above-mentioned optimum (0.072 and 0.494 mg⋅mL−1 of azocasein, resp.) and
a calibration curve that correlates optical density with the amount of substrate digested. In all analysed samples, we observed a
significant decrease in response after storage (around 17%), which suggests its use must be immediately after preparation. Thus,
the protocol presented in this paper offers a significant improvement, given that subjective definitions are commonly used in the
literature and this simple mathematical approach makes it clear and concise.

1. Introduction
Because proteases represent the largest and most important
segment in the industrial enzyme market [1], the consolidation of a reliable method to evaluate its quality is obviously of
extreme importance. These enzymes are used in detergents,
food processing, and leather industry, as biocatalysts in
organic synthesis, and, among many other applications, as
therapeutics because their roles are involved in key decisions throughout an organism in several physiological and
metabolic processes [2].
The global market for industrial enzymes is expected to
reach US $7.1 billion by 2018 [3] and is traditionally divided
into three segments: food, technical, and feed enzymes. In
2000, technical enzymes used in detergent, leather, textile,
and personal care industries accounted for 65% [4] of the total
sales (approximately US $1.5 billion [5]), while food enzymes,

which include enzymes used in dairy, brewing, wine, and
juices, were valued at 25% and feed enzymes (used in animal
feeds) contributed with 10%.
Nearly 70 years ago, Charney and Tomarelli [6] proposed
the use of an azoprotein (a protein coupled with diazotized
aryl amines) for the determination of proteolytic activity.
The digestion of a solution with such proteins releases the
chromophoric group, which is soluble in trichloroacetic acid
and gives it a red-orange colour.
The method itself relies on the reaction between the
substrate and an enzyme under its optimum temperature/pH
for a given time. The solution colour intensity, read at
440 nm, is a function of the amount of azoprotein digested,
since all proteins remaining precipitate after the addition of
trichloroacetic acid.
The method is still one of the most reliable methods to
study the proteolytic activity of enzymes [7, 8] due its colour
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stability and no need of chromogenic reagents. Besides, the
sulphanilamide-azocasein’s preparation is no longer necessary, since it is now available widely in the market.
However, the available protocols that describe thoroughly
the method still are lacking in presenting the evaluation of its
analytical parameters, required for method validation. Thus,
this study aims to review and validate the azocasein method
to establish its detection and quantification limits, in addition
to reagent storage stability and a quantitative definition of
enzymatic activity.

2. Materials and Methods
2.1. Bromelain Sample and Other Chemicals. Bromelain (catalogue B5144) and azocasein (catalogue A2765) obtained from
Sigma-Aldrich (St. Louis, USA) were chosen as standards
for these studies, being used to prepare stock solutions at
different pH. Unless specified, all other reagents were also
obtained from Sigma-Aldrich.
2.2. Substrate Solution. Given the nature of this study, the
amount of powdered substrate and buffer used will depend on
the concentration and pH of each experiment. The substrate’s
pH and concentration are part of the studied variables and
are described in the following methods. All pH buffers were
prepared following common protocols described elsewhere
[9].
Basically, 4 mL of ethanol is added to the powdered
substrate in a 120 mL beaker and is stirred using a magnetic
stirrer to solubilise all aggregated protein and is then diluted
with 96 mL of appropriated buffer (100 mM).
2.3. Bromelain Stock Solution. Bromelain stock solution was
prepared following a modified version of a method described
by Hale et al. [10]. The 1 mg⋅mL−1 enzyme solution was
prepared using a 100 mM buffer of different pH (since it was
also under investigation). Concentration was chosen based
on its maximum solubility at experimental conditions.
2.4. Enzymatic Assay. The method consists in mixing equal
volumes of substrate and enzymatic sample at a given temperature and pH that corresponds to the optimum conditions
of the enzyme under investigation. For practical reasons we
chose 125 𝜇L, as it is small enough to avoid wasting resources
and does not compromise the method’s precision.
The kinetics of the digestion were studied during 420
minutes using substrate’s concentration in a range from 0.1 to
3.0% (w/w) in order to determine a suitable time of digestion.
The reaction was terminated adding 750 𝜇L of 5%
trichloroacetic acid (TCA) to the enzyme-substrate mixture.
The coagulated protein was removed by centrifugation at
2000 ×g for 10 min at room temperature. The obtained supernatant was then added to a 0.5 N NaOH solution using a 1 : 1
(v/v) ratio and its absorbance was read at 440 nm.
The blank was obtained by mixing the TCA to the
substrate prior to the enzyme addition.
2.5. Optimum pH and Temperature for Bromelain. The optimum pH and temperature for assaying bromelain’s activity

BioMed Research International
were determined by performing a full factorial design of
experiments using both variables in two levels and three
central points. The pH ranged from 6 to 8 and temperature
from 25∘ C to 45∘ C in the factorial design. Temperature was
kept constant during substrate digestion by using a TechneⓇ
Dri-BlockⓇ heater, model DB-3D.
This design was extended to a central composite design,
which had its variable’s range adjusted based on the results of
the first design. All statistical data was generated and analysed
using R [11], coupled with R-Studio [12], and using packages
akima [13], DoE.base [14], ggplot2 [15], and RColorBrewer
[16].
2.6. Calibration Curve. Using the curves of azocasein digestion obtained previously (as described in the topic Enzymatic
Assay), a correlation between the colour intensity and the
substrate concentration was created.
The principle is simple: if the enzymes digest the substrate
for enough time, we would achieve the solution maximum
colour intensity, since all chromophoric groups had their
bonds to the protein broken and thus are soluble in TCA. This
satisfies the assumption made in azocasein’s original protocol
[6], which states that a completely digested azocasein solution
has the same colour intensity as an undigested sample.
The calibration curve is obtained by plotting the optical
density measured when the time of digestion was 420 min
and the concentration of substrate at 𝑡 = 0.
2.7. Detection and Quantification Limits. The limit of detection (LoD) and limit of quantification (LoQ) for the protocol
were based on the standard deviation of the response and
the slope of the mean of calibration curves, following ICH∗ ’s
guidelines [17], and are given by the equations below:
LoD =

3.3 ⋅ 𝜎
,
𝑠

10 ⋅ 𝜎
,
LoQ =
𝑠

(1)

where 𝜎 is the standard deviation of the response and 𝑠 is
the slope of the calibration curve. As described by ICH, the
residual standard deviation of a regression line can be used as
the standard deviation during calculations.
2.8. Stability Assays. Stability assays followed the protocols
described in a document provided by the US Department of
Health and Human Services called Guidance for Industry:
Bioanalytical Method Validation [18].
Short-Term Temperature Stability. Three aliquots of each
of the low and high concentrations were thawed at room
temperature, kept for 8 hours, and then analysed.
Long-Term Stability. The storage time in a long-term stability
was evaluated within an interval of six weeks, time usually
necessary to perform a whole batch of our routine experiments. Long-term stability was determined by storing three
aliquots of each of the low and high concentrations at 5∘ C. To
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Figure 1: Response contour of conditions optimisation for bromelain solution.

avoid contamination, each sample was stored in its own vial
and analysed on six separate occasions.
Freeze and Thaw Stability. Three aliquots at each of the low
and high concentrations were stored at −20∘ C for 24 hours
and thawed unassisted at room temperature. When completely thawed, the samples were refrozen for 24 hours under
the same conditions. The freeze-thaw cycle was repeated two
more times and then analysed on the third cycle.

3. Results and Discussion
3.1. Optimum Conditions. The study and determination of
bromelain’s biochemical properties have been studied extensively before through several methods but our interest was
to determine the optimum conditions specifically for the
substrate under investigation to evaluate it at its best.
Figure 1(a) corresponds to results obtained from the first
experimental design and shows that at such variable’s range
the pH seems to have no influence over the enzyme activity.
Then we modified the experimental design by increasing
the pH’s range in order to confirm the observation. However,
the enzyme showed some increase in its activity at basic pH
(Figure 1(b)) and served to establish the variables range for
the central composite design (CCD) shown in Table 1.
Figure 1(c) shows clearly that bromelain has an impressively wide range of pH and temperature that can digest
azocasein substrate with no apparent loss in its sensitivity. It
also shows that bromelain is still active at moderately high
temperatures [19]. Due to local operational reasons we chose
pH 9 and 45∘ C as the conditions to be used in the next steps
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Figure 2: Azocasein digestion curve at 45∘ C and pH 9 using
bromelain 1 mg/mL with substrate concentration from 0.1 to 3%
(w/w).

Table 1: Rotational central composite design used to study and
determine assay’s optimum conditions shown in Figure 1(c).

Levels

Factor
−1.414
−1.000
0.000
1.000
1.414

Temperature (∘ C)
37.93
40.00
45.00
50.00
52.07

pH
6.17
7.00
9.00
11.00
11.80

of this study. For this case, pH 9 Glycine-NaOH (100 mM)
buffer was used during substrate preparation.
3.2. Calibration Curve. Figure 2 shows the kinetics curves
obtained for each concentration of azocasein substrate used.
As expected, curves with lower substrate concentration were
completely digested in a matter of a few minutes, while
solution at 3%, 2.5%, and 2% seems to be closer to such point
but the enzymatic reaction would still be in process.
By plotting the azocasein concentration against its correspondent optical density for all curves at 420 min and using
the assumption made by Charney and Tomarelli [6] we obtain
a calibration curve which creates a relationship between these
two variables (Figure 3).
The substrate concentration was converted easily from
mass fraction to mg⋅mL−1 by taking in account the solvents
specific mass and the volume retraction caused by the
addition of ethanol.
The divergence between curves is mainly due the fact
that reactions using substrate at 2.5% and 3.0% seem to
have significant amounts of undigested substrate and thus
the assumption becomes invalid. Therefore, the solid line
(SL) curve represents the data series without these points.
Results from statistical analysis for both curves are presented
in Table 2.
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Table 2: Summary of statistical analysis results for both curves.
Coefficients
−0.13561
1.47572
−0.2700
1.7441

Intercept
Slope
Intercept
Slope

Solid line (SL)
Dashed line (DL)

Std. error
0.04493
0.05533
0.1161
0.1106

𝑅2

𝑡-value
3.018
26.673
2.326
15.764

0.9916
0.9687

1.5
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30
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20
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Figure 3: Calibration curves for azocasein concentration using 1∼
20 mg/mL (solid line, SL) and 1∼30 mg/mL (dashed line, DL).
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Figure 4: Short-term stability results for azocasein substrate.

As the presented data suggests, it is clear that removing
the points related to unfinished reactions put the correlation
in a confidence level allowing it to be used as a calibration
curve. Consider
𝐶AZO (mg/mL) = −0.13561 + 1.47572 ⋅ Abs.

(2)

The limits of detection and quantification were calculated
using (1) and their results are presented below. Data was converted to mg⋅mL−1 using (2) and coefficients obtained for SL.
Consider
LoD =

3.3 ⋅ 𝜎 3.3 ⋅ (0.06295)
=
= 0.1407686Abs
𝑠
1.47572

= 0.072 mg/mL
10 ⋅ 𝜎 10 ⋅ (0.06295)
LoQ =
=
= 0.4265714Abs
𝑠
1.47572

(3)

= 0.494 mg/mL.
One unit (U) of proteolytic activity was defined as the amount
of enzyme capable of digesting 1 mg of substrate per minute,
as given in the equation below:
𝐴 (U) =

2
𝐶AZO ⋅ 𝑉Total
,
𝑡 ⋅ 𝑉ENZ

(4)

where 𝐶AZO is the concentration of azocasein obtained using
(2); 𝑉Total is the sum of volumes of TCA, substrate, and
enzyme solution (𝑉ENZ ) used in the digestion and 𝑡 is the
digestion time (in minutes).

3.3. Stability Assays. Substrate’s storage stability is another
important feature to be evaluated in order to establish a protocol. Short-term stability is important to evaluate whether the
substrate can be kept at room temperature during a daylong
set of experiments (Figure 4).
Results of time = 0 are relative to a substrate solution right
after it was prepared, while subsequent days showed results
of each sample, taken from the same stock solution, left for 8
hours at room temperature prior to analysis. Results show a
significant loss of substrate response in both concentrations
(around 10%) when compared to the stock solution but that a
similar variation is observed within the time interval studied.
Long-term stability is evaluated to check whether a
solution can be stored and for how long, without been frozen.
While there was no observed formation of insoluble
solids in the stock solution during storage, the response of
substrate had a significant loss (around 17%) after 14 days but
then it stabilized (Figure 5). This fact does not seem to create
any interference in any step of the method but suggests that
the substrate solution would offer a maximum response when
used right after preparation. Further studies will be necessary
to understand the phenomena involved in the decrease of
response over time.
The decrease in response for the substrate’s digestion
also occurred during freeze-thaw cycle (see Figure 6), which
reinforces the hypothesis that it is not caused by microbial
activity but somehow related to the substrate solubility. The
observed errors were lower than the ones observed during
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suitable option for storage at the moment.

4. Conclusion
The protocol described followed the main guidelines presented by ICH∗ and establishes a reliable procedure to analyse biological activity of proteolytic enzymes. Besides, the
method uses a mass correlation between the substrate used
and the optical density observed in the postdigestion sample.
Although a simple and obvious idea, it offers a significant
improvement, given that subjective definitions are commonly
used in the literature. Besides, we ran a series of stability
assays in order to evaluate the substrate and observed that
a significant loss (10%–20%) occurred in all substrate samples, suggesting that substrate solution offers an enhanced
response when prepared right after its use. As the understanding of the mechanism controlling the loss in substrate
response was not part of this research, further experiments
will be performed and analysed separately.
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This study describes a simplified approach for enhanced expression and secretion of a pharmaceutically important human cytokine,
that is, granulocyte colony stimulating factor (GCSF), in the culture supernatant of Bacillus subtilis SCK6 cells. Codon optimized
GCSF and pNWPH vector containing SpymwC signal sequence were amplified by prolonged overlap extension PCR to generate
multimeric plasmid DNA, which was used directly to transform B. subtilis SCK6 supercompetent cells. Expression of GCSF was
monitored in the culture supernatant for 120 hours. The highest expression, which corresponded to 17% of the total secretory
protein, was observed at 72 hours of growth. Following ammonium sulphate precipitation, GCSF was purified to near homogeneity
by fast protein liquid chromatography on a QFF anion exchange column. Circular dichroism spectroscopic analysis showed that the
secondary structure contents of the purified GCSF are similar to the commercially available GCSF. Biological activity, as revealed
by the regeneration of neutrophils in mice treated with ifosfamine, was also similar to the commercial preparation of GCSF. This,
to our knowledge, is the first study that reports secretory expression of human GCSF in B. subtilis SCK6 with final recovery of up
to 96 mg/L of the culture supernatant, without involvement of any chemical inducer.

1. Introduction
The development of efficient systems for the production of
biosimilars is one of the key targets of the biotechnology
industry. Escherichia coli, by far, is regarded as one of the
convenient hosts for the recombinant production of therapeutically important and commercially relevant proteins [1–
3]. However, overexpression of many recombinant proteins
in this host leads to the accumulation of desired product
in the form of inclusion bodies (IBs), which are biologically
inactive. Whereas the additional steps required in the recovery of bioactive protein from the IBs result in an overall low
yield, the presence of lipopolysaccharides (endotoxins) in the
outer membrane of E. coli further complicates the purification
scheme and hence limits the usefulness of this system ([4–7]
and references therein).
Targeting expression of heterologous proteins in the
culture medium may be an attractive choice as it may reduce
the downstream processing cost [8]. In this regard, Grampositive bacterium Bacillus subtilis, which directly exports

proteins into the extracellular medium, may be exploited
well [6, 9]. B. subtilis, owing to its naturally high secretory
ability, provides better folding conditions and thus prevents
formation of IBs as opposed to the E. coli based expression
systems [10, 11]. Its Sec-dependent secretary pathway is
involved in the formation of secretory preproteins complex
with the chaperons that bind to the secretory translocase
and help in translocation across the cytoplasmic membrane.
The protein is released from translocase after removal of
signal peptide, refolded, and crosses the cell wall [8, 10, 12,
13]. Low protein yield, abundant secretion of proteases, and
plasmid instability, however, are some bottlenecks which may
sometime limit the application potential of B. subtilis ([9] and
references therein).
Neutropenia, that is, decreased count of neutrophils, is
one of the most common side effects of chemotherapy and/or
bone marrow transplantation. Human granulocyte colony
stimulating factor (GCSF) is an important biosimilar that
plays important role in survival, proliferation, and activation
of neutrophils and thus reduces morbidity rate in patients
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[14, 15]. It is amongst the few cytokines that have been used
in clinical trials with diverse applications, that is, the stem cell
mobilization, treatment of central nervous system disorders
like cerebral ischemia and stroke, regeneration of hepatic
tissues, and so forth [16–18]. Cloning and expression of this
therapeutically important cytokine (∼19 kDa protein) have
been reported by several research groups in E. coli but in the
form of IBs [14, 19, 20]. Achieving GCSF expression in nativelike, biologically active form, however, is a more attractive
option.
The present study was designed with an objective to generate a vector-host system that may be exploited for the costeffective production of human GCSF in soluble and bioactive
form. B. subtilis expression host, which is “generally regarded
as safe” by the US Food and Drug Administration, has been
utilized in combination with pNWPH vector that contains a
strong promoter (PHbaII ) and SpymwC signal sequence for
improved secretion of GCSF into the culture medium. A
simplified approach for simultaneous amplification of the
vector and the insert DNAs followed by direct transformation
of the multimeric recombinant DNA into the expression
host is also described here. This, to our knowledge, is the
first report that explains multimeric cloning, enhanced and
secretory, cost-effective production of human GCSF in B.
subtilis SCK6. The study is likely to contribute to developing
biosimilars by the biopharmaceutical companies, for diverse
applications and analysis.

2. Materials and Methods
2.1. Chemicals, Kits, Plasmids, and Bacterial Strains. All
chemicals and kits used in the present study were of highest
purity grade commercially available. Pfu DNA polymerase,
dNTPs, DNA, and protein size markers were purchased from
Thermo Scientific (USA). The designed oligonucleotides used
in POE-PCR were acquired from Oligo Macrogen (USA).
Plasmid pNWPH and the B. subtilis SCK6 (http://www
.bgsc.org/viewdetail.php?bgscid=1A976&Search=sck) bacterial strain, used in this study, were a kind gift from Dr.
X.-Z. Zhang [21], Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061, USA. Media used for the
growth of B. subtilis were Luria-Bertani [LB (1% tryptone,
0.5% yeast extract, 1% NaCl, and pH 7)] and the modified 2x
L-Mal medium (2% tryptone, 1% yeast extract, 1% NaCl, 7.5%
maltose hydrate, and 7.5 𝜇g/mL MnSO4 ). Chloramphenicol
and erythromycin, at a final concentration of 5 and 1 𝜇g/mL,
respectively, were used as selection antibiotics.
2.2. Recombinant Plasmid Construction. Plasmid pNWPHmini-scaf [22] containing chloramphenicol resistance gene,
a strong PHpaII promoter and SPymwC signal sequence, was
used for the construction of pNWPH-GCSF (Figure 1). The
primers used for the multimer cloning were comprised of
50 nucleotides (nt) each, having 25 nt overlapping region
of the insert and 25 nt of the vector (Table 1). The codon
optimized gene of human GCSF (KT326155) was amplified
from pGCSF-08 construct of our lab (unpublished data) by
using IF/IR primer pair while the vector (pNWPH) backbone
was linearized/amplified using VF/VR primer pair.
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PCR reactions were performed in a mixture containing
codon optimized GCSF gene as template, 1x HF buffer,
0.2 mM dNTPs, 0.5 𝜇M of each forward and reverse primer,
and 5 units of Pfu DNA polymerase. The conditions used
for high-fidelity PCR used for amplification are 98∘ C denaturation, 1 minute; 30 cycles of 98∘ C denaturation, 10 s; 64∘ C
annealing, 20 s; and 72∘ C extension, 75 s, followed by 72∘ C
extension for 5 minutes. The multimerization process of
purified PCR products of the linearized vector and GCSF
was performed through prolongeded overlap extension PCR
essentially as described by You et al. [23] using highfidelity Pfu DNA polymerase (0.04 U), dNTPs (0.2 mM for
each), PCR-GCSF (2 ng/𝜇L), and PCR-linearized pNWPH
(2 ng/𝜇L). The cycling profile was initial 98∘ C denaturation
(30 sec.) and then 20 cycles of 98∘ C denaturation (10 sec.),
58∘ C annealing (30 sec.), and 72∘ C extension (3 min) followed
by 15 cycles of 98∘ C denaturation (10 seconds) and 72∘ C
annealing and extension (6 min) with final 72∘ C extension for
10 min (Figure 1).
B. subtilis SCK6 supercompetent cells were prepared
essentially as described by X.-Z. Zhang and Y.-H. P. Zhang
[21]. Briefly, LB medium (5 mL) containing 1 𝜇g/mL erythromycin was inoculated with the B. subtilis SCK6 and
grown overnight at 37∘ C with constant shaking at 200 rpm.
The overnight culture was diluted with fresh LB medium
containing 2% (w/v) xylose to A600 of 1.0 and grown for
another two hours. B. subtilis SCK6 strain contains additional
copy of the comK gene, inserted downstream of the xylose
promoter. Xylose, when added during the exponential phase
of the SCK6 cells, acts as an inducer of the comK gene
expression which adds up to the competency of cells. The
resultant supercompetent cells were either used directly for
the transformation or stored at −80∘ C as 10% (v/v) glycerol
stocks.
For transformation, plasmid multimers (1 𝜇L) were mixed
with 100 𝜇L supercompetent cells and incubated at 37∘ C
for 90 min with constant shaking at 200 rpm. The positive
transformants were selected on LB agar plates containing
5 𝜇g/mL chloramphenicol following incubation at 37∘ C for
14 hours. Modified alkaline lysis method [24], involving the
treatment of cell pellet with lysozyme to break up the cell
wall, was used to isolate the plasmid from two well-isolated
positive colonies. Restriction digestion with HindIII and
NdeI restriction endonucleases was performed to confirm the
presence of insert in the isolated plasmids.
2.3. Expression in Bacillus subtilis. Transformed B. subtilis
SCK6 cells, containing the recombinant human GCSF, were
grown in two different media, LB and 2x L-Mal, at 37∘ C at
200 rpm in baffled Erlenmeyer flasks. For secretory expression, the cells were grown at low temperature, that is, 30∘ C,
for a total of 120 hours. 1 mL sample aliquots were taken out
at regular intervals of 12 hours until 120 hours and change
in growth was monitored spectrophotometrically (OD600 ).
Culture supernatant was examined for secretory expression
of GCSF after centrifugation (6500 ×g, 4∘ C, 20 min) and
precipitation through a modified TCA-acetone precipitation
method. Briefly, to 1 mL of protein solution, 150 𝜇L TCA
(100%) was added, placed at −20∘ C for 10 minutes, and
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Table 1: Sequence of oligonucleotides used to amplify insert (IF/IR) and vector (VF/VR) DNAs during prolonged overlap extension (POE)
PCR∗ .
Sequence 5 -3
CCTTGCCCAGCCCTGATAGAAGCTTGGATCCGGAGTCGAACCATAAAAGC
TGGCAGGGCCCAGGGGGGTCATATGAGCTGATGCCGAATACGTAAAGGTA
TACCTTTACGTATTCGGCATCAGCTCATATGACACCTCTGGGCCCTGCCA
GCTTTTATGGTTCGACTCCGGATCCAAGCTTCTATCAGGGCTGGGCAAGG

Primer
VF
VR
IF
IR
∗

Primers were designed using online available software (http://www.xiaozhouzhang.com). AAGCTT and CATATG (underlined sequences) are the recognition
sites for the HindIII and NdeI restriction endonucleases, respectively.
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Figure 1: Construction of the pNWPH-GCSF expression plasmid using prolonged overlap extension PCR/multimeric cloning strategy.
Simple PCR generated 3 and 5 overhangs of insert (GCSF) and vector (pNWPH). These overhangs acted as primers during the formation of
multimers. Circular plasmid pNWPH-GCSF was thereafter generated in B. subtilis by direct transformation of multimers containing GCSF
gene. repB, replication protein B; Cat, chloramphenicol transferase gene; PHbaII , promoter; SDgsiB, Shine-Dalgarno sequence of the gsiB gene;
SPywmC, signal sequence.
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then centrifuged at 14000 ×g for 5 minutes. Supernatant was
discarded and the pellet was washed with 700 𝜇L of 100%
ice-cold acetone to remove the residual TCA. The solution
was placed at −20∘ C for 10 minutes prior to centrifugation.
Second washing was done with 70% acetone and the pellet
was dissolved in 50 mM Tris-Cl for use in subsequent analysis
by 13% (w/v) SDS-polyacrylamide gel electrophoresis.
Bradford assay [25] and UV absorption method were
used to measure the total secretory protein contents and
purified recombinant GCSF concentration. Densitometric
analyses of the SDS-gels were also used to determine the % of
expression and/or the purity level of GCSF in different sample
preparations.
2.4. Purification of Recombinant Human GCSF. For purification of rhGCSF, the culture supernatants of 72–80-hour fractions were subjected to salting out by ammonium sulphate
precipitation. Ammonium sulphate was added slowly with
constant stirring at 4∘ C to saturation of 65–80%. The precipitates were collected by centrifugation at 6500 ×g, 10 min,
and dialyzed against 50 mM Tris-Cl (pH 8.5) buffer. The
protein was subsequently purified on anion-exchange FPLC
system, using 1 mL HiTrap QFF column (GE Healthcare). The
column was preequilibrated with 50 mM Tris-Cl (pH 8.5).
After sample injection, the column was washed with 2 column
volumes of 50 mM Tris-Cl (pH 8.5) and the protein was eluted
using linear gradient of 0 to 1 M NaCl in 50 mM Tris-Cl (pH
8.5).
2.5. Circular Dichroism Spectroscopy. Circular dichroism
(CD) data of purified rhGCSF were collected on a ChirascanPlus CD spectrophotometer (Applied Photophysics, UK)
equipped with a peltier thermal-controlled cuvette holder.
For comparative purposes, CD spectra of the commercially
available preparations of human GCSF (Filgrastim) were also
obtained. Calibration was done with an aqueous solution of
1S-(+)-10-camphorsulfonic acid. The protein solution containing 156 𝜇g/mL in 10 mM Tris-Cl (pH 8.5) was scanned
over wavelength 185 nm–260 nm at 2∘ C, using a quartz cell of
0.5 mm path length. Each wavelength spectrum was the result
of averaging of two consecutive scans with a bandwidth of
1.0 nm. The wavelength spectra were refined by subtracting
a blank spectrum with buffer only. The secondary structure
content of protein was calculated using the CD spectrum
deconvolution software CDNN [26] which calculates the
secondary structure of the peptide by comparison with a CD
database of known protein structures.
2.6. Biological Activity Assessment. Male mice each weighing
20–24 g were divided into two sets of 3 groups, each group
consisting of four animals. They were fed ad libitum and
maintained under controlled conditions of temperature (24–
28∘ C), relative humidity (∼65%), and artificial illumination
(12 h per day). One set of three groups was used for administration of the drug. One of the groups was given in-house
prepared rhGCSF, second group was given commercially
available GCSF (Filgrastim, Sigma, USA), and the third group
was given 0.1% BSA in 1x PBS (pH 7.4). The second set of three
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groups was treated in the same way except that the drug was
administered through intraperitoneal route.
All the animals were given a single dose of ifosfamine
(4.3 mg/0.5 mL) either through subcutaneous or intraperitoneal route to each animal of respective group to introduce
neutropenia. Both the in-house produced rhGCSF and the
commercial preparation were diluted to the concentrations
of 15 and 40 𝜇g/mL in 1x PBS (pH 7.4) containing 0.1%
BSA. The drug injections (1-2 𝜇g per gram of mouse weight)
were administered one day after the injection of ifosfamine
and continued daily for the next four days. Six hours after
the last dose, peripheral blood samples were collected from
orbital venous sinus. Glass slide smears were stained with
May-Grunwald-Giemsa (Sigma) and the total number of
neutrophils as well as the white blood cells was counted using
a blood cell counter.
The percentage of neutrophils was calculated by taking
mean ± SD of four animals for both routes of administration.
By using GraphPad Prism Program (Version 4.0), oneway analysis of variance (ANOVA) followed by Bonferroni’s
posttest was performed to check the statistical significance of
the data; 𝑃 values were considered as significant when ≤ 0.05.

3. Results
3.1. Secretory Expression of rhGCSF in B. subtilis. The strategy
for producing the pNWPH-GCSF vector, used for the secretory expression of GCSF in B. subtilis, is described in Figure 1.
As shown, the codon optimized gene of GCSF is placed under
the regulation of a strong PHbaII promoter and the YwmC
signal peptide encoding sequence (SPywmC) of B. subtilis.
Nucleotides (∼25) present at 5 and 3 termini of the insert
and the vector, generated during PCR amplification, served as
primers for each other and led to the formation of dimers during the first round of multimeric PCR. The dimers increased
in number with each round of PCR cycle and finally the
multimers were formed with repeated insert-vector-insertvector sequences. The multimeric cloning strategy, used in
the present study, involved the direct transformation of B.
subtilis SCK6 supercompetent cells with the plasmid multimers, which is unlike the conventional cloning approach that
includes additional steps of restriction digestion and ligation,
prior to the transformation step.
Positive transformants were selected using chloramphenicol as selection antibiotic while the presence and inframe cloning of GCSF in pNWPH vector were confirmed
through restriction digestion. Two bands, that is, ∼3.3 kb of
pNWPH vector and the ∼0.5 kb GCSF insert, could be seen
on 1% agarose gel following digestion of the recombinant
plasmid with NdeI and HindIII (Figure 2(a)). Transformed
B. subtilis SCK6 cells were grown in 2x L-Mal medium for
120 hours. Cell growth (OD600 ) was recorded (Figure 2(c))
and the secretory expression of GCSF at different stages
was monitored by analysis of the sample aliquots of culture
supernatant (Figures 2(b) and 2(d)).
When analyzed by SDS-PAGE, the culture supernatant
of transformed B. subtilis SCK6 displayed a prominent band
of ∼19 kDa at 60 hours of growth which increased gradually with the passage of time. Maximum expression level,
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Figure 2: (a) Restriction analysis of pNWPH-GCSF expression plasmid resolved on 1% agarose gel. M, 1 kb DNA size marker; Lane 1,
undigested pNWPH-GCSF; Lane 2, pNWPH-GCSF after double digestion with NdeI and HindIII restriction endonucleases. (b) 13% SDSPAGE analysis of TCA-acetone precipitated culture supernatant of transformed B. subtilis SCK6. Lane M represents protein size marker;
Lanes 1–7, sample fractions collected at 24, 36, 48, 60, 72, 84, and 96 hours of cell growth. (c) Growth of recombinant B. subtilis harboring
pNWPH-GCSF in 2x L-Mal medium. 𝑥-axis shows time in hours while primary 𝑦-axis reflects the concentration of GCSF (𝜇g/mL) in culture
supernatant, and secondary 𝑦-axis shows cell growth, monitored by absorbance measurement at 600 nm.

corresponding to ∼17% of the total secretory protein, was
attained at 72 hours, which remained constant until 96 hours.
Thereafter, a sharp decline in cell growth was observed with
a resultant drop in the levels of recombinant protein in the
culture supernatant (Figures 2(c) and 2(d)).

Table 2: Purification and recovery of human GCSF expressed in B.
subtilis. Culture supernatant of transformed cells, grown in 1 liter of
2x L-MAL medium for 72 hours at 30∘ C with OD600 6.0, was clarified
by centrifugation and used for the purification of recombinant
GCSF.

3.2. Purification of rhGCSF. Secretion of recombinant proteins into the extracellular medium facilitates early downstream processing. For purification of GCSF, the culture
supernatant was clarified by centrifugation and precipitated
with 65–80% ammonium sulphate saturation. While very
little amount got precipitated at 65%, highest amount could be
recovered at 80% ammonium sulphate saturation with purity
level of 75% (Table 2).
The collected fractions were dialyzed against 50 mM TrisCl to remove ammonium salt and the partially purified GCSF
was purified to near homogeneity through anion exchange
chromatography on FPLC as described in Section 2. The

Steps

TSP∗ GCSF Recovery Purity
(mg) (mg)
(%)
(%)
Culture supernatant
720 122
100
17
Ammonium sulphate precipitation 235
115
94
49
Dialysis
212
110
90
52
FPLC purification (QFF)
107
96
78
90
∗

TSP: total secretory protein.

protein of interest eluted at ∼0.3 M NaCl gradient, as shown
in second peak of the chromatogram (Figure 3(a)). The GCSF
purity level attained following two steps of purification was
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Figure 3: (a) Purification of recombinant human GCSF by FPLC on QFF column. Inset shows the purified GCSF eluted with 0.3 M NaCl
concentration gradient. Blue and red colors show absorbance at A280 and A260 , respectively. (b) CD spectrum of the recombinant in-house
produced GCSF (solid line) and the commercially available GCSF preparation, that is, Filgrastim (dotted line), scanned over 185–260 nm
range.

∼90% with a final recovery of 96 mg per liter of the culture
supernatant (Table 2).

and the commercially available filgrastim preparation on the
two treated mice groups was statistically indistinguishable.

3.3. CD Spectrometry Analysis. CD spectrum of recombinant
GCSF at 20∘ C showed double negative minima at 209 and
222 nm (Figure 3(b)). Analysis of the secondary structure
using the CDNN software showed the presence of 57.8% 𝛼helices and 4.3% parallel and 4.2% antiparallel 𝛽-sheets.
These secondary structure values are typical of a protein
containing a large proportion of 𝛼-helical structure and
are in coherence with the commercially available GCSF
preparation. Since GCSF belongs to cytokine superfamily
members containing 𝛼-helices and lack 𝛽-sheets, our data
supports that recombinant GCSF produced in B. subtilis is in
a properly folded conformation.

4. Discussion

3.4. Biological Activity Assessment. The biological activity of
recombinant, in-house produced GCSF was assessed in an in
vivo model of neutropenia. Mice, treated with single dose of
ifosfamine to induce neutropenia, were given recombinant
GCSF and the percentage of neutrophils was monitored
(Figures 4(a) and 4(b)). Amongst the two routes of drug
administration tested in this study, that is, intraperitoneal and
subcutaneous, the former delivery route of biosimilar was
found to be more effective than the latter route (data not
shown).
Statistically significant, dose-dependent increase in neutrophil count (𝑃 value < 0.001) was observed in the mice
group treated with in-house produced GCSF. The trend
was similar to what we observed in the group treated with
commercially available Filgrastim (𝑃 value < 0.001). At
15 𝜇g/mL GCSF concentration, the increase in neutrophil
count was up to 50% but improved further to a level of
60% with an increase in GCSF injection dose to 40 𝜇g/mL
(Figure 4(b)). Overall, the effect of in-house produced GCSF

Chemotherapy, in addition to killing cancer cells, often
damages the rapidly dividing normal cells including the
leukocyte producing bone marrow cells. Since leukocytes,
more specifically neutrophils, play central role in defense
against invading microbes, their reduced levels in response to
chemotherapy or as a result of bone marrow transplantation
make the body more susceptible to various life-threatening
infections and sepsis [15, 27]. The injections of GCSF, either
glycosylated or nonglycosylated, are therefore recommended
and have been approved by US FDA for the treatment of
chemotherapy-induced neutropenia, neutropenia caused by
bone marrow transplantation, and neutropenia associated
with the mylodysplatic syndrome or aplastic anemia [28].
Besides its applications in the treatment of neutropenia,
GCSF has been found to have role in the treatment of
central nervous system disorders like cerebral ischemia and
strokes, regeneration of hepatic tissues, and so forth [16–
18]. Therefore, biopharmaceutical companies, following the
expiration of recombinant first-generation GCSF, are working
on the production of new, bioactive GCSF biosimilars.
We, in the present study, were able to produce nativelike, biologically active form of human GCSF in the culture
medium by using a combination of pNWPH-GCSF expression vector and B. subtilis SCK6 host system. Multimeric
cloning approach, which involves the use of POE-PCR, was
opted for the construction of expression of plasmid pNWPHGCSF (containing ∼0.5 kb GCSF gene downstream of the
PHbaII promoter). This technique, originally described by You
et al. [23], is relatively new but is simple and cost-effective
and has certain advantages over the conventional cloning
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Figure 4: (a) GCSF biological activity assay. Left, mice being injected with GCSF by subcutaneous route; right, microscopic analysis of Giemsa
stained slides wherein the encircled cells represent the neutrophil counts. (b) Mice in the sample and the control group received two different
doses of GCSF (15 and 40 𝜇g/mL/mouse). The control group was treated with 0.1% BSA in PBS. The abbreviations cGCSF and rhGCSF stand
for commercially available GCSF and in-house produced recombinant human GCSF, respectively.

strategies, in particular the direct transformation of host
without additional steps of restriction digestion and DNA
ligation [22].
Amongst the commonly available expression hosts for
the recombinant production of therapeutic proteins, namely,
Chinese Hamster Ovary (CHO) cells, Human Embryonic
Kidney (HEK) 293 cells, Pichia pastoris [29–32], and E. coli,
the latter has widely been used to produce GCSF with high
yields of up to 15 mg/L in shake-flask cultures [14, 33, 34]. Of
note, the expression of GCSF in E. coli, reported in almost
all the studies, was in the form of IBs, which demands use
of denaturant (strong or mild) for solubilization and then
removal of the denaturant as a prerequisite of refolding
scheme [31, 32].
Earlier, we cloned and expressed the GCSF in E. coli
BL21 (DE3) cytoplasm at levels corresponding to ∼35% of
total E. coli cellular proteins but in the form of IBs. The
approaches used to improve the solubility of GCSF in E.
coli transformants, that is, growth of transformed cells at
low temperature (16–25∘ C), targeting of GCSF into the E.
coli periplasm by attaching pelB leader sequence of the pET

system, and the coexpression of GCSF with M. tuberculosis
heat shock protein (Hspx), met with only limited success
(unpublished results). However, use of B. subtilis as expression host in the present study resulted in enhanced and
secretory expression of human GCSF with almost 6-fold
higher yields than reported previously ([33] and references
therein).
SPywmC, one of the powerful Sec-type peptides of the
B. subtilis general secretory pathway (Sec pathway), was used
for secretory expression of GCSF as used for heterologous
expression of esterase previously [35]. When grown in 2xLMAL nutrient enriched model medium [36–38], the cell
growth increased gradually until the 50 hours and reached
plateau afterward. The GCSF secretion, however, reached
to maximum level (17%) at 72 hours, that is, during the
stationary phase of cell growth (Figures 2(c) and 2(d)). These
results are in good agreement with the nonclassical secretion
of recombinant proteins in B. subtilis as reported previously
[39]. Secretory expression facilitated rhGCSF downstream
processing. By using ammonium sulphate precipitation and
single FPLC column chromatography, >90% purity levels of
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recombinant protein were achieved. Purified GCSF injected
in mice to assess its biological activity showed similar effect
as commercially available Filgrastim, without any side effects
on mice. Commercially available Filgrastim preparations
were used to confirm the secondary structure of rhGCSF
by circular dichroism. High 𝛼-helical content showed typical
characteristic of cytokines [40]. In conclusion, this study
reports for the first time the secretory expression of biologically active rhGCSF in B. subtilis SCK6 strain with minimum
downstream processing steps and much higher yield than
reported previously using the E. coli based expression system
[33].

5. Conclusion
In conclusion, this study reports for the first time the secretory expression of biologically active rhGCSF in B. subtilis
SCK6 strain with minimum downstream processing steps
and much higher yield than reported previously using the
E. coli based expression system. Our results showed that B.
subtilis SCK6, with twofold advantages of convenient downstream processing and cost-effective high yield production
of heterologous proteins (no inducer is required), may be
exploited as an alternate expression system for the production
of GCSF biosimilars.

Conflict of Interests
The authors of this paper declare no conflict of interests.

Acknowledgment
This study was supported by a grant from Pakistan Academy
of Sciences, Pakistan.

References
[1] S. Sadaf, M. A. Khan, D. B. Wilson, and M. W. Akhtar,
“Molecular cloning, characterization, and expression studies
of water buffalo (Bubalus bubalis) somatotropin,” Biochemistry,
vol. 72, no. 2, pp. 162–169, 2007.
[2] L. Westers, H. Westers, and W. J. Quax, “Bacillus subtilis as
cell factory for pharmaceutical proteins: a biotechnological
approach to optimize the host organism,” Biochimica et Biophysica Acta—Molecular Cell Research, vol. 1694, no. 1–3, pp. 299–
310, 2004.
[3] Q. M. Chen, Y. Q. Geng, J. Ni, G. F. Wang, and R. Z. Jiang, “Study
on Bacillus pumilus as a recipient strain for genetic engineering
of Bacillus,” Acta Genetica Sinica, vol. 16, no. 3, pp. 206–212,
1989.
[4] S. Sadaf, H. Arshad, and M. W. Akhtar, “A non-ionic surfactant
reduces the induction time and enhances expression levels of
bubaline somatotropin in Pichia pastoris,” Molecular Biology
Reports, vol. 41, no. 2, pp. 855–863, 2014.
[5] L. Bredmose, S. Madsen, A. Vrang et al., “Development of a
heterologous gene expression system for use in Lactococcus
lactis,” in Recombinant Protein Production with Prokaryotic and
Eukaryotic Cells. A Comparative View on Host Physiology, pp.
269–275, Springer, 2001.

BioMed Research International
[6] D. Petsch and F. B. Anspach, “Endotoxin removal from protein
solutions,” Journal of Biotechnology, vol. 76, no. 2-3, pp. 97–119,
2000.
[7] R. V. Datar, T. Cartwright, and C. G. Rosen, “Process economics
of animal cell and bacterial fermentations: a case study analysis
of tissue plasminogen activator,” Nature Biotechnology, vol. 11,
no. 3, pp. 349–357, 1993.
[8] F. G. Durrani, R. Gul, S. Sadaf, and M. W. Akhtar, “Expression
and rapid purification of recombinant biologically active ovine
growth hormone with DsbA targeting to Escherichia coli inner
membrane,” Applied Microbiology and Biotechnology, vol. 99, no.
16, pp. 6791–6801, 2015.
[9] W. Li, X. Zhou, and P. Lu, “Bottlenecks in the expression and
secretion of heterologous proteins in Bacillus subtilis,” Research
in Microbiology, vol. 155, no. 8, pp. 605–610, 2004.
[10] M. Simonen and I. Palva, “Protein secretion in Bacillus species,”
Microbiological Reviews, vol. 57, no. 1, pp. 109–137, 1993.
[11] T. Moks, L. Abrahmsén, E. Holmgren et al., “Expression of
human insulin-like growth factor I in bacteria: use of optimized
gene fusion vectors to facilitate protein purification,” Biochemistry, vol. 26, no. 17, pp. 5239–5244, 1987.
[12] L. L. Fu, Z. R. Xu, W. F. Li, J. B. Shuai, P. Lu, and C. X. Hu,
“Protein secretion pathways in Bacillus subtilis: implication for
optimization of heterologous protein secretion,” Biotechnology
Advances, vol. 25, no. 1, pp. 1–12, 2007.
[13] K. H. M. V. Wely, The general protein secretion pathway of Bacillus subtilis [Ph.D. thesis], University of Groningen, Groningen,
The Netherlands, 2000.
[14] A. L. S. Vanz, G. Renard, M. S. Palma et al., “Human granulocyte
colony stimulating factor (hG-CSF): cloning, overexpression,
purification and characterization,” Microbial Cell Factories, vol.
7, article 13, 2008.
[15] D. R. Barreda, P. C. Hanington, and M. Belosevic, “Regulation
of myeloid development and function by colony stimulating
factors,” Developmental and Comparative Immunology, vol. 28,
no. 5, pp. 509–554, 2004.
[16] L. J. Bendall and K. F. Bradstock, “G-CSF: from granulopoietic
stimulant to bone marrow stem cell mobilizing agent,” Cytokine
and Growth Factor Reviews, vol. 25, no. 4, pp. 355–367, 2014.
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Expanding the availability of monoclonal antibodies interfering with hepatitis C virus infection of hepatocytes is an active field
of investigation within medical biotechnologies, to prevent graft reinfection in patients subjected to liver transplantation and to
overcome resistances elicited by novel antiviral drugs. In this paper, we describe a complete pipeline for screening of phage display
libraries of human scFvs against native Claudin-1, a tight-junction protein involved in hepatitis C virus infection, expressed on the
cell surface of human hepatocytes. To this aim, we implemented a high-throughput sequencing approach for library screening,
followed by a simple and effective strategy to recover active binder clones from enriched sublibraries. The recovered clones
were successfully converted to active immunoglobulins, thus demonstrating the effectiveness of the whole procedure. This novel
approach can guarantee rapid and cheap isolation of antibodies for virtually any native antigen involved in human diseases, for
therapeutic and/or diagnostic applications.

1. Introduction
Monoclonal antibodies (mAbs) represent valuable tools in
biological treatments for a variety of clinical conditions,
including viral infections and cancer. Screening of antibody
libraries by phage display allows for rapid selection of singlechain variable fragments (scFvs), from which to isolate
the sequences of variable heavy (VH) and variable light
(VL) chains for mAb conversion. Thus, avoiding animal
immunization, it is possible to obtain antibodies against toxic
or highly conserved antigens, or against plasma membrane
proteins or receptors, in their native conformation [1, 2].
This possibility is of relevance, for isolation of antibodies,
to interfere with viral infections. In the paradigm of viral
hepatitis, mAbs have been generated, preventing hepatitis

C virus (HCV) infection of hepatocytes. HCV utilizes a set
of different cell membrane receptors to infect liver cells:
CD81, SR-BI, and the tight junction proteins CLDN1 and
OCLN [1, 3–6]. CD81 and SR-BI mAbs actually inhibit HCV
infection, both in vitro and in vivo [7]. Non-human or
chimeric anti-CLDN1 antibodies were shown to be effective
against HCV infection in vitro and in vivo [8–11]. So far,
no fully human anti-CLDN1 or OCLN mAbs are available.
Still, generation of novel mAbs is a relevant issue, even
though antiviral drugs, such as boceprevir and telaprevir,
are currently in clinical use. However, besides their toxic
side effects, their use may be limited by the occurrence
of drug-resistant phenotypes [12–16]. Furthermore, these
antiviral drugs are not as effective to prevent graft reinfection in patients subjected to liver transplantation, since

2
the treatment is delayed until several months from surgery
[17].
High-throughput sequencing (HTS) was successfully
applied to phage display technology, to get full advantage
from screening of phage display libraries [18, 19]. It allows us
to rapidly identify the potential binders of a given antigen,
based on the counts of the corresponding scFv fragments,
within a cycle, and on the kinetic of their enrichments, within
consecutive cycles; that may provide useful information on
the whole screening. After their identification, the clones
of interest need to be recovered from the DNA library of
the relevant selection cycle, for validation of binding. HTSbased selection of phage display libraries should provide
rapid information on the screening progression and a comprehensive set of scFv clones, since it limits the possibility to
loose potential good binders during the repetitive handling
of clones, which is required during a classical screening.
The bottleneck of a HTS-based screening is, however, the
recovery of scFv clones of interest. The availability of a set of
alternative strategies, to recover rapidly the clones of interest,
would allow us to overcome the limiting step in HTS-based
screening of phage display libraries [19]. In this paper, we
tested the whole procedure of a HTS-based screening, to
isolate binders of native CLDN1 protein, expressed on the
cell surface of mammalian cells. We successfully identified
a set of 75 potential binders of CLDN1, from which novel,
human antibodies could be isolated, possessing the ability to
interfere with HCV infection. We also implemented a rapid
and effective method, for one-step recovery of scFv clones
from the enriched population of fragments. This method
was applied to some scFv fragments, characterized by heavychain complementarity determining regions 3 (HCDR3) of
different length, to demonstrate its effectiveness in the generation of complete and functional monoclonal antibodies.

2. Materials and Methods
2.1. Cell Cultures. The Human Embryonic Kidney HEK 293T
cells were cultured in standard conditions using Dulbecco’s
Modified Eagle’s medium (DMEM, Life Technologies, Inc.,
Paisley, UK) with the addition of nonessential amino acid
solution (Gibco, Life Technologies, Inc.). The HEK 293T
cells transduced with the gene encoding CLDN1 [1] were
grown in DMEM containing Blasticidin (2 𝜇g/mL) (Gibco,
Life Technologies, Inc.). Media were supplemented with 10%
FBS, 50 units/mL penicillin, and 50 𝜇g/mL streptomycin (all
from Gibco, Life Technologies, Inc.).
2.2. Selection of scFv Phage on Living Cells. The phage
library was grown in 2xTY medium containing 100 𝜇g/mL
of Ampicillin and 1% glucose up to an optical density at
600 nm (OD600) of 0.5. Subsequently, 1 × 109 plaque-forming
units of M13-K07 helper phage encoding trypsin-cleavable
pIII protein were added to 25 mL of culture and were grown
for 1 hour. The bacterial cells were then pelleted through
centrifugation for 15 minutes at 4,000 rpm and then resuspended and grown overnight in 500 mL of 2xTY containing
100 𝜇g/mL of Ampicillin and 25 𝜇g/mL of Kanamycin at
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30∘ C. Phages were collected by two steps of precipitation
with polyethylene glycol (PEG) and resuspended in PBS. The
theoretical diversity of naı̈ve library was about 1 × 1010 .
Both HEK 293T cells, mock and transduced with CLDN1
cDNA, were detached by using cell dissociation solution
(Sigma-Aldrich, Saint Louis, USA) and washed with PBS.
Phages (1013 pfu) were blocked with 5% milk powder (SigmaAldrich) in PBS for 15 minutes and submitted to two rounds
of negative selection by incubation with HEK 293T mock
cells (5 × 106 ) for 2 hours at 4∘ C. The unbound phages were
recovered from supernatant after centrifugation at 1,200 rpm
for 10 minutes and then were used for the positive selection
performed on CLDN-1 transduced HEK 293T (1 × 106 ), by
incubation for 16 hours at 4∘ C. Cells were recovered by
centrifugation at 1,200 rpm for 10 minutes and washed twice
with PBS. Bound phages from each selection were eluted from
CLDN-1 transduced HEK 293T with a solution of 1 𝜇g/mL
of Trypsin (Sigma-Aldrich), which was then inhibited by
EDTA-free protease inhibitor cocktail (Roche Diagnostic,
Mannheim, Germany). The recovered phages were amplified
by infecting E. coli TG1 cells to prepare phage for the following
round of selection. Four whole cycles of selection were
performed.
2.3. VH Extraction and Purification. The double strand DNA
plasmids containing the scFvs were isolated from each cycle
of selection from a culture of superinfected E. coli TG1 cells
using GenElute HP Plasmid Maxiprep Kit (Sigma-Aldrich).
The VHs were excised by double digestion with restriction
enzymes NcoI and XhoI (New England Biolabs) and then
purified from a 1.2% agarose gel (Figure 1(a)).
2.4. High-Throughput Sequencing. Library preparations of the
fragments, sequencing reactions, and preliminary analysis
of the data were performed at the Center for Translational
Genomics and Bioinformatics, Hospital San Raffaele, Milano,
Italy. Briefly, for the preparation of the bar-coded libraries,
TruSeq ChIP sample prep kit (Illumina) was used on the
VH DNA samples isolated from cycles 1–4. A complementary
scheme for bar-coding was implemented, in order to perform
sequencing reactions from mixtures of subcycles 1 and 4 (run
#1) and of subcycles 2 and 3 (run #2). The bar-coded samples
were diluted to a final concentration of 10 pM and sequenced
with 2 × 300 nt SBS kit v3 on an Illumina MiSeq apparatus.
2.5. scFv Recovery from the Enriched Sublibrary. The three
selected clones were isolated from the population of scFv at
cycle 3. The QuickChange II XL Site-Directed Mutagenesis
Kit (Agilent Technologies) was used to perform extension
reactions with overlapping primers, designed within the
corresponding HCDR3 regions.
The extension reactions were assembled as follows: 50–
250 ng of template; 2/5 𝜇L QuickSolution reagent; 1 𝜇L Pfu
Ultra High Fidelity DNA polymerase (2.5 U/𝜇L); 5 𝜇L 10x
reaction buffer; 1 𝜇L dNTP mix; 125 ng forward primer; 125 ng
reverse primer; H2 O to a final volume of 50 𝜇L.
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Figure 1: Library screening and analysis of sequences. (a) The panel shows the DNA fragments, gel-purified from sublibraries, after the
indicated selection cycles. The corresponding plasmid preparations were digested with NcoI and XhoI restriction endonucleases, to release
the DNA fragments encoding for the VH regions of the scFv fragments. The fragments were bar-coded and subjected to high-throughput
sequencing, as described in the text. SM, size marker. (b) The chart reports the entropy values for the populations of fragments originating from
the indicated selection cycles, after sequencing. (c) The reported values indicate the total number of clones, and the relative representation of
the most abundant clone, within the corresponding selection cycles. (d) The chart indicates the relative distribution of clones, according to
the number of counts observed, within the indicated ranges, for each of the 4 selection cycles. Cycles 3 and 4 show similar distributions.

The primers used were
3 2 forward 5 -GAGTTATTATCCATTTGACTACT-3 ; 3 2 reverse 5 -AGTAGTCAAATGGATAATAACTC-3 ; 3 5 forward 5 -CGAGAGACTACTACGGACTTGACTACTG-3 3 5 reverse 5 CAGTAGTCAAGTCCGTAGTAGTCTCTCG-3 ;
3 67 forward 5 -CGCGTGGGGCAGGAGGAGCCTTTGACTACTG-3 ; 3 67 reverse 5 -CAGTAGTCAAAGGCTCCTCCTGCCCCACGCG-3 .
The template DNA was removed by restriction with
1 𝜇L of DpnI enzyme, as suggested by the kit provider. An
appropriate amount of reaction was used to transform XL10GOLD ULTRACOMPETENT CELLS (Agilent Technologies)

and then plated on LB/agar containing 100 𝜇g/mL Ampicillin.
Some colonies were picked and the screen success was
evaluated by double digestion and sequencing.
2.6. Preparation of Phage Particles. Electrocompetent TG1
cells were transformed with dsDNA plasmid of rescued
clones and grown in 100 𝜇L of 2xTY medium containing
1% glucose, 25 𝜇g/mL Kanamycin, and 100 𝜇g/mL Ampicillin
for 18 hours at 37∘ C. Then TG1 cells were infected with
the M13-K07 helper phage. The culture was centrifuged
at 1200 rpm for 30 min to pellet bacteria and recover the
scFv phage containing supernatant useful for ELISA. PEG
precipitation was used as previously described to concentrate
phage particles.
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2.7. Antibody Production and Purification. For the conversion of the selected scFvs into whole IgG4, the VHs and
VLs were amplified by PCR and purified by agarose gel.
Then, In-Fusion HD cloning kit (Clontech Laboratories,
Mountain View, CA, USA) was used to insert the variable
fragments in vectors expressing the constant antibody heavy
and light chains. The VHs were cloned in the linearized
(BamHI/BssHII) Peu 8.2 vector and the VLs were cloned in
linearized (ApaLI/AvrII) Peu 4.2 vector. Stellar Competent
Cells (Clontech Laboratories, Inc., Mountain View, CA, USA)
were transformed with obtained vectors, and the colonies
were screened by digestion and sequence analysis. The correct
preps were cotransfected in HEK293-EBNA by using Lipofectamine Transfection Reagent (Life Technologies, Inc.) and
grown up for about 10 days at 37∘ C in serum-free CD CHO
medium (Gibco, Life Technologies, Inc.) in 6-well plates. The
conditioned media were collected and the antibodies were
purified by using Protein A HP SpinTrap (GE Healthcare
Life Sciences, New York, USA). The primers used were the
following:
For VH
3 2; 3 5; 3 67: 5 -CTCTCCACAGGCGCGCACTCCGAGGTGCAGCTGTTGGAGT;
Rev VH
3 2; 3 5 5 -GGCATTGGGTGGATCCGTCGACAGGACTCACCACTCGAGACGGTGACCATTGTCCC;
3 67 5 -GGCATTGGGTGGATCCGTCGACAGGACTCACCACTCGAGACGGTGACCGTGGTCCC;
For VL
3 67 5 -CTCCACAGGCGTGCACTCCCAGTCTGTGTTGACGCAGCCG;
3 2 5 -CTCCACAGGCGTGCACTCCCTTAATTTTATGCAGACTCAGCCCC;
3 5 5 -CTCCACAGGCGTGCACTCCCAATCTGCCCTGACTCAGCCT;
Rev VL
3 2 3 5 3 67 5 -TTCTGACTCACCTAGGACGGTCAGCTTGGTCCCTCC.
2.8. ELISA. To confirm the binding specificity for CLDN1
of the selected scFv phages or purified mAbs, cell ELISA
were performed by using HEK293 T CLDN-1 positive and
mock cells. The cells were detached with nonenzymatic cell
dissociation solution (Sigma-Aldrich) and washed with PBS
and then resuspended in PBS/BSA 6% in 96 multiwell plates
(2 × 105 cells/well). The phages or mAbs were added to
plate and incubated for 30 minutes at RT. The following

antibodies were used to reveal binding of phage-scFvs or
of the corresponding antibodies: mouse HRP-conjugated
anti-M13 mAb (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden); goat HRP-conjugated anti-human IgG (Promega
Corporation Madison, USA). After 3 washes cells were
resuspended and incubated for 2 minutes in 50 𝜇L of TMB
reagent (Sigma-Aldrich). After the incubation, the reaction
was stopped through addition of 50 𝜇L of 1 N HCl, and the
absorbance (A450) was measured.

3. Results
3.1. HTS-Based Screening of a Phage Display Library on
CLDN1 Expressing Cells. For isolation of CLDN1 scFvs, the
phage display library was subjected to 4 selection cycles; each
cycle consisted of a subtractive step on HEK-293 cells, not
expressing the antigen on the cell membrane, followed by
panning on HEK-293 cells transduced with CLDN1 construct
[1]. In order to maximize the exposure of proteins on the
cell membrane, panning and the subtractive steps were performed on suspension cultures. Phages from each selection
step were collected and amplified for recovery of dsDNA
phagemid. DNA preparations were digested with NcoI and
XhoI restriction endonucleases to excise the subcollections
of VH fragments (Figure 1(a)). The isolation of the VH
fragments (350 bp on average) was preferred to the isolation
of the whole scFv fragments (about 750 bp in length), in order
to get full sequencing coverage of the most variable HCDR1,
HCDR2, and HCDR3 regions. In order to minimize loss of
representation of clones, we preferred excision of the VH
fragments by restriction enzyme digestion, rather than their
amplification by PCR. Thus, the unique amplification step
of the whole procedure was implemented for bar-coding of
the sublibraries. The bar-coded VH fragments from the four
selection cycles were finally sequenced on a MiSeq Illumina
platform (see Section 2). We also combined cycles 1 and 4
in a run and cycles 2 and 3 in an additional run to test the
possibility to further reduce the costs of the analyses. The
aim of analysis was to reveal the most abundant clones, as
well as their enrichment profiles throughout the selection
rounds.
As a parameter of complexity of 4 sublibraries, we initially
explored the number and the diversity of HCDR3s from
each selection cycle, through evaluation of the entropy (Figure 1(b)); a strong decrease of entropy occurred throughout
the 4 cycles of selection. Accordingly, the relative representation of the most abundant clone inside each sublibrary
was progressively increasing over cycles (maximal relative
representation from 0.76% to 25.49%), while the complexity
(i.e., the number of different clones) was accordingly decreasing over more than one order of magnitude (Figure 1(c)).
Finally, as detailed in Figure 1(d) during the selection cycles,
we observed that an increasing percentage of sublibraries
was occupied by VH fragments with high counts, until
cycle 3; cycle 4 showed distributions of counts, similar to
those observed in cycle 3, thus indicating that selection
of CLDN1 binders was bona fide completed after three
cycles.
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Figure 2: Selection of scFv clones and strategy for recovery. (a) The chart reports the relative enrichments, within the indicated selection
cycles, for 75 scFv clones. The threshold for inclusion was arbitrary set to a relative representation value of 1 × 10−3 (0.1%). Most clones were
maximally enriched at cycle 3. Compared to cycle 4, cycle 3 also showed the highest number of different clones with a relative representation
>1 × 10−3 (75 versus 63). Cycle 3 was accordingly selected for recovery of scFv clones. (b) The cartoon describes the strategy, implemented for
recovery of scFv clones. The methylated template DNA from cycle 3 sublibrary was copied by Pfu DNA polymerase from overlapping primers
(block arrows), corresponding to specific sequences within HCDR3 region of VH. The dashed lines represent the newly synthesized DNA,
nonmethylated, since it was generated in vitro. After DpnI digestion, methylated and hemimethylated DNAs are removed, so that the nicked
DNA originating from template copy is able to transform competent E. coli cells. The originating colonies thus represent the recovered, bona
fide scFv clones. (c) The panel shows the products of the extension reactions, carried out on template from selection cycle 3, with overlapping
primers for HCDR3 regions of clones 3 2, 3 5, and 3 67. The upper bands correspond to the supercoiled, methylated template; the lower bands
represent the primer-extended, nicked products. SM, size marker; T, template DNA.

3.2. Recovery of scFv Clones from Sublibraries. As shown in
Figure 1(d), cycles 3 and 4 show similar distributions of clones
characterized by high counts. For further analysis, we focused
on clones, for which relative representation was above 1 ×
10−3 . Cycle 3 gave the highest number of clones above such
threshold, 75, versus 63 clones from cycle 4.
Thus, we analyzed the enrichment profiles for each of the
75 clones from selection cycle 3; as shown in Figure 2(a),
most clones were already enriched from cycle 1 to cycle
2; some clones (30 in number) reached their maximal

enrichment at cycle 2, while 37 clones were still increasing
their representation over cycle 3. The remaining clones (8 in
number) showed comparable enrichment values from cycle 2
to cycle 3. Considering cycles 3 and 4, 19 clones were showing
increasing enrichments, while 49 actually showed decreased
representation at cycle 4. The remaining clones (7 in number)
did not show relevant changes from cycle 3 to cycle 4. Thus,
most scFv clones reach the maximal enrichment at cycle 3.
We then selected cycle 3 for recovery of the scFv clones. To
this aim, we took advantage of an approach, which is routinely
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used in molecular biology labs, for site-directed mutagenesis
(Figure 2(b)). The system allows us to obtain nicked plasmid
DNA by enzymatic copy of a template; the in vitro generated
DNA is then suitable for E. coli transformation and isolation
of the clones of interest. Thus, we subjected DNA templates
from cycle 3 to enzymatic copy with pairs of overlapping
primers. The oligonucleotide sequences were designed inside
the HCDR3 regions, since they represent the most variable
(thus, selective, in terms of DNA sequence) regions in the
antibody repertoire. The range in HCDR3 lengths for the 75
clones was from 10 to 24 amino acids. We selected the scFvs of
3 different VH fragments, characterized by CDR3 regions of
different lengths: the shortest (10 a.a., clone 3 5) was selected,
since it provides the tightest constraint in the design of
specific primers. The additional CDR3s were 13 a.a.- (clone
3 67) or 17 a.a.-long (clone 3 2). Clones 3 2 and 3 5 were
highly enriched within cycle 3 (corresponding frequencies
were, resp., 8 × 10−2 and 5 × 10−2 ), while clone 3 67 was close
to the lowest enrichment (frequence was 1 × 10−3 ), among the
75 selected.
As shown in Figure 2(c), nicked DNA was generated for
each of the selected clones. In order to remove the library
template, which could give rise to undesired scFv clones,
the samples were digested with DpnI, which cleaves the
methylated and hemimethylated templates, while preserving
the fully in vitro generated nonmethylated DNA. The resulting DNAs were transformed in E. coli, to obtain bona fide
phagemid DNAs corresponding to the selected VHs. The corresponding constructs were isolated from the transformation
reactions with occasional retrieval of undesired constructs.
Sanger sequencing of the recovered 3 2, 3 5, and 3 67 clones
confirmed 100% identity of the VH regions to the HTS data
for each of the three clones. Sanger analysis also allowed us to
identify their corresponding VL sequences.
3.3. Validation of Binding for scFv Fragments and Converted
Antibodies. Purified phage particles for clones 3 2, 3 5, and
3 67 were generated and tested by cell ELISA to validate
their binding. Two out of the three tested clones (3 5 and
3 67) showed a specific binding to CLDN1 expressing cells
(Figure 3(a)). Clone 3 2, instead, revealed binding to both
cell cultures. Thus, we focused on clones 3 5 and 3 67 for
further experiments. They were converted into human IgG4
antibodies. Figure 3(b) shows that the isolated VH and VL
regions of these clones actually generate full antibodies.
They were also tested in ELISA to validate their binding to
CLDN1 exposed on the surface of HEK-293 cells. Figure 3(c)
shows that the corresponding antibodies actually maintain
the ability to bind specifically CLDN1 expressing HEK-293
cells, as for the corresponding scFvs, from which they were
generated.

4. Discussion
In this paper, we report a complete workflow for HTSbased isolation of scFv phagemid clones binding to native
CLDN1, a cell surface protein involved in HCV infection.
HTS-based screening of phage display libraries starts to
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become a useful method to isolate putative scFvs for antigens
involved in diseases, ranging from viral infections to cancer.
This approach may have some advantages, compared to the
classical screening schemes, such as the possibility to comparatively evaluate the complexities of the sublibraries from each
selection cycle, and the corresponding enrichments of phage
clones, from which to derive functional antibodies against a
given antigen. This allows us, for instance, to decide whether
to stop, or to continue the screening for a given antigen. In our
case, the screening strategy was composed of four selection
cycles, each one characterized by progressive decreases in
entropy. Cycle 3, however, showed maximal enrichments for
most clones, since the majority of the 75 scFv constructs,
selected for further analysis, dropped their relative representation during selection cycle 4. The main interpretation
for this occurrence is that cycle 4 represents a plateau for
our selection, thus, rendering ineffective additional selection
cycles.
During classical screening procedures, much effort is
dedicated to repetitive tests, isolation and sequencing of
clones, at completion of multiple, downstream selection
cycles. Following a HTS-based screening, instead, each of
the enriched clones is known in advance and then tested for
binding at a single occurrence. Thus, HTS-based screening
will reveal the widest possible set of enriched clones, limiting
the possibility to lose good binders during repetitive isolation
and characterization of active scFvs. Our experimental setup
also provides a sustainable alternative to classical screening,
since HTS costs are kept to the lowest, combining multiple
samples in a single sequencing run. Accordingly, after having
performed 4 cycles of selection, we combined cycles 1 and
4 in a run and cycles 2 and 3 in an additional run. The
Illumina MiSeq platform was used, demonstrating its proper
adaptability to a screening approach. The versatility and the
cheap costs (on average, 1,000 USD per run in the international market) of our approach may expand the applicability
of such HTS-based screening to the selection of scFv clones
for multiple targets.
There is, however, a disadvantage in the use of HTSbased screening, compared to classical approaches. The latter,
in fact, allows for direct isolation of phagemid DNA for
biochemical validation of binding, via production of soluble
scFv protein fragments. On the contrary, there is the need,
once the enriched clones have been identified, to recover
them from DNA preparations of the enriched sublibraries.
Some methods have been developed, to overcome the problem of recovering selected clones; one of them was based on
overlapping PCR reactions. These allowed the reconstruction
of full scFvs from 2 PCR products, corresponding to VH
and VL [18]. An additional method provides single-step
isolation of complete phagemid DNA, via a thermostable
DNA polymerase and DNA ligase, using an inverse PCR
application with 5 -phosphate oligonucleotides [20, 21]. The
latter method is, like the one implemented in this paper, based
on single-step recovery. It was shown to be highly effective,
allowing recovery of a single scFv clone, spiked into a library,
and represented to 0.0025% of the total DNA [21]. It was also
effective in the recovery of scFv clones, bearing short HCD3
sequences, due to the design of one oligonucleotide primer
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Figure 3: Evaluation of binding for scFv phages and IgG4. (a) The panel shows the binding of scFv phages, clones 3 2, 3 5, and 3 67, to
HEK293 cells (gray bars) and to cells transduced with CLDN1 vector (HEK293-CLDN1, black bars). Clone 3 2 was discarded, because of
nonspecific binding to HEK293-CLDN1 cells. (b) SDS-PAGE analysis of IgG4, converted from the scFv clones 3 5 and 3 67, as indicated.
Samples in lanes 1 and 3 were run under nonreducing conditions, so that the whole IgG4 and the heavy-chain/light chain IgG4 dimers were
accordingly visualized. Under reducing conditions, the IgG4 preparations showed the fully denatured light and heavy chains, as indicated.
(c) The panels show the binding of the IgG4s, converted from scFv fragments 3 5 and 3 67, to HEK293 (gray lines) and to HEK293-CLDN1
(black lines) cells at increasing antibody concentrations.

at the boundary between HCD3 and FR4 region, and of the
second primer within FR4. Our approach was fully validated
within an experimental screening for CLDN1 antibodies. We
were indeed able to identify 75 potential binders, from which
we decided to isolate 3 representative scFv clones, selected
according to the length of the corresponding HCDR3 regions
(range 10–17 amino acids) and within an experimentally
validated range of frequencies (from 8%, down to 0.1% of the
population of clones, represented within cycle 3). Its preliminary implementation by Zhang and coworkers [19] was not

fully exploited, since these authors focused on hybridizationmediated capture of the selected clones, via hybridization
with biotinylated oligonucleotides, designed within HCDR3
regions. Since the identification of an effective mAb against
SR-BI [1, 3, 7] our groups are actively isolating novel mAbs
against cellular proteins involved in HCV infection [22];
accordingly, a wide search and characterization of novel
antibodies, preventing viral entry through the tight-junction
protein CLDN1, is in progress. In the present work, two out
of the three selected clones showed good binding specificities
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to CLDN1 expressing cells, 3 5 and 3 67; clone 3-2, however,
although highly enriched, did not generate a specific binding.
Its positive selection could represent a combination of a
biological advantage and of the peculiarity of the system used
for screening, consisting of native CLDN1, expressed on the
cell surface. The epitope selected by clone 3 2 may represent
a very abundant protein expressed on HEK-293 cells, so that
the corresponding scFv is not efficiently removed during the
negative selections. During a classical screening such clone
would have been selected and discarded at each cycle, after
repeated testing; the HTS-based screening, instead, allows us
to discard it at the first/unique characterization of binding.
The validity of the whole procedure, from screening
to antibody production, was verified, since the antibodies
generated by scFv conversions of clones 3 5 and 3 67 were
rapidly and efficiently obtained; they fully recapitulated the
binding properties of the scFv from which they were derived.
As a whole, the application of the complete pipeline proposed
within this work, characterized by low costs and high effectiveness, may guarantee rapid, sustainable, and successful
isolation of antibodies for multiple proteins against native
antigens involved in human diseases.

5. Conclusions
In this paper, we screened scFv “phage display” library on
suspension cultures of HEK-293 cells expressing CLDN1
on plasma membrane, from which we successfully isolated
specific CLDN1 binders. The optimized high-throughput
sequencing approach, followed by a single-step recovery of
representative, full scFv constructs and their conversion to
IgG4 antibodies, demonstrated the versatility and scalability
of the procedure, to obtain rapid and cheap isolation of
antibodies for virtually any native antigen involved in human
diseases.
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