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In this study, we describe the use of a M13 phage-displayed random peptide library for screening novel

peptide motifs that specifically recognize recombinant PCV2 Cap protein for the first time. The peptide

had a sequence of YHDCFSAGFCIG, and the binding affinity was observed in the nanomolar range. In the

serum blocking test, the ELISA signal of the peptide was rapidly decreased when the concentration of

the PCV2 positive serum was increased.
Porcine circovirus type 2 (PCV2) is a circular, single-stranded
DNA virus. It is considered as the major pathogen of porcine
circovirus associated-diseases (PCVAD) that causes huge
economic losses for the swine industry around the world every
year.1,2 Apart from post-weaning multi-systemic wasting
syndrome (PMWS), PCVAD also include porcine dermatitis and
nephropathy syndrome (PDNS),3 reproductive disorders,
porcine respiratory disease complex (PRDC),4 nervous system
lesions,5 enteritis,6,7 and proliferative and necrotizing pneu-
monia (PNP).8 There are three major open reading frames
(ORFs) in the PCV2 genome. First, ORF1 encodes a replication-
associated protein (Rep and Rep0), which is essential for the
replication of viral DNA in host cells.9,10 Second, ORF2 encodes
the capsid, which is a unique structure protein (Cap) and main
antigenic determinant of PCV2.11 The canonical viral jelly-roll
structure of PCV2 Cap was identied via its crystal structure
and cryo-electron microscopy (cryo-EM) image.12,13 Finally,
ORF3 encodes a protein that is not essential for PCV2 replica-
tion, but may have an apoptotic effect on PCV2-infected
cells.14,15 To date, safe and effective vaccines are considered as
the best control measure for PCVAD. Virus-like particles (VLPs)
formed by recombinant ORF2 expressed in prokaryotic as well
as eukaryotic systems are similar to the intact PCV2 particles
and have been utilized as a key constituent in vaccine formu-
lation and have protected pigs against the infection of PCV2.
Currently, the common purication process for PCV2 Cap VLPs
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includes ultracentrifugation in CsCl or sucrose gradients and
ion-exchange chromatography;16–19 however, these methods are
uneconomic and waste time and energy.

A high antigen purity is an indicator of good vaccines;
however, the purication takes a most part of the vaccine
production cost. To improve the purication method and
reduce the cost of PCV2 Cap VLPs, a simple, rapid, and effective
purication method should be established. Recently, magnetic
nanoparticles (MNPs) have been used as a carrier for purica-
tion due to their rapid and convenient magnetic control effects,
intrinsically large loading capacity, and ease for functional
modication.20,21 The surfaces of MNPs are usually modied
with biological affinity ligands for targeting. Antibodies show
high specicity and target diversity, but their complex structure
results in high production costs, low shelf-life, and problems
related to degradation, modication, aggregation and/or dena-
turation.22 Their applicability in purication is limited by these
shortcomings. On the other hand, other biological affinity
ligands such as nucleic acids,23 carbohydrates,24 chemical
molecules,25 and linear, branched, and cyclic peptides,26 have
low molecular weights, enhanced stability and more efficient
screening strategies. Unique and short linear peptides have
emerged with specic advantages, such as smaller size, lower
cost, ease of synthesis, more amenable to be engineered at the
molecular level, lower immunogenicity, and higher surface
density, over antibodies.

The M13 phage-displayed random peptide library (M13
Ph.D. peptide library) provides a robust platform for seeking
specic peptides with different molecular properties that bind
to diverse targets. Nowadays, it is used in B-cell and T-cell
epitope mapping,27 disease diagnosis,28 antiviral research,29

vaccine development,30 and peptide-mediated drug delivery
system development. Furthermore, the target peptides identi-
ed using the M13 Ph.D. peptide library have potential use in
RSC Adv., 2017, 7, 38911–38914 | 38911
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biological affinity ligands, which play a key role in the puri-
cation of VLPs.

In this study, the Ph.D.-12 peptide library (New England
Biolabs) was applied for the discovery of novel peptide ligands
targeting the recombinant PCV2 Cap protein (r-Cap). Thus,
a pET-28a-cap fusion proteins expression vector was built. The r-
Cap (26 kDa) and amino acids 41–233 were expressed as their
soluble form in E. coli BL21 (DE3) and puried using Ni-NTA
column chromatography (Fig. 1a). To verify the reactogenicity
of r-Cap, a western blot was performed using an anti-PCV2 Cap
antibody (Fig. 1b). It was shown that the puried r-Cap had
reactogenicity; thus, it was used as the target protein for further
study.

We have biopanned a Ph.D.-12 peptide library against r-Cap
to identify the linear peptide motifs that specically bind to it.
In brief, the r-Cap was immobilized onto 60 � 15 mm Petri
dishes and washed with TBST aer blocking. The Ph.D.-12
peptide library (1.5 � 1011 pfu) was added to the pre-coated
Petri dishes, and the bound phage was eluted. Aer 3 rounds
of biopanning, the peptides specic for r-Cap were identied.
The operating process and statistical result aer 3 rounds of
biopanning are shown in Table S1.† With an increase in the
number of rounds of biopanning, stricter conditions for selec-
tion and elution were employed. As expected, the amount of
enrichment of the eluted phage clones remained the same with
the increase in the number of rounds of biopanning. Samples of
the eluted phage from the third round of biopanning were used
to purify the plaques of the individual phage clones and analyse
the DNA sequence. In this case, 23 clones were DNA-sequenced
and 14 readable sequences were obtained. The sequencing
results showed that 9 of the 14 sequences were identical with
the amino acid sequence of YHDCFSAGFCIG. Thus, from these
9 phage clones, the one named as 3R#2 was selected for further
characterization.

Indirect ELISA was performed to determine whether the
3R#2 phage-displayed peptides had specically bound to r-Cap.
Thus, the 3R#2 clones with different concentrations ranging
from 106 to 1011 pfu were incubated with 10 mg mL�1 of r-Cap.
Fig. 1 SDS-PAGE (a) and western blot (b) of the purified recombinant
Cap protein.

38912 | RSC Adv., 2017, 7, 38911–38914
The results indicated that the highest ELISA signal was found in
the presence of 1011 pfu mL�1 of the 3R#2 clones, and the ELISA
signal was reduced with a decrease in the amount of 3R#2
clones (Fig. 2a). In addition, the ELISA signal sharply decreased
at a concentration of 1010 pfu mL�1. To further study the effects
of the r-Cap concentration on the ELISA signal, 1010 pfu mL�1 of
the 3R#2 phage clones was added to a pre-immobilized well
with r-Cap at a variety of concentrations from 1.25 mgmL�1 to 80
mg mL�1 and measured using ELISA. The results showed that
the binding ratio between the phage clones and r-Cap was
highest at 40 mg mL�1 of r-Cap, and the ELISA signal increased
with the increasing r-Cap concentration (Fig. 2b). As a negative
control, wild type M13 phage did not bind to r-Cap (data not
shown). From the above mentioned description, we found that
the 3R#2 phage-displayed peptides had specically bound to
r-Cap. Interestingly, this peptide was rich in hydrophobic amino
acid residues such as Ile, Phe, Cys, and Ala, and the hydro-
phobicity reached up to 50% in total; this suggested that
hydrophobic interactions were exploited in the binding of
r-Cap. In addition, two cysteine residues at 4 and 10 were also
found in the 3R#2 sequence. Since 3R#2 contains an even
number of Cys, it may form a disulde-bond linked beta
structure, helical structures containing S–S bonds or multiple
thioether bonds. Finally, the sequence displayed on the 3R#2
clones contains two Glys, which may stabilize the peptide
conformation or exibility.

A further surface plasmon resonance (SPR) experiment was
performed with r-Cap and the 3R#2 phage clones to measure
their equilibrium dissociation binding affinity. Fig. 3a shows
the equilibrium dissociation binding constant (Kd) of the 3R#2
phage clones. In detail, the Kd value of 3R#2 was 98.5 nM. The
blocking effect of PCV2 positive serum (prepared by the Henan
Provincial Key Laboratory of Animal Immunology) on the
binding event between the 3R#2 phage clones and r-Cap was
also investigated. First, the PCV2 positive serum ranging from
0.1% to 1% was incubated at 10 mg mL�1 and 20 mg mL�1 of
r-Cap for 1 h at 37 �C. Second, 1011 pfu mL�1 of the 3R#2 clones
was added to the wells for 1 h at 37 �C. Third, the
HRP-conjugated anti-M13 monoclonal antibody was added to
the wells for 1 h at 37 �C. Finally, the ELISA signals were
measured at a wavelength of 450 nm. Interestingly, the ELISA
Fig. 2 The indirect ELISA assays. The effects of the 3R#2 phage
concentration (0–1011 pfu mL�1) (a) and r-Cap (0–80 mg mL�1) (b) on
the ELISA signal.
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Fig. 3 The equilibrium dissociation binding constant (Kd) obtained by
SPR (a) and serum blocking test (b).
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signal of the 3R#2 clones was rapidly decreased when the
concentration of PCV2 positive serum was increased (Fig. 3b).
As a consequence, we concluded that the 3R#2 phage-displayed
peptide screened using the Ph.D.-12 peptide library was found
to be a potential affinity ligand for the purication of r-Cap; this
suggested that it might have potential for PCV2 VLPs
purication.
Conclusions

In this study, we have demonstrated, for the rst time, the use
of a phage display technique for biopanning novel peptide
motifs that specically recognize target proteins. The 3R#2
peptide specic for target proteins had a sequence of
YHDCFSAGFCIG, and ELISA and SPR assays were performed to
evaluate the binding behaviour of this novel peptide. The
results of the SPR assays show that the equilibrium dissocia-
tion binding constant of the 3R#2 peptide was found to be in
the nanomolar range for its target. In the serum blocking test,
the OD value (450 nm) rapidly dropped as the concentration of
the PCV2 positive serum increased. To the best of our knowl-
edge, it may be conceivable that the newly identied recogni-
tion peptide provides new peptide-based affinity ligands for
the purication of PCV2 VLPs. Because the phage used in this
study can be generated using approximately 5 copies of the
peptide per phage, the true Kd value of the free peptides for the
target protein may be different due to the loss of the functional
affinity. Further work will be required to explore the perfor-
mance of synthetic peptides upon immobilization using
MNPs.
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