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Abstract
The methods developed for e�cient insoluble protein production are less well explored. Our data
demonstrated that PagP, an E. coli outer membrane protein with high β-sheet content, could function as
an e�cient fusion partner for inclusion body-targeted expression of antimicrobial peptide Magainin II,
Metchnikowin and Andropin. The primary structure of a given polypeptide determines to a large extent its
propensity to aggregate. The aggregation “hot spots” (HSs) in PagP was subsequently analyzed with the
web-based software AGGRESCAN, leading to identi�cation of the C-terminal region with high dense
distribution of HSs. The absolute yields of recombinant antimicrobial peptide Metchnikowin and
Andropin could be increased signi�cantly when expressed in fusion with this version of PagP. Moreover, a
Proline-rich region was found in the β-strands of PagP. Substitution for these prolines by residues with
high β-sheet propensity and hydrophobicity signi�cantly improved its ability to form aggregates, and
greatly increased the yield of the recombinant passenger peptides. Fewer examples have been presented
to separate the recombinant target proteins expressed in fusion inclusion bodies. Here, we reported an
arti�cial linker peptide NHT with three motifs, by which separation and puri�cation of the authentic
recombinant antimicrobial peptides could be implemented. 

Highlights
PagP functions effectively for inclusion body-targeted expression of antimicrobial peptides. 

The C-terminal region of PagP harbours high density of aggregation “hot spots”, and can also be
used as an effective fusion tag, allowing the production of antimicrobial peptide Metchnikowin and
Andropin to be increased signi�cantly. 

Substitution for proline in PagP by amino acid residues with high β-sheet propensity and
hydrophobicity helps it to form aggregates rapidly and stably, leading to the increased production of
the potent antimicrobial peptide Magainin II. 

Arti�cial peptide NHT allows the recombinant antimicrobial peptides to be conveniently puri�ed. 

Introduction
Diverse conditions can lead to an alteration of protein homeostasis, resulting in protein aggregation in all
living cells. Nevertheless, the commonest event is provided by the fast and overexpression of
recombinant proteins in bacteria, leading to formation of the inclusion bodies (IBs). In the last decade, IBs
have been investigated from a different perspective and their study gained considerable interest.
Targeting recombinant proteins into IBs provides a new interesting approach for their production and IBs
are also proposed as an almost pure source of recombinant proteins. Unordered sequences are highly
exposed and therefore suitable for protein–protein interactions and posttranslational modi�cations [1].
However, the high degree of exposure that confers these sequences biological activities also renders them
vulnerable to proteolysis in the setting of heterologous expression. Targeting their expression into IBs will
provide an alternative strategy for protecting them from proteolytic degradation [2]. Although IBs
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formation is so common in the heterologous protein expression system, especially under overexpression
condition, a robust fusion partner is often necessary. Newly expressed proteins may exist in three states:
properly folded, partially folded intermediates, and aggregated in vivo, which are in dynamic equilibrium
and subjected to the action of chaperones and proteases [3]. Recombinant proteins that exist primarily as
partially folded or misfolded intermediates can be rapidly degraded in vivo. Thus, their accumulation can
be improved signi�cantly by shifting the equilibrium towards the formation of IBs in view of the
protection from proteolytic degradation. For a given protein, it is often di�cult to assess which insoluble
fusion partner is the most effective at targeting it into IBs. Nevertheless, some insoluble fusion partners
have been demonstrated to work well with multiple target peptides or proteins, such as ketosteroid
isomerase (KSI), EDDIE, PagP and so on [2].

When overexpressed in E. coli, fungal prion HET-s accumulated predominantly in IBs with high β-sheet
content, and displayed very similar characteristics of amyloid. The kinetics of HET-s amyloid �bril
formation demonstrated that the amyloid growth was nucleation-dependent [4]. An increasing amount of
evidence has showed that IBs are highly ordered aggregates and bear a characteristic cross β structure
similar to amyloid �bers. As occurs for amyloids, the formation of IBs is promoted by intermolecular
interactions in a nucleation-dependent manner through hydrophobic protein patches [5]. Mutation of Pro-
102 or Pro-105 in human prion (PrP) to leucine could greatly promote the formation of PrP aggregates,
since proline residue normally disfavored the formation of β-sheet conformation [6]. IBs have been
recognized as a valuable model to understand protein aggregation in eukaryotes, and for the search of
speci�c inhibitors or disaggregation approaches [7].

As one of the important effectors of the innate immune system in multi-cellular organisms, antimicrobial
peptides (AMPs) protect their hosts against a large variety of invading pathogens. These small cationic
peptides have been recognized as ancient evolutionary molecules that have been effectively preserved in
mammals [8]. More than 2000 AMPs have been reported in the Antimicrobial Peptide Database
(http://aps.unmc.edu/AP/main.php). AMPs are generally composed of less than 50 amino acid residues
with overall positive charges, imparted by the presence of multiple lysine and arginine residues. These
peptides are usually highly amphipathic molecules with both hydrophobic and hydrophilic patches on
their surface. The amphipathic character facilitates their interaction with membranes. It is generally
accepted that AMPs interact by electrostatic forces with the negatively charged phospholipid head
groups on the bacterial membrane and cause its disruption. Several mechanisms, such as “barrel-stave
model”, “carpet model” have been proposed [9]. Besides their antimicrobial activities, some AMPs are also
recognized for their immunomodulatory properties. A human cationic antimicrobial peptide cathelicidin
LL-37 could modulate the macrophage functions, and be taken as a potent antisepsis agent with its
ability to inhibit the macrophage stimulation by bacterial components [10]. β-defensin induced the
expression of diverse chemokines and cytokines in keratinocytes [11, 12]. At high concentrations, LL-37
could also act directly as chemokines to recruit a variety of immune and epithelial cells, thus enhancing
the clearance of infections [13]. The direct effect of AMPs on adaptive immunity has been proposed as
they could act directly on B and T cells [14]. Adjuvant combination of the bovine antimicrobial peptide
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indolicidin with CpG and polyphosphazene can stimulate a long-term and well-balanced immune
response in cattle [15].

Recombinant expression of AMPs in E. coli faces two challenges. AMPs, rich in basic amino acid
residues, are highly susceptible to the proteolytic degradation for their unordered structure, and toxic to
the producing hosts. To overcome both obstacles, a commonly used strategy is to fuse them to fusion
tags. As the solubility-enhancing fusion tags, thioredoxin and glutathione transferase (GST) has been
used as carrier proteins for the fusion expression of AMPs [16]. However, antibacterial peptide CM4 (ABP-
CM4), a small cationic peptide with broad-spectrum activities, could hardly be expressed in fusion with
GST in light of the proteolytic degradation [17]. Targeting AMPs into IBs is believed to be more effective
than their soluble fusion expression in masking their toxic effects and protecting them from proteolytic
degradation. Some fusion tags have been demonstrated to be effective in targeting AMPs or other
intrinsically disordered peptides into IBs, bringing about the satisfying expression level [2, 18]. Even so, for
a given AMP, selecting a suitable fusion tag to confer it e�cient expression in IBs remains empirical or
needs to be screened. Meanwhile, the repertoire of IB-targeted fusion tags is also needed to be expanded.

Development of effective methods for recombinant production and puri�cation of AMPs is of practical
signi�cance [19]. In this report, the aggregation “hot spots” (HSs) of the fusion tag PagP was analyzed.
Based on the structural analysis, we demonstrated that the C-terminal region of PagP with high dense
distribution of HSs could also function as an effective fusion tag to target AMPs into IBs. Meanwhile, our
data showed that mutation of residue proline in or near the aggregation HSs to hydrophobic residues
could signi�cantly improve its potency as IBs-targeted fusion tag. Much fewer examples have been
presented to separate recombinant target proteins expressed in fused IBs. Here, we provided an
alternative approach to recover the authentic AMPs expressed as IBs in fusion with PagP.

Materials And Methods
Bacterial strains and plasmid constructions

E. coli DH5α was used as a host strain for the gene cloning and preparation of plasmids. E. coli BL21
(DE3) was used as a host strain for expression of the recombinant proteins. All E. coli strains are cultured
in LB medium supplemented with antibiotics as needed.

Antimicrobial peptide magainin II (Mag II) [33], Metchnikowin (Metch) [35] and Andropin [34] were
selected as interest peptides in this study. Mag II, Metch and Andropin gene were synthesized by overlap
extension PCR according to their amino acid sequences, with a codon pattern adapted to the usage bias
of E. coli [21, 43]. Fusion Mag II gene was �rst synthesized by overlap extension PCR with primer 1, primer
2, primer 3 and primer 4, then sequentially ampli�ed with primer 8 and primer 4, primer 9 and primer 4,
primer 10 and primer 4. The resulting amplicon encoded a fusion antimicrobial peptide Mag II with a
sequence (ASRHWMAG) for the Ni(II)-dependent peptide bond hydrolysis [44], a His6-tag (HHHHHH) and a
recognition site (ENLYFQ) by the site-speci�c protease TEV [45] at its N-terminus. The resulting sequence
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ASRHWMAGHHHHHHENLYFQ was denoted as NHT. Fusion Metch gene was also �rst synthesized by
overlap extension PCR with primer 5, primer 6 and primer 7, and then sequentially ampli�ed with primer 8
and primer 7, primer 9 and primer 7, primer 10 and primer 7. The resulting amplicon encoded a fusion
peptide NHT-Metch. Similarly, fusion Andropin gene was �rst synthesized by overlap extension PCR with
primer 11, primer 12, primer 13, primer 14 and primer 15, and then sequentially ampli�ed with primer 8
and primer 15, primer 9 and primer 15, primer 10 and primer 15. The fusion Andropin gene was lastly
constructed, encoding fusion peptide NHT-Andropin. Fusion antimicrobial peptides constructed were
outlined in Fig. S1. The PagP gene (Gene ID: 946360) encoding its mature form was amplified using
primer 16 and primer 17 from the chromosome of E. coli strain MG1655. The primers designed for gene
ampli�cation are listed in Supplementary data Table S1.

PagP is a Gram-negative bacterial outer membrane protein and extremely prone to accumulate in IBs
when overexpressed in E. coli [2]. Base on the analysis of PagP sequence by web platform AGGRESCAN
at http://bioinf.uab.es/aggrescan/ [27], seven aggregation “hot spots” (HSs) were identi�ed, denoted as
HS1, HS2, HS3, HS4, HS5, HS6 and HS7 successively. The C-terminal region of PagP (residue 101-161) is
denoted as PagP-1, comprising four aggregation HSs (HS4, HS5, HS6 and HS7) (Fig. 3 and Fig. 4).

After being digested by EcoRI and HindIII, fusion Metch gene was inserted into expression vector pET30a
and pET28b, generating vector pET30a-NHT-Metch and pET28b-NHT-Metch. The amplicon encoding
mature PagP was digested with NdeI and BamHI, and then inserted into pET30a-NHT-Metch, generating
vector pET30a-PagP-NHT-Metch for intracellular expression of the fusion protein PagP-NHT-Metch in E.
coli. Similarly, after being digested by EcoRI and HindIII, fusion Mag II gene and Andropin gene were
inserted into expression vector pET30a respectively, generating vector pET30a-NHT-Mag II and pET30a-
NHT-Andropin. The amplicon encoding mature PagP was digested with NdeI and BamHI, and then
inserted into pET30a-NHT-Mag II and pET30a-NHT-Andropin respectively, generating vector pET30a-PagP-
NHT-Mag II and pET30a-PagP-NHT-Andropin for intracellular expression of the fusion protein PagP-NHT-
Mag II and in PagP-NHT-Andropin in E. coli.

Using vector pET30a-PagP-NHT-Metch as template, fragment encoding fusion protein PagP-1-NHT-Metch
was ampli�ed with primer 18 and primer 7, and inserted into vector pET28b, generating expression vector
pET28b-PagP-1-NHT-Metch. Similarly, corresponding fragments were ampli�ed by using primer 19 and
primer 7; primer 20, primer 21 and primer 7; primer 22 and primer 7; primer 23 and primer 7; primer 24 and
primer 7, respectively. These fragments were inserted into vector pET28b respectively, generating vector
pET28b-PagP-2-NHT-Metch, pET28b-PagP-3-NHT-Metch, pET28b-PagP-4-NHT-Metch, pET28b-PagP-5-
NHT-Metch and pET28b-PagP-6-NHT-Metch. Furthermore, the fragment encoding NHT-Mag II was
substituted for NHT-Metch gene, generating corresponding expression vector pET28b-PagP-1-NHT-Mag II,
pET28b-PagP-2-NHT-Mag II and pET28b-PagP-3-NHT-Mag II. Similarly, the fragment encoding NHT-
Andropin was substituted for NHT-Metch gene, generating corresponding expression vector pET28b-
PagP-1-NHT-Andropin, pET28b-PagP-2-NHT-Andropin and pET28b-PagP-3-NHT-Andropin.
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All constructs were checked by sequencing and primer sequences were listed in Supplementary data
Table S1.

Site-speci�c mutation of PagP

Site-speci�c mutagenesis was performed to generate the mutants PagP on pET30a-PagP-NHT-Mag II
background according to our previous report [46]. The resulting vectors are denoted as pET30a-
P121L/P123L-PagP-NHT-Mag II, pET30a-P127I-PagP-NHT-Mag II, pET30a-P135L-PagP-NHT-Mag II,
pET30a-P127I/P135L-PagP-NHT-Mag II, pET30a-P121L/P123L/P135L-PagP-NHT-Mag II, pET30a-
P121L/P123L/P127I/P135L-PagP-NHT-Mag II, respectively. In the case of P121L/P123L-PagP, the residue
Pro at position 121 and 123 was mutated to Leu with the primer 25 and primer 26. Similarly, mutant
P127I-PagP was constructed with the primer 27 and primer 28, and P135L-PagP with primer 29 and
primer 30. These mutants were also used as templates for further mutation. By performing the second
round of mutation and the third round of mutation, the mutant P127I/P135L-PagP, P121L/P123L/P135L-
PagP and P121L/P123L/P127I/P135L-PagP were constructed. All mutations were checked by
sequencing.

Expression of fusion proteins

The E. coli cells (BL21 (DE3)) harboring the expression vectors were cultured overnight at 37°C in 6 mL of
LB medium. The cultures were then diluted 100-fold and allowed to grow at 37°C until they reached the
mid-log phase (with an optical density of around 0.6–0.8 at 600 nm). The expression of fusion proteins
was induced by adding isopropyl β-D-1-thiogalactopy-ranoside (IPTG) to a final concentration of 0.3 mM.
The resulting culture was further incubated for 12 h at 37°C. 100 mL of culture was centrifuged for 10
min at 6000 rpm to harvest bacteria at 4 °C. The E. coli cells were re-suspended in 10 mL lysis buffer (50
mM NaH2PO4-Na2HPO4, 0.2 M NaCl, 20 mM imidazole, pH 8.0), and then lysed by sonication on ice. After
that, inclusion bodies were isolated by centrifugation for 15 min at 12000 rpm at 4°C, washed twice with
washing buffer I (20 mM Tris-HCl, 50 mM NaCl, 0.1 % Triton X-100, 5 mM EDTA, pH 8.0), and then with
washing buffer II (20 mM Tris-HCl, 50 mM NaCl, pH 8.0). IBs extracted or whole cell lysates were
subjected to analysis by SDS-PAGE. The images of the gels were further analyzed using software (Image
LabTM, BIO-RAD) to evaluate the expression levels of fusion proteins.

The speci�c hydrolysis of fusion proteins by Ni (II) ion

The speci�c hydrolysis of fusion proteins by Ni (II) ion was conducted under denatured condition
according to the previous report [23]. The inclusion bodies isolated were dissolved in hydrolysis reaction
buffer (20 mM Hepes, 6 M GuHCl, pH 8.2) with a concentration of about 200 μM. After that, fusion
proteins were subjected to hydrolysis by addition of NiSO4 to �nal concentration of 5 mM, and incubated
at 60°C for 12 h, 24 h or 36 h to investigate the hydrolysis process. The mixture was lastly diluted 5-fold
with addition of lysis buffer (50 mM NaH2PO4-Na2HPO4, 0.3 M NaCl, 20 mM imidazole, pH 8.0), and
centrifuged for 15 min at 12000 rpm at 4°C to remove the precipitated fusion tag.
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Puri�cation of recombinant antimicrobial peptides

After being speci�cally hydrolyzed by Ni2+, the fusion protein split into a tag and the NHT-AMP, which was
further puri�ed by Ni-chelating a�nity chromatograph according to the protocol speci�ed by the
manufacturer (GE Healthcare Bio-Sciences). Firstly, the column was equilibrated with lysis buffer (50 mM
NaH2PO4-Na2HPO4, 0.3 M NaCl, 20 mM imidazole, pH 8.0), and the protein sample was loaded. Then, the
loaded column was washed three times with washing buffer III (50 mM NaH2PO4-Na2HPO4, 0.3 M NaCl,
40 mM imidazole, pH 8.0). After that, the recombinant NHT fusion (NHT-Metch, NHT-Mag or NHT-
Andropin) was eluted with the elution buffer I (50 mM Na2HPO4-Na2HPO4, 200 mM imidazole, pH 7.0).

The fusion antimicrobial peptide (NHT-Metch, NHT-Mag or NHT-Andropin) contained in the elution buffer I
was directly subjected to speci�c cleavage by addition of puri�ed protease TEV at 25°C for 12 h
according to the previous report [45]. The released AMP (Metch, Mag II or Andropin) was further puri�ed
using ion exchange chromatography (Macro-Prep® CM Resin, Bio-Rad). The column was �rst
equilibrated with 2 column volumes (CV) of equilibration buffer (200mM imidazole, 50mM NaH2PO4-
Na2HPO4, pH 7.0). 5 mL of the protein sample was loaded onto the column. Lastly, the recombinant AMP
was eluted with elution buffer II (500 mM NaCl, 50mM Na2HPO4-Na2HPO4, pH 8.0).

Microbicidal activity assay of the recombinant antimicrobial peptides

The antimicrobial activities of the recombinant AMPs were analyzed by inhibition zone assay according
to the protocol presented by previous report [47]. Brie�y, gram-positive Staphylococcus aureus ATCC
25923 and gram-negative E. coli strain K12D31was grown overnight at 37°C in LB medium. 50 μL of these
cultures were inoculated into 50 mL of fresh LB medium and incubated for additional 2-3 h at 37°C to
OD600=0.5, respectively. 200 μL of cell suspension was inoculated into 50 mL of pre-warmed (45°C) LB
medium containing 0.8 % (w/v) agar and rapidly dispersed. The medium was then poured into the Petri
dish (9.0 cm in diameter) to form a uniform layer with a depth of about 1.5 mm. Holes with a diameter of
2 mm were punched into the gelated medium. For microbicidal activity assay, recombinant AMPs were
added into the holes punched, and the plate was incubated at 37°C for 12 h to investigate appearance of
the inhibition zones.

Results
Targeting recombinant AMPs into IBs

Unfavorable patterns of codon usage affected the high-level expression of recombinant proteins [20]. All
antimicrobial peptide Metch, Andropin and Mag II genes were designed with a codon pattern adapted to
the codon usage bias of E. coli by the web platform at http://genomes.urv.es/OPTIMIZER [21].
Meanwhile, an arti�cial short peptide (NHT) with three functional motifs (motif I, motif II, motif III) was
designed and appended at the N-terminus of AMPs (Fig. 1a). The motif I (ASRHWMAG) is to allow the
fusion proteins to be hydrolyzed site-speci�cally by Ni2+ ion; the motif II (HHHHHH) to allow the fusion
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AMPs (NHT-Metch, NHT-Andropin or NHT-Mag II) to be puri�ed by Ni-chelating chromatography; the motif
III (ENLYFQ) to allow the fusion AMPs to be cleaved site-speci�cally by protease TEV to release authentic
antimicrobial peptide Metch, Andropin or Mag II.

Protein PagP is ready to accumulate in IBs when overexpressed in E. coli [2]. We fused NHT-Metch to its
C-terminus, and investigated overexpression of the resulting fusion protein PagP-NHT-Metch in E. coli. As
expected, fusion protein PagP-NHT-Metch accumulated predominantly in IBs (Fig. 1).

Site-speci�c hydrolysis of the fusion protein PagP-NHT-Metch catalyzed by Ni (II) ion

Insoluble fusions that existed in IBs were refractory to the site-speci�c cleavage by proteases, such as
thrombin or TEV. An optimized amino acid sequence has been developed for Ni (II)-catalyzed cleavage
[22], and it has been demonstrated that nearly complete nickel-catalyzed hydrolysis of the fusion proteins
could be achieved under denaturing conditions [23]. As expected, full cleavage of the fusion protein PagP-
NHT-Metch was achieved at 60°C after 24 h duration of hydrolysis, being con�rmed by appearance of the
fusion tag PagP (Fig. 2a). The resulting His6-tagged passenger peptide NHT-Metch could be subsequently
puri�ed by Ni-a�nity chromatography (Fig. 2b).

Re�nement of the fusion tag PagP for more e�cient production of recombinant peptides

As an integral outer membrane protein, E. coli PagP exhibits the β-barrel architecture with a hydrophobic
exterior facing the membrane bilayer and a hydrophilic interior cavity [24]. The increasing accumulated
data have suggested that the composition and sequence of a given protein de�ne its propensity to
aggregate to a large extent [25]. It has been demonstrated that some very short speci�c amino acid
stretches can act as nucleators for formation of the amyloid �bril, usually known as aggregation "hot
spots" (HSs). Many of these HSs have been characterized in the proteins governing the
neurodegenerative and systemic amyloidogenic diseases [26]. Based on the aggregation-propensity
scales for natural amino acids derived from in vivo experiments, an web-based software AGGRESCAN for
prediction of the aggregation-prone segments in protein sequences was presented [27]. To identify the
putative aggregation HSs of the fusion tag PagP, we analyzed its sequence with AGGRESCAN web tools.
A total of seven HSs, termed as HS1, HS2, HS3, HS4, HS5, HS6 and HS7, were identi�ed (Fig. 3). We also
found that these HSs were distributed unevenly along its sequence, in which four HSs were present at its
C-terminal region comprising residues 101-161, leading to the higher dense distribution of HSs at its C-
terminal region. This �nding implied that the C-terminal region of PagP have great potential to aggregate.
We reconstruct a serial of fusion tags using the C-terminal region of PagP as the template. NHT-Metch
was then fused with these constructed tags, respectively (Fig. 4). When targeted to express in IBs, PagP-1-
NHT-Metch, PagP-2-NHT-Metch and PagP-3-NHT-Metch accumulated in considerable amounts (Fig. 5a
and Fig. 5c). While, there were no obvious accumulation of fusion proteins for tag PagP-4, PagP-5 and
PagP-6 (Fig. 5b), which possessed higher dense distribution of aggregation HSs owing to addition of HS3
or a combination of HS3 with HS2 and HS1. Our data showed that a simple addition of aggregation HSs
to a given fusion tag might bring about the negative effect on its function to target passenger peptides
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into IBs. Compared with the PagP-NHT-Metch, PagP-3-NHT-Metch accumulated in larger number of
molecules, increasing absolute yield of the recombinant peptide up to about 40%.

We further fused NHT-Andropin and NHT-Mag II with these tags, respectively. All these fusion tags
targeted NHT-Andropin into IBs in E. coli as well as they did for NHT-Metch, increasing the absolute yield
of the recombinant Andropin up to nearly 50% (Fig. 6a and Fig. 6b). However, these fusion tags lost their
e�cacy when fused with passenger NHT-Mag II, making the accumulation of fusion proteins to be hardly
detected by SDS-PAGE (Fig. 6c). Our data suggested that the effectiveness of a given fusion tag for IBs-
targeted expression was affected signi�cantly by the physicochemical properties of passenger proteins.
Mag II is a potent antimicrobial peptide, and exerts its biological activity by destroying the integrity of
cytoplasmic membrane [28]. The resulting fusion proteins might not form stable aggregates immediately,
be still toxic to the host cells, and induce the multiple levels of cellular responses. Subsequently, these
toxic intermediates were degraded by protease.

Recombinant IBs in E. coli possess the characteristic cross-β structure of amyloid �bers [29]. The single-
point mutation at the central position of beta-amyloid peptide (beta 42) to change the hydrophobicity or
to disfavor the formation of secondary structure (β-sheet) affected signi�cantly its aggregation
propensity and neurotoxicity [30, 31]. We analyzed the structure of PagP and highlighted its C-terminal
region comprising the four β-sheet elements [24] (Fig. 3). This region is rich in residue proline (P-121, P-
123, P-127, P-135), which are relatively less present in β-sheet. The mutants P127I-PagP-NHT-Mag II,
P135L-PagP-NHT-Mag II and P121L/P123L-PagP-NHT-Mag II were constructed by substituting the
hydrophobic residues (Ile or Leu) for proline. When induced to express in E. coli, these mutants
accumulated in larger amounts in comparison with the counterpart PagP-NHT-Mag II. The yields of these
recombinant mutants were increased signi�cantly up to 44.3-60.5%, (Fig. 7). Compared with proline,
residue isoleucine or leucine has higher propensity to form β-sheet [32]. Moreover, isoleucine and leucine
have bulkier and hydrophobic side chains which favored the intermolecular or intramolecular interactions
between side chains, facilitating the formation of aggregates. Our results demonstrated that the
aggregation ability of a fusion tag could be further improved greatly by increasing its overall
hydrophobicity or enhancing its propensity to form more stable β-sheet conformation.

Puri�cation of the recombinant antimicrobial peptides and test of their biological activity

The fusion tag normally must be cleaved and removed due to its potential interference with the activities
of passenger proteins. This is especially challenging in the case of IBs-targeted expression, since the IBs
are usually solubilized in harsh denaturants or detergents, precluding the utilization of enzymatic
cleavage (for example, with TEV protease or thrombin). With the help of arti�cial peptide NHT, the
recombinant antimicrobial peptides in fusion with NHT could be conveniently puri�ed by Ni-a�nity
chromatograph after Ni2+-catalyzed speci�c cleavage. Lastly, authentic antimicrobial peptides were
recovered with successive site-speci�c cleavage by protease TEV and ion exchange chromatography (Fig.
8). Our data showed that the arti�cial peptide NHT designed here provided an effective means for
puri�cation of the authentic peptides expressed in fusion IBs. Mag II and Andropin possessed the
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biological activity against both Gram-positive and Gram-negative bacteria [33, 34], while peptide Metch
only showed inhibitory activity towards Gram-positive bacteria [35]. We then tested their antimicrobial
activity using classical inhibition zone assays. As expected, the appearance of clear inhibition zones
showed that the recombinant peptides possessed their native antimicrobial activities against both Gram-
positive staphylococcus aureus and Gram-negative E. coli, or only against Gram-negative bacteria
staphylococcus aureus (Fig. 9).

Discussion
AMPs are generally rich in basic amino acid (lysine and arginine) residues, and consequently possess net
positive charges at physiological pH. On the other hand, many linear AMPs have unde�ned structure in
aqueous solution [36]. These properties make AMPs high susceptible to proteolytic degradation during
heterogenous expression. Thus, recombinant AMPs are commonly fused to fusion tags to protect them
from cellular proteases and mask their cellular toxicity to the expressing hosts [37]. Compared with
solubility-enhancing tags, IB-targeted partners are believed to be more effective in masking the toxic
activities of these peptides and protecting them from proteolytic degradation. Furthermore, insoluble
expression facilitates the quick puri�cation of these fusions. Even so, it remains a trial and error process
for a given AMP to select a suitable fusion tag to effectively target it into IBs. Besides the potency of a
fusion tag to form aggregates, its molecular size is another crucial factor affecting the �nal productivity
of the passenger AMPs. The larger molecular size of a fusion tag implies the lower peptide-to-tag ratio,
disfavoring the �nal yield of target peptides. Thus, screening and identi�cation of effective shorter fusion
tags are of practical signi�cance [16].

Using s given fusion tag as template, fewer examples have been presented to illustrate how to re�ne its
sequence to increase production of the passenger proteins. It has been proposed that the primary
structure of a polypeptide intrinsically determine its propensity to aggregate [25]. Some short speci�c
amino acid stretches paly crucial roles during aggregation as the initial nucleators (HSs) and can be
effectively predicted [27]. We found that these HSs distributed unevenly along the PagP sequence, and
the C-terminal region (residues 101-161) of PagP contained higher dense distribution of HSs. This �nding
promoted us to investigate whether this C-terminal region could alone retain high potency to direct
passenger peptide into IBs. The promising absolute yields of the recombinant peptides demonstrated that
these versions maintained high propensity to form aggregates (Fig. 5C and Fig. 6B). Nevertheless, we
could not ignore the phenomena that these versions of PagP lost their e�ciency in targeting potent
antimicrobial peptide Mag II into IBs. Different approaches have revealed that IBs bare a characteristic
cross-β structure. Moreover, a large number of IBs have been shown to have considerable biological
activity, being characterized by a loose arrangement of protein molecules [38]. These versions of PagP
might form less stable aggregates, making them vulnerable to proteolytic degradation induced by potent
antimicrobial activity of peptide Mag II. Overall, we think that the strategy provided here is an effective
attempt.
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Bacterial IBs have been found to have some amyloid-like properties and contain similar structures [5]. Aβ
42 is an amyloidogenic peptide, in which a central hydrophobic stretch (residues 17-21) is predicted as a
aggregation HS [27]. Reduction in hydrophobicity or β-sheet propensity in this stretch could impede its
aggregation to different degrees [30]. Presence of the residue proline is normally regarded to decrease the
overall protein aggregation propensity [39]. A hydrophobic region (residues 58-63) of Microcin E492 was
identi�ed. Compared with the wild type MccE492, mutants P57A and P59A exhibited the higher tendency
to form amyloid aggregates in vivo, and aggregated signi�cantly faster in vitro [40]. PagP is an out
membrane protein rich in β-strands and ready to accumulate in IBs when expressed in E. coli cytoplasm
[24, 41]. We found that the positions of aggregation HSs predicted by AGGRESCAN web tools were highly
coincident with that of the β-strands (Fig. 3). Moreover, there are several proline residues (P121, P123,
P127 and P135) inside or near the β6 strand. These �ndings prompted us to construct mutant
P121L/P123L-PagP-NHT-Mag II, P127I-PagP-NHT-Mag II and P135L-PagP-NHT-Mag II, and investigated
the effect of replacement of proline by hydrophobic residue leucine or isoleucine on their insoluble
expression. The higher accumulation levels of these mutants further demonstrated that the aggregation
capability of a given IBs-targeted fusion tag could be improved signi�cantly by properly enhanced
hydrophobicity. For newly synthesized recombinant proteins, the soluble properly folded forms, partially
folded intermediates and insoluble aggregates co-exist in a dynamic equilibrium, and the partially folded
form is very vulnerable to the proteolytic degradation [2]. The improvement in hydrophobicity or
conformational stability of the HSs may allow the fusion protein to aggregate more rapidly, bringing
about its enhanced resistance to the proteolytic degradation.

In many cases, fusion tag removal is necessary. For fusion proteins expressed in soluble form, a
protease-sensitive linker sequence is often inserted between the fusion tag and the target protein. These
fusion proteins are tractable to the site-speci�c cleavage by some proteases like thrombin or TEV
protease [42]. However, this strategy may not be a feasible option when the fusion proteins exist in
insoluble IBs. In this setting, fusion tag removal is biochemically challenged. Under denaturing conditions,
utilization of cyanogen bromide in 70% formic acid for chemical cleavage may not only result in
unwanted protein modi�cations, but also has much limitation due to the presence of residue methionine
in the target peptide [2]. Fewer examples have been presented about how to separate target peptides from
fusion proteins expressed in IBs. In this report, we designed a linker sequence NHT inserted between the
fusion tag and AMPs (Fig. 1). This arti�cial peptide possessed three functional motifs, allowing the
speci�c Ni (II)-catalyzed cleavage, Ni-chelating a�nity chromatograph and protease TEV-mediated
speci�c cleavage to be performed successfully. This approach is particularly applicable to production of
the short unstructured peptide. We believe that the approach presented by us will promote extension of
the IBs-targeted expression of short peptides.

Conclusions
Targeting recombinant proteins into inclusion bodies can make them refractory to proteolytic degradation
effectively, especially for toxic or intrinsically disordered proteins, such as antimicrobial peptides. Based
on the analysis of aggregation “hot spots” in fusion tag PagP, the version PagP-1 composed of the C-
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terminal region of PagP with dense distribution of“hot spots”was identi�ed, and has been demonstrated
to effectively target recombinant antimicrobial peptide Metchnikowin and Andropin into inclusion bodies.
Consequently, production of the recombinant antimicrobial peptides was increased signi�cantly. Residue
proline that is regarded to disfavour the formation of β-sheet was found to be distributed densely in the
linking region between β-sheet element and the “hot spots”. Substitution for proline by residues with high
β-sheet propensity and hydrophobicity in PagP could also greatly improve its ability to form aggregates,
leading to the increased yield of the potent antimicrobial peptide Magainin II. The arti�cial peptide NHT
designed here with three functional motifs allows the recombinant peptides to be conveniently puri�ed.
Re�nement of a fusion tag for e�cient inclusion body-targeted expression of the recombinant proteins is
of signi�cant practical importance. Few reports have been presented to improve the aggregation
propensity of a fusion tag to increase production of a given passenger protein. Our results provide an
alternative example to enhance the effectivity of a fusion tag,
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Figure 1

Schematic representation of the arti�cial peptide NHT (Panel a) and SDS-PAGE analysis of the
expression of recombinant fusion protein PagP-NHT-Metch (Panel b). W: whole cell lysate; S: soluble
supernatant after sonication; I: inclusion bodies.
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Figure 2

Ni+2-catalyzed cleavage of the fusion protein PagP-NHT-Metch and puri�cation of the fusion peptide
NHT-Metch. Panel a: Tris-SDS-PAGE analysis. Under denaturing condition, the fusion protein PagP-NHT-
Metch was subjected to Ni+2-catalyzed cleavage at 60°C for 12 h, 24 h and 36 h, respectively. Panel b:
Tricine-SDS PAGE analysis. Puri�cation of the fusion peptide NHT-Metch by Ni-chelating a�nity
chromatograph. Lane 1: the fusion protein PagP-NHT-Metch; lane 2: products after Ni+2-catalyzed
cleavage; lane E1, lane E2, lane E3, lane E4 and lane E5: the fusion peptide NHT-Metch eluted by elution
buffer.

Figure 3

Schematic representation of the β-sheet elements in PagP reported previously [24], and the aggregation
“hot sports” (HSs) predicted by web-based software AGGRESCAN [27].
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Figure 4

Schematic representation of construction of the fusion proteins.
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Figure 5

Re�nement of the fusion tag PagP for e�cient expression of antimicrobial peptide Metch. The
expressions of six fusion proteins were analyzed by SDS-PAGE (Panel a and Panel b). Panel c, the
densitometric value of the band of PagP-NHT-Metch was set to be 1. The yield of recombinant Metch was
calculated according to the expression levels of fusion proteins and their corresponding molecular
weight. Each bar represented the mean ± standard error, three replicates, *: P < 0.05. Metch-C: the yield of
recombinant peptide Metch expressed by the fusion protein PagP-NHT-Metch, it was set to be 1; Metch-1:
the yield of recombinant peptide Metch expressed by the fusion protein PagP-1-NHT-Metch; Metch-2: the
yield of recombinant peptide Metch expressed by the fusion protein PagP-2-NHT-Metch; Metch-3: the yield
of recombinant peptide Metch expressed by the fusion protein PagP-3-NHT-Metch. The molecular weight
of PagP and PagP-1 is 18.98 kDa and 6.87 kDa, respectively.
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Figure 6

The expression of antimicrobial peptide Mag II and Andropin in fusion with the re�ned fusion tags. Panel
a, the antimicrobial peptide Andropin was fused to PagP-1, PagP-2 and PagP-3 respectively, and their
expression was analyzed by SDS-PAGE. Panel b, the densitometric value of the band of PagP-NHT-
Andropin was set to be 1. The yield of recombinant Andropin was calculated according to the expression
levels of fusion proteins and their corresponding molecular weight. Each bar represented the mean ±
standard error, three replicates, *: P < 0.05. Andropin-C: the yield of recombinant Andropin expressed by
the fusion protein PagP-NHT-Andropin, it was set to be 1; Andropin-1: the yield of recombinant Andropin
expressed by the fusion protein PagP-1-NHT-Andropin; Andropin-2: the yield of recombinant Andropin
expressed by the fusion protein PagP-2-NHT-Andropin; Andropin-3: the yield of recombinant Andropin
expressed by the fusion protein PagP-3-NHT-Andropin. Panel c, antimicrobial peptide Mag II was fused to
PagP, PagP-1, PagP-4, PagP-5 and PagP-6, respectively, and their expression was analyzed by SDS-PAGE.
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Figure 7

Mutation of the fusion tag PagP for e�cient expression of the antimicrobial peptide Mag II. The mutated
PagPs were fused to NHT-Mag II, respectively, and their expression was analyzed by SDS-PAGE (Panel a
and Panel b). Panel c, the densitometric value of the band of PagP-NHT-Mag II was set to be 1. Each bar
represented the mean ± standard error, three replicates, *: P < 0.05.
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Figure 8

Puri�cation of the recombinant antimicrobial peptides. Panel a, Lane 1: the fusion protein PagP-3-NHT-
Metch; lane 2: the puri�ed NHT-Metch; lane 3: the products of NHT-Metch targeted to site-speci�c
cleavage by protease TEV; lane 4: the puri�ed antimicrobial peptide Metch. Panel b, Lane 1: the fusion
protein P135L-PagP-NHT-Mag II; lane 2: the puri�ed NHT-Mag II; lane 3: the products of NHT-Mag II
targeted to the site-speci�c cleavage by protease TEV; lane 4: the puri�ed antimicrobial peptide Mag II.
Panel c, Lane 1: the fusion protein PagP-2-NHT-Andropin; lane 2: the puri�ed NHT-Andropin; lane 3: the
products of NHT-Andropin targeted to the site-speci�c cleavage by protease TEV; lane 4: the puri�ed
antimicrobial peptide Andropin.
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Figure 9

The antibacterial activity assay of recombinant antimicrobial peptides against Staphylococcus aureus
ATCC 25923 (Panel a) and E. coli MG1655 (Panel b) by appearance of the inhibition zones. : 30 μl
puri�ed recombinant Metch; : 30 μl puri�ed recombinant Andropin; : 30 μl puri�ed recombinant Mag II.
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