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Abstract
In recent years, antimicrobial peptides (AMPs) have attracted increasing attention. The microbial cells provide a simple, cost-
effective platform to produce AMPs in industrial quantities. While AMP production as fusion proteins in microorganisms is
commonly used, the recovery of AMPs necessitates the use of expensive proteases and extra purification steps. Here, we develop
a novel fusion protein DAMP4-F-pexiganan comprising a carrier protein DAMP4 linked to the AMP, pexiganan, through a long,
flexible linker. We show that this fusion protein can be purified using a non-chromatography approach and exhibits the same
antimicrobial activity as the chemically synthesized pexiganan peptide without any cleavage step. Activity of the fusion protein is
dependent on a long, flexible linker between the AMP and carrier domains, as well as on the expression conditions of the fusion
protein, with low-temperature expression promoting better folding of the AMP domain. The production of DAMP4-F-pexiganan
circumvents the time-consuming and costly steps of chromatography-based purification and enzymatic cleavages, therefore
shows considerable advantages over traditional microbial production of AMPs. We expect this novel fusion protein, and the
studies on the effect of linker and expression conditions on its antimicrobial activity, will broaden the rational design and
production of antimicrobial products based on AMPs.
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Introduction

Antibiotic resistance has become a serious global health issue
(Davies and Davies 2010). There is an urgent demand for the
development of new drugs or treatment strategies to overcome
drug resistance. Antimicrobial peptides (AMPs), as a promis-
ing alternative to small molecule antimicrobials for the treat-
ment of antibiotic-resistant pathogens, have attracted

increasing attention during the past decade (Ageitos et al.
2017; Fox 2013). AMPs are a group of naturally occurring
small and highly charged peptides that make up an essential
part of the innate immune system of varied organisms (Guaní-
Guerra et al. 2010; Pasupuleti et al. 2012). Not only do AMPs
display broad-spectrum antimicrobial activities against patho-
gens, but microorganisms are also less prone to develop resis-
tance to AMPs since their antimicrobial activities result from a
combination of different mechanisms (Brogden 2005).
Compared to conventional production strategies of AMPs
(e.g., isolation from natural sources or chemical synthesis),
microbial production systems are regarded as an attractive
platform for producing AMPs efficiently and cost-effectively
(Parachin et al. 2012). Escherichia coli is the most frequently
used microbial platform to produce AMPs due to well-
characterized methods for genetic engineering, rapid growth,
and high recombinant protein yields (Li 2011).

To avoid the potential toxicity of AMPs toward the host
cells and reduce the susceptibility of AMPs to proteolysis
during production and purification, AMPs produced in micro-
bial systems are frequently conjugated to a carrier protein (Li
2011; Parachin et al. 2012). Two types of carrier proteins are
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frequently used for the production of AMPs: solubility-
enhancing carriers and aggregation-promoting carriers (Li
2009). Solubility-enhancing carriers such as small ubiquitin-
related modifiers and thioredoxin can facilitate production of
soluble fusion proteins and reduce the toxicity of AMPs to-
ward host cells by neutralizing the net charge of AMPs (Li et
al. 2011; Zhou et al. 2007). By contrast, aggregation-
promoting carriers (e.g., PurF fragment and ketosteroid isom-
erase) lead to the production of insoluble fusion proteins,
masking toxicity of AMPs (Lee et al. 2000; Majerle et al.
2000). However, collection and purification of the fusion pro-
tein from cell lysates remain labor intensive and costly
(Parachin et al. 2012). Isolation of the fusion proteins having
solubility-enhancing carriers commonly requires expensive
affinity-based chromatographic processes (Capparelli et al.
2007). Although insoluble fusion proteins with aggregation-
promoting carriers can be collected efficiently by centrifuga-
tion, refolding and re-solubilizing steps are required to recover
active fusion proteins (Lee et al. 2000; Vallejo and Rinas
2004).

In addition, to obtain active AMPs, the subsequent release
of AMPs from the fusion proteins is needed. Hence, linkers
used in the AMP-fused proteins commonly contain recogni-
tion sites, which allow the release of active AMPs by chemical
(e.g., CNBr and formic acid) or enzymatic cleavage (e.g.,
thrombin and TEV protease) (Li 2009; Parachin et al. 2012).
Enzymatic cleavage relies on expensive enzymes and careful-
ly controlled reaction conditions. Moreover, it is dependent on
the structure of the fusion protein, which may hinder the ac-
cessibility of the recognition site to enzymes (Zhou et al.
2007). Chemical cleavage can be more efficient and less ex-
pensive (Gibbs et al. 2004). However, it suffers from several
disadvantages, including residual toxic chemicals, and typi-
cally harsh conditions that result in side chain modification
of AMPs (Toennies and Homiller 1942).

In this work, we designed a new recombinant protein by
fusing an antimicrobial peptide, pexiganan (GIGKFLK
KAKKFGKAFVKILKKHH), to a four-helix bundle pro-
t e in , DAMP4 (MD (PSMKQLADS-LHQLARQ-
VSRLEHAD) 4 ) u s i n g a l o ng , f l e x i b l e l i n k e r
(PGGGGSGGGGSLVPRGS) , ca l l ed DAMP4-F-
pexiganan (Middelberg and Dimitrijev-Dwyer 2011). The
DAMP4-F-pexiganan protein is able to be produced in E.
co l i ce l l s and pur i f i ed th rough a s imple , non-
chromatographic method (Dwyer et al. 2014). We assessed
the effect of different linkers on the antimicrobial activity of
the fusion protein and investigated the impact of different
expression conditions on purification, yield, and antimicro-
bial performance of DAMP4-F-pexiganan. The results il-
lustrate that the long, flexible linker plays a critical role in
retaining the antimicrobial activity of the AMP and suggest
that low-temperature expression facilitates the correct fold-
ing of AMP domain of the fusion proteins.

Materials and methods

Materials

Pexiganan peptide (GIGKFLKKAKKFGKAFVKILKK-
NH2, molecular weight (MW) 2477.17 Da) was custom syn-
thesized by Genscript Corporation (Piscataway, NJ) with pu-
rity > 99%. All the chemicals were of analytical grade from
Sigma-Aldrich (St Louis, MO) unless otherwise noted. A
stock solution of poly (ethyleneimine) (PEI) 5% (w/v) at pH
8 was prepared by adding hydrochloric acid. Ultrapure water
(with > 18.2 MΩ cm resistivity) was produced by a Milli-Q
system with a 0.22-μm filter (Millipore, North Ryde,
Australia) and used in all the experiments.

Construction of pET48b-DAMP4-F-pexiganan fusion
plasmid

The DNA sequence of DAMP4-F-pexiganan (GenBank ac-
cession number: MH532953) was codon optimized for E. coli
and synthesized by Integrated DNATechnologies (Baulkham
Hills, Australia) with 5’ and 3’ extensions corresponding to
sequences upstream and downstream of the expression vector
insertion site. Oligonucleotide primers corresponding to these
extensions (Table S1) were used to amplify the DAMP4-F-
pexiganan gene and linearize pET-48b(+) plasmid (Novagen,
North Ryde, Australia) via polymerase chain reaction (PCR).
Then, the PCR product of DAMP4-F-pexiganan gene and
linearized pET-48b(+) plasmid were assembled using
NEBuilder® HiFi DNA Assembly Master Mix (Genesearch,
Arundel, Australia) to construct the expression vector
pET48b-DAMP4-F-pexiganan. The resulting vector was am-
plified by transforming the vector into NEB® 5-alpha E. coli
cells (Genesearch, Arundel, Australia) following its standard
transformation protocol. The coding sequence of pET48b-
DAMP4-F-pexiganan was confirmed by Sanger sequencing
and then the vector was transformed into chemically compe-
tent E. coli BL21(DE3) (Novagen, Merck KGaA, Germany).
The successfully transformed E. coli BL21(DE3) was pre-
served as glycerol stock and stored at − 80 °C.

Production of DAMP4-F-pexiganan

Glycerol-stocked cells of E. coli strain BL21(DE3) harboring
pET48b-DAMP4-F-pexiganan plasmid were firstly streaked
on Luria Bertani (LB) agar plates (15 g/L agar, 10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl) and incubated at
37 °C overnight. Then, a single colony was selected from the
plates and inoculated into 5 mL LBmedia (15 g/L agar, 10 g/L
tryptone, 5 g/L yeast extract), and grown in a shaking incuba-
tor at 37 °C, 180 rpm overnight. The overnight culture
(400 μL, OD600 ~ 2) was further inoculated into 800 mL
2 × yeast extract and tryptone media (16 g/L tryptone, 10 g/
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L yeast extract, 5 g/L NaCl), followed by an incubation at
37 °C, 180 rpm to an OD600 of 0.5. E. coli was induced with
1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) (Astral
Scientific, Taren Point) at 25 °C, 16 h. The cell pellets were
collected by centrifugation (4000×g, 4 °C, 20 min) and stored
at − 20 °C. All bacterial-cell media were supplemented with
50 μg/mL kanamycin sulfate.

Non-chromatographic purification
of DAMP4-F-pexiganan

The protein purification followed a standard protocol for
DAMP4-based protein (Sun et al. 2018). Briefly, the cell pellet
was resuspended in 40 mL lysis buffer (25 mMTris-HCl, 1 M
NaCl pH 8), and then sonicated using Branson Sonifier 250
ultrasonicator (BransonUltrasonics, Danbury, CT) at the pow-
er level of 60 W for four bursts of 30 s while keeping the cell
extract cool. Supernatant was collected after centrifugation
(38,000×g, 4 °C, 20 min), followed by adding 5% (w/v) PEI
solution (pH 8) to a final concentration of 0.5% (w/v) with
stirring under 4 °C for 1 h. After centrifugation (38,000×g,
4 °C, 20 min), Na2SO4 (solid) was added into the supernatant
to a final concentration of 1 M, and the mixture was heated at
90 °C for 30 min with stirring. Subsequently, the supernatant
was separated and collected following centrifugation
(38,000×g, 25 °C, 20 min). More Na2SO4 (solid) was added
to a final concentration of 1.8 M and stirred at 35 °C for 1 h.
The precipitate was collected by centrifugation (38,000×g,
4 °C, 20 min), and then washed with rinsing buffer (25 mM
Tris-HCl, 1 M NaCl, 2.4 M Na2SO4, pH 8). The final precip-
itate collected after centrifugation (38,000×g, 25 °C, 20 min)
was solubilized with the solubilizing buffer (25 mMTris-HCl,
1 M NaCl, pH 8), and then dialyzed against 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (10 mM, pH 7.2) using SnakeSkin® dialysis membrane
(10,000 molecular weight cut off) (Thermo Fisher Scientific,
North Ryde, Australia).

Analytical characterization

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) was performed using NuPAGE 4–12% Bis-
Tris Precast Gels with an XCell SureLock™ Mini-Cell
Electrophoresis System (Life Technologies, Mulgrave,
Australia) and 2-(N-morpholino) ethanesulfonic acid buffer.
Novex BenchMark Protein Ladder (Life Technologies) and
Precision Plus Protein™ Dual Xtra Prestained Protein
Standards (Bio-Rad, Hercules, CA) were used as the standards
of proteinmolecular weight. Sample preparation, staining, and
destaining were performed as recommended by the
manufacturer.

Quantification of proteins was carried out using analytical
reversed-phase high-performance liquid chromatography

(RP-HPLC) on an LC-10AVP HPLC system (Shimadzu,
Kyoto, Japan) equipped with a Jupiter 300 Å C18 column
(Phenomenex, Torrance, CA). Buffer A was 0.1%
trifluoroacetic acid (TFA) in water, and buffer B was 90%
acetonitrile, 0.1% TFA in water. Gradient conditions were
applied from 30 to 65% of buffer B at a flow rate of 1 mL/
min in 35 min and a detection wavelength of 214 nm was set.

Liquid chromatography-mass spectrometry was employed
to identify the molecular weight of the protein and peptide
samples using a Waters Alliance HPLC system (Waters,
Milford, MA) coupled to a Quattro Micro API Quadrupole
system (Waters, Milford, MA). The liquid chromatography
was equipped with a Kinetex C18 column (100 Å, 2.6 μm,
100 mm× 4.6 mm, Phenomenex, Torrance, CA) with mobile
phases A (0.01% TFA in water) and B (90% acetonitrile,
0.01% TFA in water). An applied gradient from 30 to 65%
in 35 min at column flow rate of 0.6 mL/min was used. A
detection wavelength was set at 214 nm. For mass analysis, an
electrospray mass spectrometry (MS) in positive-ion mode
was performed with capillary, cone, extractor, and a radio-
frequency lens voltage set at 3 kV, 24 V, 3 V, and 0 V,
respectively.

Antimicrobial activity assay

Minimum inhibitory concentration (MIC) tests of proteins and
peptides were performed to evaluate their antimicrobial activ-
ities using broth microdilution method (Wiegand et al. 2008).
In brief, protein or peptide samples were introduced into a 96-
well plate (Costar 3596, Corning, NY) with a serial dilution
using Milli-Q water to a final volume of 90 μL and a final
concentration of 10 μM. E. coliATCC® 25922™ (Manassas,
VA) was used as the test strain and grown in Mueller-Hinton
(MH) broth (Becton Dickinson, Sparks, MD) at 37 °C,
180 rpm until an OD600 of 0.5. The bacteria were pelleted
by centrifugation (4000×g, 4 °C, 20 min) and resuspended
in fresh MH broth to an OD600 of 0.35. Subsequently, 10 μL
of the bacterial suspension was added into each well contain-
ing the protein or peptide samples, followed by incubation at
room temperature for 16 h. The MIC values of proteins and
peptides were then determined by visual inspection.

Results

In this paper, a cost-effective process was developed to pro-
duce DAMP4-F-pexiganan based on the microbial factories
and a non-chromatography purification method. Besides that,
we investigated the antimicrobial activity of the fusions with
different linker lengths, as well as the effects of expression
condition on the purification results and antimicrobial activity
of the fusion protein.
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Design of DAMP4-F-pexiganan

In this paper, DAMP4-F-pexiganan (MD (PSMKQLAD
SLHQLARQVSRLEHAD)4 PGGGGSGGGGSLVPRGS
GIGKFLKKAKKFGKAFVKILKKHH) having a MW of
15,188.78 was designed by fusing DAMP4 protein with a
modified pexiganan peptide through a linker, which structure
is schematically shown in Fig. 1. DAMP4 is a designed
hyperstable four-helix bundle protein (Middelberg and
Dimitrijev-Dwyer 2011) and was selected here as a protein
carrier to facilitate both high-level fusion protein production
and non-chromatographic purification (Sun et al. 2018;
Wibowo et al. 2017; Zhao et al. 2015). DAMP4 has the ca-
pacity to maintain high solubility and structural stability under
high temperature (up to 110 °C) and high salt concentrations
under which most host protein precipitate (Dwyer et al. 2014).
Mo r e ove r , t h e sma l l s i z e o f DAMP4 p r o t e i n
(MW= 11,157.52 Da) enables the target AMP to constitute
a large percentage of the purified fusion protein. Pexiganan
(GIGKFLKKAKKFGKAFVKILKK) is a commercially
available antimicrobial peptide having a broad-spectrum ac-
tivity against pathogenic bacteria (Gottler and Ramamoorthy
2009), and its modified sequence pexiganan-HH
(GIGKFLKKAKKFGKAFVKILKKHH) was used based on
our previous studies (Zhao et al. 2015). The linker connecting
the protein carrier and the antimicrobial peptide was designed
to incorporate (Fig. 1(B)): (1) a proline residue at the C-
terminal DAMP4, which has the lowest helix propensity
allowing for breaking the preceding helix (Pace and Scholtz
1998); (2) a GGGGSGGGGS sequence providing a spatial
separation of the pexiganan from the four-helix domain and
flexibility (Chen et al. 2013); and (3) a thrombin recognition
site (LVPRGS) sequence preceding pexiganan (Wu et al.
2008).

Production of DAMP4-F-pexiganan

We designed a fusion protein by fusing DAMP4 protein to a
pexiganan peptide using a short linker (DPS) in our previous
studies, denoted as BDAMP4-S-pexiganan^ (Sun et al. 2018;
Zhao et al. 2015). DAMP4-S-pexiganan has been demonstrat-
ed to be produced in E. coli cells by incubation with 1 mM
IPTG at 25 °C, 180 rpm for 16 h. The same condition was
applied to produce DAMP4-F-pexiganan and the SDS-PAGE
gel after cell lysis showed that DAMP4-F-pexiganan pro-
duced as evidenced from the protein band at around 15 kDa,
which is close to the protein’s theoretical MW (15,188.78 Da)
and which is absent in non-induced cultures (data not shown).
This result suggests that the recombinant E. coli can produce
DAMP4-F-pexiganan at the same expression condition of the
DAMP4-S-pexiganan.

In our previous work, we have developed a cost-effective
purification procedure for DAMP4-fused proteins using a
non-chromatography method (Sun et al. 2018; Wibowo et
al. 2017). The method was adopted to purify DAMP4-F-
pexiganan. Figure S1 shows a flowchart of the purification
process. Briefly, the DAMP4-F-pexiganan was first released
into the bulk phase after breaking cell walls by sonication.
Then, 0.5% (w/v) PEI solution was added into the supernatant
to remove E. coli DNA by forming PEI–DNA complexes.
Subsequently, most soluble protein contaminants were dena-
tured at a high temperature and salt stress condition, and sub-
sequently removed as precipitate. The target protein DAMP4-
F-pexiganan was further precipitated by a salting-out method
using 1.8 M Na2SO4 and recovered after a series of steps
including rinsing, solubilizing, and dialysis.

SDS-PAGE analysis was carried out on the supernatants
taken after each purification step of DAMP4-F-pexiganan
(Fig. 2(A)). As illustrated in Fig. 2(A), the membrane fraction

Fig. 1 (A) Cartoon of DAMP4-F-
pexiganan—generated using
VMD software; (B) Sequence
design of DAMP4-F-pexiganan
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in cell lysate led to a vertical streak in the gel (Fig. 2(A), lane
1) and many bands appeared more intense in the sample after
DNA removal (Fig. 2(A), lane 2). This is due to the high cell

density of E. coli and the high amount of native proteins pro-
duced by E. coli. In addition, some unexpected bands between
10 and 30 kDa were shown on the gel after the heating process
(Fig. 2(A), lane 3). Besides that, some protein bands (below
15 kDa) were found in the re-solubilizing sample after isola-
tion of DAMP4-F-pexiganan (Fig. 2(A), lane 6). After dialy-
sis, only one significant band corresponding to the DAMP4-F-
pexiganan appeared on the gel with a MW of approximately
15 kDa (Fig. 2(A), lane 7).

The purity of DAMP4-F-pexiganan after purification was
determined using RP-HPLC (Fig. 2(B)). Figure 2(B) shows a
major peak of DAMP4-F-pexiganan at the retention time of
28.983 min, and several small peaks were observed with re-
tention times from 15 to 25min. Furthermore, the result ofMS
(Fig. S2) revealed the mass identity (15,191.56 Da) of the
DAMP4-F-pexiganan protein with the retention time of
28.983 min, which matches the predicted mass of DAMP4-
F-pexiganan (15,188 Da), and thus confirmed the presence of
DAMP4-F-pexiganan at the peak of 28.983 min after
purification.

Impact of linker on the antimicrobial activity
of the fusion protein

As stated in the previous studies (Zhao et al. 2015), DAMP4-
S-pexiganan can release pexiganan peptides under acidic con-
ditions, and the antimicrobial activity of the released peptides
has been confirmed, whereas the whole protein DAMP4-S-
pexiganan has exhibited no activity against tested bacteria. In
this study, the antimicrobial activity of DAMP4-S-pexiganan
and DAMP4-F-pexiganan was compared to investigate
whether the different linkers affect the antimicrobial perfor-
mance of the fusion proteins. DAMP4-S-pexiganan and
DAMP4-F-pexiganan were obtained from the same expres-
sion condition (incubation with 1 mM IPTG at 25 °C,
180 rpm for 16 h) and purification procedures (the non-
chromatographic method) (Sun et al. 2018; Wibowo et al.
2017; Zhao et al. 2015). The antimicrobial performance of
the fusions was evaluated by MIC tests (Fig. 3). All the wells
containing DAMP4-S-pexiganan became turbid, showing that
this preparation had no antimicrobial activity at concentrations
ranging from 0.16 to 10 μM, as well as DAMP4 alone did not

Fig. 2 (A) SDS–PAGE analysis of the purification process of DAMP4-F-
pexiganan (L-DAMP4-F-pexiganan): The purification of L-DAMP4-F-
pexiganan. Lane 1, after cell lysis; lane 2, after DNA removal; lane 3,
after heating; lane 4, after isolation of DAMP4-F-pexiganan; lane 5, after
rinsing; lane 6, after solubilizing; lane 7, after buffer exchange; marker,
Precision Plus Protein™ Dual Xtra Prestained Protein Standards. All the
samples were obtained from the supernatant; (B) RP-HPLC profiles for
characterization of the purified DAMP4-F-pexiganan (L-DAMP4-F-
pexiganan)

Fig. 3 Results of MIC assay of
DAMP4-F-pexiganan (L-DAMP4-
F-pexiganan) and DAMP4-S-
pexiganan against E. coli ATCC®
25922™. GC, growth control
(broth with bacterial inoculum, no
proteins/peptides); SC, sterility
control (broth only)
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exhibit any antimicrobial activity at the same concentration
range, which are consistent with the findings of previous stud-
ies (Zhao et al. 2015). In contrast, there was no bacterial
growth in the wells with 10 and 5 μM DAMP4-F-pexiganan,
suggesting the antimicrobial activity with a MIC of 5 μM,
which was same as that of the synthetic pexiganan.

Effect of expression conditions on the purification
results

Many factors (e.g., pH, temperature, medium, inducer, etc.)
can influence the expression of recombinant proteins in E.
coli, including cell mortality, protein-production yields, pro-
tein folding, and protein solubility (Georgiou 1988). For ex-
ample, high temperature or high inducer concentration can
contribute to a rapid synthesis of a heterologous protein but
that protein might fail to form its native conformation
resulting in insoluble aggregates (Baneyx and Mujacic
2004). As aforementioned, it has been proven that the
DAMP4-F-pexiganan can be produced under the low (L) tem-
perature condition (incubation with 1 mM IPTG at 25 °C,
180 rpm for 16 h). To find an optimal expression condition
for producing the DAMP4-F-pexiganan, a high (H) tempera-
ture condition (incubation with 1 mM IPTG at 37 °C, 180 rpm
for 4 h) was performed to accelerate the rate of production of
DAMP4-F-pexiganan. L and H conditions were investigated
to study the effect on the structure, hence function, of the
produced protein DAMP4-F-pexiganan. The DAMP4-F-
pexiganan produced under these two conditions is referred
as L-DAMP4-F-pexiganan and H-DAMP4-F-pexiganan,
respectively.

Similar to the production of L-DAMP4-F-pexiganan, a
protein band at around 15 kDa was observed on the SDS-
PAGE gel of the cell lysate after production of H-DAMP4-
F-pexiganan, while not found in the non-induced cultures (da-
ta not shown), indicating that the recombinant E. coli can
produce DAMP4-F-pexiganan regardless of the expression
condition at high or low temperatures.

Subsequently, the H-DAMP4-F-pexiganan was purified by
the same procedures as for L-DAMP4-F-pexiganan and the
purification results were analyzed by SDS-PAGE. Compared
with L-DAMP4-F-pexiganan, the SDS-PAGE analysis of the
purification of H-DAMP4-F-pexiganan shows some differ-
ences (Fig. 4(A)). There was no streak in the sample of the
cell lysate (Fig. 4(A), lane 1) and the protein contaminants
detected in the sample after DNA removal were less signifi-
cant (Fig. 4(A), lane 2) due to the shorter expression time.
Several unwanted bands were also observed in the sample
after the heating process (Fig. 4(A), lane 3) and the re-
solubilizing sample (Fig. 4(A), lane 6), whereas the bands
were different from the result for the L-DAMP4-F-
pexiganan (Fig. 2(A), lane 3 and lane 6). Specifically, one
strong band at approximately 10 kDa was not observed and

some bands ranging from 40 to 60 kDa appeared on the gel
(Fig. 4(A), lane 3). After dialysis, only the band of H-
DAMP4-F-pexiganan at around 15 kDa was visible, which
is consistent with the purification result of L-DAMP4-F-
pexiganan (Fig. 2(A), lane 7).

In contrast to purified L-DAMP4-F-pexiganan, the HPLC
analysis of purified H-DAMP4-F-pexiganan after dialysis
(Fig. 4(B)) only shows one single peak at 28.223 min corre-
sponding to the H-DAMP4-F-pexiganan, suggesting that the
non-chromatographic purification is able to achieve better pu-
rification of the target protein for the H-DAMP4-F-pexiganan
with higher purity. Moreover, MS (Fig. S3) also showed a
mass of 15,190.84 Da for H-DAMP4-F protein at the retention
time of 28.223 min, which is also in good agreement with the

Fig. 4 (A) SDS–PAGE analysis of the purification process of the
purification of H-DAMP4-F-pexiganan. Lane 1, after cell lysis; lane 2,
after DNA removal; lane 3, after heating; lane 4, after rinsing; lane 5, after
isolation of DAMP4-F-pexiganan; lane 6, after solubilizing; lane 7, after
buffer exchange; marker, Novex BenchMark Protein Ladder. All the
samples were obtained from the supernatant; (B) RP-HPLC profiles for
characterization of the purified DAMP4-F-pexiganan (H-DAMP4-F-
pexiganan)
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theoretical mass, confirming the peak at the retention time of
28.223 min as the H-DAMP4-F-pexiganan.

Effect of expression conditions on the antimicrobial
activity of the fusion proteins

Following the purification, MIC tests were performed to de-
termine the antimicrobial activity of L-DAMP4-F-pexiganan
and H-DAMP4-F-pexiganan. As shown in Fig. 5(A), L-
DAMP4-F-pexiganan displayed the antimicrobial activity at
the concentration higher than 5 μM as same as the synthetic
pexiganan, whereas the H-DAMP4-F-pexiganan did not in-
hibit the growth of bacteria at the same concentrations, sug-
gesting the critical role of the effect of expression tempera-
tures on the antimicrobial activity of the fusion proteins.

To further explore the reduced antimicrobial activity of H-
DAMP4-F-pexiganan, the protein was cleaved by thrombin at
the thrombin recognition site in the linker. The detailed meth-
od is described in the Supporting Information. Following

thrombin digestion, the product was analyzed by SDS-
PAGE and RP-HPLC. Although the released pexiganan can-
not be clearly observed in the SDS-PAGE gel due to its small
size (2936.67 Da), the fusion proteins, L-DAMP4-F-
pexiganan and H-DAMP4-F-pexiganan, were both reduced
in size following digestion and both samples showed a band
around 13 kDa, which is similar to the expected size of
DAMP4 plus linker (12,309.73 Da) (Fig. S4). In addition,
released pexiganan was detected by HPLC (Fig. S5) and MS
confirmed that the molecular weights of GS-pexiganan-HH
were 2940.77 and 2939.33 Da when released from L-
DAMP4-F-pexiganan and H-DAMP4-F-pexiganan, respec-
tively (Fig. S6). Furthermore, the DAMP4 fragments after
digestion were found to be 12,308.64 and 12,306.40 Da.
These results confirm the release of GS-pexiganan-HH by
specific thrombin cleavage.

MIC tests showed that GS-pexiganan-HH from H-
DAMP4-F-pexiganan did not have antimicrobial activity
(Fig. 5(B)). In contrast, GS-pexiganan-HH from L-DAMP4-

Fig. 5 (A) Results of MIC assay
of L-DAMP4-F-pexiganan and
H-DAMP4-F-pexiganan against
E. coli ATCC® 25922™; (B)
Results of MIC assay of GS-
pexiganan-HH released from
L-DAMP4-F-pexiganan and
H-DAMP4-F-pexiganan against
E. coli ATCC® 25922™.In the
fifth row, Synthetic pexiganan
peptide and DAMP4 protein were
mixed with a molar ratio 1 to 1;
(C) Results of MIC assay of
(a) the refolded H-DAMP4-
F-pexiganan and (b) the GS-
pexiganan-HH released from
refolded H-DAMP4-
F-pexiganan. GC, growth
control (broth with bacterial in-
oculum, no proteins/peptides);
SC, sterility control (broth only)
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F-pexiganan possessed antimicrobial activity at the concentra-
tions of 10 and 5 μM. Mixing DAMP4 and synthetic
pexiganan peptides showed the same MIC result as that of
the pexiganan peptide alone, indicating that the DAMP4 pro-
tein did not influence the antimicrobial activity of the
pexiganan peptide. This is in agreement with our previous
study that showed no antimicrobial activity from DAMP4
alone (Zhao et al. 2015).

To further investigate the relationship between the structure
and antimicrobial activity of DAMP4-F-pexiganan, a denatur-
ation and refolding process was carried out on the H-DAMP4-
F-pexiganan to promote refolding of the pexiganan domain
into the active conformation (see the Supporting Information).
Subsequent MIC tests showed that the refolded H-DAMP4-F-
pexiganan possessed a similar MIC of 5 μM as that of the L-
DAMP4-F-pexiganan and synthetic pexiganan (Fig. 5(C),
(a)). This suggests that the antimicrobial activity of the H-
DAMP4-F-pexiganan was recovered after refolding.
Furthermore, the GS-pexiganan-HH released from the
refolded H-DAMP4-F-pexiganan by thrombin digestion also
showed antimicrobial activity with an identical MIC value
(5μM) to the synthetic pexiganan (Fig. 5(C), (b)), demonstrat-
ing that the structure of pexiganan plays a critical role in its
antimicrobial activity.

Discussion

In this work, we designed a novel fusion protein having ex-
cellent antimicrobial activity, DAMP4-F-pexiganan. This pro-
tein comprises a four-helix bundle DAMP4 domain linked to
an antimicrobial peptide pexiganan via a long, flexible linker
called BF^ (PGGGGSGGGGSLVPRGS). Based on this ratio-
nal design, it was hypothesized that the DAMP4-F-pexiganan
would be easily produced and purified from E. coli due to the
intrinsic stability of four-helix DAMP4 (Schaller et al. 2015),
and that the linker F would allow the pexiganan domain to
orient away from the rigid DAMP4 domain and retain its
antimicrobial activity (Fig. 1(A)). This hypothesis implies that
the antimicrobial function of the protein could be structure
dependent, that is, dependent on how the pexiganan peptides
are allowed to orientate and thus interact with bacteria. In
addition, the peptide could be cleaved and released to have
antimicrobial activity as well, if necessary or desired, especial-
ly in the event that thrombin would be available, for example,
at a skin wound site (Fig. 1(B)) (Lipsky et al. 2008; Mangoni
et al. 2016).

Due to the DAMP4 carrier, which is highly soluble and
stable under extremely high temperature (up to 110 °C) and
high salt conditions (Dwyer et al. 2014), DAMP4-F-
pexiganan has the unique opportunity to be purified using a
simple and cheap method based on heating and salting-out. As
shown in the results of SDS-PAGE and HPLC analysis, we

can observe that most contaminants have been removed after
purification, but some contaminants remained after the whole
process (Fig. 2(A)). One possible explanation is that some
unwanted protein bands below 15 kDa corresponded to de-
gradedDAMP4-F-pexiganan following proteolysis in the host
cells, and that the bands between 20 and 30 kDa represented
the aggregations of the fractions of DAMP4-F-pexiganan.
These fractions have the ability to resist heating process be-
cause they could maintain their partial stability against the
high salt stress and high temperature, and then salting out
method resulted in co-precipitation of DAMP4-F-pexiganan
and these protein fragments. Although dialysis is capable of
precipitating some residual low molecular weight contami-
nants, the unexpected peaks were detected in the HPLC results
between 15 and 25min, which may represent proteolytic frag-
ments of the DAMP4-F-pexiganan, suggesting that they were
not completely removed (Fig. 2(B)).

Furthermore, in order to examine the role of linker length
and composition in the antimicrobial activity of fusions, MIC
test was performed to determine the antimicrobial activity of
DAMP4-F-pexiganan that has the linker F of 17 residues in-
cluding two flexible G4S motifs, and DAMP4-S-pexiganan
containing a short linker of 3 residues (DPS) from our previ-
ous study (Zhao et al. 2015). Only DAMP4-F-pexiganan can
exhibit antimicrobial activity with a similar MIC of 5 μM as
that of the antimicrobial peptide (Fig. 3). This difference be-
tween DAMP4-F-pexiganan and DAMP4-S-pexiganan indi-
cates the antimicrobial activity of the pexiganan domain re-
quires sufficient flexibility and separation from the DAMP4
domain. The limited flexibility of linker in DAMP4-S-
pexiganan negatively influenced pexiganan activity, resulting
in a reduced ability of the peptide to attach to the membrane of
target cells with the correct orientation for antimicrobial activ-
ity. By contrast, the long, flexible linker in DAMP4-F-
pexiganan serves as a spacer to separate the pexiganan motif
and DAMP4 carrier, and thus facilitates the exposing of
pexiganan motif to target membranes for membrane disrup-
tion. Similar results have been reported by other groups inves-
tigating the effect of linker lengths on the activity of peptides
immobilized to solid substrates (Han et al. 2014).

In this work, a crucial parameter in the production of
DAMP4-F-pexiganan, the expression condition, was also in-
vestigated and discussed. As shown in the results, the L con-
dition requires a long incubation time to produce sufficient
amounts of L-DAMP4-F-pexiganan, which is time-
consuming as well as increases the risk of proteolysis of fu-
sions by host cells, thus resulting in that some protein frag-
ments remained in the final product after purification. On the
other hand, the H-DAMP4-F-pexiganan, which was produced
under the H condition, can be purified through the same pro-
cess as the L-DAMP4-F-pexiganan. However, compared with
the purification results of L-DAMP4-F-pexiganan, SDS-
PAGE gel showed different protein contaminants bands in
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the purification process of H-DAMP4-F-pexiganan and the
HPLC result suggested a higher purity of H-DAMP4-F-
pexiganan after purification (Fig. 4). This difference was like-
ly caused by the different extent of aggregation and proteoly-
sis under different temperatures and expression time.

Overall, both the L-DAMP4-F-pexiganan and H-DAMP4-
F-pexiganan can be purified using the non-chromatographic
purification process. However, proteolytic products and their
aggregations were detected at intermediate stages of the puri-
fication, and the yields of the purified L-DAMP4-F-pexiganan
and H-DAMP4-F-pexiganan were not as high as previously
reported for fusions with DAMP4 carrier, such as DAMP4-S-
pexiganan (24 mg per 800 mL cell culture (OD600 ~ 2)) and
D4S2 protein (28.8 mg per 800 mL cell culture (OD600 ~
2))(Sun et al. 2018; Wibowo et al. 2017). One possible reason
is that the long linker increases the flexibility of pexiganan,
increasing susceptibility to proteolysis by the host cell and
resulting in a lower concentration of intact fusion protein in
the starting material.

Moreover, the expression condition also plays a critical role
in the antimicrobial activity of the fusion protein. The H-
DAMP4-F-pexiganan cannot exhibit any antimicrobial activ-
ity in the MIC test. This is opposite to the antimicrobial result
of L-DAMP4-F-pexiganan, which has a MIC value of 5 μM
(Fig. 5(A)). This difference might be due to more precise
folding of DAMP4-F-pexiganan during production at the low-
er temperature. Previous work has shown similar results using
green fluorescent protein, which possessed a better solubility
and conformational quality when produced at a low tempera-
ture in E. coli (Martínez-Alonso et al. 2008). In addition, GS-
pexiganan-HH were released from DAMP4-F-pexiganan and
investigated separately. Both L-DAMP4-F-pexiganan and H-
DAMP4-F-pexiganan produce the GS-pexiganan-HH with
correct sequence (Fig. S4-S6), but only the GS-pexiganan-
HH from L-DAMP4-F-pexiganan displayed the antimicrobial
activity (Fig. 5(B)). Therefore, we speculate that the structure
of the GS-pexiganan-HH produced at high temperature is
misfolded and only appropriate expression conditions (longer
expression time and low temperature) allow correct structure
and an active conformation of the peptide. What is more, after
the denaturation and refolding process, the H-DAMP4-F-
pexiganan and its released GS-pexiganan-HH successfully
showed same MIC values as produced in the L expression
conditions (Fig. 5(C)). Considering all the data presented,
we can conclude that the conformation of pexiganan could
differ significantly under different expression conditions,
reflected by the different antimicrobial performance of the
recombinant DAMP4-F-pexiganan proteins.

In summary, a novel fusion protein DAMP4-F-pexiganan
was designed in this work. It can be purified based on a non-
chromatography method as well as display antimicrobial ac-
tivity without the release of AMPs. Interestingly, the antimi-
crobial activity of the DAMP4-F-pexiganan depends on both

linker characteristics and expression conditions. A long, flex-
ible linker allows pexiganan to adopt an active conformation
in fusion with DAMP4 and attach to pathogen membranes.
Also, the fusion protein requires a low-temperature condition
to be produced with the pexiganan in an active conformation,
although the necessarily longer induction time can yield more
protein with fewer protein contaminants in a short time period,
but the pexiganan domain was not active. This work will open
up a new way in the development of antimicrobial agents, and
the studies on expression conditions and linker will serve as a
guide to help the rational design of fusion proteins and their
purification processes.
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