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Abstract Antimicrobial peptides (AMPs) are peptides
exhibiting broad-spectrum antimicrobial activities and consid-
ered as potential therapeutic agents. LsGRP1€, a novel AMP
derived from defense-related LsGRP1 protein of Lilium, was
proven to inhibit kinds of bacteria and fungi via alteration of
microbial membrane permeability and induction of fungal
programmed cell death-like phenomena by in vitro assays
using synthetic LsGRP1€. In this study, the prokaryotic pro-
duction of LsGRP1€ recombinant protein containing an N-
terminal fusion partner of the yeast small ubiquitin-like mod-
ifier (SUMO) was achieved by using optimized Escherichia
coli host and purification buffer system, which lead to a high
yield of soluble SUMO-LsGRP1€ fusion protein. In vitro as-
say revealed that E. coli-expressed SUMO-LsGRP1€ exhibit-
ed even better antifungal activity as compared to synthetic
LsGRP1€. Meanwhile, the ability of SUMO-LsGRP1€ in
conducting fungal membrane permeabilization and pro-
grammed cell death was verified by SYTOX Green staining
and 4',6-diamidino-2-phenylindole staining/terminal
deoxynucleotidyl transferase dUTP nick-end labeling assays,
respectively, indicating that E. coli-expressed SUMO-
LsGRP1€ shares identical modes of action with synthetic
LsGRP1. Herein, this E. coli expression system enables the
effective and convenient production of antimicrobial
LsGRP1€ in a form of SUMO-fused recombinant protein.
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Introduction

Antimicrobial peptides (AMPs) are endogenous antibiotics act-
ing as a primary defense barrier in living organisms to prevent the
invasion of pathogenic microbes, belonging to the innate immu-
nity system (Auvynet and Rosenstein 2009; Pelegrini et al.
2011). Because the development of antimicrobial resistance oc-
curs frequently, natural AMPs with broad-spectrum activity and
diverse modes of action are considered as a new and innovative
alternatives to chemical antibiotics, having a promising future in
drug development and agricultural application (Brandenburg
et al. 2012; Montesinos 2007; Stotz et al. 2009). LSGRPIC, a
novel antimicrobial peptide derived from the C-terminal region
of defense-related LsGRP1 of Lilium, is naturally present in the
extracellular space and the cell wall of leaf tissues, which exhibits
in vitro inhibitory activity on types of fungal and bacterial species
via the action modes of destroying microbial membrane and in-
ducing fungal programmed cell death as applied in the form of
synthetic peptide (Lin et al. 2014; Lin and Chen 2014). As
LsGRP1¢ shares sequence homology with the C-terminal region
of other plant glycine-rich proteins (GRPs) but not the character-
ized AMPs, a unique and un-understood role of LsGRP1 is im-
plied, which may involve the plant innate immunity.

Successful expression and purification of biologically ac-
tive protein products would greatly facilitate their functional
study, structure analysis, and practical usage. Nowadays, pro-
karyotic systems (Escherichia coli and Bacillus subtilis), eu-
karyotic systems (yeast, insect cells, and mammalian cells) or
in vitro system are available to express recombinant proteins,
and E. coli system is most commonly used because of quick
and easy molecular manipulation, and generally a low-cost of
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the culture materials (Khow and Suntrarachun 2012; Rosano
and Ceccarelli 2014). In general, AMPs can be overproduced
in E. coli in an inactive form of misfolded inclusion body by
using solubility-decreasing fusion partners; however, to re-
cover biologically active AMPs by solubilizing the inclusion
bodies with chaotropic agents such as urea and guanidinium
hydrochloride, and then refolding into the native conforma-
tions is a time-consuming and expensive task (Baneyx and
Mujacic 2004; Yadav et al. 2016). The recent development
of E. coli strains, expression vectors and fusion tags enor-
mously help to reduce the limitations including codon bias,
mRNA instability, toxicity, inclusion body formation, protein
inactivity and lack of post-translational modification (Chou
2007; Dumon-Seignovert et al. 2004; Li 2009; Khow and
Suntrarachun 2012). As known, a toxic-tolerant E. coli strain
and a controller, which is capable of minimizing the back-
ground expression of AMP product, greatly improve the suc-
cess rate and efficacy of AMP production (Dumon-Seignovert
et al. 2004; Pan and Malcolm 2000; Studier 1991). Besides, a
novel fusion partner, small ubiquitin-like modifier (SUMO), is
proven capable of improving the folding and solubility of
target proteins through the hydrophobic core and hydrophilic
surface (Li 2009; Yadav et al. 2016). Several successful cases
of AMP production in optimized E. coli strains suggest that
the cooperation of SUMO fusion partner and a suitable E. coli
strain meets the requirements of reducing lethal effect and
enhancing solubility of biologically active AMP products
(Chen etal. 2015; Gao etal. 2010; Li 2009; Tileva et al. 2016).
In this study, the LsGRP1 recombinant protein containing
a solubility-increasing fusion partner SUMO was expressed in
E. coli strains including commonly used E. coli BL21(DE3),
toxic-tolerance E. coli C41(DE3), and E. coli C43(DE3)
(Dumon-Seignovert et al. 2004) in the presence or absence
of product background-reducing plasmid pLysS (Pan and
Malcolm 2000; Studier 1991). Then the effect of SUMO fu-
sion partner on achieving soluble LsGRP1¢ recombinant pro-
tein production was verified by examining the yield of prod-
ucts purified using the buffer system for recovering native
protein or misfolded insoluble inclusion body. Finally, the
antimicrobial activity and action modes of LsGRP1¢ recom-
binant protein were compared with the synthetic LsGRP1¢
peptide. The production system of antimicrobial LsGRP1¢
recombinant protein was therefore established and according-
ly accelerated the functional study, structure analysis, and
practical usage of LsGRP1€ and other related plant GRPs.

Materials and methods
Fungal species

Botrytis elliptica B0O61 (BCRC FU 30078) was cultured on V8
medium (20% V8 vegetable juice [Campbell Soup Company,
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Camden, New Jersey, USA], 0.3% CaCOs and 1.5% agar) at
20 °C under near UV for 57 days and Alternaria brassicicola
Acl (BCRC FU 30074) was cultured on potato dextrose agar
(Difco Laboratories Inc., Detroit, Michigan, USA) at 25 °C for
7-10 days (Lin and Chen 2014). The conidia of B. elliptica
and A. brassicicola were suspended in sterile water and ad-
justed to a final concentration of 2 x 10> conidia/mL.

Protein expression vector construction
and transformation

LsGRP1€ coding region was amplified from a plasmid con-
taining LsGRPI open reading frame sequences using primer
K02 (5'-ATGCGCTGCTACAACGGTTGC-3") and primer
pl170 (5'-CTATGGGTGTCCATAAGCAGGCTC-3'). The
LsGRP1¢ amplicon was ligated into pET SUMO vector
(Champion™ pET SUMO Protein Expression System,
Invitrogen Corp., Carlsbad, California, USA) via TA-cloning
method to generate pET SUMO-LsGRP1¢ recombinant vec-
tor capable of expressing LsGRP1€ recombinant protein with
an N-terminal portion consisting of a 6x histidine tag and a
yeast SUMO protein SMT3, named as SUMO-LsGRP1€. The
pET SUMO fragment added with a stop codon (TAG) at the
end of SMT3-coding sequence was amplified from pET
SUMO vector using a back-to-back primer pair of FWO01
(5'-TAGGACAAGCTTAGGTATTTATTCGGCGC-3') and
FWO02 (5'-ACCACCAAT CTGTTCTCTGTGAGC-3"). The
amplicon was phosphorylated using T4 polynucleotide kinase
(New England Biolabs Ltd., Hitchin, UK) and self-ligated to
generate pET SUMO-CK recombinant vector capable of ex-
pressing SMT3 protein with an N-terminal 6x histidine tag,
named as SUMO-CK protein.

Protein expression and purification

Vector pET SUMO-LsGRP1¢ was introduced into E. coli
strains of BL21(DE3), C41(DE3), C43(DE3),
C41(DE3)pLysS, and C43(DE3)pLysS separately by using
the heat shock method. E. coli BL21(DE3) and the other four
strains were purchased from Invitrogen Corp. and Lucigen
Corp. (Middleton, Wisconsin, USA), respectively. The trans-
formed E. coli was inoculated into 3 mL LB broth (1%
tryptone, 0.5% yeast extract, 0.5% NaCl) with 50 mg/L kana-
mycin, cultured at 37 °C, 175 rpm for 12 h. Then the bacterial
culture was subcultured to 300 mL LB broth with 50 mg/L
kanamycin, incubated at 37 °C, 175 rpm until the ODgq
reached 0.4-0.6, then added with 1 mM isopropyl 3-D-1-
thiogalactopyranoside (IPTG), and cultured at 37 °C,
175 rpm for another 4-6 h. The E. coli cells were collected
by centrifugation at 3000xg for 10 min. For E. coli
C41(DE3)pLysS and E. coli C43(DE3)pLysS, the culture me-
dium was added with 34 mg/L chloramphenicol besides of
50 mg/L kanamycin.
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To purify recombinant protein by using native purification
buffer system, the E. coli cells were resuspended in native
binding buffer (20 mM sodium phosphate, 0.5 M NaCl,
30 mM imidazole, pH 7.4) containing 1 mg/mL lysozyme
(Sigma-Aldrich, St. Louis, Missouri, USA), incubated at
25 °C for 30 min, then sonicated at medium power 12 times
with 10-s sonication and 20-s rest on ice using Sonicator S-
4000 (Misonix Inc., Farmingdale, New York, USA). The su-
pernatant was recovered by centrifugation at 13000xg for
10 min and incubated with Ni Sepharose 6 Fast Flow slurry
(GE Healthcare, Piscataway, New Jersey, USA) at a rotational
speed of 20 rpm, 25 °C for 1 h. The His-tagged protein bind-
ing on Ni Sepharose 6 Fast Flow slurry was recovered in
polypropylene column (Qiagen, Hilden, Germany), washed
with native binding buffer of fourfold volume of the slurry
two times, and then eluted with native elution buffer
(20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole,
pH 7.4). Denaturing purification buffer system including de-
naturing binding buffer (20 mM sodium phosphate, 0.5 M
NaCl, 8 M urea, 30 mM imidazole, pH 7.4) and denaturing
elution buffer (20 mM sodium phosphate, 0.5 M NaCl, 8 M
urea, 500 mM imidazole, pH 7.4) was used to purify recom-
binant protein expressed in the form of misfolded insoluble
inclusion body. The purified proteins were desalted by dialysis
in sterile deionized water and the concentrations were deter-
mined by Bradford method using Bio-Rad Protein Assay Dye
Reagent Concentrate (Biorad Laboratories, Inc., California,
USA) and bovine serum albumin as a standard. The control
protein SUMO-CK was expressed in the E. coli BL21(DE3)
strain which was transformed with pET SUMO-CK, and then
purified by using native purification buffer system as de-
scribed above.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and western blot analysis

E. coli cells or protein solutions were treated with 1x reducing
sample buffers (3% SDS, 1.5% mercaptoethanol, 7.5% glyc-
erol, 0.0125% Coomassie blue G-250, 37.5 mM Tris/HCI, pH
7.0) at 42 °C for 20-30 min. The supernatant of treated E. coli
cells was collected as crude cell lysate. The crude cell lysate
and other treated protein solutions were subjected to tricine-
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Tricine-SDS-PAGE) (Schiagger 2006) using a 4% stacking
and 10% resolving gel and then transferred to 0.45 pum
polyvinylidene fluoride membrane (PVDF membrane,
Merck Millipore, Billerica, Massachusetts, USA) using
Towbin transfer buffer (25 mM Tris, pH 8.3, 192 mM glycine,
20% methanol) at a constant output current of 400 mA for
120 min. The PVDF membrane with the transferred proteins
was washed with distilled water for 5 min, blotted with 5%
skim milk in phosphate-buffered saline (PBS) (137 mM NacCl,
2.7 mM KCIl, 10 mM Na,HPO,4, 2 mM KH,PO,, pH 7.4) for

1 h, hybridized with 6x His tag antibody in PBS containing
5% skim milk for 1 h, washed with PBST (0.05% Tween-20 in
PBS) for 10 min, three times, hybridized with horseradish
peroxidase-conjugated anti-Rabbit IgG in 5% skim milk-
containing PBS for 1 h, and then washed with PBST for
10 min, three times. The signals of 6x His tag antibody-
labeled proteins were generated using Immobilon Western
HRP Substrate (Merck Millipore) and analyzed using the
GeneGnome5 Chemiluminescent Western Imaging System
(Syngene, Cambridge, England, UK). All antibodies were
purchased from GeneTex Inc. (Irvine, California, USA).

Liquid chromatography-electrospray ionization-tandem
mass spectrometry

Proteins were separated in a 10% separating gel by using
Tricine-SDS-PAGE, treated with fixation solution (45% meth-
yl alcohol and 10% acetic acid) for 30 min, and visualized by
staining with Coomassie blue reagent (0.1% Coomassie
Brilliant Blue R-250, 45% methyl alcohol, and 10% acetic
acid) for 30 min. Protein bands were separately recovered
from the gel, digested with trypsin, and assayed using liquid
chromatography-electrospray ionization-tandem mass spec-
trometry (LC ESI-MS/MS) (Q Exactive; Thermo Fisher
Scientific Inc., Hampton, New Hampshire, USA). The MS/
MS data were analyzed to identify the proteins using the
MASCOT search engine (Matrix Science, London).

Antimicrobial assay

The antimicrobial activity of SUMO-LsGRP1 was deter-
mined by measuring the inhibition rates of fungal spore ger-
mination. Fungal spore suspensions of 1 x 10> spores/mL
were treated with SUMO-LsGRP1€ at the culture temperature
of treated fungal species for 16-20 h, and then spore germi-
nation was examined under a microscope. The germ tube
greater than two times of the spore length was considered
germinated. SUMO-CK protein and deionized water were
used to replace SUMO-LsGRP1€ as control treatments.
Inhibition rate of fungal spore germination = [(Number of
spores germinating in deionized water treatment — Number
of spores germinating in protein treatment) Number of spores
germinating in deionized water treatment] x 100%. All assays
were performed in triplicate. Based on the results, the concen-
trations of proteins for 50% growth inhibition (ICsq) of
assayed fungi were determined.

SYTOX Green staining
Hyphae of B. elliptica B061 were treated with 4.5 or 9.0 uM
SUMO-LsGRP1 at 20 °C for 2 h. Then the fungal cells were

stained with 1 pg/mL SYTOX Green in the dark for 10 min
before observation under the Leica DMIL florescent
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microscope equipped with a Chroma 41012 filter set (BP 460—
500 nm, DM 505 nm, LP 510 nm). Sterile deionized water,
1% Triton X-100 and SUMO-CK (4.5 or 9.0 uM) were used
instead of SUMO-LsGRP1€ as negative, positive, and fusion
partner controls, respectively.

Programmed cell death assay

Fungal nuclear DNA fragmentation was detected using ter-
minal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end labeling assay (TUNEL) with in situ Cell Death
Detection Kit, Fluorescein (Roche, Mannheim, Germany).
Hyphae of B. elliptica B061 was treated with SUMO-
LsGRP1¢ or synthetic LsGRP1 (4.5 and 9.0 uM) at
20 °C for 24 h. The treated-fungal hyphae were fixed using
4% formaldehyde in PBS for 12 h, washed with PBS for
10 min, three times, digested with 10 mg/mL lysing en-
zymes from Trichoderma harzianum (Sigma-Aldrich Co.,
St. Louis, Missouri, USA) in PBS for 1 h, washed with
PBS for 10 min, three times, soaked in permeabilization
solution (0.1% Triton X-100 and 0.1% sodium citrate) on
ice for 2 min, washed with PBS for 10 min, three times,
and then soaked in 50 ul TUNEL solution. After incuba-
tion in the dark at 37 °C for 1 h, the fungal hyphae were
treated with 1 pg/mL 4',6'-diamidino-2-phenylindole
(DAPI) in the dark for 10 min, and washed with PBS for
10 min, three times. The fungal hyphae were observed
under a Leica DMR fluorescence microscope equipped
with a Chroma Endow GFP filter set (a 450- to 490-nm
band-pass excitation filter, a 495-nm dichroic mirror, and a
500- to 550-nm band-pass emission filter) for TUNEL-
labeled signal and a Semrock DAPI-5060C filter set (a
352- to 402-nm band-pass excitation filter, a 409-nm di-
chroic mirror, and a 452- to 502-nm band-pass emission
filter) for DAPI-stained signal. Sterile deionized water and
SUMO-CK were used as negative and fusion partner con-
trols, respectively.

Results

Expression of recombinant LsGRP1€ protein in different
E. coli strains using pET SUMO vector system

The vector for recombinant LsGRP1€ protein expression was
constructed by cloning the coding sequence of LsGRP1¢
(101th—138th amino acids of LsGRP1, GenBank accession
number AAL61539.1) into the TA-cloning site of pET
SUMO vector, and confirmed by sequencing (Fig. la).
Herein, pET SUMO-LsGRP1¢ recombinant vector with a cas-
sette presumably encoding SUMO-LsGRP1¢ recombinant
protein with an N-terminal portion consisting of a 6x histidine
tag (HisG epitope) and a yeast SMT3 protein (SUMO) under

@ Springer

the control of a bacteriophage T7 promoter and a T7 termina-
tor was obtained.

To optimize the E. coli strain for recombinant LsGRP1¢
protein expression, pET SUMO-LsGRP1€ recombinant vec-
tor was transformed to five E. coli strains including
BL21(DE3), C41(DE3), C43(DE3), C41(DE3)pLysS, and
C43(DE3)pLysS. Then the cells of transformed E. coli strains
were separately collected at 4 h post induction of | mM IPTG,
and SUMO-LsGRP1€ within bacterial cells were detected by
western blotting with His tag antibody (Fig. 1b). Among five
assayed strains, His tag antibody-labeled signals of 18, 23, and
28 kDa were present in the crude cell lysates of IPTG-induced
E. coli BL21(DE3), E. coli C41(DE3), and E. coli C43(DE3)
and even in the crude cell lysate of uninduced E. coli
BL21(DE3). In contrast, no His tag antibody-labeled signal
was detected in the crude cell lysates of E. coli
C41(DE3)pLysS and C43(DE3)pLysS transformants under
IPTG-induced or uninduced conditions. Besides, the plank-
tonic cell densities of E. coli BL21(DE3), E. coli C41(DE3),
and E. coli C43(DE3) transformants were higher than those of
E. coli C41(DE3)pLysS and E. coli C43(DE3)pLysS
transformants, and the population differences were increased
post IPTG induction (data not shown), suggesting that E. coli
C41(DE3)pLysS and E. coli C43(DE3)pLysS were not the
suitable hosts to express SUMO-LsGRP1€. Because the ex-
pected size of SUMO-LsGRP1€ recombinant protein is about
17.9 kDa, coinciding with the 18-kDa signal, E. coli
BL21(DE3), and E. coli C41(DE3) conducting higher level
of 18-kDa signal were chosen for further evaluation of buffer
systems suitable for SUMO-LsGRP1€ purification.

Purification of recombinant LsGRP1€ protein
under native or denaturing conditions

Native and denaturing purification buffer systems were used to
purify SUMO-LsGRP1 expressed in E. coli BL21(DE3) or
E. coli C41(DE3), and the product yields were shown in
Table 1. Among four combinations, purification of SUMO-
LsGRP1€ expressed in E. coli C41(DE3) using native purifica-
tion buffer system resulted in a highest target protein yield of
12.011 mg/L; on the contrary, the E. coli C41(DE3)-expressed
SUMO-LsGRP1€ was seldom recovered using denaturing puri-
fication buffer system (0.524 mg/L). Besides, the yields of E. coli
BL21(DE3)-expressed SUMO-LsGRP1° purified by using na-
tive and denaturing purification buffer systems were 5.852 and
3.897 mg/L, respectively; both were much lower than the yield
from the combination of E. coli C41(DE3) expression host and
native purification buffer system.

To verify the product size, the total cell lysates, flow-
through fractions, washing fractions and elution fractions
were separately collected during the processes of SUMO-
LsGRP1¢ purification from E. coli BL21(DE3) and E. coli
C41(DE3) harboring pET SUMO-LsGRP1€ using native
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Fig. 1 Expression of LsGRP1° recombinant protein in different E. coli
strains. a Schematic of SUMO-LsGRP1€ expression vector. The coding
sequence of LsGRP1€ was cloned into pET SUMO vector. T7, T7
promoter; lacO, lac operator; RBS, ribosome binding site; ATG, start
codon; HisG epitope, 6% His tag coding sequence; SUMO, coding
sequence of small ubiquitin-like modifier (SUMO), Kanamycin, coding
sequence of kanamycin resistance gene; pBR322 ori, replication origin;

purification buffer system, and assayed by SDS-PAGE and
western blotting with His tag antibody (Fig. 2). Three His
tag antibody-labeled proteins of 18, 23, and 28 kDa were
found in the total cell lysate and elution fraction from E. coli
C41(DE3) harboring pET SUMO-LsGRP1€ while only two
His tag antibody-labeled proteins of 18 and 23 kDa presented
in the total cell lysate and elution fraction from E. coli
BL21(DE3) harboring pET SUMO-LsGRP1€. The 18-, 23-,
and 28-kDa proteins purified from E. coli C41(DE3) using
native purification buffer system were then separately assayed
using LC ESI-MS/MS and Mascot search. The results indicat-
ed that the 18-, 23-, and 28-kDa proteins were identified as
SUMO-LsGRPI€ with significant protein scores of 4290,
3211, and 8010 in 90, 94, and 99% sequence coverage, re-
spectively (Fig. 3). None of them were considered E. coli
proteins because of the low Mascot scores (below 130).
Besides, the SUMO-CK protein with an expected size of
13.42 kDa, was expressed in E. coli BL21(DE3) and purified
by using native purification buffer system (Fig. S1). Thus, the

Table 1 SUMO-LsGRP1€ yield recovered by using different
purification buffer systems from different E. coli strains
E. coli strain Purification buffer system Product yield (mg/L)
BL21(DE3) Native® 5.852

Denaturing® 3.897
C41(DE3) Native 12.011

Denaturing 0.524

# Protein purification under native condition

® Protein purification under denaturing condition
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rop, ROP ORF; lacl, lacl ORF. b SUMO-LsGRP1€ was separately
expressed in five E. coli strains including BL21(DE3), C41(DE3),
C43(DE3), C41(DE3)pLysS, and C43(DE3)pLysS. The total lysates of
these bacterial cells were individually collected at 4 h post induction with
1 mM IPTG and analyzed by western blotting with His tag antibody. The
positions of 15-, 20-, 25-, and 35-kDa marker proteins (SMOBiO
PM2700) are indicated

optimized strategy for SUMO-LsGRP1€ production is to be
expressed in E. coli C41(DE3) host and then recovered by
using native purification buffer system, and the product in-
cludes SUMO-LsGRP1€ of 18, 23, and 28 kDa.

BL21(DE3) C41(DE3)
= =
on on
g 3 @ 3
o] S on < B on
= 2 2 £ 5§ = £ & £
<%} — o 5] — o
O B F B S O R F A

35
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(kDa)

Fig. 2 SUMO-LsGRP1 expressed in E. coli BL21(DE3) or E. coli
C41(DE3) purified via Ni** column and native purification buffer
system. The total cell lysate, flow-through fraction, washing fraction,
and elution fraction were collected from different steps and assayed by
SDS-PAGE (upper panel) and western blotting with His tag antibody
(lower panel). The positions of 15-, 20-, 25-, and 35-kDa marker proteins
(SMOBIO PM2700) are indicated
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Protein sequence coverage

18-kDa SUMO-LsGRP1¢

1 MGSSHHHHHH GSGLVPRGSA SMSDSEVNQE ARPEVRPEVR PETHINLRVS

51 DGSSEIFFRI KRTTPLRRLM EAFARRQGKE MDSLRFLYDG IRIQADQTPE

101 DLDMEDNDII EAHREQIGGM RCYNGCCRRG YYGGCRCCAH PDEIPDPEYR

151 AEPAYGHP

23-kDa SUMO-LsGRP1¢

1 MGSSHHHHHH GSGLVPRGSA SMSDSEVNQE ARPEVRPEVRK PETHINLRVS

51 DGSSEIFFKI RKRTTPLRRLM EAFARRQGKE MDSLRFLYDG IRIQADQTPE

101 DLDMEDNDII EAHREQIGGM RCYNGCCRRG YYGGCRCCAH PDEIPDPEYR

151 AEPAYGHP

28-kDa SUMO-LsGRP1¢

1 MGSSHHHHHH GSGLVPRGSA SMSDSEVNQE ARPEVRPEVRK PETHINLRVS

51 DGSSEIFFKI RRTTPLRRLM EAFARRQGKE MDSLRFLYDG IRIQADQOTPE

101 DLDMEDNDII EAHREQIGGM RCYNGCCRRG YYGGCRCCAH PDEIPDPEYR

Peptide score distribution

Number of Matches

0 50 100
Peptide Score

Number of Matches

0 50 100
Peptide Score

151 AEPAYGHP

Fig. 3 Identification of E. coli-expressed SUMO-LsGRP1€ by LC ESI-
MS/MS. SUMO-LsGRPI1€ of 18, 23, and 28 kDa expressed in E. coli
C41(DE3) and purified via Ni** column and native purification buffer

E. coli-expressed LsGRP1€ fusion exhibited better
antifungal activity as compared with synthetic LsxGRP1¢

In vitro antifungal assay was performed by comparing the inhibi-
tion effects of SUMO-LsGRP1 and synthetic LsGRP1 on spore
germination. The resultrevealed thatthe ICso of SUMO-LsGRP1 ¢
on spore germination of A. brassicicola and B. elliptica were
102.12 and 98.70 ug/mL, i. e., 5.72 and 5.56 uM, respectively
(Table 2). Meanwhile, the ICs, of synthetic LsxGRP1€ on spore
germination of A. brassicicola and B. elliptica were 54.80 and
80.24 pg/mL, i. e., 12.64 and 18.49 uM, respectively. Besides,
SUMO-CK, the fusion partner control of SUMO-LsGRP1¢ did
notaffect the spore germination of two assayed fungal species in all
treated concentrations. According to the ICs, in molar concentra-
tion, E. coli-expressed SUMO-LsGRP1€ which contains a non-
antifungal N-terminal fusion partner exhibits better antifungal ac-
tivity at least twofold higher than synthetic LsGRP1°.

E. coli-expressed LsGRP1€ fusion and synthetic LsGRP1¢
have identical action modes

As synthetic LsGRP1 is capable destroying microbial membrane
integrity and inducing programmed cell death-like phenomena of
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system had 90, 96, and 99% sequence coverage (underlined region) in the
amino acid sequence of SUMO-LsGRP1€. The LsGRP1° region in the
amino acid sequence of SUMO-LsGRP1€ is italicized

chromatin condensation and reactive oxygen species accumula-
tion (Lin and Chen 2014), the effects of E. coli-expressed SUMO-
LsGRP1€ on fungal membrane and cell destiny were investigated.
To verify the influence of SUMO-LsGRP1¢ on microbial mem-
branes, SYTOX Green, a green-fluorescent nucleic acid stain im-
permeable to normal cells but penetrating damaged cell membrane
and staining the nucleic acid was used. The result showed that the
pretreatment of 4.5 and 9.0 uM SUMO-LsGRP1 caused severe
membrane permeabilization of B. elliptica whereas the pretreat-
ment of SUMO-CK protein in the same molar concentrations
caused sparse fungal membrane damage (Fig. 4). Meanwhile,
the pretreatments of sterile deionized water (H,O), a negative con-
trol, did not result in fungal membrane permeabilization at all; the
pretreatments of 1% Triton X-100, a detergent used as a positive
control to destroy membrane integrity, led to numerous SYTOX
Green-labeled nuclei in B. elliptica cells. Besides, the brightness of
SYTOX Green-labeled nuclei triggered by SUMO-LsGRP1¢ was
superior to that caused by Triton X-100, indicating the nuclear
DNAs of SUMO-LsGRP1 “-treated fungal cells possibly became
more condensed. Thus, the ability of SUMO-LsGRP1€ to alter
microbial membrane integrity would come from the LsGRP1¢
region mainly without excluding the possibility of partly involving
the action of N-terminal SUMO fusion partner.
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Table 2 The inhibitory activities
of E. coli-expressed SUMO-

ICso of SUMO-LsGRP1€ ICsp of synthetic LsGRP1€

LsGRP1€ and synthetic
LsGRP1€ on fungal spore
germination

Fungal species®
Alternaria brassicicola Acl
Botrytis elliptica B061

pg/mL uM pg/mL uM
102.12 5.72 54.80 12.64
98.70 5.56 80.24 18.49

2 Inhibition of fungal spore germination (5 x 10* spores/mL) was measured

To demonstrate the effect of SUMO-LsGRP1 on inducing
fungal programmed cell death, two typical phenomena of pro-
grammed cell death, i. e., nuclear chromatin condensation and
chromosome DNA fragmentation, were detected post SUMO-
LsGRPI1€ treatment by using DAPI staining and TUNEL as-
say, respectively. The highly condensed chromatin with bright
blue fluorescence and nuclear DNA fragmentation with green
fluorescence presented in B. elliptica cells treated with E. coli-
expressed SUMO-LsGRP1€ and synthetic LsGRP1¢ but not
those treated with SUMO-CK or sterile deionized water (H,O)
(Fig. 5), revealing the induction ability of SUMO-LsGRP1¢
and synthetic LsGRP1 in fungal programmed cell death.
Therefore, SUMO-LsGRPI is presumably endowed with

SUMO-LsGRPI1€ (uM)
4.5 9.0

Bright-field SYTOX Green

SUMO-CK (uM)
4.5

9.0

Bright-field SYTOX Green

- ~ R == B

Fig. 4 Fungal membrane permeabilization caused by SUMO-LsGRP1°.
The hyphae of B. elliptica were treated with SUMO-LsGRP1€ for 2 h,
and then assayed by SYTOX Green staining. Sterile deionized water
(H,0), 1% Triton X-100 and SUMO-CK protein were used instead of
SUMO-LsGRP1€ as negative, positive, and fusion partner control, re-
spectively. Bar = 100 um

the ability to induce fungal programmed cell death through
the LsGRP1° region.

Discussion

The poor yield and inactive inclusion body formation together
with host cell death are the major problems of AMP produc-
tion using E.coli system (Baneyx and Mujacic 2004; Chou
2007; Dumon-Seignovert et al. 2004). In this study, the pro-
duction system of antimicrobial LsGRP1€ in the form of
SUMO-fused recombinant protein was established by opti-
mizing the E. coil expression host and purification procedure.
Although SUMO-LsGRP1€ and synthetic LsGRP1€ exhibit-
ed identical action modes on inhibiting fungi via inducing
membrane permeabilization and programmed cell death, the
stronger antifungal activity of SUMO-LsGRP1¢ suggested
that the presence of SUMO fusion partner may enhance the
lethal effect of LsGRP1€ on fungal species. An interesting
finding was that the sole treatment of SUMO-CK, the fusion
partner control of SUMO-LsGRP1¢, did not affect the spore
germination or cause fungal programmed cell death, but
slightly damaged the plasma membrane of B. elliptica. Since
SUMO protein is known to improve the solubility of
aggregation-prone target proteins through the peripheral hy-
drophilic and central hydrophobic core structure (Ding et al.
2005; Yadav et al. 2016), the membrane permeabilization abil-
ity of SUMO-CK is presumably resulted from the detergent-
like solubilizing function of SUMO protein. On the other
hand, as only very few studies by far referred that the recom-
binant proteins exhibit desired bioactivity before its SUMO
fusion partner being removed (Aietal. 2011; Chen et al. 2014;
Shen et al. 2011), some further analysis is required to clarify
whether the slight membrane damage caused by SUMO fu-
sion partner is the key factor leading to more severe fungal cell
death conducted by the antimicrobial LsGRP1€ region of
SUMO-LsGRPI€. After all, our system enables the high-
yield, low-cost, and activity-enhanced production of antimi-
crobial LsGRP1€ in the form of SUMO-fused recombinant
protein, implying an alternative strategy for producing func-
tional AMPs without removing SUMO fusion partner.

The pET SUMO plasmid used to express SUMO-
LsGRP1€ belongs to pET vector serials which uses the T7
promoter-driven system and allows high expression of target
gene under the control of the T7 promoter in the presence of
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SUMO-LsGRP1€ (uM)

SUMO-CK (uM)

LsGRP1€ (uM)

4.5 9.0 4.5

TUNEL DAPI

Bright-field

Lz T | € 2 — ) —

Fig. 5 Fungal programmed cell death induced by SUMO-LsGRP1€ and
synthetic LsGRP1€. The hyphae of B. elliptica were treated with E. coli-
expressed SUMO-LsGRP1€ or synthetic LsGRP1€ for 20 h. Chromatin
condensation and nuclear DNA fragmentation of treated hyphae were

T7 RNA polymerase (T7TRNAP); thereby the genetically
engineered E. coli strains such as BL21(DE3) able to provide
T7RNAP are the main hosts of pET vector serials (Studier and
Moftatt 1986). Although numerous proteins have been suc-
cessfully expressed to very high levels in E. coli-TTRNAP
system, the difficulty of expressing toxic gene products is
the biggest problem, owing to the background expression of
T7RNAP (Studier 1991). Since using toxic-tolerance E. coli
strains and/or co-expressing T7 lysozyme (T7Lys), a natural
inhibitor to reduce T7RNAP production have been proven to
improve the expression of toxic products including antimicro-
bial proteins, membrane proteins, globular proteins, and ther-
mostable proteins in E£. coli-T7TRNAP system (Dumon-
Seignovert et al. 2004; Miroux and Walker 1996; Serensen
etal. 2003; Studier 1991), the effect of applying toxic-tolerant
E. coli C41(DE3) and E. coli C43(DE3), together with T7Lys-
expression vector pLysS on SUMO-LsGRP1€ production was
evaluated. Although the highest SUMO-LsGRP1€ expression
level presented in E. coli BL21(DE3) (Fig. 1), the highest
yield of soluble SUMO-LsGRP1¢ was recovered from
E. coli C41(DE3) using native purification buffer system
(Table 1). This result implied that most E. coli C41(DE3)-
expressed SUMO-LsGRP1€ was folded in native form where-
as part of E. coli BL21(DE3)-expressed SUMO-LsGRP1¢
might form misfolded inclusion bodies which were unable to
be purified using native purification buffer system and had to
be recovered with the assistance of denaturing purification
buffer system. Both E. coli C41(DE3) and E. coli C43(DE3)
are natural mutants derived from E. coli BL21(DE3) with

@ Springer

9.0 4.5 9.0

H,0

assayed by DAPI staining and TUNEL assay. Sterile deionized water
(H,0) and SUMO-CK protein were used instead of SUMO-LsGRP1¢
as negative and fusion partner control, respectively. Bar = 100 pm

lower TTRNAP expression level because of the mutations in
T7RNAP-groven lacUVS5 promoter occurring in the DE3 re-
gion, and presumably rescues the bacterial cells from the tox-
icity caused by uncoupling the transcription and translation
(Kwon et al. 2015; Schlegel et al. 2015; Wagner et al. 2008).
As compared to that in E. coli BL21(DE3), SUMO-LsGRP1¢
had minimized basal expression in E. coli C41(DE3) that was
very likely resulted from the weakened T7RNAP activity and
accordingly conducted more soluble SUMO-LsGRP1€ accu-
mulation post IPTG induction. Because the mutations in
lacUVS promoter of E. coli C41(DE3) and E. coli
C43(DE3) are identical, the different expression efficacy of
SUMO-LsGRPI€ in E. coli C41(DE3) and E. coli
C43(DE3) may come from the strain-specific mutations which
have not be functionally clarified (Kwon et al. 2015). On the
other hand, the presence of T7Lys-encoding pLysS vector
greatly reduced the expression of SUMO-LsGRP1€ in both
E. coli C4A1(DE3) and E. coli C43(DE3). T7Lys is a
bacteriophage-infection-related bifunctional protein capable
of cutting a bond in E. coli cell wall (Inouye et al. 1973) and
selectively inhibiting T7RNAP by binding to it (Moffatt and
Studier 1987); herein, expressing T7Lys may reduce E. coli
fitness by affecting the cell wall integrity. Besides, the
detergent-like SUMO fusion partner may also damage
E. coli cells by affecting microbial membrane premeability.
Accordingly, it is very possible that the E. coli with the weak-
en cell wall and plasma membrane triggered by T7Lys and
SUMO fusion partner cannot overcome the stress from ex-
pressing antimicrobial LsGRP1€ recombinant protein. This
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point of view is also supported by the lower planktonic cell
density of E. coli C41(DE3)pLysS and E. coli
C43(DE3)pLysS transformed with pET SUMO-LsGRP1€.

SUMO-LsGRP1€ fusion proteins of 18, 23, and 28 kDa
were obtained in this study, and none of them was found to be
cross-linked to or covalently bond with E. coli proteins accord-
ing to the LC ESI-MS/MS result, suggesting that they might
generate from some protein modifications and/or crosslinking
with itself. As the native LsGRP1 in Lilium presents three var-
iants of 14, 16, and 23 kDa and the accumulation of 23-kDa
LsGRP1 is highly recommended to be associated with the oc-
currence ofinduced disease resistance (Lin and Chen 2014), the
C-terminal of LsGRP1 playing a key role of LsGRP1 variant
formation and defense enhancement is implied.

The production system of bioactive LsGRP1 in the form of
SUMO-fused recombinant protein was established in this
study by optimizing the E. coil expression host and purification
buffer system. The antimicrobial activity and action modes of
this LsGRP1¢ recombinant protein not only highlight its ap-
plication potential, but also suggest an effective and convenient
strategy enable soluble AMP production functioning in a form
without removing SUMO fusion partner. In addition, the fea-
tures and functions of LsGRP1 recombinant protein implicate
the biochemical and defensive traits of native LsGRP1 related
to the induced disease resistance in Lilium.
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