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Abstract: The shrimp industry has been persistently affected by production loss from outbreak dis-
eases. Nowadays, using antibiotics in animal feed is illegal. Use of antimicrobial peptide is alterna-
tive approach to fight against bacterial infection, and anti-lipopolysaccharide factor isoform 3
(ALFPm3) from Penaeus monodon is a promising candidate because it exhibits broad-spectrum anti-
microbial activities against various microbes. The lipopolysaccharide-binding domain (LPS-BD)
mainly contributes to the antimicrobial activity of ALFPm3. Previous studies reported that the re-
combinant (r)ALFPm3-supplemented diet can be used to control bacterial and viral infection in
shrimp and enhance expression of immune-related genes. However, the possibility of applying
rALFPm3 for shrimp disease prevention and control is limited by the high production cost. The
more effective rALFPm3 is thus needed. This study aims to produce more effective rALFPm3.
ALFPm3 derivatives with better predicted binding affinities to LPS than that wild type were de-
signed using computational techniques. ALFPm3essr was predicted to have the best binding affinity
to LPS (AGpind = -14.5 kcal/mol). Site-directed mutagenesis was performed to create the rALFPm3kssr
mutant. Following expression and purification, we unexpectedly found that the stability of the
rALFPm3essr protein was lower than that of the wild type. Structural analysis shows that the salt-
bridge interaction between K26 and E33, a residue flanking LPS-BD, in the wild type is disrupted
® when E33 was substituted with F33 in ALFPm3essr. Out results indicate that the salt bridge between
K26 and E33 is important to maintain the stability of rALFPm3.
Copyright: © 2021 by the authors.
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1. Introduction

Shrimp industry has been persistently affected by production loss from infectious dis-
eases. Pathogenic bacteria, particularly Vibrio species, are a major concern for shrimp lar-
vae and juveniles. For instance, Vibrio harveyi and Vibrio vulnificus are associated with lar-
vae mortality, whereas Vibrio alginolyticus, and Vibrio parahaemolyticus cause disease out-
breaks in shrimp nurseries. Since 2012, the outbreak of acute hepatopancreatic necrosis
disease (AHPND) caused by a highly virulent strain of V. parahaemolyticus (VPaurnD) re-
sulted in serious drops in Thai shrimp production [1].

Antibiotics have been used in aquaculture to prevent or treat diseases. The two main
effects of antibiotic usage in animal feed are enhancing antibiotic-resistant bacteria and
toxicity of antibiotic residues. Nevertheless, antibiotics using in animal feed are illegal [2].
Antimicrobial peptides (AMPs) can eliminate bacteria by nonspecific membrane destruc-
tion and metabolic inhibition without inducing bacterial resistance. AMPs are promising
candidates for next-generation antibiotics [3].

Anti-lipopolysaccharide factor (ALF) isoform 3 from Penaeus monodon (ALFPm3) is a
cationic amphipathic molecule containing 98 amino acid residues. The ALFPm3 structure
consists of three a-helices packed against a four-stranded p-sheet with two conserved cys-
teine residues forming a disulfide bond. Positively charged residues clustered within the
conserved disulfide loop have been defined as the lipopolysaccharide-binding domain
(LPS-BD) [4]. ALFPm3 exhibits broad-spectrum antimicrobial activity against various
pathogens. ALFPm3 can bind to LPS of gram-negative bacteria, lipoteichoic acid (LTA) of
gram-positive bacteria, 3-glucan of fungi, and some enveloped viruses. Previous research
revealed recombinant (r)ALFPm3 protein kills the gram-negative bacteria, major bacteria
pathogens of shrimp diseases, by bacterial membrane permeabilization. rALFPm3 binds
to LPS of the bacteria through ionic interactions and hydrophobic interactions leading to
pore formation and cytoplasmic content leaking [5-7]. Furthermore, rALFPm3 was able to
reduce the cumulative mortality rate of VPawrnp-infected shrimp. As a potential im-
munostimulant, researchers reported that a rALFPm3-supplementary diet increases the
survival rate of WSSV-infected shrimp by enhancing the transcriptional level of immune-
related genes. Taken together, the rALFPm3-supplementary diet can control VPaurno and
WSSV infections in shrimp aquaculture [8]. Unfortunately, using rALFPm3 as a supple-
mentary diet in farming is limited by the high production cost. Therefore, the development
of ALFPm3 derivatives with increased effectiveness is necessary.

In this study, computational techniques were used to design ALFPm3 derivatives with
better predicted binding affinities to LPS than the wild-type ALFPm3. The designed pro-
tein with the best predicted binding affinity was selected for experiments. The more potent
ALFPm3 could reduce the production cost, increasing the possibility of applying ALFPm3
for the prevention and disease control in shrimp farming.

2. Materials and Methods

2.1. Computational design of ALFPm3 derivatives

I-TASSER server [9] was employed to construct the structure of ALFPm3 (Accession
number: EF523559.1). The ALFPm3 structure was then protonated at the experimental pH
(6.5) using the H++ server [10]. The LPS structure was obtained from the crystal structure
of the FhuA-LPS complex (PDB entry: 1QFG [11]). Autodock Vina [12] was employed to
dock LPS on to LPS-BD of ALFPm3 to determine the reasonable binding conformations of
LPS-ALFPm3 complex. The structure of the LPS-ALFPm3 complex was used as a design
template to enhance the binding affinity between LPS and ALFPm3. Designed positions
were chosen based on the following criteria: (i) they are in the LPS-binding site (within 8
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A of LPS) and (ii) their side chains could potentially form favorable interactions upon mu-
tations with LPS. Each designed position was allowed to be amino acids that could poten-
tially increase favorable interactions with LPS. If it is close to the inner core of LPS, it is
allowed to be R, H or K to increase hydrogen bond and electrostatic interactions with the
inner core of LPS. However, if it is close to lipid A of LPS, it is allowed tobe L, I, M, F, Y
or W to increase hydrophobic interaction with lipid A of LPS. The designed structures of
ALFPm3 were then constructed and protonated at pH 6.5. Subsequently, LPS was docked
on to the designed ALFPm3 to determine the binding energy of the complexes. ALFPm3
with the best predicted binding affinity, where its predicted binding affinity is also better
than that of ALFPm3, was selected for experiments.

2.2. Construction of expression vector of designed-ALFPm3 via site-directed mutagenesis technique

The mutagenesis was done according to the instruction manual of QuikChange II Site-
Directed Mutagenesis kit (Agilent Technologies, USA). Recombinant pPICIK containing
wild-type ALFPm3 gene [6] was used as a DNA template for mutagenesis. The template
was amplified using KOD FX DNA polymerase with site-directed mutagenic primers (For-
ward primer: 55CGAAAAAACTGAACTTCTCGGCCACTTCTGCAAGTTCACCGTCAA-
GCC-3' and Reverse primer: 5-GGCTTGACGGTGAACTTGCAGAAGTGGCCGA-
GAAGTTCAGTTTTTTCG-3') to create a designed sequence. Before transformation into
XL1-Blue competent cells, the purified PCR product was digested with Dpnl restriction
endonuclease at 37°C for 3 h. The nucleotide sequence of positive transformants which
grew on Luria-Bertani (LB) agar containing ampicillin was sequenced.

2.3. Pichia pastoris (P. pastoris) transformation and recombinant clone selection

According to previously described [6], P. pastoris strain KM71 was grown overnight in
yeast extract peptone dextrose (YPD) medium at 30°C with vigorous shake. The yeast cells
were harvested, washed twice with ice-cold sterile water, and resuspended in 1 M sorbitol.
Meanwhile, the designed plasmid was completely linearized overnight by Sacl restriction
enzyme at 37°C. Five up to ten micrograms of purified-linear plasmid were transformed
into the yeast cells by electroporation as described in manufacturer instructions of multi-
copy Pichia Expression kit (Invitrogen, USA). The cells were spread on minimal dextrose
(MD) plates and incubated at 30°C for 3-4 days. Then, the transformants were pooled in
sterile water. Positive P. pastoris transformants were screened on YPD plates containing 4
mg/ml of G418-sulphate at 30°C until colonies appearance. A single colony was streaked
on YPD agar plates containing 4 mg/ml of G418-sulphate several times to purify putative
G418-sulphate resistant clones. The purified yeast clone was confirmed by yeast colony
PCR using a-factor (Forward primer: 5-TACTATTGCCAGCATTGCTGC-3’) and 3'AOX
(Reverse primer: 5-AGGATGTCAGA ATGCCATTTGCC-3’) primers. The clones were
subsequently confirmed by sequencing before protein expression.

2.4. Expression and purification of rALFPm3 proteins

The rALFPm3 protein was expressed and purified as described previously [6]. In brief,
the purified single colonies of designed-ALFPm3 mutant and ALFPm3 producing yeast
were separately grown overnight in YPD medium at 30°C with robust shake. The cell cul-
tures were inoculated overnight in Buffered Glycerol-complex (BMGY) medium until an
optical density at 600 nanometers (ODsoo) reached 4-6 and harvested by centrifugation. The
cells were transferred into Buffered Methanol-complex (BMMY) medium using 1/5 of the
original culture volume to induce the protein expression. 100% methanol was added every
24 h to a final concentration of 0.5% for two consecutive days. The supernatants were col-
lected every 24 h post-induction to check the expression profile of the protein. The crude
supernatants were purified using strong cation exchange chromatography with SP Se-
pharose™ High-Performance resin (GE Healthcare, USA) using binding buffer (20 mM
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Tris-HCI pH 7.4 solution with 200 mM NaCl) and elution buffer (20 mM Tris-HCl pH 7.4
solution with 1 M NaCl). The proteins were analyzed on 15% SDS-PAGE and detected by
silver staining. Concentration of the crude and purified proteins were measured using
Bradford assay [13] and spectrophotometry at 280 nanometers, respectively. The purified
proteins were stored at -80°C.

3. Results

3.1. Computational design of ALFPm3 derivatives

Computational techniques were employed to design ALFPm3 derivatives with better
predicted binding affinities to LPS than the wild- type ALFPm3, using the binding confor-
mation of LPS binding to ALFPm3 (AGsind = -11.8 kcal/mol), as predicted by Autodock
Vina, as a template (Figure 1.). In this study, designed positions were selected from the
LPS-binding site. If they are close to the inner core of LPS, they are allowed to be R, H,
or K. However, if they are close to lipid A of LPS, they are allowed tobe L, , M, F, Y, or
W. The docking results of LPS and designed ALFPm3 show that ALFPm3essr was pre-
dicted to have the best binding affinity to LPS (AGbinda = -14.5 kcal/mol). Therefore,
ALFPm3essr with the best predicted binding affinity to LPS was selected for experiments.
Figure 1 shows that the salt-bridge interaction between K26 and E33 in the wild-type
ALFPm3 was replaced with the cation-n interaction between K26 and F33 of ALFPm3ess¢.

AG =-14.5 kcal/mol AG =-11.8 kcal/mol

Figure 1. Predicted binding conformations of LPS to ALFPm3es3 (left) and ALFPm3 (right). The sec-
ondary structures are represented in ribbon diagram with blue color (3-sheets) and grey color (a-
helices). The LPS structure is represented in licorice representation. The interactions between resi-
due 26 and 33 are in the red boxes. Cation—t interaction of K26-F33 (red dash line) and salt-bridge
interaction of K26-E33 (blue dash line) are displayed. N and C indicate N-terminus and C-terminus,
respectively.

3.2. Molecular cloning

To validate the computational result, site-directed mutagenesis was performed to
produce the recombinant mutant clones. The nucleotide sequence of the successful mu-
tated recombinant plasmid possessed an open reading frame (ORF) of 297 bp (data not
shown), encoding 98 amino acids (Figure 2.). To obtain a protein expression clone, the mu-
tant cassette was successfully integrated into the genome of P. pastoris KM71 strain via
electroporation. The purified putative G418-sulphate resistant clones were also confirmed
by yeast colony PCR (data not shown) before protein expression in yeast system.
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ALFPm3gs3¢ QGWEAVAAAVASKIVGLWRNE KTELLGHECK FTVKPYLKRFQVYYKGRMW 50
ALFPm3 QGWEAVAAAVASKIVGLWRNEKTELLGHECKETVKPY LKRFQVYYKGRMW 50
ALFPm3gs3¢ CPGWTAIRGEASTRSQSGVAGKTAKDFVRKAFQKGLISQQEANQWLSS 98
ALFPm3 CPGWTAIRGEASTRSQSGVAGKTAKDFVRKAFQKGLI SQQEANQWLSS 98

Figure 2. Amino acid alignments of rALFPm3essr and rALFPm3 proteins. Black highlight indicates
mutation site of ALFPm3essr. LPS-BD is shown as underlined letters.

3.3. rALFPm3 protein production and purification

To compare the efficiency of rALFPm3 mutant and wild-type proteins, ALFPm3essr
and ALFPm3 proteins were expressed in the P. pastoris system with methanol induction
every 24 h to maintain the induction for two consecutive days. The collected supernatants
were determined for their protein expression. The one major proteins with an apparent
molecular weight around 11 kDa were detected on the silver-stained SDS-PAGE. How-
ever, it is obvious that the expression of rALFPm3essr protein was extremely lower than
the wild type on both days after induction. Moreover, similar intensities of ALFPm3essr
protein were found on the two consecutive days. Whereas the intensity of rALFPm3 pro-
tein was significantly increased over time. Corresponding to the total protein concentra-
tions on two days after induction, the crude rALFPm3ess was 39.9 mg/l and 43.22 mg/ml,
respectively. On the contrary, rALFPm3 was 66.24 mg/l and 120.97 mg/ml, respectively
(Figure 3.). The crude supernatant of either rALFPm3essr or rALFPm3 was subjected to
purification through cation exchange chromatography (Figure 4.). The concentration of
purified rALFPm3essr was (30.84 mg/ml) 4.4 folds lower than rALFPm3 (134.66 mg/ml). It
should be noted that the remaining percent of purified ALFPm3esr and ALFPm3 proteins
at 10 months after purification were 46.77% and 84.76%, respectively (Table 1). This result
suggests that rALFPm3essr has lower production yield and stability as compared with the

wild type.
rALFPm3gs335 rALFPm3
kDa M Day0 Day1 Day2 Day 0 Day1 Day2
. -
Protein 9.34 39.90 43.22 4.09 66.24  120.97

concentration (mg/l)

Figure 3. Expression profile of rALFPm3 proteins during methanol induction for two consecutive
days in P. pastoris system. Crude proteins (50 pl) were analyzed on 15% SDS-PAGE with silver stain-
ing detection. The total protein concentration was measured using Bradford assay.

rALFPm3gs33p rALFPm3
kDa M Crude Purified Crude Purified

g — -
14.4 — ,

Figure 4. Analysis of the purified rALFPm3 proteins by SDS-PAGE. Crude proteins (50 pl) and pu-
rified proteins (20 pl) were analyzed on 15% SDS-PAGE with silver staining detection.

Table 1. Purified protein stability

Protein concentration (mg/l) Protein concentration (mg/l) Remaining percent

Protei ces  ae cge ee
rotett (After purification) (10 months after purification) (%)

rALFPm3essr 30.84 14.39 46.77
rALFPm3 134.66 114.10 84.76
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4. Discussion

rALFPm3 containing LPS-BD is a highly active antimicrobial peptide that directly
kills gram-negative through bacterial membrane permeabilization [5]. LPS, a major cell
wall component of gram-negative bacteria, composed of three domains. There are lipid
A, inner core, and outer core. Lipid A consists of lipid chains linked to a phosphorylated
disaccharide core representing hydrophobic property and polar property of lipid A. The
inner core and outer core comprise a large number of hexoses that display hydrophilic
properties. However, the inner core also contains phosphate residues showing polar prop-
erty [11]. rALFPm3 binds to LPS via ionic interactions of seven amino acid residues and
hydrophobic interactions of hydrophobic residues located in LPS-BD and the flanking {3-
strands or flanking a-helices for some hydrophobic residues. The seven amino acids con-
tribute to ionic interaction with LPS such as six positively charged residues (K26, K35,
K39, K50, R52, and R62) and one negatively charged residue (E25). These amino acids
interact with the polar part of lipid A. The hydrophobic amino acids, i.e., W22, P40, Y41,
and Y48, interact with acyl chains of lipid A [7].

In this work, computational techniques were employed to design more potent
ALFPm3 proteins with better predicted binding affinities to LPS than the wild type. Re-
sults from computational design and docking show that ALFPm3essr was predicted to
have the best binding affinity to LPS (AGbind = -14.5 kcal/mol), and its predicted binding
affinity is also better than that of ALFPm3 (AGeoind =-11.8 kcal/mol). Therefore, ALFPm3essr
was selected for experiments. Previous study reported that rALFPm3 protein was gradu-
ally increased over time post consecutive methanol induction every 24 h in the P. pastoris
system [6]. Expression of ALFPm3essr in P. pastoris in comparison with wild type revealed
that the production yield of ALFPm3essr was extremely low. Moreover, remaining percent
(10 months after purification) of purified ALFPm3essr was 2 folds lower than that of
ALFPm3. These results suggest that ALFPm3essr may have much lower stability than the
wild-type ALEPm3. The low stability probably caused protein degradation during the ex-
pression and purification processes. The low stability of ALFPm3essr may be caused by the
disruption of the salt-bridge interaction between K26 and E33 that holds the 31 and 32
strands together in the wild-type ALFPm3. Although the predicted binding conformation
between LPS and ALFPm3essr contains the cation-m interaction between K26 and F33, this
interaction may not be strong enough to hold the 31 and (32 strands together. Furthermore,
since E33 is a conserved amino acid of ALF protein, despite the fact that it is not an im-
portant amino acid for LPS-recognition of ALFPm3 [7], mutation at this residue may dis-
rupt favorable interactions and cause structural changes of ALFPm3 that affect its stability.
Thus, our results suggest that the salt-bridge interaction between K26 and E33 may be
important for maintaining the stability of the three-dimensional structure of ALFPm3. Pre-
vious studies reported that salt-bridge interactions are crucial for maintaining protein
thermostability. A lot of salt-bridge interactions were found in thermophilic proteins [14,
15]. Increasing the number of salt bridges, resulting in the increase of Tm of protein, is one
of the most efficient strategies to increase protein thermal stability [16]. Overall, our re-
sults provide insight into important interactions of ALFPm3 that are beneficial for design-
ing more potent ALFPm3.

5. Conclusions

In this work, computational techniques were employed to design ALFPm3 deriva-
tives with better predicted binding affinities to LPS than the wild-type ALFPm3.
ALFPm3essr was predicted to bind to LPS with the best binding affinity and was selected
for experiments. Experimental results show that the stability of ALFPm3essk is significantly
lower than that of the wild-type ALFPm3. The low stability of ALFPm3ess is probably
caused by the disruption of the salt-bridge interaction between K26 and E33 in the struc-
ture of ALFPm3, suggesting that E33 and the salt-bridge interaction between K26 and E33
play important roles in maintain the structural stability of ALFPm3. Our findings provide
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insight into interactions that are important for maintaining the stability of ALFPm3, and
this knowledge is beneficial for designing more potent ALFPm3 derivatives.
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