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Piscidin 1 and piscidin 3, which were discovered in the mast cells of hybrid striped sea bass, are homol-
ogous antimicrobial peptides that are active against drug-resistant bacteria. Piscidin 1, the more antimi-
crobial and hemolytic peptide, also has anti-HIV-1 and anti-cancer properties. To understand the reasons
underlying the different biological activities of the two peptides and identify principles to design antimi-
crobial drugs with improved efficacy and lower toxicity, their atomic-level structures must be obtained
under physiologically-relevant conditions. High-resolution backbone structures of both piscidins exist in
the presence of hydrated phospholipid bilayers but full structures that include the side chains are miss-
ing. Here, the piscidins 1 and 3 genes were cloned into the TrpLE vector. The corresponding TrpLE-pisci-
din fusion partners were expressed in Escherichia coli and recovered from inclusion bodies. Following
steps that included Ni-NTA chromatography, cyanogen bromide cleavage of the fusion proteins, and
reverse-phase HPLC, purified piscidins 1 and 3 were recovered in very good yield and characterized by
NMR. High quality '>N-"H HSQC spectra of piscidins 1 and 3 bound to SDS micelles were collected, dem-
onstrating the feasibility of producing and purifying the isotopically-labeled piscidin peptides required to
determine their full structures by multidimensional NMR spectroscopy.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Antimicrobial peptides (AMPs') play an essential role in the
innate immune system [1-4]. Due to their activity against drug-
resistant bacteria and low induction of bacterial resistance, they
have been the focus of intense research aimed at producing novel
antimicrobial drugs. While their direct antimicrobial effects are gen-
erally due to disruption of the target’s cell membranes, their mech-
anism of action remains a robustly debated topic [2,5-8]. In the
presence of bacterial cell mimics, AMPs generally adopt amphipathic
secondary structures that segregate polar and non-polar residues
[9,10]. While amphipathicity is a major consideration in the design
of therapeutically useful AMPs [11-17], it is also recognized that
amphipathically imperfect (rather than perfect) peptides may be
more effective at disrupting membranes [8]. To further improve
the rational design of AMPs that are highly specific to bacterial mem-
branes and nontoxic to host cells, molecular determinants conducive
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to disruption of microbial membranes have to be obtained through
detailed structural characterization of efficacious AMPs under
native-like conditions. NMR has emerged as the method of choice
to solve structures of amphipathic peptides bound to lipid mem-
branes or lipid-mimetic systems. In the antimicrobial database
(APD) [18], only 13% of the AMPs have known 3D structures, 90%
of which were elucidated by NMR.

Piscidins constitute a large family of AMPs that are highly effi-
cacious against Gram-positive and Gram-negative bacteria [19-
22]. Members of the piscidin family have strongly conserved amino
ends and contain more histidines than on average in the APD [18].
Piscidin 1 (FFHHIFRGIVHVGKTIHRLVTG), which has been widely
investigated, is classified as one of the top six AMPs in terms of
its potency against a broad spectrum of bacteria and HIV-1
[23,24]. While the mechanism of action for HIV-inhibition is not
known, it has been suggested that the presence of cationic arginine
side chains is important [24]. In addition, piscidin 1 has anti-cancer
properties against HeLa and HT1080 cells, leading to apoptosis and
necrosis in HT1080 cells [25]. Piscidin 2, which is identical to pisci-
din 1 to the exception of a K to R substitution at residue 18, has
similar antimicrobial effectiveness [19]. Piscidin 3 (FIHHIFRGIV-
HAGRSIGRFLTG), which is homologous to both piscidins 1 and 2,
is significantly less antimicrobial and hemolytic for reasons that
are not yet understood [19,26]. Biophysical studies of piscidins 1
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and 3 could help address this question and inform the design of a
modified piscidin that is as antimicrobial as piscidin 1 and as non-
toxic as piscidin 3.

Previously, solid-state NMR studies in our lab resulted in the
high-resolution backbone structures of piscidins 1 and 3 in the
presence of Gram-positive and Gram-negative bacterial cell mem-
brane mimics [26-31]. The peptides were found to be more o-heli-
cal and deeply inserted in the Gram-positive membrane mimic,
consistent with stronger antimicrobial effects on these bacteria.
These studies also revealed that both piscidins 1 and 3 are kinked
at a conserved central glycine, which allows the peptides to opti-
mize their interactions with the hydrophobic part of the bilayer.
Since the studies were limited to using backbone-labeled peptides,
it was not possible to address the structural features of the side
chains even though they mediate important peptide-lipid interac-
tions and are very likely involved in allowing the peptide to con-
vert from a surface-bound state to an inserted state from which
pore formation and/or bilayer disruption ensues. Structures of
piscidin 1 exist in the presence of sodium dodecyl sulfate (SDS)
and dodecylphosphocholine (DPC) micelles but they differ signifi-
cantly [32,33]. This underscores the importance of testing different
lipid systems and finding conditions that best reproduce native-
like conditions. No full structures of piscidin 3 have been obtained
even though this would help better understand structure-function
relationships in the piscidin family. Uniformly '3C/'°N labeled
piscidin is a prerequisite to efficiently determining full NMR struc-
tures in the presence of micelles, bicelles, or hydrated lipid bilay-
ers. Such peptides could be chemically synthesized using
uniformly labeled amino acids but this approach could be onerous
and result in low yields. Here, we describe a biosynthetic method
to produce and purify piscidins 1 and 3 in very good yields. NMR
spectra of the two peptides reconstituted in SDS micelles demon-
strate the high quality of the synthesis and purification process.
This approach can be used to produce within a few days not only
piscidins 1 and 3 but also analogs of enhanced therapeutic effects.

Materials and methods
Construction of piscidin expression vector

Codon-optimized DNA sequences of piscidin 1 and piscidin 3
were synthesized by GenScript company (New Jersey, USA). During
synthesis, HindIIl and BamHI sites were added at the respective N-
and C-termini of the piscidin 1 and piscidin 3 genes. These genes
were then cloned into the TrpLE vector [34], which provides kana-
mycin resistance. The cloning products of TrpLE-piscidin 1 and
TrpLE-piscidin 3 were confirmed by DNA sequencing analysis. The
resulting plasmids encoded an N-terminally 9X-histidine-tagged
fusion protein of the 13 kDa TrpLE leader sequence and 2.5 kDa
piscidin. The TrpLE sequence, which is derived from the Escherichia
coli tryptophan operon leader region, directed the expression of pro-
teins to inclusion bodies. Thanks to its His-Tag, the TrpLE-piscidin
fusion protein could be separated from other impurities. The site
of cleavage by cyanogen bromide was the single methionine residue
at the carboxy-terminal of TrpLE. Upon cleavage with cyanogen bro-
mide, the piscidin 1 and piscidin 3 sequences were released intact
and separated from impurities using RP-HPLC.

Expression and purification of piscidin

The kanamycin-resistant TrpLE-piscidin plasmids were trans-
formed into E. coli BL21 (DE3) cells. A single colony was taken from
the plate and used to inoculate a 200 mL-culture in LB broth (Sigma)
at 37 °C. The culture was grown overnight with shaking at 220 rpm
before being used to start a large scale (4 L) expression of natural

abundance proteins at 37 °C. After the ODggo, Which started at 0.1,
reached 0.5, the cells were subjected to cold shock treatment by
placing them on ice for 30 min. This treatment allowed us to cool
down the culture that was at 37 °C and improve the yield of the
expression, which was carried out at 21 °C as explained below. Iso-
propyl-thio-galactoside (IPTG, Sigma) was added to the cooled cul-
ture to a final concentration of 0.2 mM, as needed to initiate
expression. Optimal expression was achieved when the culture
was shaken at 220 rpm and 21 °C for 24 h. Cell pellets were collected
by centrifugation at 4000g and 4 °C for 30 min, and stored at -80 °C
until protein purification was carried out. ’N- and/or '3C-labeled
peptides were produced from M9-based minimal medium contain-
ing '>NH,CI (1 g/L, Cambridge Isotope Laboratory, MA) and/or '3C
glucose (3 g/L, Cambridge Isotope Laboratory, MA) instead of the
LB broth used for the large expression cultures.

For purification, cells were resuspended in the lysis buffer
(100 mM Tris—-HCI, 200 mM Nacl, pH = 8.0) at a ratio was 5 mL of
lysis buffer for 1 g of cell pellets. Cell lysis was achieved on ice
using a sonicator set at 45% power over 10 cycles, each alternating
20 s on and 30 s off. Sonication was carried out twice for each sam-
ple. To separate the soluble fraction from the inclusion bodies, the
cell lysates were centrifuged for 30 min at 37,500g and 4 °C. The
inclusion-body fraction was then extracted using breaking buffer
(6 M guanidine HCI, 50 mM Tris, 200 mM Nacl, 1% Triton X-100,
pH 8.0) and overnight rocking on a Nutator. Alternatively, a glass
homogenizer was used to crush inclusion bodies into breaking buf-
fer. The guanidine-dissolved cell pellets were centrifuged for
30 min at 37,500g and 4 °C, and the supernatant was collected
before being incubated with an Ni-NTA resin (Thermo Scientific)
(1 g of pellet per 1 mL of resin) that had been pre-equilibrated
for 30 min with 5 column volumes of breaking buffer. The mixture
was then transferred to a gravity-flow column (Bio-rad). The resin
was washed with 5 column volumes of 8 M urea solution, followed
by 5 column volumes of water. The resin was then eluted with 2
column volumes of formic acid. Fractions from the flow-through,
wash, and elution of each step were collected and identified by
SDS-PAGE. Fractions that contained the fusion protein were
diluted to 80% formic acid/20% water (v/v) in preparation for cyan-
ogen bromide cleavage and cleaved using 2 g of cyanogen bromide
for every 10 mL of 80% formic acid/20% water (v/v) eluate.

The fractions from the cleavage were combined and placed into
dialysis cassettes (2000 MWCO) (Thermo Scientific) and dialyzed
twice in water for about one hour each. After dialysis and analysis
by SDS-PAGE, the fractions containing piscidin were lyophilized
and dissolved in a small volume (about 10 mL) of 50% formic
acid/50% water (v/v). This solution was filtered before being puri-
fied by RP-HPLC on a ZORBAX SB-C18 column (Agilent). A linear
gradient of 0-100% of buffer B (90% acetonitrile, 0.1% trifluoroace-
tic acid) over buffer A (10% acetonitrile, 0.1% trifluoroacetic acid)
was initiated after the first peak at a flow rate of 3 mL/min for
60 min. The identity and purity of piscidin 1 and piscidin 3 were
confirmed by mass spectrometry (4800 Plus MALDI Analyzer).
Fractions containing pure piscidin peptides were lyophilized and
stored at —20 °C until further use.

Reconstitution of piscidin into SDS micelles

15N-labeled piscidin 1 and piscidin 3 peptides were directly dis-
solved in the following detergent buffer: 4% SDS (Sigma), 50 mM
sodium phosphate, 100 mM sodium chloride, pH = 6.5.
HSQC of piscidin

After reconstitution of piscidin into SDS micelles, >N-'H HSQC

spectra of each sample were acquired at 313 K over two hours
using a Bruker 600 MHz spectrometer fitted with a cryogenic
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probe. We used 313 K because higher temperatures are usually
favorable to solution NMR experiments on membrane proteins
and peptides. For each time increment, 16 transients were taken
with 4096 and 256 points in the >N and 'H dimensions, respec-
tively. Spectra were collected with respective width and center of
12 and 4.7 ppm for proton, and 26 and 117 ppm for nitrogen.

Results
Overexpression and purification of piscidin

The expression protocol of recombinant piscidin is summarized
in Fig. 1A and explained in the Materials and Methods section. The
highest protein expression level of the TrpLE-piscidin fusion pro-
tein was obtained when induction was done with 0.2 mM IPTG
and bacteria grew for 24 h at 21 °C (Fig. 1B). A clear difference is
observed on the SDS-PAGE gel between induced and uninduced
cells. TrpLE-piscidin fusion protein (15 kDa) was observed after
IPTG induction. Protein of this size could not be detected if IPTG
was not added.

The purification procedure is also outlined in Fig. 1A. Sonication
was used to lyse the cells and the fusion protein was recovered
from the inclusion bodies, which required the use of 6 M guani-
dine-HCl. The guanidine-dissolved fusion protein was incubated
with Ni-NTA resin before washing with urea and water. Most of
the impurities were washed away before the TrpLE-piscidin fusion
protein was eluted using 100% formic acid. After elution from the
Ni-NTA column, the TrpLE-piscidin fusion protein was detected
as the strongest band on the SDS-PAGE gel (>90% purity) (Fig. 2,
lane 3). At least 80% of the fusion protein was cleaved after incuba-
tion with cyanogen bromide for 2 h (Fig. 2, lanes 4 and 5).

The cleavage product was then lyophilized and dissolved in 50%
formic acid/50% water (v/v), followed by RP-HPLC purification
using a semi-preparative C18 column. During the 10-90% acetoni-
trile gradient, piscidin eluted at about 30% acetonitrile (Fig. 3A).
The identity of piscidin was confirmed by mass spectrometry
(Fig. 3B). As exemplified for >N-uniformly labeled piscidin 3 in
Fig. 3, the well-defined peak isolated from HPLC and the strong
agreement between the measured (2528.49 Da) and theoretical
(2528.93 Da) masses show that the expression and purification
strategy used for piscidin was successful. Pure piscidin was then
freeze-dried and stored at —20 °C until further use. The final yield
of expressing and purifying isotopically-labeled piscidin was about

M 1 2
A E.ColiBL21(DE3) transformed B kDa
lC'vsmigM Culture, 37°C
Start large scale expression (LB or M9 medium)
21°C, until ODggoreaches 0.5
Cold shock
4°C, 30 min

IPTG Induction

Lysis via sonication
Collectpellets 28
Guanidine extraction of fusion protein from inclusion body
Ni-NTA resin purification 1 8 TrpLE-piscidin
| Formic acid luion Fusion Protein
Cyanogen bromide cleavage 1 4

l Dialysis and lyophilization
RPHPLC
Identy piscidin 6
Lyophilyze piscidin fraction

NMR studies

no IPTG

with IPTG

Fig. 1. Procedure for the expression and purification of recombinant piscidin. (A)
Flowchart for the expression and purification of piscidin. (B) SDS-PAGE of the
samples pertaining to the expression of piscidin 3 before and after induction with
IPTG. Lane M, molecular weight markers; lane 1, whole cell lysate uninduced; lane
2, cell lysate induced with 0.2 mM IPTG. Similar results were obtained for the
expression of piscidin 1.

TrpLE-piscidin Fusion Protein

Digested TrpLE-piscidin
Fusion Protein

Fig. 2. SDS-PAGE of Ni-NTA resin purification and cyanogen bromide cleavage of
the TrpLE-piscidin 3 fusion protein. Lane 1, flow-through of the lysate after
incubation with Ni-NTA resin; lane 2, urea wash of Ni-NTA resin; lane 3, relatively
pure TrpLE-piscidin fusion protein after formic acid elution; lane 4, 1h after
cyanogen bromide cleavage; lane 5, 2 h after cyanogen bromide cleavage. The
expression of piscidin 1 yielded similar results.

1 mg of purified peptide per liter of >N/*3C-labeled M9 medium
and twice as much in the LB medium. Similar results were obtained
for piscidin 1 and piscidin 3.

HSQC of piscidin in micelles

Detergent micelles represent the environment most commonly
chosen to investigate membrane proteins and peptides in solution.
Here, HSQC spectra were obtained for piscidin 1 and piscidin 3 in
SDS micelles at pH 6.5. Both spectra demonstrate excellent resolu-
tion and separation (Fig. 4), consistent with the finding by CD as
well as solution and solid-state NMR that both 22-mers adopt well
defined structures in SDS micelles and lipid bilayers [26,27,32].
Backbone amide protons for the first one or two residue(s) of a
polypeptide may not give rise to any signal in HSQC spectra
because of the fast exchange with the aqueous solvent at pH 6.5.
Accordingly, 20 amide backbone cross peaks with proton frequen-
cies between 7.5 and 9 ppm are observed for piscidin 3. The three
peaks that resonate around 7 ppm in proton frequency are
assigned the three folded arginine side chains [35]. For piscidin
1, 18 amide backbone cross peaks are detected probably due to
peak overlaps in addition to solvent exchange. Obvious chemical
shift differences exist between piscidins 1 and 3 as expected if
the two peptides are conformationally different in SDS micelles.

Discussion

Piscidins 1 and 3 are good archetypes of AMPs, and therefore
can be used as templates to design new antimicrobial drugs. While
high-resolution backbone structures of piscidins 1 and 3 bound to
lipid bilayers exist [26], there are no full structures in this native-
like environment. NMR sample preparation is the first step for
obtaining these structures. Due to its biological activity against
microbes, piscidin is difficult to express in bacteria. Moon et al.
reported multiple challenges when they used a ubiquitin construct
to express piscidin 1 [35]. Here, we used TrpLE as the expression
partner and expressed both piscidins 1 and 3. This directs
expressed protein to inclusion bodies. Since the cleavage is done
with cyanogen bromide instead of an enzyme, no refolding step,
which could result in lower yields, is needed. Overall, this approach
results in very good expression level and yield, and a process that
can be completed within a few days. Overall, one liter of M9 pro-
duces enough '°N-labeled peptide to make multiple 0.4 mM-sam-
ples for solution NMR while 6L yield enough '>C/'>N-labeled
peptide for oriented sample solid-state NMR.
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Fig. 3. HPLC purification and mass spectrometry identification of piscidin 3. (A) HPLC chromatogram of cyanogen bromide digest mix, monitored at 220 nm. Single isolated
piscidin 3 peak appears around 30% acetonitrile. (B) Mass chromatogram of '°N labeled piscidin 3. Theoretical mass is 2528.93 Da while the measured mass is 2528.49 Da.

Ni-NTA resins are effective to purify polyhistidine-tagged
recombinant proteins under both native [36-39] and denaturing
conditions [40]. By altering the number of histidines in the tag,
the elution profile and separation of proteins from each other
and impurities can be improved. Formic acid can replace imidazole
to displace strong binders. Here, following formic acid elution, the
TrpLE-piscidin fusion protein could readily be cleaved with cyano-
gen bromide.

The high efficiency of cyanogen bromide cleavage at the C-end
of methionine residues is advantageous to generate methionine-
free polypeptides. Here, piscidin was released from the TrpLE-
piscidin partner thanks to a methionine at the C-end of the TrpLE
protein. Because the cleavage is carried out in formic acid, it could
result in a formylated peptide product [41]. Therefore, the reaction
is typically executed within a few hours, and under an inert gas
(e.g. nitrogen, argon). Dissolving the peptide in formic acid before
adding the cyanogen bromide produces acidic and reducing condi-
tions that help prevent the oxidation of the side chains [42]. If a

formylated peptide had been present or the amino side chains
had been oxidized, the change in charge state and hydrophobicity
of the peptide would have affected its elution time by HPLC. Since a
well-defined HPLC peak was obtained, the mass spectrum identi-
fied a peptide of correct molecular weight, and the NMR spectrum
is consistent with a unique piscidin species, it is concluded that an
intact peptide of high purity was collected by HPLC and used for
the NMR study. Relatively high concentration of cyanogen bromide
(20% wfv) in the 80% formic acid/20% water solution helped
increase the cleavage yield for the TrpLE-piscidin fusion partner.
Under these conditions, a two-hour reaction time translated into
a yield greater than 90%.

We used an acetonitrile gradient on a C18 reverse phase HPLC
column to separate piscidin from the cleavage mixture. However,
due to the peptide tendency to aggregate and precipitate at high
concentration, multiple injections were required to recover enough
highly purified peptide to prepare NMR samples yielding high sig-
nal-to-noise ratio spectra. As an alternative, hydrophilic-interac-
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Fig. 4. ">N-"H HSQC of piscidin 1 (left) and piscidin 3 (right) in 4% SDS at pH 6.5. The peptide concentration was approximately 0.2 mM. The NMR samples also contained
50 mM sodium phosphate buffer and 100 mM NacCl in 10% D,0. Piscidin has 22 residues and solvent exchange is expected to prevent the detection of signals for the first one
or two residues at the amino end. Accordingly, 20 separate backbone amide cross peaks are observed for piscidin 3. For piscidin 1,18 separate cross peaks appear, probably
due to overlapping peaks in addition to solvent exchange. Arginine side chains have proton signals around 7 ppm. Obvious spectral differences can be identified between

piscidins 1 and 3, suggesting local conformation differences between them.

tion chromatography (HILIC) could be considered to purify pisci-
din. In this case, solutes with higher hydrophilicity will elute last
[43]. Therefore, this may help prevent the precipitation of hydro-
phobic proteins and premature loss of column performance. Cell-
free expression could also be attempted to synthesize and transfer
piscidin into detergent micelles or aggregates that could then be
purified [44].

To obtain high-quality NMR spectra of piscidin in detergents
that mimic the amphipathic character of lipids, it is important to
screen different buffer conditions and lipid mimics. Previous stud-
ies show that well resolved NMR spectra of membrane polypep-
tides can be obtained using various detergents, including DPC,
1,2-dicaproyl-1-sn-glycero-3-[phospho-RAC-(1-glycerol)] (DHPC),
N,N-dimethyldodecylamine N-oxide (LDAO), 1-myristoyl-2-
hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)] (LMPG), 1-pal-
mitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-glycerol)] (LPPG),
and SDS [39,45-48]. Anionic SDS micelles, which were previously
used to investigate piscidin 1 and induced high helical content
(88% based on CD)[32], were first tested here for piscidin 3. Bound
to 25% anionic lipid bilayers made of 3:1 1-palmitoyl-2-oleoyl-sn-
glycero-phosphatidylcholine (POPC)/1-palmitoyl-2-oleoyl-sn-gly-
cero-phosphoglycerol (POPG), piscidins 1 and 3 studied by CD
and solid-state NMR were aligned parallel to the membrane
surface and more than 90% helical [26]. While piscidin 1 also inter-
acts with zwitterionic DPC micelles and becomes helical as shown
by broader linewidths in '"H NMR spectra and upfield shifts of the
o-proton resonances, the helical content (65% based on CD) is
lower than in the presence of anionic SDS micelles and 3:1 PC/PG
bilayers [33]. As shown in Fig. 4, excellent HSQC spectra were
obtained for both piscidins 1 and 3 bound to SDS micelles
confirming that the micelles stabilize the secondary structure
observed in the presence of lipid bilayers [26]. In the future, we
also plan to reconstitute piscidin in isotropic and anisotropic
bicelles as well as extended lipid bilayers. Piscidin could also be
tested in the presence of zwitterionic or non-ionic detergents
(e.g. beta-dodecylmaltoside) that are stabilizing to membrane
proteins [49,50] but their nonionic character may reduce their
interactions with the peptide, which is cationic and relies on
electrostatic interactions in addition to hydrophobic interactions
to bind micelles.

In conclusion, an effective and reliable method has been estab-
lished to express and purify both unlabeled and isotopically-

labeled piscidins 1 and 3. Furthermore, the peptides were success-
fully reconstituted into detergent micelles to mimic the amphi-
pathic nature of lipids. The protocol could be used to produce
piscidin analogs with enhanced therapeutics properties, in partic-
ular lower hemolycity than piscidin 1. Overall, it provides a strong
foundation for future structure-function relationship studies in
piscidin analogs by NMR, as needed to better understand piscidin’s
role as an antimicrobial and anticancer peptide.
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