Structure

smewrs & owamics Journal of Biomolecular Structure and Dynamics

‘ |.
/- ""““"N/
¥ 4

ISSN: 0739-1102 (Print) 1538-0254 (Online) Journal homepage: www.tandfonline.com/journals/tbsd20

Taylor & Francis

Taylor & Francis Group

Computer-aided design of proline-rich
antimicrobial peptides based on the
chemophysical properties of a peptide isolated
from Olivancillaria hiatula

Edward Ntim Gasu, John Kenneth Mensah & Lawrence Sheringham
Borquaye

To cite this article: Edward Ntim Gasu, John Kenneth Mensah & Lawrence Sheringham
Borquaye (2023) Computer-aided design of proline-rich antimicrobial peptides

based on the chemophysical properties of a peptide isolated from Olivancillaria
hiatula, Journal of Biomolecular Structure and Dynamics, 41:17, 8254-8275, DOI:
10.1080/07391102.2022.2131626

To link to this article: https://doi.org/10.1080/07391102.2022.2131626

N
© 2022 The Author(s). Published by Informa h View supplementary material (&'
UK Limited, trading as Taylor & Francis

Group

@ Published online: 11 Oct 2022. Submit your article to this journal &'

A
||I| Article views: 3059 & View related articles &'

P

@ View Crossmark data (& @ Citing articles: 6 View citing articles &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tbsd20


https://www.tandfonline.com/journals/tbsd20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2022.2131626
https://doi.org/10.1080/07391102.2022.2131626
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2022.2131626
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2022.2131626
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2022.2131626?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2022.2131626?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2022.2131626&domain=pdf&date_stamp=11%20Oct%202022
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2022.2131626&domain=pdf&date_stamp=11%20Oct%202022
https://www.tandfonline.com/doi/citedby/10.1080/07391102.2022.2131626?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/07391102.2022.2131626?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
2023, VOL. 41, NO. 17, 8254-8275
https://doi.org/10.1080/07391102.2022.2131626

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ".) Checkforupdates‘

Computer-aided design of proline-rich antimicrobial peptides based on the
chemophysical properties of a peptide isolated from Olivancillaria hiatula

Edward Ntim Gasu®”

, John Kenneth Mensah® and Lawrence Sheringham Borquaye®®

?Department of Chemistry, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana; bCentral Laboratory, Kwame Nkrumah

University of Science and Technology, Kumasi, Ghana

Communicated by Ramaswamy H. Sarma

ABSTRACT

The chemophysical properties of a peptide isolated from Olivancillaria hiatula were combined with
computational tools to design new antimicrobial peptides (AMPs). The in silico peptide design utilized
arbitrary sequence shuffling, AMP sequence prediction and alignments such that putative sequences
mimicked those of proline-rich AMPs (PrAMPs) and were potentially active against bacteria. Molecular
modelling and docking experiments were used to monitor peptide binding to some intracellular tar-
gets like bacteria ribosome, DnaK and LasR. Peptide candidates were tested in vitro for antibacterial
and antivirulence activities. Chemophysical studies of peptide extract suggested hydrophobic, acidic
and proline-rich peptide properties. The amino acid signature of the extract matched that of AMPs
that inhibit intracellular targets. Two of the designed PrAMP peptides (OhPrP-3 and OhPrP-5) had high
affinity for the ribosome and DnaK. OhPrP-1, 2 and 4 also had favorable interactions with the biomo-
lecular targets investigated. Peptides had bactericidal activity at the minimum inhibitory concentration
against Pseudomonas aeruginosa. The designed peptides docked strongly to LasR suggesting possible
interference with quorum sensing, and this was corroborated by in vitro data where sub-inhibitory
doses of all peptides reduced pyocyanin and pyoverdine expression. The designed peptides can be
further studied for the development of new anti-infective agents.
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Introduction

The overuse and misuse of antibiotics in healthcare and agri-
culture are major factors that have contributed to antimicro-
bial resistance (AMR). The emergence of multidrug resistance
in microorganisms has necessitated a need to develop new
antibiotics, preferably with novel targets and modes of
action (Beyer & Paulin, 2020; Ledn-Buitimea et al., 2020).
Bacteria have the ability to form biofilms and regulate a
complicated communication network to control population-
dependent behaviors within these biofilms (Kostylev et al.,

2019). Antibiotics are usually very active against planktonic
cells but fail with persister cells in biofilms. Compounds that
are able to inhibit the viability of planktonic cells and those
in biofilms are, therefore, highly desirable.

Antimicrobial peptides (AMPs) are used by many organ-
isms as a first line of defense to kill invading microorganisms
(Ganz, 2003), and have been shown to elicit anti-biofilm and
anti-quorum sensing effects (Batoni et al., 2016; Pletzer &
Hancock, 2016). AMPs are a major constituent of the innate
immune system of marine invertebrates. Because marine
invertebrates rely on their innate immune system for survival
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against pathogenic attack, the AMPs must have evolved to
be very effective against these pathogens (Borquaye et al.,
2015, 2016, 2017; Destoumieux-Garzoén et al.,, 2016). Marine
invertebrates are, therefore, potential sources of AMPs that
could be explored for antimicrobial chemotherapy.
Olivancillaria hiatula is a benthic and sessile marine inverte-
brate whose interactions with ocean surfaces expose it to
numerous biotic pressures including bacterial infections.
Adaptation and survival under such conditions make it a
potential source of AMPs.

Most AMPs inhibit bacterial growth by permeating the
membrane, but other AMPs that target intracellular machi-
neries responsible for bacteria metabolism are also known.
Proline-rich AMPs (PrAMPs) belong to a group of cationic
AMPs that are enriched in proline residues and are often
arranged in conserved patterns together with arginine resi-
dues. PrAMPs target key machineries critical for bacteria sur-
vival—the ribosome which plays a key role in protein
translation and DnaK, a chaperone protein essential in cellu-
lar responses to protein unfolding (Genevaux et al, 2004;
Jonas et al., 2013). Most antibiotics used clinically block pro-
tein synthesis by interacting with the ribosome (Poehlsgaard
& Douthwaite, 2005). Thus, inhibiting the ribosome and inter-
rupting the inspection of proper protein folding by inhibiting
DnaK, could be an innovative approach in developing anti-
microbial agents.

Knowledge of the sequence of AMPs isolated from natural
sources is critical in their development as potential drug
leads. Primary structure elucidation of isolated AMPs is gen-
erally performed using traditional techniques such as reduc-
tion and alkylation, amino acid (AA) analysis, proteolytic
treatment followed by reverse phase—high performance
liquid chromatography (RP-HPLC) purification of peptide
fragments, Edman degradation and/or mass spectrometry of
the obtained fragments (Sperstad et al., 2011). There are
many challenges associated with primary structure elucida-
tion of AMPs isolated in particular, from marine sources.
Dimeric peptides, which are a common feature of such
AMPs, may generate duplicate intensities during Edman deg-
radation, as was observed for isolation of the centrocins
(from the green sea urchin S. droebachiensis) (Li et al., 2010),
and dicynthaurin and halocidin (from the tunicate H. auran-
tium) (Jang et al, 2002; Lee et al., 2001). These results may
be misinterpreted when peptides are impure. Other chal-
lenges that may make primary sequence determination diffi-
cult include low abundance of peptides from unstimulated
animals during peptide isolation, and possible post-transla-
tional modifications. To overcome some of these challenges,
genome-databases derived from the organisms are mined for
the presence of AMPs. To identify potential candidates, com-
puter algorithms are used to derive putative peptides which
showed no similarity with already known peptides/proteins
and are potentially antimicrobial (Fedders & Leippe, 2008).
This strategy for AMP discovery has yielded a number of
AMPs (Fedders & Leippe, 2008; Fedders et al., 2008, 2010).
Recently, other linear cationic antimicrobial peptides
(LCAMPs) have been reported via a C. intestinalis genome-
wide in silico identification program (Ohtsuka & Inagaki,

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 8255

2020). Such computer-aided approaches which make use of
existing experimental data, has enhanced accurate prediction
of novel AMPs. Additionally, insight into the mechanisms of
action of AMPs, by elucidation of their plausible cellular tar-
gets are provided by in silico assessments (Matos de Opitz &
Sass, 2020; Roncevic¢ et al., 2019). This way, probable resist-
ance strategies adopted by pathogens can be predicted and
simulated in order to reduce the potential of post-discovery
drug resistance (Mant et al., 2019; Wilson et al., 2020).

Limitations in AMP development for clinical application
include poor pharmacokinetics, toxicity, inactivation by envir-
onmental pH, presence of salts, proteases, plasma proteins
or other components. These have to be surmounted to
enhance AMP optimization into drugs (Dijksteel et al., 2021).
Thus, sequences of bioactive natural peptides may be useful
templates for the design of more potent and less toxic ver-
sions. A probe into nature’s AMP design approaches reveals
AA composition, hydrophobic content, net charge and
length, as determinants of biological activity, toxicity and
biomolecular target interaction (Cruz et al, 2021; Pandit
et al., 2021). This work presents the direct use of the AA
composition from a bioactive natural peptide (with unknown
sequence or genomic data) to design new AMPs with tun-
able characteristics. Herein, the chemophysical properties—
solubility, purity and amino acid composition—of a peptide
isolated from O. hiatula were analyzed. Afterwards, peptides
were designed through arbitrary sequence shuffling, machine
learning-assisted AMP prediction and iterative sequence
alignments for specific feature recognition. Molecular dock-
ing was used to monitor ribosome, DnaK and LasR binding
in order to select lead peptides. In vitro antibacterial assays
were then used to evaluate the outcome of in silico experi-
ments for AMP candidate identification.

Materials and methods
Characterization of O. hiatula peptide extract

Extraction and solubility tests

Peptide extraction was achieved by soaking of pulverized
body tissue of O. hiatula in acetic acid (10% v/v). The tissue
hydrolysate was obtained by centrifugation followed by ice-
cold acetone precipitation and lyophilization (Gasu et al.,
2018; Ozols, 1990; Pedersen et al., 1994). Solubility tests in
water, 10% (v/v) acetic acid, 25% (v/v) acetonitrile (MeCN)
prepared in 0.1% (v/v) trifluoroacetic acid (TFA), 8 M urea,
ammonium hydroxide, di-methyl sulfoxide (DMSO) and
tween 20, were then assessed. Briefly, approximately 10 mg
of the peptide was transferred into polypropylene tubes con-
taining approximately 5mL of appropriate solvent. Solvent
treatment was followed by stirring and sonication. A higher
peptide mass was used where peptide was soluble in order
to determine what mass of the peptide will lead to the for-
mation of a saturated solution.

UV-Vis analysis and peptide quantification
To determine the wavelength of maximum absorbance of
the peptide extract, 1 mg/mL of the extract was prepared in
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25% MeCN in 0.1% TFA. A double beam UV-Vis spectrometer
and quartz cuvettes (SPECORD 200 PLUS, Model: 223E1451,
Analytik Jena, Germany) were used in recording absorption
spectrum of the peptide solution in the 190 — 900 nm range.
In the reference cell, 25% MeCN in 0.1% TFA was used.
Absorption maxima were determined automatically using
default peak picking preferences. Peptides were quantified
based on their calculated €505 at 1 mg/mL, and their absorb-
ance values at 205nm and 280nm (Scopes, 1974).
Concentration was determined using Equations (1) and (2):

A
Rt =27 4120 () 0
nm

A205 nm

1 mg/mL
205 nm

C =

Reverse phase-high performance liquid chromatography
(RP-HPLC)

Reverse phase-HPLC of the peptide extract was performed
on a Cecil Adept Series HPLC system (Cecil Instruments,
Cambridge England), fitted with a UV detector. The retention
time of the peptide was determined on an analytical reverse-
phase Grace Vydac 218TP54 C18 column (300A, 5pum,
4.6mm id. x 250 mm). A gradient of acetonitrile (solvent B)
and doubly distilled deionized water (solvent A), from 0% to
70% of B at a flow rate of 1 mL/min for 15 min was used for
elution. The gradient elution was run after sample injection
and peptides were monitored at 214 nm. Fraction collection
was done manually to confirm if the collected peak(s) was
the peptide. Elution and manual fraction collection were
repeated for scenarios without injection, in order to inspect
peptide retention on the column and potential to aggregate
in solution. Fractions obtained were dried under nitrogen,
reconstituted, re-injected and analyzed under the same con-
ditions as the extract.

AA chromatography

About 20mg of title peptide extract (labelled I-1) was
digested with 6 M HCl at 110°C for approximately 20h
(Ozols, 1990). AA composition was determined by pre-col-
umn derivatization of peptide digest, followed by automated
chromatography, as specified in details in the work of
Schuster (1988) and Herbert et al. (2000). Two derivatizing
agents were simultaneously utilized prior to chromatography
of free AAs released into solution after acid digestion of the
peptide extract. These were OPA (o-phthalaldehyde) for the
primary AAs and FMOC-ClI (9-fluorenylmethylchloroformate)
for secondary ones, namely proline and hydroxyproline
(Herbert et al., 2000). Norvaline and sarcosine were used as
internal standards for the quantification of primary and sec-
ondary AAs, respectively. Concentration of free AAs obtained
was expressed as percentages and radar-plotted in MS-Excel.

In silico studies

The goal of the in silico studies was to provide tentative
insights for a well-informed selection of PrAMP candidates
for in vitro analysis.

Peptide sequence and activity prediction

Since the natural peptide sequence was not successfully
determined, a putative peptide sequence; NDDQQQEESGG
GRRAAAMILLLKKPPPPPP, was propounded from the deter-
mined AA composition based on their relative percentages.
This sequence was shuffled with the protein shuffle tool of
GenScript® Sequence Manipulation Suite (https://www.gen-
script.com/sms2/shuffle_protein.html) (Stothard, 2000). The
shuffles generated were subsequently used to guide predic-
tion and selection of AMPs using CAMP-R3, and later con-
firmed in DBAASP. Each new random sequence generated
from the shuffling suite was added to a list until 160 new
algorithmic shuffles were obtained. From this list, a FASTA
(Fast-All) file format of the peptide sequences was generated
for AMP prediction in CAMPR3 (Collection of Antimicrobial
Peptides) (Waghu et al.,, 2016) using the antimicrobial predic-
tion tool. Prediction criteria were based on peptide length
(12 —20 AAs), prediction algorithm [artificial neural network
(ANN), random forest (RF) and support vector machine
(SVM)] and probability of being an AMP (probability score >
0.5). Sequences with high AMP probabilities from CAMPR3,
were submitted for AMP prediction confirmation and bac-
teria-specie specific activity predictions, using the Database
for Antimicrobial Activity and Structure of Peptides (DBAASP)
(Pirtskhalava et al., 2016). Peptide sequences shown to be
active against at least one bacteria specie (positive predictive
value (PPV) > 0.5) and inactive towards human erythrocytes
were selected.

Peptide sequence alignments and selection

Sequence alignments were carried out to check that putative
peptides showed no similarity with already known peptides/
proteins but had common features. Every output from
DBAASP was subjected to local alignment searches (Basic
Local Alignment Search Tool (BLAST)) for the presence of AA
motifs such as -LL- and -PR- doublets, as well as -GLP- and
-PRP- triplets using CAMPSign (a tool for identification of
AMPs using AMP family signatures) (Altschul et al, 1997;
Schaffer et al., 2001). Multiple sequence alignment (MSA) in
Clustale (https://www.ebi.ac.uk/Tools/msa/clustalo/) (Schaffer
et al, 2001) was used to map out common features among
generated sequences. Five candidates were finally selected
and named as OhPrP-1 to OhPrP-5 (Supporting Information
Table S4). OhPrP-2 was designed to defy the stated predic-
tion-selection rules, except that positive predictions in
DBAASP alone should be obtained. Hence, OhPrP-2 was
obtained from the fusion of a modified OhPrP-5
(-IEQPRPKSLPR-) to arbitrary motifs.

Structure modelling, property predictions and calcula-
tions. Peptide structures were modelled using the I-TASSER
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(Iterative Threading ASSEmbly Refinement) webserver. Peptide
sequences were parsed as FASTA input formats in each server
and submitted for structure modelling (Yang & Zhang, 2015).
Resulting structural models were written in their PDB formats
for molecular docking. Predicted physicochemical proper-
ties—Normalized  Hydrophobic  Moment, = Normalized
Hydrophobicity, Net Charge, Isoelectric Point, Penetration
Depth, Tilt Angle, Propensity to Disordering, Linear Moment,
Propensity to in vitro Aggregation, Angle Subtended by the
Hydrophobic Residues, Amphiphilicity Index and Propensity to
PPIl coil—were obtained by using the Property Calculation
tool in DBAASP. Of these properties, Normalized Hydrophobic
Moment, Normalized Hydrophobicity, Linear Moment and
Angle Subtended by the Hydrophobic Residues can be calcu-
lated by the available hydrophobic scales in DBAASP.
Properties of LL-23; (an AMP known to interact strongly with
membranes), Oncocin112 and Metalnikowin (known for ribo-
some and DnaK binding) were predicted as well for compari-
son purposes and also as a guide to provide insight into
potential OhPrP cellular targets. Aggregation propensity was
assessed in AGGRESCAN 3D v2.0 (A3D2) (Kuriata et al., 2019).
In A3D2, a dynamic mode was selected in order to include the
influence of structural flexibility on protein/peptide aggrega-
tion. This allowed server-based default incorporation of the
CABS flex protocol.

Molecular docking and visualization

Proline-rich peptides target ribosomes and DnaK to disrupt
protein translation and folding, respectively (Gagnon et al.,
2016; Roy et al., 2015; Seefeldt et al.,, 2015). Also, inhibition
of ribosomal activity has been highlighted to affect virulence
in Pseudomonas aeruginosa (Kohler et al., 2007), whereas
DnaK inhibition halts swarming motility. Since surface motil-
ity is as a result of a quorum response in P. aeruginosa, DnaK
inhibition may result in disruption of other events (such as
inhibition of biofilm formation) controlled by quorum sens-
ing (Okuda et al.,, 2017). The transcriptional activator, LasR of
P. aeruginosa is also known to contribute immensely to viru-
lence factor production in quorum sensing. With these in
mind, molecular docking to confirm in silico antibacterial
activity predictions and the validity of the proline-rich AMP
propensity of selected AMPs, prior to peptide synthesis and
in vitro testing, was carried out. LasR was included in
molecular docking in order to confirm which target(s) bind-
ing and/or inhibition strongly influenced virulence factor
expression. Receptors selected were, therefore, the bacterial
ribosome, DnaK and LasR, on the premise that peptide bind-
ing affinities and interactions could account for potential
antibacterial and antivirulence activity in in vitro experiments.
Peptides (OhPrP-1 to OhPrP-5) were prepared as ligands in
each molecular docking experiment. The crystal structures of
Thermus thermophilus ribosome in complex with Oncocin112
(PDB ID: 478C) (Kuriata et al., 2019), Dnak substrate binding
domain of E. coli in complex with Oncocin112 (PDB ID: 3QNJ)
(Knappe et al,, 2011) and LasR-AQS1 complex (PDB ID: 6V7X)
(Shah et al.,, 2021), were accessed from the protein data bank
(www.rcsb.org). Ligand-receptor docking was carried out
using DINC (for peptides with <13 AAs) (Antunes et al.,
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2017) and HPEPDOCK (Yan et al., 2020) webservers. For dock-
ing to the ribosome, the large ribosomal subunit (50S) Chain
A was used. For LasR (consisting of the ligand and DNA
binding domains) chain B was used and for DnaK, both
chains A (DINC) and B (HPEPDOCK) were used. A global
receptor search to predict putative peptide-receptor binding
modes was made on both servers. Binding affinities were
obtained for DINC outputs of OhPrP-3 and -5 only, due to
server restrictions on feasible lengths. System visualization
and molecular graphics were made in UCSF Chimera
(Pettersen et al., 2004) and BIOAVIA Discovery Studio (DS).
DS was also used for generation of non-bonding
interactions.

In vitro antibacterial and anti-quorum sensing activity

Minimum inhibitory concentration

All five peptides (OhPrP-1 to OhPrP-5) and Oncocin112 were
synthesized using the Fmoc method and obtained from
Pepmic Co., Ltd (Suzhou, China). Peptides were dissolved in
sterile distilled water and 5% (v/v) ACN, and their UV-Vis
profiles obtained. Minimum Inhibitory Concentration (MIC) of
the peptide extract was determined by the broth microdilu-
tion method (Wiegand et al., 2008) against four P. aeruginosa
strains; ATCC27853, PAO1, PAO1lasB::gfp and a clinical isolate
(CI). An inoculum size of approximately 2.0 x 105 CFU/mL of
bacteria was added to defined wells of the 96-well plates
containing two-fold serial peptide dilutions, and untreated
nutrient broth. The plates were then incubated at 37°C for
24h. The MIC was determined by visual inspection and
absorbance measurements (OD600), as the lowest concentra-
tion of peptide that inhibited growth of test organisms.

Minimum bactericidal concentration

The experiment setup used in the MIC determination was
repeated. After 24-h of incubation, 10 uL aliquots from wells
containing peptide concentrations greater than and equal to
the MIC were plated on sterile agar plates. These were incu-
bated further at 37 °C for 24 h. Minimum bactericidal concen-
tration was recorded as the least peptide concentration that
showed no visible bacterial growth.

Growth inhibitory kinetics

The MIC experiment setup was repeated for all bacteria to
include absorbance measurements with elapsing time
(Campbell, 2011; Vijayakumar &  Muriana, 2015).
Concentrations tested included the MIC, and sub-MIC con-
centrations (1/2, 1/4, 1/8 1/16 and 1/32MIC). Microplates
were incubated at 37°C for an initial 2 h followed by absorb-
ance measurements at 600 nm (OD600) every 30 min for 18 h
and the 24th h, with a microplate reader (Synergy H1 multi-
mode plate reader, Germany). The OD600 values obtained
were plotted against time and used to evaluate the kinetics
of bacteria growth at the MIC and sub-MIC concentrations.
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Virulence factor inhibition

Inhibition of pyoverdine and pyocyanin expression

P. aeruginosa (PAO1lasB:gfp and clinical isolate) inoculum
was incubated in the absence and presence of sub-MIC
doses of the peptides at 37 °C for 24 h followed by centrifu-
gation at 4000rpm for 45 min. One hundred microliters of
cell-free supernatant was dispensed into a 96-well microtiter
plate for pyoverdine measurement. The relative concentra-
tion of pyoverdine (expressed as percentages) in all treated
supernatant with respect to control, were measured by fluor-
escence (BioTeK® Synergy H1 multimode microplate reader,
Germany) at an excitation wavelength of 405nm and an
emission wavelength of 465nm (Adonizio et al, 2008; Das
et al, 2016).

Similarly, treated and untreated overnight cultures were
obtained as described for pyoverdine quantitation experi-
ments. Cell free supernatants were collected after centrifuga-
tion at 4000 rpm for 45 min. Pyocyanin extraction was carried
out using chloroform. Absorbance of supernatants (pink
layer) obtained after acid (0.2 M HCI) treatment of the chloro-
form extract, was measured at 520nm (Musthafa et al,
2012). Pyocyanin concentration (ug/mL) was calculated by
multiplying the absorbance value at 520nm with 17.072
(molar extinction co-efficient of pyocyanin at 520nm) and
expressed as percentages.

Swarming motility assay

Swarming motility was analyzed in cultures of P. aeruginosa
(PAO1, lasB:gfp and clinical isolate) using a swarming motil-
ity agar (0.8% nutrient broth, 0.5% nutrient agar and 0.5%
glucose). The media surface was briefly dried, and a single
colony inoculated using a sterile toothpick at the center of
the agar surface and incubated at 37°C for 12h and 24h.
The diameter of the featherless mat was measured accord-
ingly (Inoue et al., 2008).

Results
Characteristics of O. hiatula peptide extract

Tissue hydrolysate (extract) obtained by addition of 10% gla-
cial acetic acid, followed by centrifugation had a characteris-
tic tan to cream color. Extraction yields after precipitation
and freeze-drying were 25.4% and 3.0%, respectively, relative
to tissue mass. The peptide extract was soluble in 25% ACN
prepared in 0.1% TFA and ammonium hydroxide, with foam-
ing upon shaking (Supporting Information Table S1). The
absorption of UV-Vis radiation by peptide bonds, aromatic
side chain and other chromophores was evaluated for quali-
tative and quantitative purposes. The maximum absorbance
of the peptide solution (1.08 A) occurred at 194 nm, with a
smaller shoulder at 240nm (0.22 A), and a weaker band at
280nm (Figure 1). The extinction co-efficient (g),"¥™) was
calculated to be 31.013mLmg 'em™' using Scope’s
method, and this led to an estimated concentration of
0.207 mg of protein/mL (Supporting Information Table S2).

The purity of the peptides was evaluated by RP-HPLC. A
single peak at 5.45 min was observed (Figure 2). The concen-
tration of ACN present at the elution time of the peptide
was between 55 and 60% (Supporting Information Figure
S1). A good overlap of peak shape and retention time match
of re-injected fraction was observed, and this was compar-
able to main peptide chromatogram. Inconsistent overlap of
peaks was observed for solvent used for reconstitution of
dried fraction (Supporting Information Figure S1c; A and B).
Re-run of gradient elution without new injections led to the
elution of peptide molecules retained on the column
(Supporting Information Figures S1b (A and B), even for re-
injected fractions (Supporting Information Figure Sic; B).

Analysis of the AAs in the peptide was used for molecular
characterization (Huan et al, 2020; Mishra & Wang, 2012;
Ozols, 1990). The peptide was subjected to strong acid diges-
tion before AA compositional analyses were done. The
aspartic acid concentration (Asp+ Asn) was found to be
282.16 pmol/uL, whereas glutamic acid concentration
(Glu+GIn) was 608.47 pmol/uL (Supporting Information
Table S3). Percentage estimates (Figure 3) of all 15 AAs
detected revealed little aromatic contribution. Proline was
considerably the highest AA constituent of the peptide.
Alanine, glutamic acid, aspartic acid, leucine, glycine, arginine
and lysine were present at moderate levels. Valine was the
least, while phenylalanine was the only aromatic
AA detected.

In silico studies

Peptide sequence and activity prediction

About 160 sequences were generated from sequence shuf-
fling and multiple sequence alignments for the shuffled
sequences (sections shown as Supporting Information Figure
S2a). OhPrP-4 differed very little from OhPrP-1 by just two
AAs, whereas OhPrP-3 and OhPrP-5 shared some segments
in common with OhPrP-2 (Supporting Information Figure
S2c). AMP-like sequence prediction by length, machine learn-
ing algorithm and predictive probability in CAMPR3, from
selected shuffles, gave approximately 380 sequences pre-
dicted as AMPs. Their predictive probabilities ranged from
0.486 to 0.938. The ANN prediction algorithm gave the high-
est AMP-like sequences generated (269 of all 380), followed
by the SVM and RF algorithms. Sixty-five of these sequences
were confirmed to be AMP-like in DBAASP.

Of these 65 sequences, 27 (Supporting Information Figure
S2b, A) emerged from ANN predicted outcome (prefixed by
seq_ANN in the figure) as possibly active against designated
bacteria species. Each putative sequence was shown to prob-
ably inhibit either K. pneumoniae, E. coli ATCC 25922 or B.
subtilis. Overall, five putative sequences were chosen, namely
OhPrP-1,-3, —4 and —5, with OhPrP2 designed as described
earlier to be a negative control. Specifically, OhPrP-1, 3 and 4
were predicted to possess antibacterial activity against B.
subtilis; with a common positive prediction value (PPV) of
0.81. OhPrP-1 and OhPrP-5 with PPVs of 0.85 and 0.90,
respectively, were projected as possible K. pneumoniae inhibi-
tors. OhPrP-2 was predicted to be active against B. subtilis
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Table 1. Amino acid sequences of candidate peptides based on putative peptive sequence shuffling and database predictions,
retention time, percentage purity and quantity of synthetic oligomers obtained.

Peptide Sequence Retention time (min) Purity (%) Quantity (mg)
OhPrP-1 ERAPPDALLKNGKGLPQAPR 8.93 74.45 200
OhPrP-2 EQPIKFPSLKPRCADQIEQPRPRKSLPR 9.10 73.66 200
OhPrP-3 RPLKPSAINQLPG 9.04 61.09 200
OhPrP-4 APPDALLKNGKGLPQAPR 9.50 79.72 200
OhPrP-5 ADQPRPRKLSAL 8.20 75.47 200
Oncocin112 VDKPPYLPRPRPPRRIYNR 8.87 69.01 200
LL-23+ LLGDFFRKSKEKIGKEFKRIVQR 9.702 96.27 N/A

+: Retention and sequence of a membrane targeting AMP (LL-23) Adapted from the work of Mishra and Wang (2012).
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Figure 1. Ultraviolet-visible wavelength of absorption spectrum of peptide
extract using ultaviolet-visible spectroscopy. Maximum absorbance (1.08 A)
occurred at 194nm and a lower shoulder at 240 nm (0.22 A), due to peptide
backbone (t —x* transitions) and contributions from side chains of aspartic
acid (Asp), glutamic acid (Glu), asparagine (Asn), glutamine (GIn), arginine (Arg)
and/or histidine (His). The weakest absorption was observed at 280 nm, due to
aromatic amino acids (AA).

(0.81), P. aeruginosa ATCC 27583 (0.62) and E. coli ATCC
25922 (0.58). Predictions for Oncocin112 show potential
activity against K. pneumoniae (0.85), E. coli ATCC 25922
(0.59), P. aeruginosa ATCC 27583 (0.65) and S. aureus (0.57).
All peptides, including Oncocin112, were predicted to be
inactive against human erythrocytes. Following these out-
comes, the five peptide sequences (Table 1; OhPrP-1 to
OhPrP-5) were earmarked for molecular docking.

Structure modelling and property calculations

The I-TASSER server matched the predicted 3D models to
the proteins in independent libraries, as part of its default
mode of operation. Models were ranked based on the confi-
dence score of the I-TASSER structural models, the structural
similarity between model and templates and the sequence
identity in the structurally aligned regions. Afterwards, a final
set of output structures are reported in PDB formats. For
OhPrP-1, —2, —3 and —4, a coil-helix-coil structure was pre-
dicted. In contrast, a predominantly coiled structure for
OhPrP-5 and Oncocin112 was predicted (Figure 4(a)).
Sequence of segments responsible for helical structures were
—-PDALLK-, -RCADQI-, -PSAIN- and -PDALLK-, for OhPrP-1,
2, 3 and 4, respectively. OhPrP-1 and OhPrP-4 had very simi-
lar sequences; hence, structural similarity was observed.
OhPrP-2 and OhPrP-3 were symmetrical.

Interestingly, threading templates used by I|-TASSER to
build peptide models were related to the ribosomal protein
entities and those acting nucleic acids. Notable instances
observed were for both OhPrP-1 and 4, where both matched
well with a ribonucleoprotein of T. thermophilus ribosome
(PDB: 4ZSN; Entity 21:Q5SIH3). Also, OhPrP-2 had good struc-
tural coverage with Trypanosoma brucei ribosomal protein
entity 5 (PDB ID: 4V8M, Entity 5: Q38FD9). OhPrP-3 was struc-
turally similar to the structure of the spliceosomal protein
p14 segment (PDB ID: 2F9J), and Chain C of the Transposon
Tn7 transposition protein tnsC (PDB ID: 1TOF; P05846).
OhPrP-5 also, matched with Metalnikowin and Api137 (both
being PrAMPs) in complex with T. thermophius ribosome,
under the PDB accession codes 5HCP and 502R, respectively
(Figure 4(b)).

Root-mean-square fluctuations (RMSF) calculated in CABS
flex (Supporting Information Figure S3) showed high residue
fluctuations within coiled segments of all peptide structures,
except regions forming alpha-helices. Normalized beta fac-
tors scaled from 0 to 2, with the highest values for loop-like
structures from the N-termini towards the center and away
towards the C-termini in each structure. Also, RMSF of
OhPrP-5 decreased from the N-termini towards Arg7 (mid-
way) and increased gradually through to the C-terminus
(Supporting Information Figure S3). All peptides were pre-
dicted to be water soluble proteins following predictions
from the AGGRESCAN 3 D webserver. In effect, all predictions
suggested enhanced hydrophilic properties as shown by
hydrophobicity surfaces (Figure 5).

Since the sequence of the PrAMP—Metalnikowin—was
identical to that of Oncocin112 (Supporting Information
Figure S2b, B) and was also a match for OhPrP5, its proper-
ties were evaluated in silico as well. LL-23 is a well-known
membrane targeting AMP, and was, therefore, used as a tem-
plate to provide insights to validate probable targets of the
designed peptides. From the estimates of the Moon-Fleming
(MN) scale, all the peptides had a net charge of +2, except
for OhPrP-2, Oncocin112 and LL-23, which had a charge of
+4, +5 and +5, respectively (Table 2). All peptides including
Oncocin112 had no propensity to aggregate in vitro, follow-
ing a zero (0) score prediction from DBAASP. Amphiphilicity
indices ranged from 0.57 (OhPrP-3) to 0.97 (OhPrP-2) for the
designed peptides, but 1.37 and 1.07 for Oncocin112 and
Metalnikowin, respectively. Also, peptides had high propen-
sities to coil, with lipid membrane penetration depths of 30,
except OhPrP5 (21) and LL-23 (27). Isoelectric points esti-
mated were similar for all peptides, ranging from 10.30 to
11.60. OhPrP-5 recorded the highest tilt angle (160), followed
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= by Oncocin112 (145) and OhPrP-3 (109). OhPrP-2, and 1, 4,
‘EE SRRIN®LS had tilt angles of 95 and 91, respectively (Table 2). The
j%’g ’’’’’’ i angles subtended by hydrophobic residues as predicted in
a DBAASP, matched well with CAB-flex modelled hydrophobic
surfaces (Table 2 and Figure 5) obtained. Both revealed the
= least angle for OhPrP-2 (40) and the highest for OhPrP-
IR R 3 (100).
S E(Peeee——— Variations in physicochemical properties (hydrophobic
g moment, hydrophobicity, linear moment and angles sub-
tended by hydrophobic residues) were generally observed
o 8 for all peptides among the different scales. However, for LL-
i% 23, only the hydrophobic moment, hydrophobicity and linear
%ﬁ .188888888 moment varied among all the six scales (Supporting
= § E SYESCRES Information Table S5). The RP-HPLC retention times for onco-
gg cin112 and LL-23 were 8.87 min and 9.702 min, respectively.
= On the MN scale, angle subtended by hydrophobic residues
of both LL-23 and Oncocin112 w 80.00, with linear moments
zo$§ of 0.34 and 0.31, respectively. Depths of penetration for LL-
g S8/g8888888 23 and oncocin112 were in close range; however, there was
§'§ g eeeeeses a huge variation in tilt angles (27 and 145, respectively).
a s o
° Similarly, OhPrP1 and OhPrP4 had retention times of
» 8.93min and 9.50 min, respectively. The angle subtended by
§ é SR8 mAN N their hydrophobic residues were 60 and 80, respectively, but
Jg|eeeececees tilt angles and lipid membrane penetration depths were the
same (91 and 30). OhPrP-5 had the least lipid membrane
- S - penetration depth in all, but with a tilt angle of 160 and
§ E % 2NZ2UB8AY hydrophobic residues subtended at an angle of 60 as OhPrP-
ge8|TITTTTI'? 1, the retention time obtained was 8.2min. OhPrP-3 had a
eg*= retention time of 9.04 min compared to OhPrP-5 which had a
retention time of 8.2min. Tilt angles were similar, however,
2B 5035323 lipid penetration depths and angles subtended by their
TS - hydrophobic residues varied markedly, accounting for differ-
g . ences in their retention times. Also, OhPrP-2 had the highest
el s, amphiphilicity index closest to LL-23 and oncocin112, lipid
:—E %E— SRRRINRIRN penetration depth of 30, accounting for a retention time of
2 8 9.10 min. Overall, though hydrophobicity and hydrophobic
Té“ moment are crucial for peptide interaction with lipid mem-
o 3 branes, in this case the material of the RP-HPLC column
% %% E§§§§§§§ used, it was seen that linear moment, angle subtended by
é -2 AR hydrophobic residues, number of hydrophobic residues, lipid
o membrane penetration depths and tilt angles, taken
B % coccocoso together, greatly influenced the recorded column retention
g Z.?:E SIRRRARA times obtained.
(o]
4 >
% S E Predicted target binding modes and interactions
E. é% §§§§§§§g A global search of how the peptide constructs interacted
g s e with selected cellular targets using molecular docking was
% £z implemented. The DINC webserver predicted both binding
g conformation and binding affinity of peptides with <13 AAs,
k3 73% = whereas HPEPDOCK produced favorable binding modes for
g ggg o g g 2 § g § 54 all peptides. The full length Oncocin112 has 19 AAs (AA)
s S §§ - - - whereas co-crystalized versions had 13 AAs in both riboso-
E < mal and DnaK complexes. Visual inspection together with
2 _ estimated binding affinities was useful for selection of favor-
g ~ § able peptide binding modes. Re-docking of the native pep-
~ _I,M,ﬁruﬂ.gg tide fragment of Oncocin112 found in complex with T.
2 t££2£85 0 thermophilus ribosome (PDB ID: 4Z8C), gave a binding pose
K o|§8§5§6§585=22 at the A-site, similar to the crystallized conformation. The
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Figure 2. RP-HPLC profile of peptide extract. The retention time ofﬂthe peptide (most intense peak 1) was measured on a Cecil Adept Series HPLC system equipped
with an analytical reverse-phaseVydac 218TP54 C18 column (300 A, 5pm, 4.6 mm id. x 250mm) and a UV detector. The peptide detected at 214 nm (retention
time: 5:45.8 mm:ss) was eluted with a gradient of acetonitrile, from 0% to 70% at a flow rate of 1 mL/min. Background noise (retention <5:00 and >9:00 min:ss)

resulted from traces of acetone/acetic acid.

Table 3. Minimum inhibitory concentrations (MIC) of peptide oligomers
against Pseudomonas aeruginosa.

MIC (mM) of Pseudomonas aeruginosa strains

Peptides ATCC27853 PAO1 PAO1:gfp Clinical isolate (CI)
Oncocin112 0.24
OhPrP-1 0.32
OhPrP-2 0.17
OhPrP-3 0.31
OhPrP-4 0.35
OhPrP-5 0.46

predicted binding pose aligned well with the experimentally
determined conformation (RMSD = 4.59 &) with a binding
affinity of —10.10kcal/mol. In both conformers, side chain
residues of the central core (- 5PYLPRP10 -) aligned well
within the A-site crevice region of the ribosome, in contrast
to the predicted conformer obtained from the HPEPDOCK
(Figure 6(a)). From the superimposition it was observed that,
Tyr6 of the HPEPDOCK conformer, stacked with Pro5 of the
experimental structure, showing a distortion in the peptide
backbone conformation. This distortion resulted in the
recorded shift of about 4.03 A between atoms of the respect-
ive proline residues (Figure 6(a)). The full length Oncocin112
binding conformation predicted from the HPEPDOCK web-
server, aligned well upon superimposition with the native
Oncocin112 structure, however, with an inverted orientation
and flanking N- and C- termini segments (Supporting
Information  Figure S4; A). Peptide backbones of
Metalnikowin and Oncocin112 matched well, with little devi-
ations resulting from varying residues (Figure 6(b)).

The designed peptides were also accommodated in the
active sites of the ribosome. OhPrP-3 and OhPrP-5 were pre-
dicted to bind at the A-site with binding affinities of —9.00

Amino Acid Profile of O. hiatula Peptide

Asp (Asn)

20
Hyp Glu (Gln)

Lys Gly

Leu Arg

Ile Ala

Phe Cys

Met Val

Figure 3. Radar plot showing percentage AA composition of peptide extract.
Asp(Asn) represents the percentage of aspartic acid and the contribution of
asparagine, as well, Glu(GIn) glutamic acid and corresponding glutamine com-
position. Hyp represents hydroxyproline whiles all remaining AAs are repre-
sented by their standard 3-letter codes.

and —9.30kcal/mol, respectively. Though bound within the
same site as Metalnikowin, OhPrP-3 binds to the CCA-bind-
ing site through its N-terminus region, with the C-terminus
deviating slightly from the peptidyl-transferase center (PTC)
towards the ribosomal exit tunnel. On the contrary, OhPrP-5
binds with an inverted stereo conformation starting with its
C-terminus binding to the CCA-binding site and its N-ter-
minus towards the PTC. The C-terminus and N-terminus of
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Figure 4. (a) Three dimensional structures of designed peptides obtained from I-TASSER showing DBAASP prediction of specie specific activity. Probabilistic posi-
tive predivtive value (PPV) have been provided for each peptide. (b)Three dimensional structures of designed peptides obtained from I-TASSER aligned unto their
threading templetes. (A) OhPrP-1 (sky blue), OhPrP4 (purple) and T. thermophilus ribosome (PDB: 4ZSN) Entity 21:Q5SIH3 (tan). (B) OhPrP-2 (sky blue) and
Trypanosoma brucei ribosomal protein entity 5 (PDB ID: 4V8M, Entity 5: Q38FD9) (C) OhPrP-3 and Chain C of the Transposon Tn7 transposition protein tnsC (PDB
ID: 1TOF; P05846) (D) Metalnikowin (dark magenta, PDB ID: 5HCP, chain X), Apidaecin (tan, PDB ID: 502R, chain z), OhPrP-5 (sky blue).

OhPrP-3 and OhPrP-5, respectively, flanked Oncocin112
(Figure 6(b)). Both OhPrP-1 and OhPrP-4 had binding poses
spanning the PTC and the upper ribosomal exit tunnel,
unlike OhPrP-2 which binds to the exit tunnel (Figure 7).

The binding of Oncocin112 to DnaK was reproduced
when the DINC webserver was used. A binding affinity of
—7.70kcal/mol and an RMSD of 3.42 A relative to the input
experimental conformation was recorded (Figure 8). Binding
pose of the full length Oncocin112 predicted from the
HPEPDOCK server, also matched with the experimental con-
former (Supporting Information Figure S4; B) with excellent
conserved central core alignment. OhPrP-3 and OhPrP-5

were bound in the DnaK substrate binding site with binding
affinities of —7.30 and —7.10 kcal/mol, respectively (Figure 9).
The positions of OhPrP-3 and OhPrP-5 were similar to the
positions of Oncocin112. OhPrP-1 and 4 were also bound
with sterically favored coiled portions to the substrate bind-
ing site. An alpha helical fold introduced a symmetrical con-
formation in the binding pose of OhPrP-2, such that it is
binding to the substrate binding domain was achieved
through the loop formed from Glul to Arg12. Both the hel-
ical fold and the loop of the second half of the OhPrP-2 con-
former extended into the periphery of the DnaK substrate
binding pocket (Figure 9).
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Figure 5. AGGRESCAN 3 D predicted surface exposure to solvent after solubility/aggregation predictions and CABS flex simulation. Output structures were used to
generate hydrophobicity surface of peptides (A to E: OhPrP- 1 to 5). Surface coloring; shades of blue to shades of red, depict increasing hydrophobicity.

Figure 6. Putative binding modes obtained from molecualr docking of peptides to Thermus thermophilus ribosome (PDB ID: 4Z8C; 50S subunit). (A) Comparison
of the predicted binding modes of Oncocin112 using the DINC webserver (-10.10 kcal/mol; green carbon atoms) and HPEPDOCK (black carbon atoms), to native
Oncocin112 binding mode (orange carbon atoms). HPEPDOCK prediction of Oncocin112 binding deviated significantly compared to that of the pose obtained from
the DINC webserver which overlapped with the common core of experimental pose. Ouput binding coordinates of OhPrP-3 (-9.00 kcal/mol) and OhPrP-5
(-9.30 kcal/mol) predicted from DINC depicts binding at the same site as Metalnikowin and Oncocin112: (B) superposition of Metalnikowin (dark magenta), OhPrP-
3 (cyan), OhPrP-5 (pink) on Oncocin112 (orange).
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CCA-Binding site

A-site crevice

Upper rihoso*nal exit tunnel

Figure 7. Predicted binding modes of OhPrP-1 (sky blue), OhPrP-2 (orchid) and OhPrP-4 (green) compared to native binding coordinates of Oncocin112 (orange
carbon atoms) and Metalnikowin (pink carbon atoms) in the 50S subunit of the Thermus thermophilus ribosome (PDB ID: 4Z8C). Blue and black ribbons represent
OhPrP-3 and OhPrP-5, respectively. NB: Tube models apply for Oncocin112 and Metalnikowin only, wherease OhPrPs were represented as ribon models.

Figure 8. (a) Comparison of predicted binding mode of Oncocin112 co-crystal-
ized with DnaK (PDB ID: 3QNJ) using DINC (red) to experimental conformer.
Binding energy for Oncocin112 conformation deviating 3.42 A from the input
conformation was -7.7 kcal/mol. (b) Comparing predicted binding pose of
Oncocin112 to LasR, from DINC (red) and HPEPDOCK (yellow). Single letter AA
residue labels and identifiers included to show stereo reversion modes of pre-
dicted binding conformations.

Both the full length and the 13-mer Oncocin112 structures
docked well to the LasR SLR, with less conserved segment
alignment, observed from inspection of binding modes

(Supporting Information Figure S4; C). The binding affinity esti-
mated was —8.10 kcal/mol. Also, a prediction of the binding
mode of Oncocin112 versus LasR, using HPEPDOCK, produced
a similar binding mode as that obtained using DINC, with
inverted stereo conformation and flanking of terminal peptide
segments (Figure 8b). Comparatively, OhPrP-3 and OhPrP-5
were bound at the SLR-binding domain with binding affinities
of —6.90 and —6.20kcal/mol, respectively. Interestingly,
OhPrP-1 and OhPrP-2, preferred the LasR DNA binding
domain, whereas OhPrP-4 preferred the loop region of the SLR
site (Figure 10(b)). Peptides strongly interacted with major
active site residues of the 16S and 23S rRNA, the substrate
binding sites of DnaK and the LasR SLR- and DNA- binding
domains. Non-bonding interactions are presented as
Supporting Information generated from Figures S5a-S7f and
Tables S6-511.

In vitro antibacterial and anti-quorum sensing activity

Antimicrobial activity

The broth microdilution method was used to assess the anti-
bacterial activity of the designed peptides. During prepar-
ation, OhPrP-1, —3 and —5 had slight turbidities when
dissolved in water, while Oncocin112, OhPrP-2 and —4 were
completely soluble in water. UV-Vis spectral scan produced
an absorption maximum at 194nm for all peptides. Only,
Oncocin-112 had extra absorptions at 220nm and 280nm
(Supporting Information Figure S8). The same concentration
of each designed peptide was required to inhibit growth of
the different P. aeruginosa strains used (Table 3). OhPrP-2
had an MIC of 0.17mM, however, this concentration was
found to produce a bacteriostatic effect after re-incubation
on agar for another 24 h (Figure 11). The remaining peptides
produced bactericidal activity at their MICs (Table 3).
Oncocin112 prolonged the lag times of bacterial growth at
half-MIC concentration (Figure 12). This was similar for
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Figure 9. Binding modes of OhPrP-1 to 5, predicted using the DnaK receptor; with ribbons colored black and green (PDB ID: 3QNJ). Tan and magenta ribbons rep-
resent experimental and predicted binding poses, respectively, of Oncocin112. Blue and forest green ribbons in the grey DnaK chain represent binding modes of
OhPrP-3 and 5, respectively. Binding poses of OhPrP-1, 2 and 4; pink, yellow and purple, relative (single residue labels included to show coiled regions) to green

DnaK chain.

Oncocin

© OhPrP1

" OhPrP2

OhPIP3

| OhPrP4

W OnPrP5

Figure 10. lllustration of (A) P. aeruginosa lasR transcriptional activator protein (PDB ID: 2UVO0, Chain B; color) in complex with AQS1 (Chain A and C; black), crystal
structure of ligand binding domains (tan) given by the PDB accession code 3IX3 (co-crystalized with its autoinducer 3-Oxo0-C12-AHL) and (B) binding modes of

Oncocin112 and OhPrP- 1, 2, 3, 4, 5 (color coded legend to the right).

OhPrP-3 (Figure 15) than for OhPrP-5 (Figure 17) treated cul-
tures. Growth in bacteria cultures containing sub-MIC con-
centrations of OhPrP-1 to 5, gave higher turbidities
compared to the growth control. OD600 recorded at MIC
remained mostly constant throughout the incubation period
for all bacterial strains tested (Figures 12-17).

Anti-quorum sensing activity

The ability of peptides to interfere with quorum sensing was
measured through pyocyanin quantitation, pyoverdine flores-
cence measurement and swarming capacity at sub-inhibitory
concentrations. The extent of pyocyanin inhibition was gener-
ally not dose dependent in all cases, but there was a general



8266 (&) E.N.GASU ET AL.

decrease from MIC/2 to MIC/32. While the pyocyanin inhibitory
effect of OhPrP-4 remained fairly constant (78%) at all sub-
inhibitory concentrations for the PAO1-lasB::gfp strain (Figure
18(a,c)), a dose dependent effect (71.64%; MIC/2, 12.71%; MIC/
32) was observed for the clinical isolate. Oncocin112, OhPrP-1

Figure 11. Determination of bacterial killing concentration. MIC gave bacteri-
cidal effect at the end of the second half of incubation of plated cultures on
agar for; (1) OhPrP-1, (3) OhPrP-3, (4) OhPrP-4, (5) OhPrP-5 and (‘onc’)
Oncocin112. (2) OhPrP-2 inhibited bacterial growth for about 40 h (broth dilu-
tion method incubation time inclusive), after which growth (green pyocyanin
patch) was observed on the surface of agar.
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and 3, inhibited pyocyanin levels expressed similarly in both
the PAO1-lasB:gfp strain and the clinical strain. In general,
OhPrP-5 produced the least pyocyanin inhibitory effect.
Oncocin112, OhPrP-1 and 5 consistently decreased pyoverdine
levels in both the PAO1-lasB:gfp and the clinical strain.
However, an opposite phenomenon was seen for OhPrP-4 and
OhPrP-2. Specifically, for MIC/2 treatments of OhPrP-2 and 4,
high levels of pyoverdine were produced, accounting for low-
est percent pyoverdine inhibitions recorded for the clinical iso-
late (Figure 18(b,d)). Finally, swarming motility was efficient at
sub-inhibitory concentrations for Oncocin112, OhPrP-3 and 5
(Figure 19(a-c)). Halo diameters observed doubled with
increasing incubation time, showing effective swarm response
(Supporting Information Figures S9a to S10c). No Vvisible
growth was observed for their MICs.

Discussion

In this work, physical and chemical characteristics of the bio-
active peptide of O. hiatula were evaluated. From solubility
tests, RP-HPLC and AA composition analyses, the peptide
extract is hydrophobic, acidic and relatively pure. The level of
peptide purity observed from RP-HPLC chromatograms is attrib-
utable to the precipitation and elution procedure—the adsorp-
tion-desorption mechanism of peptides and proteins (Xindu &
Regnier, 1984). Clearly, acetone precipitation from the acetic
acid tissue hydrolysate did not only provide good vyields of
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Figure 12. Bacteria growth inhibitory kinetics studied by increasing turbidity (OD600) with respect to time at different peptide concentrations; minimum inhibitory
concentration (MIC) and sub-MICs, as well as the growth control (GC). Turbidimetric effects produced with Oncocin112 treatments of Pseudomonas aeruginosa (a)

ATCC27853, (b) wild type PAO1, (c) PAO1-lasB::gfp (d) clinical isolate (CI).
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Figure 13. Turbidimetric effects produced with OhPrP-1 treatments of Pseudomonas aeruginosa (a) ATCC27853, (b) wild type PAO1, (c) PAO1-lasB::gfp (d) clinical
isolate (Cl). Changes in OD600 at the minimum inhibitory concentration (MIC) and sub-MICs, as well as the growth control (GC) are plotted with respective colored
dots and lines.
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Figure 14. Bacteria growth inhibitory kinetics with OhPrP-2 treatments using Pseudomonas aeruginosa (a) ATCC27853, (b) wild type PAO1, (c) PAO1-lasB:gfp (d)
clinical isolate (Cl). Variations in OD600 with respect to time at different peptide concentrations; minimum inhibitory concentration (MIC) and sub-MICs are shown
in the plots.
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Figure 15. Growth inhibitory kinetics due to changes in absorbance (OD600) with respect to time, at different OhPrP-3 treatments of Pseudomonas aeruginosa (a)
ATCC27853, (b) wild type PAO1, (c) PAO1-lasB:gfp (d) clinical isolate (CI) cultures.
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Figure 16. Turbidimetric effects produced with OhPrP-4 treatments of Pseudomonas aeruginosa (a) ATCC27853, (b) wild type PAO1, (c) PAO1-lasB:gfp (d) clinical

isolate (Cl) cultures. Bacteria growth inhibitory kinetics studied by increasing absorbance (OD600) with respect to time at different peptide concentrations; min-
imum inhibitory concentration (MIC) and sub-MICs.
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Figure 17. Turbidimetric plots showing changes in OD600 with respect to time as a result of OhPrP-5 treatments of Pseudomonas aeruginosa (a) ATCC27853, (b)

wild type PAO1, (c) PAO1-lasB::gfp (d) clinical isolate (Cl) cultures.

peptides with improved purity, but an added advantage of
removal of lipids, non-ionic detergents, glycerol and salts
(Novak & Havlicek, 2016; Ozols, 1990). Peptide purity by acet-
one precipitation has been observed in the work of Pedersen
et al. in 1994 on metallothioneins. Pedersen et al. used a similar
precipitation and purity analysis approach in their analysis of
peptides from the midgut gland of a shore crab and observed
two peaks in the chromatogram, being principally the same
peptide (Pedersen et al.,, 1994).

UV-Vis analysis of the peptide absorptions revealed little
aromatic AA content which was in agreement with results
obtained from the AA quantitation. Maximum absorbance at
194nm and the lower shoulder at 240 nm, are likely due to
peptide backbone nm —x* transitions, and contributions from
side chains of aspartic acid (Asp), glutamic acid (Glu), aspara-
gine (Asn), glutamine (GIn), arginine (Arg) and histidine (His).
The weakest absorption observed at 280 nm, is attributed to
phenylalanine absorption. Similarly, Oncocin112 has tyrosine
in its sequence, thus, extra UV-Vis absorptions were
observed at 220nm and 280 nm compared to the OhPrP-s.
All AAs observed to be present in the peptide extract have
been described to be characteristic of naturally occurring
AMPs (Destoumieux-Garzon et al., 2016; Wang, 2019). Acidic
properties of the peptide extract are due to the high glu-
tamic and aspartic acid concentrations. The observed hydro-
phobicity of O. hiatula AMP can be related to high levels of

alanine, leucine, proline and hydroxyproline, among others.
In addition, the presence of hydroxyproline could mean that
O. hiatula AMP is concentrated in skin tissues (Kumar
Srivastava et al,, 2016), and perhaps released into its mucus
for protection against infection.

Methionine, alanine, leucine, glutamate and uncharged
lysine (‘MALEK’) found in the peptide, explains alpha-helical
features observed in IR spectra reported previously (Gasu
et al,, 2018, 2019). Also, high glycine and proline in protein
structures could lead to the formation of unordered confor-
mations. Unordered peptides are usually unstable in solution
due to flexibility of secondary structure, hence high aggrega-
tion propensity (Petkov et al., 2019). It has been shown both
theoretically and experimentally that many AMPs are partly
or fully disordered in solution but acquire a stable or defined
structure at their functional sites (Petkov et al., 2019). It is
possible that O. hiatula AMP falls in this category of unstable
peptides because of its high hydrophobicity and high affinity
for the HPLC column material. Second, peptides with high
aggregation propensity in hydrophilic solutions such as buf-
fers, display column retention behavior similar to what was
observed for O. hiatula peptide (Lee et al, 2003).
Accordingly, aggregation was anticipated as a potential
bottleneck for de novo sequencing workflows. Attempts to
obtain the primary structure (sequence) of the peptide by
mass spectrometry failed primarily due to aggregation issues.
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Figure 18. Extent of inhibition of siderophore expression; pyocyanin (a and c) and pyoverdine (b and d), in treated cultures of Pseudomonas aeruginosa PAO1-

lasB::gfp strain and clinical isolate (Cl).

Challenges such as sampling sources, extraction-isolation
yield, undesirable chemophysical features like high hydro-
phobicity, aggregation or self-association and proteogenicity,
impact negatively on isolation and characterization, and as a
result, impede progress in the discovery and optimization of
natural peptides from marine invertebrates (Dijksteel et al.,
2021; Sperstad et al., 2011). With the growing need for novel
antimicrobial agents to ease the burden of multidrug resist-
ance, predicting novel candidate peptides from the sequen-
ces of naturally occurring counterparts have provided a
complementary approach for AMP discovery and develop-
ment (Cardoso et al.,, 2020; Ledn-Buitimea et al.,, 2020). The
use of computational tools has not only helped in prediction
of AMPs with desirable chemophysical properties but has, in
addition, provided insights for activity prediction and target
elucidation. Due to the high percentage of proline in the
bioactive peptide extract, designing AMPs from its AA com-
position meant that prediction algorithms and design strat-
egies lead to the generation of peptide candidates that have
essential PrAMP features—antimicrobial activity, binding to
the 70S ribosome and/or DnaK.

PrAMPs mostly kill gram-negative bacteria by interfering
with protein synthesis and enhancing protein misfolding by
bacterial chaperone inhibition, with no known toxicities to
mammalian erythrocytes (Gagnon et al, 2016; Graf et al.,
2017; Mishra et al., 2018). Peptide design considerations
yielded expected outcomes as OhPrP-5 aligned well with
Metalnikowin and Api137 structurally, suggesting it could

bind and inhibit ribosomal function. Similarly, OhPrP-1, and 4
being structurally similar to ribonucleoproteins, OhPrP-2;
ribosomal protein entity, as well as OhPrP-3; a spliceosomal
protein segment, could inhibit protein synthesis and DNA
replication. The DBAASP webserver was designed to predict
membrane targeting AMPs. Comparing the physicochemical
features of the designed peptides to LL-23 reveals mem-
brane interaction propensitie; however, due to comparatively
high depths of penetration of the OhPrPs, direct transloca-
tion into bacterial cells to inhibit intracellular targets is also
probable. Again, the penetration depth and tilt angle of
OhPrP5 suggests its potential as a membrane targeting pep-
tide. The physicochemical properties of known PrAMPs were
thus matched to those of the designed peptides in order to
guide peptide candidate selection. Most of the properties
estimated for the designed peptides were similar when com-
pared to those of Oncocin112 and Metalnikowin, fitting
them in the same AMP class. Their cationic nature, estimated
tilt angles, amphiphilicity, penetration depths and isoelectric
points suggest, once again, that they could translocate
across bacterial membranes to interact with intracellular tar-
gets such as the ribosome and nucleic acids. The properties
of the OhPrP-s, having been obtained from the AA compos-
ition data and machine learning, corroborates the premise
that O. hiatula peptide probably target nucleic acids and the
ribosomes in bacteria.

Threading templates for OhPrP-s matching with ribonu-
cleoproteins, spliceosomal proteins and PrAMPs, means that,
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Figure 19. Extent of single colony swarming determined by halo diameter measurement after 12 and 24 h of incubation of treated (a: Oncocin112, b: OhPrP-3 and
¢: OhPrP-5) and untreated cultures of Pseudomonas aeruginosa PAO1-lasB:gfp strain.

the adopted design strategy resulted in the generation of
putative peptides that could bind to the ribosome and
nucleic acids as envisaged. All five peptides designed had
very similar physicochemical property predictions, suggesting
only little disparity in in vitro observations. Synthetic oligom-
ers showing high water solubility in vitro during bacterial
susceptibility testing, shows that database predictions such
as low propensity to aggregate in vitro, were accurate. The
work of Wang et al. for instance, incorporated input variable
selection (AA and pseudo-AA composition which also incor-
porated electrostatic charge, codon diversity, molecular vol-
ume, polarity and secondary structure), to existing machine
learning approaches in the design of an AMP prediction tool.
On the basis that AAs play an important role in the anti-
microbial activity of a peptide, this tool achieved high AMP
discovery success rates (Van Oort et al, 2021; Wang et al,
2011). This observation correlated well with our observations.

Crystallographic data show that Oncocin112 blocks the
peptidyl transferase center and destabilizes the initiation
complex. Upon binding to the upper region of the peptide
exit tunnel, Oncocin interferes with binding of the amino-
acyl-tRNA (aa-tRNA) in the A-site. Although it allows forma-
tion of the initiation complex, the steric occlusion it causes
destabilizes the initiation complex and causes dissociation.
Like poking a screw driver into a computer—leading to loss

of function, Oncocin inhibits protein translation by prevent-
ing the transition from initiation to elongation (Kuriata et al.,
2019). Molecular docking of the full length Oncocin112 and
co-crystalized Oncocin112, as well as the OhPrP-s to the 50S
subunit of the ribosome and DnaK produced binding confor-
mations within the processing site of the ribosome and the
substrate binding site of DnaK. Docked peptide conformers
deviated slightly from their experimental counterparts due to
structural flexibility in most cases, hence the recorded RMSD
values. Docking of the 13-mer gave high binding affinity for
the ribosome compared to DnaK. OhPrP-3 and 5 binding
within similar binding sites in the ribosome and DnaK, sug-
gests similar interactions and modes of action. A good over-
lap of OhPrP-1 and 4 within a similar site could suggest a
similar selectivity, though their binding affinities were not
estimated, just as the 19-mer Oncocin112. OhPrP-2 binding
towards the exit tunnel was unique, which confirms devi-
ation expected for a negative control. This means that,
OhPrP-1, 3, 4 and 5 are capable of antibacterial activity simi-
lar to Oncocin112 and its related PrAMPs, Metalnikowin and
Api137. Moreover, this could mean that the docking protocol
employed to determine both binding affinities and poses
are valid.

The identification of the 70S ribosome as primary target
and consecutive studies providing the structures of
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Oncocin112- and Api137-ribosome complexes allow quantify-
ing the PrAMP-ribosome binding for different bacteria to
explore their maximal activity spectrum. This approach
neglects culture medium compositions, which strongly affect
the MIC values, as well as the cellular uptake (Kolano et al.,
2020). On the contrary, here-in, peptide-target interactions
were evaluated in silico. And the use of the unique pharma-
codynamic parameter, MIC, for the description peptide
potency was complemented with the determination of a
bactericidal concentration and the study of time course
growth inhibition. Peptides with in silico binding modes simi-
lar to Oncocin112, produced similar in vitro results. For
example, OhPrP-3 and 5 binding to the ribosome and DnaK,
at similar positions as Oncocin112 (and Metalnikowin), pro-
duced the same in vitro bactericidal effects. The same was
found for OhPrP-1 and 4. Conversely, OhPrP-2 was predicted
to bind particularly at the exit tunnel (a single ribosomal
functional site) with relatively a small number of nonbonding
interactions, hence, probably responsible for its bacterio-
static effect.

In E. coli, proline-rich AMPs depend on the membrane
transpoter protein SbmA for full activity. Conversely, species
deficient of SbmA, such as P. ageruginosa, are less susceptible
to this class of AMPs (Frimodt-Mgller et al, 2022). This
explains why Gram-positive bacteria, in general, are resistant
to proline-rich AMPs. This could also explain the similarities
of the MIC values of OhPrPs against different P. aeruginosa
strains used in this work. Bactericidal activities recorded at
the MIC could mean that, the peptides have to bind to
inhibit the ribosome as the main target, and at the same
time, DnaK as one of many off targets. Hence, ribosome and
DnaK binding could be the ultimate mechanism for the bac-
tericidal activities of OhPrP-1, 3, 4 and 5.

Swarming motility at MICs was abolished due to bacteri-
cidal effects of Oncocin112, OhPrP-3 and 5. Oncocin112,
OhPrP-3 and OhPrP-5 binding to LasR in silico correlate to
reduction of pyocyanin and pyoverdine levels. From the
observed antivirulence activity, it can be postulated that pep-
tide-LasR binding modes could permit peptides to interact
directly with LasR regulated genes, thereby interfering with
LasR quorum sensing activation (Fan et al., 2013). The dnaK
gene of P. aeruginosa has been associated with bacterial
motility (Okuda et al., 2017), but since a dose-dependent
inhibition of swarming motility was not observed for the
peptides at sub-MIC concentrations, we cannot directly asso-
ciate DnaK-peptide binding to inhibition of swarm-
ing motility.

Conclusion

Acetone precipitation of AMPs from O. hiatula body tissue
hydrolysate yielded pure peptides with high proline and
acidic AAs content. Cellular targets for bioactive peptides
with such AA signatures are the ribosome and nucleic acids.
This work is limited by the absence of sequence information
on the natural peptide extracted. However, computer-aided
design yielded five novel AMPs with very good physicochem-
ical properties. Molecular modelling confirmed structural

semblance of OhPrP-s to ribosome and nucleic acid binding
peptides. The peptides designed had both bactericidal and
antivirulent potential in vitro. In silico and in vitro evidence
support the premise that, the AMP from O. hiatula could
bind multiple intracellular targets, namely the ribosome and
nucleic acids, for its antibacterial activities. Taken together,
this work demonstrates an approach of merging biophysical
characterization and knowledge-based peptide design strat-
egies, to overturn challenges of marine peptide discovery
and help with the discovery of new bioactive AMPs with
known targets.
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