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Summary

Understanding innate defence mechanisms is not only an exercise of pure science,
but can give the scientific community new tools in fighting pathogens. In particular, the
emergence of strains multi-resistant to common antibiotics gave a rush to the identifi-
cation of new bioactive molecules. Possible candidates are a variety of endogenous
gene-encoded antibiotics, evolved together with other humoral effectors to protect hosts
from infective agents, beyond adaptive immunity.

The main target of the thesis is to get further insights in the actual “jungle” of AMPs,
in particular on their mechanism of action, with the final goal of improving their perfor-
mance against so-called ESKAPE pathogens. Thus, I’ve developed new specific methods,
starting from Jn silico predictions to high-throughput characterisation of mutants, and
characterized new molecules, in particular peptides derived from bivalves, as lead com-
pounds for anti-infective drugs. To achieve these goals, | worked with different labora-
tories expert in peptide synthesis, structural bioinformatics or recombinant protein pro-
duction.

The first chapter gives an overview on antimicrobial peptides, with particular atten-
tion to CSaP peptides. Such peptides display features useful for the development of new
antibiotics, such as high stability and immunomodulatory properties.

The second chapter presents the work done in collaboration with the Chemical sci-
ences Department of the University of Padua on the structural characterization of CSxf
peptides. Considering the abundance of putative AMP sequences and the scarcity of ef-
fectively produced and market-oriented peptides, we developed a cysteine-guided mo-
lecular dynamics protocol for CSxf structure refinement. This could support the research
of active fragments before the recombinant production or chemical synthesis of the
whole peptide. The proposed protocol is now published in the Journal of Biomolecular
Structure and Dynamics, issue of Sep 2016.

As proof of application of chapter 2 protocol, the third chapter illustrates the exper-
imental work on myticin C, a polymorphic AMP from M. galloprovincialis. Such molecule
displays interesting immuno-related properties. Starting from a structural model, we
were able to design MytC-derived active fragments showing properties similar to the
whole peptide. Part of results presented in this thesis are now published in the Journal
of Agricultural and Food Chemistry, issue of Oct. 2015.



Aiming to increase the repertoire of available bioactive AMPs, we selected five puta-
tive antimicrobial peptide sequences from M. galloprovincialis transcriptomic data and,
after preliminary trials in £. coli, the yeast Pichia pastoris was selected for a more advan-
tageous recombinant production. This work, described in the fourth chapter, was done
in collaboration with ETHZ (Swiss), namely in the laboratory of Prof. Markus Aebi, where |
spent six months under the supervision of Doctor Andreas Essig. Actually two proteins
have been produced, one of them showing an interesting range of antimicrobial activity.

During my staying at ETHZ, I’ve worked on copsin, a defensin-like peptide previous-
ly identified in the fungus Coprinopsis cinerea and the fifth chapter describes the high
throughput production of site-directed copsin mutants and the /n silico characterization
of membrane interaction of copsin and of one copsin mutant with improved features,
named k-copsin.

In the appendix are reported experimental inputs supporting other research lines
carried on in the Dott. Paola Venier laboratory.



Riassunto

Capire come funziona I'immunita innata non significa solo sviluppare nuove cono-
scenze di base, ma puo fornire alla comunita scientifica nuovi strumenti per combattere
organismi patogeni. In particolare, la comparsa di ceppi multi-resistenti ai comuni anti-
biotici ha spinto la ricerca di nuove molecole bioattive. Tra i possibili candidati vi sono
antibiotici endogeni codificati da geni ed evoluti insieme ad altre molecole effettrici per
proteggere ospite da agenti infettivi indipendentemente dalla immunita di tipo adattati-
Vo.

L’obiettivo principale della tesi & stato quello di cercare nuove evidenze riguardo
questa giungla di AMPs, in particolare sul loro meccanismo d’azione, con I'obiettivo di
migliorare la loro performance contro il gruppo di patogeni cosiddetti ESKAPE. Per fare
cio ho sviluppato nuovi metodi di indagine specifici, a partire dalla predizione /n silico
fino alla caratterizzazione di mutanti, e caratterizzato nuove molecole, in particolare de-
rivate da bivalvi. Per raggiungere questi risultati ho collaborato con diversi laboratori
esperti nella sintesi di peptidi, in bioinformatica strutturale e nella produzione ricombi-
nante di proteine.

| peptidi antimicrobici naturali sono strutturalmente diversi, ma presentano alcune
caratteristiche comuni. Il primo capitolo offre una panoramica sui peptidi antimicrobici,
con particolare attenzione ai cosiddetti peptidi CSxB che posseggono alcune caratteristi-
che interessanti, come elevata stabilita e proprieta immunomodulatorie.

Il secondo capitolo presenta il lavoro fatto in collaborazione con il Dipartimento di
Scienze chimiche dell’Universita di Padova e riguardante la caratterizzazione strutturale
di peptidi CSxpB. Considerando I’abbondanza di sequenze di possibili peptidi antimicro-
bici e la scarsita di peptidi efficacemente prodotti e orientati al mercato, abbiamo svilup-
pato un protocollo bioinformatico basato sui ponti disolfuro ed in grado di migliorare
predizioni di struttura. Questo potrebbe essere utile nella ricerca di frammenti attivi sen-
za la necessita di produrre I'intero peptide. Il protocollo e stato pubblicato nel Settembre
del 2016 in Journal of Biomolecular Structure and Dynamics.

Come prova dell’utilita di tale protocollo, il terzo capitolo riporta il lavoro speri-
mentale effettuato sulla miticina C, un peptide antimicrobico polimorfico di M. gallopro-
vincialis con interessanti proprieta legate all’immunita. Partendo da predizioni strutturali,
siamo stati in grado di disegnare dei frammenti attivi derivanti dalla miticina C aventi
proprieta simili a quelle del peptide intero. Parte di questo lavoro e gia stato pubblicato
nell’Ottobre del 2015 nel Journal of Agricultural and Food Chemistry.
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Con I'obiettivo di aumentare il repertorio di AMP bioattivi disponibili, abbiamo sele-
zionate cinque sequenze di possibili peptidi antimicrobici dai dati trascrittomici di M.
galloprovincialis puntando su Pichia pastoris, dopo i primi tentativi in £. coli, per una piu
vantaggiosa produzione ricombinante di tali peptidi. Questa parte di lavoro, descritta nel
qguarto capitolo, e stata svolta in collaborazione con 'ETH di Zurigo, in particolare nel
laboratorio del Prof. Markus Aebi, sotto la supervisione del Dott. Andreas Essig. Per il
momento siamo stati in grado di produrre due peptidi, uno dei quali ha un interessante
spettro di attivita antimicrobica.

Durante il periodo all’ETHZ, ho lavorato sulla copsina, una defensina identificata nel
fungo Coprinopsis cinerea. Nel quinto capitolo e descritta la produzione di mutanti della
copsina e la caratterizzazione computazionale dell’interazione a livello di membrana di
due versioni della copsina, la prima wild-tipe ed una seconda con caratteristiche miglio-
rative. L’articolo relativo ai dati presentati sta per essere sottoposto a peer review.

In appendice sono presentati i contributi sperimentali a supporto di altre linee di la-
voro presenti nel laboratorio della Dott.ssa Paola Venier.
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Chapter 1

Antimicrobial Peptides:

From the discovery of penicillin, natural innate defence systems have been a source
of bioactive molecules, able to significantly improve human health. Among the effector
molecules, Cationic Host Defence Peptides (CHDPs) or antimicrobial peptides (AMP) have
been characterized in all living kingdoms, suggesting their fundamental and ancient role
in the host defence against pathogens and predators (e.g. venom toxins). Especially in
organisms lacking adaptive immune systems, CHDPs play a primary role in pathogen
recognition, immune modulation, enzyme inhibition, immune cells chemotaxis, tumour
suppression, signalling, adaptation to abiotic stresses, wound repair and angiogenesis as
well as in direct pathogen killing'2. More than 16900 antimicrobial peptides sequences
have been deposited in the AMP databases3. This is a real “jungle”, where peptides differ
for many features, from primary sequence to compartmentalization and mechanism of
action. But all of them have a primary objective: to kill the intruder.

CHDPs with anti-infective and immunomodulatory properties show some common
characteristics, despite the great variety in primary sequence, mode of action and struc-
tural organization. Most of these peptides are relatively short, between 6 and 80 amino
acids, positively charged owing to arginine/lysine residues and typically have between
40% and 70% of hydrophobic residues. Most of the times, AMP are encoded as prepro-
peptides and then processed to the active form. In addition to the localization signal, the

Gram negative

propeptide act as chaperone and pro-
against
Some anionic antimicrobial peptides

¢ Gram positive
L] LPS L

= Aulolysin release
-

tector auto cytotoxicity4-e.

AT M
del  Carpet model

C

B«uf_‘J-_\‘fﬂ:ﬁ model  Toroidal imo
|

A B

G
Replication -

«  RNA polymerase —
DNA —> RNA — oo

Transeriplion Transiation .

have also been discovered, but their

mechanism of action remains un-

Binaing 19 708 H 78 g P
A clear7.8, AMPs are traditionally classi
i fied

primary

in four families based on the

Protein synthesis

sequence and secondary

structure: B-sheet peptides stabi-
lized by disulphides bonds; peptides
confor-

S

Figure 1: Membrane channel formation (A) and transmem-
brane pore formation are proposed for dermicidin and the C-
type lectin Reglllx, respectively. It has been proposed that hu-
man LL-37 forms a toroidal pore (B), while other antimicrobial
peptides, such as piscidins, locate on the membrane surface and
follow the carpet model (C). Lactococcin G and Enterocin 1071
bind to UppP, an enzyme involved in cell wall synthesis (D).
Gravicin ML binds to maltose ABC receptors (E). RTD2 as well as

prevalently in «-helical
mation; peptides essentially unfolded
and enriched in a particular amino-

acid (Trp-rich, Pro-rich); cyclic pep-

lantibiotic Pep5 cause the release of autolysin interacting with
bacterial membranes (F). Intracellularly, microcin J25 inhibits the
RNA polymerase (G), while the prolin-rich apidaecins, oncocins
and Bac7 block protein synthesis inhibiting ribosomal proteins
(H). Abbreviations used in the figures are LPS, lipopolysaccha-
ride; OM, outer membrane; IM, inner membrane; PGN, pepti-
doglycan; LTA, lipoteichoic acid; MLT, maltose transporter

tides with one or more disulphides®.
At the same time, each family exhib-
its several different mechanisms of
action, most involving membrane
dysfunction, inhibition of extracellu-
lar biopolymer synthesis or inhibition

of intracellular functions (Figure 1)1011, The next sections illustrate a particular class of
antimicrobial peptides called Cysteine Stabilized AMPs and their subfamilies.
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Introduction

Disulfide-Stabilized antimicrobial peptides

Disulfide-stabilized antimicrobial peptides are a particular class of AMPs character-
ized by one or more disulfide bridges conferring a stable peptide conformation. For this
reason, with few exceptions, they are also known as Cysteine Stabilized «f (CSxB) pep-
tides'2-14, The widespread presence of these peptides in multicellular organisms sug-
gests their fundamental role in the host organism'>. In most of the cases, disulphide
bridges have been demonstrated to be essential for antimicrobial activity, revealing a
strict connection between tertiary structure and function, even if some peptides show the
same or better activity when disulfides are reduced, such as Myticin C and hBD116-20,
Overall, the cysteine bonds confer proteolytic, thermal and chemical stability to pep-
tides13.19,

Among the CSxB peptides we can distinguish several families according to the sec-
ondary structure motifs, disulfide array and functional properties. The biggest class of
CSap peptides are defensins, followed by some cathelicidin, knottins, cyclotides and li-
pid-transfer proteins. The CSxp classification is not unique in literature, i.e. knottins are
considered either as part of the defensin family or as autonomous group, according to
the applied experimental approach?3.21,

Defensins

Defensins are a large group of highly differentiated CSxf peptides, expressed by
most eukaryotes, with a broad range antimicrobial activity but also with different roles
including signalling and chemotactic activity22.23, All known defensins are produced from
a precursor with a N-terminal signal peptide directing the peptide to the endoplasmic
reticulum, where the formation of disulfide bridges is guided by foldases and chaper-
ones. After folding, defensins are directed by a propeptide to secretion or to intracellular
compartments, such as phagolysosomes2425. Most defensins are characterized by the
so-called y-core motif, formed by two cysteine-stabilized antiparallel B-strands, dex-
tromeric or levomeric, and presenting a conserved amino acids pattern Gly-X-Cys or
Cys-X-Gly'2. In some cases the y-core is sufficient for antimicrobial activity2é, or it can
be stabilized by additional secondary structures2’. Moreover, some defensins were
demonstrated to form dimers and oligomers, resulting in increased antimicrobial activi-
ty28.29, Defensins were historically classified in two groups, fungal / plant / invertebrate
defensins and vertebrate defensins. Recently Shafee, T. M. A., et al. proposed a new
classification, based on conserved structural features and disulfide array3°. This classifi-
cation, largely consistent with the previous ones, demonstrated a different but conver-
gent evolutionary pathway for the two superfamilies named c¢/is- and trans-defensins3!.
The main difference between these two groups has been recognized in the ancestral
conserved structural motif: while cis-defensins present two conserved disulfides be-
tween one of the two B-strands and an «-helix, trans-defensins have two conserved
cysteines in the C-terminal B-strand, pointing in opposite direction and bonding to two
different secondary elements.



Chapter 1

Cis-defensins

Cis—-defensins are present mainly in arthropods and nematodes, as well as molluscs,
annelids and cnidarians. They are also present in fungi and spermatophyte plants and
they have been also found in cephalochordates. Interestingly, no cis-defensin has been
found so far in other deutrostomia, locophotrozoa or viridiplantae, a fact attributed to
gene loss phenomena3s? or horizontal gene transfer33. Defensin-like genes have been re-
ported also in prokaryotes, but an evolutionary link is still under investigation34. Never-
theless, cysteine connectivity differentiated during evolution to generate 22 different di-
sulfide arrays (Figure 2)31.

Plant defensins are reported to target mainly the pathogen membranes, and in some
cases to inhibit enzymes. Most of these defensins were isolated in seeds and roots, but
evidence of their expression was collected also in other tissues35. They can present eight
(8C) or ten (10C) cysteines involved in disulfide bonds. One of the best characterized 8C
defensin of plants is NaD1 from Nicotiana alata. NaD1 is active against plant pathogens
Botrytis cinerea and Fusarium oxysporus?836. Its mechanism of action involves oxidative
killing and membrane perturbation and interaction with phosphatidylinositol 4,5
bisphosphate, as demonstrated with molecular dynamics simulations37:38, Other plant
defensins are able to selectively inhibit insects «—amylases39.

Fungi became part of defensins-producing organisms in 2005, with the discovery of
plectasin from Pseudoplecatania nigrella*®. Plectasin has been demonstrated to be active
against Streptococci and Staphylococci, specifically binding Lipid Il of bacterial mem-
branes. Moreover, a modified version named NZ2114 showed potent activity against
Methicillin-Resistant Staphylococcus aureus (MRSA) in a rabbit model4'.

Among the invertebrate AMP, Drosomycin from Drosophila melanogaster has been
extensively characterized. First identified in 199442, it showed strong activity against fil-
amentous fungi and parasites such as Plasmodium berghes3.44. The Drosomycin mecha-
nism of action appears to involve interactions with sphingolipids and consequent mem-
brane perturbation4s.46, Among molluscan, Crassostrea gigas defensins (Cg-Defs) are
constitutively expressed in the mantle to avoid pathogen colonization4?. Cg-Defs act
synergistically with other immune proteins, in order to overcome inhibiting factors such
as high salt concentration and slightly basic pH typical of marine environment4s.

Trans-defensins

Trans-defensins have been found in vertebrates, molluscs, arthropods, lancelets
and sea anemones. Different trans-defensins families can have different secondary
structure, with different elements bonding to the conserved cysteine core. It is possible
to sort trans-defensins in five different families on the basis of disulfide connectivity and
structural features. Six x-defensins (HNP 1-4, human neutrophil peptides, and HD 5-6)
and four B-defensins (HBD) have been identified in humans49. HNP 1-4 display a large
copy number and high polymorphism. They are typically expressed in leukocytes and
stored in primary granules after processing. HD 5-6 are produced in Paneth cells and

4



Introduction

exhibits chemotactic proprieties>. The o-defensins are released in the extracellular
space in response to pathogen recognition, together with other defence effectors4°.

The B-defensin genes are clustered principally on chromosome 8p23.1 and consist
in two exons, the second one encoding for the mature peptide. It has been demonstrated
the ability of such peptides to kill bacterias’, viruses52 and yeasts20 and, even if the anti-
microbial mechanism is not completely clarified, hBD3 is able to bind lipid-Il and disrupt
cell wall biosynthesiss3 while membrane perturbation or ion channel interactions are re-
ported for other defensinss5455. Homologs of B-defensins have been found in other ver-
tebrates, one of the most interesting being the crotamin-myotoxin in snake venom5s.

As regards 0-defensins, they are present in humans as pseudogene with a prema-
ture stop codon and have been identified in Rhesus macaque as cyclic peptide formed by
two truncated o-defensinssé. These molecules are currently under investigation for their
anti-HIV properties>7.

Big defensins and Defensin-Like Peptide (DLP) are invertebrate trans-defensins,
identified for the first time in the horseshoe crab Tachypleus tridentatus in 2010 and in
the sea anemone Stichodactyla helianthus in 2016, respectivelys8.59 (Figure 2).
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Figure 2: Relatedness within the cis- and trans-defensins. Evidence for common origin in the (a) cis-defensins and
(b) trans-defensins. Structures are shown for peptides with known structures, classes with unresolved structures are
represented by italicised names in circles. Putative disulphides unique to a class are denoted as x:y where x and y
are the additional cysteines involved in the disulphide. Uncharacterised variants with additional disulphides are de-
noted by single letters (e.g. S-locus 11b, etc.). Black lines indicate homology evidence from structural similarity, grey
lines indicate evidence from gene structure and organisation. The PDB codes for the proteins are given in parenthe-
ses. Structures are organised by kingdom, with a fungal representative as an example of the shared C6 defensins
and a plant representative for the shared C8 defensins (Shafee et al., 2016).
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Other CSap

Cathelicidins are a class of AMPs expressed in humans and other animal species.
They possess a conserved precursor and a highly polymorphic mature peptide at the C-
terminal, with structural conformations ranging from «-helix% to B-sheet2¢ and linear®¢!.
Only some cathelicidins are CSxp peptides, for example protegrins are stabilized by di-
sulfide bonds and share structural features with 6-defensins suggesting a convergent
selection of structural features for common functionseé2.

Knottins are a large class of peptides with multiple functions characterized by a cys-
teine knot formed by three disulfides. Antimicrobial knottins have been identified in
plants, fungi, insects and spiders. Plant cyclotides are a particular sub-class of this fami-
ly characterized by a circular backbone®s.

Lipid-transfer-proteins (LPT) are plant AMPs of about 9 kDa with four disulfide
bonds essential to the antimicrobial function. These proteins can present antimicrobial,
antifungal, antiviral and antiproliferative activities64.

AntiMicrobial Peptides applications

AMPs have been regarded for a long time as potential alternatives to classical anti-
biotics for fighting emerging multi-resistant strainsé5. Moreover, immunomodulatory
properties of these peptides can be considered a further pharmaceutical benefit com-
pared to common antibiotics'. Actually, the initial enthusiasm towards AMPs crashed on
the difficulties to develop marketable molecules. In fact, despite over 2000 patents re-
garding AMPs, only few arrived to commercialization®. From a clinical point of view, po-
tent AMPs are often cytotoxic or toxic in vivo, preventing systemic applicationsé’. Exam-
ples are gramicidin S8 and indolicidin®. To our knowledge, there are actually about 10
antimicrobial peptides in preclinical or clinical phase, with the most promising being
Pexiganan (Locilex®), derived from African Clawed Frog magainin and actually in phase
lll trial as topic agent against diabetes foot infections?°. Iseganan (IB-367), a derivate of
protegrin 1, is in phase lll for treatment of oral mucositis and pneumonia. An oral care
product called P113+, derived from Histatin, is actually commercialized by Pacgen Bio-
pharmaceuticals Corp. and passed clinical phase Il trial for the use against oral candidia-
sis’!. Omiganan, an analogue of indolicidin is in phase lll as topical cream for treatment
of skin infections and catheter associated bacteria?2. Finally Brilacidin, a mimetic of de-
fensins, is in phase lll for system administration against Gram+ skin infections73.

From a non-clinical point of view, there are some other examples of commercial
AMPs. The bacteriocin nisin from Lactococcus /actis is used as food preservative since
198874 and it is currently under investigation for potential biomedical applications?s. At
the same time, many AMPs are under investigation as nutraceutics in swine and poultry
production’6 and as cosmetics ingredients?7.
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Chapter 2

Abstract

Many cysteine-stabilized antimicrobial peptides from a variety of different living or-
ganisms could be good candidates for the development of anti-infective agents. In the
absence of experimentally obtained structural data, peptide modelling is an essential
tool for understanding structure-activity relationships and for optimizing the bioactive
moieties. Focussing on cysteine-rich peptide structures, we reproduced the case of
structure predictions in the so-called midnight-zone. We developed our protocol on a
training set derived by clustering the available Cysteine Stabilized «f (CSxB) structures
in nine different representative families and tested it on peptides randomly selected from
each family. Starting from draft models, we tested a structure-based disulfide predictor
and we used cysteine distances as constraints during molecular dynamics. Finally, we
proposed an analysis for final structure selection. Accordingly, we obtained a mean Root
Mean Square Deviation improvement of 21% for the test set. Our findings demonstrate
that it is possible to predict the network of disulfide bridges in cysteine stabilized pep-
tides and to use this result to improve the accuracy of structural predictions. Finally, we
applied this new procedure to predict the structure of royalisin, a cysteine-rich peptide
with unknown structure.
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Introduction

Antimicrobial peptides (AMP) are a class of compounds useful to extend the pool of
bioactive molecules to fight pathogens with increasing resistance towards common anti-
biotics’. Among the AMP variety, Cysteine-stabilized o (CSxP) peptides could be good
candidates for the development of new drugs because of their stability, broad antibacte-
rial spectrum and, often, low haemolytic activity2. Usually, these peptides show a highly
conserved cysteine array but differ substantially in primary sequence3. In some cases,
the production of the whole peptide is difficult and not necessary to obtain an active
molecule. In fact, the antimicrobial activity can be assured by only a specific fragment of
the molecule, suggesting an easier and less expensive production of a minimal active
peptide, instead of the whole peptide45. Since the number of fully characterized AMPs to
date is only a small fraction of the potential antimicrobials identified from steadily grow-
ing genomic and transcriptomic data, reliable predictive models can be a good starting
point to design possible variants and new active fragmentss.

Advances in bioinformatics have provided researchers with powerful “Single click”
modelling servers based on ab initio, fold-recognition, homology, or mixed approaches?’.
On the one hand, such tools usually offer good results in terms of overall topology but,
on the other hand, they can produce bias in the side chain orientation, disulfide connec-
tion and secondary structures arrangement, especially when the peptide of interest has
low sequence similarity with deposited structures8. These errors could generate misin-
terpretations of structure-activity relationships and lead to arduous rational peptide de-
sign. To overcome such problems, accurate structure refinement is often necessary.

In the case of cysteine stabilized proteins, structural model improvements can be
achieved using disulfide-guided protocols. In fact, especially in the case of ab initio
folding tools or low homology modelling, the introduction of contact restraints can lead
to better predictions?. Moreover, the disulfide array can support sequence homology as
an index of structure similarity’®. Many tools are now available for sequence-based di-
sulfide prediction, often based on Support Vector Machines (SVM) methods''. The use of
draft structures for distance-based disulfide prediction has been previously explored
alone’2 or in tandem with other parameters'3. The smart use of molecular dynamics pro-
tocols has been demonstrated to be a helpful tool to refine homology modelled struc-
tures' and has been effectively applied in the case of structurally uncharacterized
AMPs15,

We have previously used molecular dynamics (MD) to structurally characterize Myti-
cin C, an antimicrobial and antiviral peptide from Mytilus galloprovincialis. The obtained
results lead to the identification of a region composed by highly variable amino acid po-
sitions and the minimal active peptide sequences.

The present study describes a distance-based disulfide prediction algorithm for
CSaB antimicrobial peptides, using initial structures obtained with I-TASSER and exclud-
ing templates with more than 20% sequence identity, to reproduce the case of midnight-
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zone predictions's. A disulfide-guided protocol was created for the refinement and
structure selection of CSxp peptides based on molecular dynamics simulations (Figure
1). We demonstrate that this protocol is able to effectively predict disulfide bonds of se-
lected peptides and to improve the overall quality of the model compared to the starting
structure.
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Figure 1: Refinement protocol workflow: sequences of selected peptides were used for modelling,
excluding templates with more than 20% identity. Combinations of logarithmic means of cysteine
distances were analysed to minimize the score. Disulphides were imposed to each starting model
and sent to molecular dynamics simulations. Total 400 trajectories snapshots from each simulation
were joined and clustered basing on structural similarity at different cut-offs. The centroid of the
most populated cluster with the lowest density was selected as final model.
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Material and methods

Training and test sets

From the Antimicrobial Peptide Database 2 (APD2)'7, 55 entries were selected to form
the initial data set. The so-called Combined Helix and Beta (packed) peptides in the
APD2 with known structures deposited in the Protein Data Bank (PDB) were filtered to
exclude chains longer than 80 amino acids or with less than four cysteines'8. Protein
structures were clustered according to their paired TM-scores'® using ProCKSI-Server20,
Clustering cut-off was set to 0.3, leading to nine different clusters. The training set,
used for parameter optimization, was obtained by selecting the cluster centroids, de-
fined as the structure with the highest average TM-score among the models of the same
family. The test set included one randomly selected structure from each cluster and was
used to validate the refinement protocol proposed in this study.

Starting model generation

The sequences of all selected peptides were retrieved from the PDB and the initial
models were computed using the I-TASSER suite (v. 4.3) without imposing disulfide
bonds and excluding templates with more than 20% identity2'. The obtained ensemble of
five models for each peptide was submitted to the refinement protocol. The disulfide
connectivity was predicted using a home-made script. In brief, the logarithm of the dis-
tance between each pair of sulphur atoms was calculated. Then, the means of these
pairwise distances among the five starting models were used to generate a score matrix
and scanned for the optimal combination of disulfides, defined as the minimal sum of
the scores for all the possible combinations of bonds. Accuracy was evaluated calculat-
ing Qc for cysteines and Qr for proteins, defined as C¢/ 7c and Cp/ 75, respectively, where
Ccis the number of correctly assigned cysteines and 7¢ the total number of cysteines in
the starting sequences, Cr the number of proteins with all the disulfides correctly as-
signed and 7rthe total number of proteins in the set.

Molecular dynamics simulations

The molecular dynamics simulations were designed to evaluate the possibility of in-
creasing the accuracy of the predicted structures. In order to perform such calculation
we take advantage of accessing Brutus cluster of ETH in Zurich. The Gromacs 4.622 pack-
age was used as the MD engine. The correct disulfide connectivity was imposed during
GROMACS model generation through the pdb2gmx command. All the simulations were
performed using 2 fs time steps, in a triclinic box with edge distance from the molecule
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set to 1.2 nm and filled with water molecules described by the SPC/E water model. Ini-
tially, 20000 steps of energy minimization at 300 K were performed using a steepest de-
scent algorithm. For the simulation, the long-range Coulomb interactions were comput-
ed with the Particle Mesh Ewald (PME) method?23. The V-rescale algorithm?24 for tempera-
ture coupling (300 K) and the Parrinello-Rahman algorithm for pressure coupling at 1.0
atm25 were imposed. For neighbour searching, a Verlet scheme with a cut-off of 1.2 was
set and the grip update method was imposed. Then, 5000 steps of solvent equilibration
were performed using an Isothermal-isobaric (NPT) ensemble and applying a positional
constraint on the peptide. The leap-frog integrator was used to integrate Newton's
equations of motion. A non-bonded cut-off distance of 9 A was imposed. The next step
was a 10 ns Simulated Annealing (SA). The initial temperature was set at 300 K, then it
was increased, in 1 ns, to 365 K and 340 K for protein and water, respectively, and then
decreased for 8 ns to reach 300 K, were it was maintained for 1 ns. The Coulomb type
for the SA was switched to Reaction-field and the non-bonded cut-off to 1.2 nm. Finally,
a free dynamics of 100 ns at 300 K was performed maintaining the same parameters as
for the SA. All the simulations were performed using the CHARMM27 force fieldz¢.

Clustering

For each peptide of the training and test sets, structures from the last 40 ns of the
five independent simulations were sampled every 0.1 ns, and then joined to form a 2000
structures decoy finally clustered using the GROMOS algorithm from GROMACS?27. For
final cluster selection, several clusterings were performed, changing the cut-off parame-
ter. Specifically, the ratio r between the cut-off and the number of amino acids of the
target peptide was ranged from 0.51 to 2.01 in 0.01 steps following the equation:

Cutoff ( = Naa * r

Thus, only the most populated cluster was extracted for each r value and, within this
group of selected clusters, the one with the lowest density was kept and its centroid se-
lected as representative structure.

Density is defined as:

D =N/ ([RMSD] / Ntot)
were N is the number of structures in the cluster, [RMSD] is the mean RMSD of the
centroid compared to the other structures in the cluster, Nw: is the total number of

structures in the decoy?3. Final centroids were further refined with a 100 step minimiza-
tion using the parameters described above.
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Results and discussion

Generation of the training and test sets

Chapter 2

Clustering of the cysteine-packed P peptides is consistent with a similar analysis
recently published?® (Supplementary Figure 1). Both training and test sets are repre-

sentative of different families of AMPs arising from several organism phyla. Protein 2rng,

a big defensin from Tachypleus tridentatus, showed a remarkable difference from all the
other selected AMPs, clustering by itself. To maintain the same number of proteins in the
training set and in the test set, two proteins were selected from the most populated

cluster, i.e. cluster number 4 (Table 1).

Name

Coprisin
CgDefensinl

ARD1

VrDefensin2
B-purothionein
Cycloviolacin
MmpBDefensinl
Antifungal Peptide 2
Big defensin
Theromacin
MytilinB
Hydramacinl
SoDefensinl

Psd1

ViscotoxinA2
Cyclotide Palicourein

Crotamine

Disulfides array
1-4,2-5,3-6
1-5,2-6,3-7,4-8
1-4,2-5,3-6
1-8,2-5,3-6,4-7
1-8,2-7,3-6,4-5
1-4,2-5,3-6
1-5,2-4,3-6

1-5,2-9,3-6,4-7,8-10

1-5,2-4,3-6

1-7,2-6,3-8,4-9,5-10

1-5,2-6,3-7,4-8
1-6,2-5,3-7,4-8
1-8,2-5,3-6,4-7
1-8,2-5,3-6,4-7
1-6,2-5,3-4
1-4,2-5,3-6
1-5,2-4,3-6

Liver antimicrobial peptide2 1-3,2-4

Cluster PDB  Organism

Data set: 1 2In4  Copris tripartitus
2 2b68 Crassostrea gigas
3 lozz  Archaeopreponademophon
4 2gll  Vigna radiata
5 1bhp Triticum gestivum
6 1nbj Viola odorata
¥ ledt  Mus musculus
8 1p9z Eucommia ulmoides
9 2rng  Tachypleus tridentatus

Testset: 1 2In8  Hirudo medicinalis
2 2eem Mytilus edulis
3 2k35 Hydra magnipapillata
4 2ksk  Saccharum officinarum
4 1jkz  Pisum Sativum
5 1jmn  Viscum album
6 irif  Palicourea condensata
7 1299  Crotalus durissus
8 2l1q Homo sapiens

entry, the organism of origin, name, disulfide bond connectivity and lenght.

Length
44
43
44
47
45
30
37
41
79
75
34
60
71
46
46
37
42
40

Table 1: list of the proteins used in the training set and in the test set with the corresponding cluster, the PDB
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Starting draft structures

The starting models were generated using the I-TASSER suite imposing a maximal
homology of 20%, to mimic the case of so-called “midnight-zone” structure prediction’s.
As previously reported, the starting model with the highest C-score, i.e., the I-TASSER
model quality estimation score, is not always the most similar one to the structure de-
posited in the PDB3° (Figure 2). Thus, to increase the possibility to obtain a good predic-
tion from the simulation, the MD protocol was applied to all the generated models.

PDB code

1bhp
0 2 4 6 8 10 12 14
RMSD
® Starting modell Starting model2 = Starting model3

m Starting model4 = Starting model5

Figure 2: RMSD between the starting models and the experimental structure
in PDB calculated using the g_rms tool in the GROMACS package.

Disulfides

The disulfide prediction algorithm was based on sulphur atom distances in order to
set up a protocol suitable for disulfide prediction starting from draft structures only. As
an improvement for the prediction, the assigned scores to pairs of cysteines were based
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not on the simple distance but on a logarithmic function. In this way, the sensitivity for
neighbour cysteines conserved among the draft structures was increased. Appling the
disulfide prediction algorithm, the Qr of the nine structures in the training and the test
set was 0.78 and 0.66, respectively. The Qcwas 0.81 and 0.78 for the training and the
test set, respectively. To our knowledge, homology models were used in SVM protocols
for disulfide predictions’3:31, but this is the first attempt to validate a protocol for disul-
fide pattern prediction involving only draft structures imposing a low identity cut-off
with known structures. The Qc of available sequence based disulfide bond predictors is
between 0.60 for DISLOCATE32 and 0.73 for Cyscon'! when imposing an identity lower
than 20%.

The present protocol looks promising, but the sequence selection for the data set is
limited to CSxB peptides and therefore the Qcand Qrvalues cannot be directly compared
to those obtained with the SVM algorithms, which are based on a much larger number of
sequences. Furthermore, the SVM algorithms are a combination of different predictive
terms. Nevertheless, the present approach could be integrated in disulfide predictors to
further improve their performance or used to confirm a hypothetical cysteine connectivi-

ty.

Structure refinement

Simulation

A multi-step protocol was designed to refine the raw models generated by I-TASSER
and to enhance conformational sampling. The protocol is based on the force field
CHARMM27, which was proven to be particularly suitable for rapid folding and stabiliza-
tion of secondary structure of the peptides at middle-high temperatures, as desirable for
the simulated annealing step during the structure refinement33.34,

First, the system is placed in a fully explicit solvation box and subjected to an ener-
gy minimization stage to optimize the model geometries after the introduction of the
disulfide bonds and to reduce possible steric clashes originated in the placement of the
water molecules. After a brief solvent equilibration step, a classical SA protocol35 was
applied, heating the peptide to 365 K to overcome potential energy barriers followed by
slow cooling to reach a low energy minimum. The maximum temperature was set to ex-
plore different conformations without undergoing global unfolding3s. Finally, the system
was maintained at 300 K for 100 ns by a classical MD. The MD simulation was conducted
for 100 ns in light of the observation that the vast majority of conformations in the
training set required few tens of nanoseconds to reach stability. In both the simulation
steps (SA and MD) RMSD values between the initial and the final conformations are lower
than 1 nm (Supplementary Figure 2), except in one case, as expected for conformational
changes more than folding/unfolding phenomena3?. Nevertheless, the structures sub-
jected to the simulation showed substantial variations in term of RMSD compared to the
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corresponding starting structure, consequent to the rearrangement of the secondary el-
ements.

Cut-off vs RMSD

In the training set, the correspondence between the centroid from the most popu-
lated cluster and the experimental structure was analysed, and different cut-offs were
imposed to find the best cut-off to apply. From this analysis, the cut-off corresponding
to the most populated cluster with the lowest density was selected. This is in contrast
with other analyses that claim that higher density corresponds to better structures; this
is the case when comparing simulations of different peptides (Figure 3), but not when
comparing different clusters from the same simulation. Comparison of the RMSD be-
tween the final structure and the experimental model with density values is consistent
with similar analyses previously performed 2830,

Figure 3: Density of the fi- 14.00
nal cluster compared to the A .
RMSD between the final model
. | 'y
and the corresponding structure LA * .
deposited in the PDB. Squares: 2 800 - -
proteins in the training set; Tri- g
. oo — 600 - =
angles: proteins in the test set. 3 . A om
= 400 i
(] Al
2.00 'y
0.00 - - : .
0.1 1
Density

Interestingly, for all the analysed decoys, the selected cluster is representative of
structures from at least two different simulations, suggesting a convergence between the
models. After the final minimization, the simulation protocol returned high quality final
conformations as confirmed by the Ramachandran plot where the number of outliers
(19/943) is comparable to that of the PDB structures (21/943) (Supplementary Figure 3).

Comparing the experimental peptide structures with the starting and the final ones
resulting from MD simulations, the mean RMSD improvement (A RMSD) for the training
and test set was 1.58 A and 1.64 A, respectively, corresponding to -19.5% and -21.1% in
RMSD value. New models were also computed with I-TASSER imposing the correct sul-
phur atoms distances between bonded cysteines as an alternative disulfide-assisted
modelling method. RMSDs with experimental structures are reported in Table 2 as
RMSD-T.

In the case of good (RMSD < 5 A) starting models, the main part of the final RMSD
arises from conformational changes in terminal parts and loops of the protein. Thus,
cysteine based refinement of the core of the protein is partially or completely lost in the
RMSD calculation by the rearrangements of flexible parts as demonstrated by 2b68 and
2eem in the training and test set, respectively. In fact, the flexible loop of 2b68 (15 AA,
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37% of the sequence) contributes for 70% of the RMSD. For 2eem, loop contribution to
RMSD is 56% (11 AA, 25.5% of the sequence). Notably, for some of the analysed pep-
tides, structures are present in the decoy with much better RMSD than that of the final
structure (Table 2). This evidence confirms the quality of the MD protocol but suggests
the need to further develop the clustering algorithms.

Starting Final Table 2: set of RMSD, in A, com-
PDB B-RMSD A RMSD| RMSD-T
RMSD RMSD pared to the experimental structure:
omal 108/ 7.7 92 16 gg starting model 1 (Starting RMSD); RMSD
2b68 49| 47' 52| 03 6.5 of the best structure in the entire decoy
lozz | 6_0 51' 42 18| 1{)_{) generated from the five simulations (B-
Training 2pl1 9.6| 41 34 62 56 RMSD); RMSD of the final structure se-
sot ibhp) 81| 77 77 04 73 Jected from the clustering (Final RMSD)
1nbj 5.2 38 34 -1.8 9.4 L T
| . . after minimization; difference between
tosa| s3lamal is| 17 el and fnsl RMSD (A RUSD) RMSD
2rng 11.8 109/ 122 0.4 143 Of model 1 obtained with I-TASSER im-
2In8 12.8| 12.4| 10.3 25 12.0 posing experimental disulfides.
2eem 35 31 22 13| 61
2k35|  104| 9.2 98 06 9.6
2ksk 85| 70| 75  -1.0 87
Testset ke | 41 33 32 09 54
1jmn| 116 79| 78 38 9.4
rif | 78 57 54 24 93
1299| 101 4.9 91 -10/ 104
2liq 6.4: 5.6 51 -1.3 7.7

Case studies

Cycloviolacin

This cyclotide from Viola odorata was identified and characterized for the first time
in 1999 (PDB entry 1df6)38 and its structure was solved at higher resolution in 2003 (PDB
entry 1nbj, used as reference structure)3®. The two structures appear similar except for
the stretch CTVTALLGC, which is a 310-helix in the first case and a-helix in the second
one, suggesting a possible flexibility in that region. The draft structures were calculated
without imposing cyclization, assuming that only the primary sequence is known. The
model with the highest C-score from I-TASSER (model 1) exhibits two B-strands, as in
the experimentally determined structure 1nbj, while the helix is completely missing. Its
predicted disulfide array (1-4, 2-6, 3-5, referring to 1nbj) is different from the experi-
mental one (1-4, 2-5, 3-6) although its RMSD is the best among the calculated models.
On the other hand, our algorithm correctly predicted the natural bonds. This is a clear
example where, having more than one draft structure, our algorithm can improve the
prediction of correct cysteine connectivity.

The best structure obtained from the molecular dynamics protocol derived from
starting model 2 (RMSD = 3.8 A), but the selected centroid came from model 5 MD with
a computed RMSD of 4.0 A, thus demonstrating the efficacy of the protocol even without
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imposing cyclization of the peptide. Even though our final structure does not contain
amino acids folded in a helix, analysing the entire model 5 dynamics, the transient fold-
ing of the protein in a 310-helix between amino acids 11-13, as expected from the cor-
responding region of the deposited structure 1df6, is evident (Figure 4)4°,
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Figure 4: In red, the structure of 1nbj from the PDB (A, B and C). A: in blue, starting model 1; B: in cyan,
the best structure in the decoy; C: in green, the final structure from the MD simulation. D: Secondary structure

analysis of the final model simulation using DSSP (Kabsch & Sander, 1983). The black arrow corresponds to the
final structure snapshot.

Royalisin

As proof of concept, the proposed methods
were applied to royalisin, an antimicrobial pep-
tide identified in Apis mellifera royal jelly in
199041 and effectively produced in £ co/#?43.
Despite its early discovery, no experimental
structure is present in the PDB. Royalisin dis-
plays 43% identity with Coprisin (PDB identifier:
2In4), and can be considered a typical case of

Figure 5: Superimposition of royalisin “twilight zone” homology modellings.
starting model 1 (black) and the final struc-

Our analysis confirmed in the royalisin’s a
ture (gray).

typical defensin fold. Based on the density val-
ues reported in this study, the final density of 0.609 suggests an RMSD of about 4 A
from an hypothetical experimental structure, and an RMSD between 1 A and 6 A when
taking in consideration a more extensive density analysis30. Data mining the PDB using
DALI44 with the final model as query, the first hit was lucifensin from Lucilia sericata.
Compared to this and other defensins, royalisin presents a longer flexible loop between
cysteines 3 and 17 and a C-terminal tail (Figure 5). The relative high mobility of this tail,
its absence in similar peptides4s and its marginal involvement in antibacterial activity4¢
suggest a different role for this portion of the peptide.
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Concluding remarks

Our molecular dynamics protocol was shown to improve the structural prediction of
CSapB peptides in the so called midnight homology region (< 20%), with better perfor-
mance compared to directly imposing disulfides to the I-TASSER tool (Table 2). Our al-
gorithm for disulfide connectivity prediction, starting from I-TASSER draft structures, can
be a useful tool when data about cysteine array are missing. The possibility to use the
algorithm along with other tools will be explored. Even though the molecular dynamics
protocol requires a considerable amount of computational power, the analysis of the
simulation is also useful to reveal intrinsic flexible parts of the structure (Figure 4). Den-
sity calculation effectively correlates with final RMSD, as extensively demonstrated for
other consolidated protocols, and it is a good parameter to evaluate the quality of the
final model (Figure 3). The proposed protocol could be extended to predict disulfide
connectivity and structural models of cysteine stabilized proteins.
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Supplementary Figure 1: clustering of cysteine-packed o peptides from APD2 based on the pairwise TM-score.
Cut-off was set to 0.3. Centroids are circled in red, test set elements in black.
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Supplementary figure 3: Ramachandran plot

of all the analysed proteins structures in PDB
(panel A) and final structures from simulations
(panel B).
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Abstract

Mussels in general, and Mytilus spp. in particular, possess a large number of cyste-
ine-stabilized «B peptides. Among them, myticin C (MytC) is expressed in some hun-
dreds of transcript variants following /in vivo stimulation of mussels with live or dead
bacteria. Starting from two sequences found expressed in Italian mussels and named
MytC-a and MytC-b, we tested the antimicrobial activity of the whole mature peptides of
40 amino acidic residues and related peptide fragments designed according to structural
information. In general, MytC and related peptides are active at pH 5 against Gram-
positive and Gram-negative bacteria. We also investigated the mechanisms of action of
such peptides, revealing different behaviours against different bacterial strains. Overall,
the experimental assays suggested a membrane permeabilization activity at doses lower
than MIC. This evidence could be related to a double role of MytC: at low concentrations
it could act as adjuvant for other immunity effectors, eventually directed inside pathogen
cells, while at high doses it can exert a manifest antimicrobial effect.

? Gram +
A Gram -
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Introduction

Bivalves are known to express several families of antimicrobial peptides (AMP) and
mainly cysteine-stabilized AMPs such as mytilins, defensins and myticins have been
identified in Mytilus spp.'-4. Even if the AMP abundance in circulating haemocytes of
adult mussels has been extensively proved, confirming such cells as main effectors of
the innate immunity, also mucosa-associated cells likely play a defensive role and pro-
duce AMPs5-7. Myticins were originally discovered with a proteomic approach, by frac-
tionating haemolymph protein extracts obtained from immunostimulated mussels>. Ini-
tially, only two isoforms were identified and named myticin A (MytA) and myticin B
(MytB). cDNA cloning of such peptides revealed eight cysteines, found to be all oxidized
from mass spectroscopy datas. Both MytA and MytB are translated as prepropeptides,
with a conserved 20 AA signal peptide, an anionic C-terminal extension of 36 AA already
found in similar AMPs and probably involved in cytoprotection and folding39, and a cen-
tral, 40 AA long mature peptide including 8 conserved cysteines, similarly to the cyste-
ine-stabilized of (CSxB) peptides mytilins and defensins. The molecular hallmarks of
myticin prepro peptides are described in the NCBI Conserved Domain Database
(pfam10690;http://www.ncbi.nlm.nih.gov/ Structure/cdd/cdd.shtml).

Considering their pH-related activity'?, the mature myticin peptides have been pro-
posed to be active in pathogen-containing phagolysosomes as well as in the haemo-
lymph and, after massive cell degranulation, in the intercellular space3. The Myticin C
(MytC) transcript cluster was discovered in the transcriptome of haemocytes from im-
munostimulated mussels, as independent and highly variable family compared to the
already known myticins'!'. The specific expression of MytC in granular haemocytes has
been confirmed with immunohistochemistry (IHC) and /n situ hybridization (ISH)'2. MytC
differs from MytA and MytB for a longer C-terminal 40 AA propeptide. More than 300
transcript variants of MytC are deposited in GenBank, expected to result in mature pep-
tides with a molecular weight between 4.35 and 4.6 kDa and isoelectric point between
8.05 and 8.86. In general, the molecular variability characterizing MytC and other im-
mune effectors has been correlated with the need of host organisms to counteract the
adaptive changes of rapidly replicating pathogens'3-15. Increasing the repertoire of AMPs
able to act synergically helps the host to overcome specific resistance mechanism
against single effectors of the innate immune system'6-18, Other myticin variants has
been identified in M. coruscus'®.

Functional assays proved the antibacterial and antiviral properties of myticin C and,
at the same time, its immunomodulatory and chemotactic effects'0.20.21  |n fact, Chinook
salmon embryo cells transfected with GFP-MytC plasmids significantly increased their
resistance to VHSV (a virus causing haemorrhagic septicaemia in fishes), modulated the
expression levels of immuno-related genes, and their lysate was able to chemo-attract
haemocytes, compared to non-transfected cells20. In addition, a chemically-synthesized
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MytC variant in reduced form was able to decrease the VHSV infectivity and to induce
mussel haemocyte chemotaxis. The same (reduced) MytC was able to lessen the Esche-
richia coli growth, at acidic pH and at 250 uM concentration, to aggregate anionic phos-
pholipids and to perturb negatively charged membranes'?. In oyster haemocytes, such
reduced MytC showed antiviral activity against OsHV-1 whereas Vero cells treated with
Tat-MytC resulted to be more resistant to the human viruses HSV-1/221,
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Material and methods

Sequence selection and structural model generation

Precursor transcript variants of MytC were downloaded as nucleotide sequences
from GenBank and Sequence Read Archive (http://www.ncbi.nlm.nih.gov). The AA con-
servation profile of the mature peptide only was achieved with the freely available tool
WebLogo v3.4 using the sample SRR286640 (hemocyte sequence reads from mussels
farmed in the Venice lagoon area)??2 for MytC-a. MytC-b sequence corresponds to an
highly charged sequence found in Haemocytes sample Mg_Hae03_05A11 (NCBI:
CAM56810)'". The 3D model of the mature peptide was computed with I-tasser23 and
then refined with GROMACS v. 4.6.5 (www.gromacs.org)24.

Based on the Cux distances, disulfide bonds fully compatible with the cysteine posi-
tions (5-24, 10-33, 14-35, 19-38) were imposed. For all simulations, the Charmm force
field was used in a 5.188 x 5.188 x 3.630 nm cell filled with SPC/E water model, in iso-
thermal-isobaric ensemble (NPT).

A 1.2 nm distance cutoff was imposed both for the Lennard-Jones van der Waals
(vdW) potential and for the electrostatic interactions, using the particle mesh Ewald (PME)
method, with Fourier spacing 0.12 and PME order 4. Berendsen and Parrinello-Rahman’s
temperature-pressure coupling was chosen for solvent equilibration and simulated an-
nealing, respectively, with isotropic pressure coupling. After a minimization of 2000
steps, the linear constraint solver (LINCS) method for bond constraints was chosen. For
solvent equilibration, a 2 ps molecular dynamics simulation was performed at 300 K,
with constrained protein atom positions. Finally, simulated annealing of 10 ns was per-
formed with annealing times of 0, 2, and 8 ns, at temperatures of 300, 365, and 280 K
for protein and 300, 320, and 280 K for water, respectively. For the 100 ns simulation,
the same experimental protocol was used, except that the simulated annealing was re-
placed with free dynamics at 300 K. Final clustering was performed using the GROMOS
algorithmas,

The superpose function of PyMOL (www.pymol.org) was used to overlay ribbon pep-
tide structures and the homologues search in the PDB was performed via DALI server?26,

The resulting B-stranded portion of the peptides as well as the complete peptides
were synthesized and oxidatively folded in the CRIBI peptide laboratory of the University
of Padua (Prof. O. Marin). Complete sequences are reported in Table 1.

Molecular
Lenght weight Isoelectric [Net charge (Net charge
Peptide Sequence {aa) (Da) point at pH 7.4 at pH 5
MytC a-red QOSVACTSYYCSKFCGSAGCSLYGCYLLHPGRICYCLHCSR 40 4372.88 7.81 +1 +5
My tC a-ox QSVACTSYYCSKFCGSAGCSLYGCYLLHPGRICYCLHCSR 40 4364.88 9.42 +2 +5
MytC a[l9-40]-ox |-————————————————- CSLYGSYLLHPGRISYSLHCSR 22 2481.30 9.37 +2 +4
MytC b-red QSVACTSYYCSKFCGSAGCSLYGCYRLHPGRICYCLHCRR 40 4457.95 8.24 +3 +7
MytC b-ox QSVACTSYYCSKFCGEAGCSLYGCYRLHPGRICYCLHCRR a0 4449.00 9.82 +4 +7
MytC b[19-40]-ox |-———————-—————————- CSLYGSYRLHPGRISYSLHCRR 22 2565.25 9.99 +4 +6
Table 1: peptides tested in this work, with sequences and physicochemical properties.
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Antimicrobial testing

Minimal inhibitory concentration (MIC) was determined on selected bacterial strains
(Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus
aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Bacillus subtilis ATCC 6051)
using the broth microdilution susceptibility test27. Serial 2-fold dilutions of each peptide
(0.5-32 uM, final concentration) were prepared in 50 uL volume, using 96-well microtiter
plates (Sarstedt, Germany) and Muller-Hinton broth (MHB; Difco Laboratories, Detroit, M,
USA) or 50% MHB, with pH adjusted to 5 or 7. Fifty microliters of bacterial culture (~5 X
105 CFU/mL in MHB or 50% MHB) were then added to each well. The MIC value was de-
fined as the lowest peptide concentration that prevented visible bacterial growth after
incubation for 24 h at 37 °C. The minimal bactericidal concentration (MBC) corresponds
to the lowest peptide concentration showing <1 CFU/ml after plating 50 uL from the
wells onto nutrient agar plates. Each experimental condition was tested at least in two
biological replicates, each one in three technical replicatesfor.

The growth inhibition kinetics of the peptides of interest was comparatively evaluat-
ed on £ coli and E. faecalis at pH 5, using a 107 CFU/mL bacterial inoculum. The optical
density was monitored every 30 min at 620 nm for 24 h with the microplate reader Infi-
nite 200 Pro (Tecan, Grodig, Austria).

Haemolytic essay

Fresh erythrocytes were resuspended in PBS and treated with peptide concentrations
ranging from 8 to 128 uM, for 2 and 24 hours at 37 °C, and centrifuged at 2700 g for 5
minutes. Supernatant absorbance was read in microplates at 450 nm to check for the
presence of haemoglobin28. Test were repeated in four technical replicates for each of
the two biological replicates. This assay was done by collaboration with Dr. Regina Ta-
vano (Dept. Biomedical sciences, UniPD).

Effects on bacterial membranes

The effects of mitycin C peptides on the inner and outer membrane of £ co/i have
been evaluated by using the ML-35 pYC strain, kindly obtained by the AMP-research
group of UniTs, as already reported except for some modifications29:30, Briefly, serial
peptide dilutions in SPB (7.5 mM dibasic sodium phosphate, 2.5 mM monobasic sodium
phosphate, pH 7.5) were incubated with 2*107 £. col/i cells resuspended in SPB and 0.15
mM CENTA or 1.5 mM ONPG in 96-well microplates. Absorbance values at 405 nm were
recorded every 10 minutes for 2 hours.

The membrane permeabilization was confirmed using the SITOX Green probe, ac-
cording to the selective permeation of the dye into membrane-damaged bacteria. Bacte-
ria were grown at 37 °C in MH broth (pH 7) to mid-logarithmic phase, washed, and re-
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suspended at 107 CFU/mL in 10 mM sodium phosphate buffer, pH 7.4. The cells were
subsequently incubated for 15 min in the dark with 2 uM SYTOX Green Nucleic Acid Stain
(Life Technologies). Then, the peptide to be tested was added at the MIC value, and the
fluorescence increase due to the binding of cationic dye to intracellular DNA was moni-
tored every minute for 1 h (excitation and emission wavelengths of 485 and 520 nm, re-
spectively). Melittin was used as positive control.

B. subtilis cells at OD 1, treated with 32 uM of peptides, were observed at optical
microscope (DM2000, Leica) to verify the clustering of bacterial cells after 30 minutes
from the treatment. A DMSO volume equivalent to that of the peptide solution has been
used as negative control3'.

Binding to PNG and LPS

200 ug LPS F3665 (Sigma) or B. subtilis derived PNG (Sigma) were dissolved in AB
(0.1 M acetic acid and 0.1 M sodium acetate, pH 5), mixed with 10 ug of peptide and
then incubated under agitation for 30 minutes. Mixture was centrifuged at 15000 g for
15 minutes, then both pellet and lyophilized supernatant were resuspended in 15 ul ul-
trapure water. The PNG-containing pellet was further treated with Tris-HCI 50 mM, 5%
SDS at 4 °C for 15 minutes and centrifuged. The resulting fractions were incubated at 95
°C with Laemli buffer and loaded in 16 % acrylamide gel. BSA and Lysozyme (Lys) were
used as controls32:33, Band intensities were calculated with ImageJ and the binding per-
centage was expressed as control band intensity minus supernatant band intensity.
When possible, the pellet band intensity has been used as reference.

The results of the above functional assays have been reported and discussed in one
Magistral thesis exam (Federica Cavion, UniPD, Oct 2016).
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Results and discussion

QEVACTSTYCBKFCGSAGCSLYGCYLLHPGKICYCLHCIR

Structural prediction

The five structures resulting from the
MytC-a sequence, submitted to I-tasser pre-
diction, showed unequivocal pairing of eight
conserved cysteines, also confirmed by apply-
ing the protocol described in chapter 2. Con-

Figure 1. (A) Superimposed ribbon nectivities between cysteines 5 and 24, 10 and
structures of three converging models of the 33. 14 and 35. and 19 and 38 were set as mo-
mature MytC obtained by I-tasser(18) and ’ '_ .
refined with GROMACS (19). Arrows indicate | l€cular constraints for model refinement by
two stacking tyrosines in the two antiparallel simulated annealing with GROMACS (Figure
B-strands; N- and C-termini are also indicat- |y Ay2434 Following a further simulation at 300 K
ed. (B) Mesh representation of MytC high-
lighting cysteine (blue) and variable (red) | TOr 100 ns, we selected three convergent MytC

residues. Most of the latter are clustered in structures that clearly reproduced a compact
the predicted helix region.

CSap scaffold and a y-core motif common to
various AMPs and venom components35. These models showed the most variable AA res-
idues clustered mainly on the surface in the xx-helical region (Figure 1B). Both the invari-
ant cysteine array and tolerated sequence changes are essential for the biological func-
tion while minimizing the risk of pathogen resistance'3 and are, hence, useful for na-
ture-guided drug design36. The y-core motif of MytC does not present the typical GxC
element and it is likely stabilized by aromatic stacking interactions between two highly
conserved tyrosines, as previously observed in tachyplesin |, a B-hairpin AMP of 17 AA
isolated from horseshoe crab37. Once superimposed, the structural subdomains of MytC
appeared closely similar to those of other CSxB peptides, such as defensin 1 (MGD1)38
and mytilin B3° from M. galloprovincialis and butantoxin, a scorpion venom peptide sta-
bilized by three disulfide bridges4o(Figure 2). MytC (PF10690) and PDB accession codes

of the other peptides reported in the figure 2 are available in public protein data-
,—gﬁj bases41.42,

Figure 2. (Left) Multiple align-
ments illustrating the primary se-
quence (top) and secondary structure
elements (bottom) of MytC and select-
ed CSxp peptides. (Right) Superim-
posed structures of MytC (green) with
mytilin B (2eemA, top), MGD1 (1fjnA,
center), and butantoxin (1c56A, bot-
tom). Despite general similarities in the
molecular organization and cysteine
array, the superimposition reveals top-
ological differences in terms of loop

length and B-sheet twist (the y-core
region).
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Antimicrobial and haemolytic activity

The tested peptides were inactive against Gram- bacteria when treated in standard
conditions (MHB, pH 7). Thus, we performed antibacterial tests also at slightly acidic en-
vironment (pH 5), lower ionic strength (50% MHB) or both. Activity against Gram- bacte-
ria was detected only at 50% MHB pH 5, with the best performance of MytC_a[19-40]-ox
fragment against £ col/i and MytC_b[19-40]-ox against P. aeruginosa. Such pHdepend-
ent activity was already reported for other AMPs43 and could be relevant in subcellular
locations, for example in lysosomes3, or in a “turning on” occurring for example in tis-
sues acidified by bacterial infections44-46. Curiously, both the above mentioned MytC
peptides showed no activity against the other Gram- bacterium. This fact suggests a se-
quence-related specificity of the ‘19-40’ fragments, owing to the higher positive charge
of MytC-b version and to an higher fraction of negative charged lipids on the inner
membrane of P. aeruginosa, compared to £. coli (Supp. Table 1). Hence, the greater
positive charge of MytC-b could lead to a better membrane interaction with P. aerugino-
sa and, at the same time, could impair membrane interactions with £. Co/i, or possibly
trigger the activation of a stronger counter defence in the bacterium47.

Gram - Gram +

Bacteria E. coli (ATCC25922) | P. aeruginosa { ATCC 27853) | E. faecalis (ATCC 29212)| S. aureus (ATCC 29213) B. subtilis (ATCC 6051)
Broth MHB | 50 % MHB MHB 50 % MHB MHB | 50% MHB | MHB | 50 % MHB MHB 50 % MHB
pH 7157 5 7 5 7 5 715 7 5 715 7 5 7 5 7 5
MytC a-red »>32|>32|>32(16(16)| =>32| =>32| =32 »32| 32| 16 16 2|»32|>32| =»32| =>32| nd nd nd| 4(4)
MytC_a-ox >32|>32|>32 32| =32 =»32| =32 »>32| 16| 8 8 4] >32|>32| =32 32| nd nd nd| 4(8)
MytC_a[19-40]-ox | »32|»32|»>32| 8(32)| =»32| »32| »32 »32| 32| 32| 16| 16|»32|>32| =»32| 32|>32|32(32)|16(16)| 8(8)
MytC_b-red >32|»32|>32(16(32) =32| »32| »32| =32| 16| 32 8 4]>32(>32| »32| 32/>32 nd nd| 4 (16)
MytC_b-ox »>32|>32|>32(16(32)| >32| =»32| =32 »>32| 32| 32 8 8|>32|>32| =»32| =»32|=>32 nd nd 16
MytC_b[19-40]-ox | »32|>32|>32| =32| »32| >32| >32|16(16)|>32|>32| 32| =»32|>32|>32| =»32| =32(>32 nd| 8(8)4(32)

Table 2: MIC values of the peptides tested against different bacteria in the stated conditions (medium con-

centration and pH). In brackets MBC values (where absent, MBC >32). Nd: condition not determined.

About Gram+ bacteria, the MytC-related peptides impaired the growth of £. faecalis,
even if none of the tested peptide concentrations could completely kill the bacterium.
Even if not being a spore forming bacterium, E£. faecalis is able to switch to a latent
phase, capable to higher resistance to antibiotics and possibly explaining the discrepan-
cy between MIC and MBC data%s. At the same time, MytC-related peptides showed no ac-
tivity against S. aureus but good MIC and MBC values against B. subtilis (both Gram+
strains), thus revealing a relatively good specificity and, at the same time, leaving open
the question if the tested bacteria represent the main target /n vivo. In fact, other defen-
sin-like peptides showed significant differences in MIC values not only between bacteria
of the same Gram group, but also between strains of the same specie49.

All the synthesized peptides showed haemolytic activity <1% when tested at the
maximum concentration of 128 uM, both after 2 and after 24 hours of incubation.
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Interaction with bacterial membranes

E. coli membrane permeabilization

E. coli ML-35 pYC was used to detect the
membrane permeabilization possibly induced by
MytC-related peptides. Mellitin was used as posi-
tive control for its ability to induce pore formation
on both inner and outer £. co/i membranes (All the
experimental data can be found in Supp. Figure 1
and 2).

Interestingly, some peptides such as
MytC_b[19-40]-0ox, MytC_a-red and MytC_a-ox
showed permeabilizing effects on both the inner
and outer £. co/i membranes at concentrations
lower than the corresponding MIC values (Figure
3). This particular feature differs from other pep-
tides having a MIC lower than the concentration
needed for the induction of membrane perturba-
tion but, at the same time, peptides exist able to
form transient pores on bacterial surfaces or vesi-
cles50-52, |n particular, the latter peptides create a
burst of leakage in vesicles just after treatment,

Inner membrane

100,00

% -
T500% 1 3 MytC_ared
y —— =i~ Myt(_a-0x
S0.00% 4 - = ;
! —ar— Myt C_af19-40]-om
—MytC_bered
25.00% \ 5 =
R
S
0.00% MhyiC_bl19-20]-on
1 & 11 16
um

Quter membrane

75.00% /

——WtC_ared

= WIHC_B-0K

wr—MIytC_al19-40]-0a
——— W _b-red
=t iyt C_brox

0.00% = MytC_b{19-40)-6x

uM

Figure 3: Permeabilizing effects on
E.coli ML-35 after 1 hour of incubation
with different concentrations of selected
MytC peptides. Values are expressed as

percentage of permeabilization compared
to 2 uM Melittin.

stopping in minutes and with dose-dependent effects3. Even if not showing antimicrobial
activity at the tested concentration, MytC_b[19-40]-ox displayed a higher permeabilizing
effect compared to other tested peptides with detectable MIC (Figure 3). Similar evidenc-
es has been obtained using SYTOX Green as reporter of membrane permeabilization. In-
terestingly, SYTOX signal is often stronger at pH 7 than pH 5 and increasing peptide
concentration over the MIC value showed a decrease in fluorescence (Supp. Figure 3).

This fact supports the hypothesis MytC-derived peptides have permeabilizing effects at

low concentrations, without displaying growth inhibition,

effect when exceeding the MIC.
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Binding to bacterial components
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Figure 4: Following 30 minutes incubation and centrifuga-
tion at , the percentages of mytC-related peptide recovered in
the pellet represent the peptide fraction bound to the bacterial

components LPS and PNG in the applied experimental condi-
tions.

Chapter 3

All the tested peptides were
able to bind LPS with different
affinities, in general at higher
degree for the MytC-b-related
peptides (Figure 4). The interac-
tion with LPS has been reported
for other AMPs known to inter-
fere with bacterial membraness4.
In addition, all the tested pep-
tides strongly interacted with the
B. subtilis PNG (Figure 4). This
finding is quite unexpected con-

sidering that such interaction

could obstacle MytC-related peptides in reaching the bacterial membrane and, in this
way, finally impairing their antimicrobial effect. Theoretically, a bacterium coated with

peptides should trigger the haemocyte recruitment’?, and, at the same time, should fa-

cilitate bacterial agglutination and opsonisation5s.

To test such hypothesis, we observed B. Subtilis at the optical microscope after in-
cubation with MytC peptides. The analysis showed the presence of agglomerates follow-
ing treatment of the bacterial cells with MytC_b and its 19-40 fragment. The treatment

= = R 7 ]
Bt L e ST

LA =S

¢

Figure 5: B. subtilis agglomerates after incubation of 30 minutes with MytC_b

derived peptides tested at 32 pM concentration. Arrows indicates elongated bacteria.
A: negative control (DMSO), B: MytC_b-red, C: MytC_b-ox, D: MytC_b[19-40]-ox

with the mature
peptides
caused bigger
agglomerates,
suggesting the
involvement of
the o-helix re-
gion in the ag-

glutination
(Figure 5).
Moreover, the
presence of

elongated bac-
teria could be
indicative of an
effect on cellu-
lar division
mechanism as
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for other AMPs56.57,

Concluding remarks

MytC is an interesting case of study both for its high gene transcript polymorphics
and high expression levels in haemocytes from immune-stimulated mussels (M. gallo-
provincialis) and for its pleiotropic effects, from the chemotactic to the antiviral proper-
ties. The experimental work described in this chapter demonstrates how MytC can be
effective on the bacterial surface, causing membrane permeabilization at non inhibitory
concentrations, and interacting with cell wall components of both Gram- and Gram+
strains. Overall, Myticin C could support the action of other immune effectors by facili-
tating their translocation into a bacterial cell, as well as of immune cells, through bacte-
rial opsonisation. At the same time, the possibility that Myticin C can impair the bacterial
cell division is particularly intriguing and should be further investigated.
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Supplementary material

Charges | E.coli | P.aeruginosa | E. faecalis | S. aureus | B. subtilis
PE +- 80% 60% 12%
PG - 15% 21% 19% 57% 70%
CL -- 5% 11% 27% 19% 4%
DGDG 24%
L-PG ++- 20%
Other 8% 34% 26%

Supplementary Table 1: lipid composition of bacterial plasma membranes, expressed in percentage. PE: Phos-
phatidylethanolamine; PG Phosphatidylglycerol; CL: Cardiolipin; DGDG: digalactosyldiacylglycerol; L-PG: lysyl-
phosphatidylglycerol.
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Supplementary figure 1: kinetic measurement of the outer (left) and inner (right) membrane permeabilization in-
duced in E. coli ML-35 pYC by MytC-derived peptides. Data were collected every 10 minutes for 2 hours. Melittin was
used as positive control. Data exemplify one representative biological replicate and are reported as mean of three
technical replicates. From top to bottom: MytC_a-red, MytC_a-ox, MytC_a[19-40]-ox.
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Supplementary Figure 2: kinetic measurement of the outer (left) and inner (right) membrane permeabilization
induced in E. coli ML-35 pYC by MytC-derived peptides. Data were collected every 10 minutes for 2 hours. Melittin has
been used as positive control. Data exemplify one representative biological replicate and are reported as mean of
three technical replicates. From top to bottom: MytC_b-red, MytC_b-ox, MytC_b[19-40]-ox.
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B. subtilis ATCC 6051
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Supplementary Figure 3: permeabiliz-
ing effect of MytC-derived peptides on bac-
terial membranes at two different pH values
(7 and 5). Absorbance values are expressed
as difference between control and treated
bacteria after 1 hour of incubation with dif-
ferent peptide concentrations. Melittin was
used as positive control.
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Abstract

The innate immunity of Mytilus galloprovincialis has been extensively investigated,
but, in recent years, new interesting evidences emerge from transcriptomic and genomic
data. However, despite several families of antimicrobial peptides (AMP) have been identi-
fied, only few of them have been efficiently produced and characterized. Aiming to char-
acterize selected peptides expressed in Mytilus galloprovincialis, we undertaken the het-
erologous expression of five putative mussel AMP belonging to different families in the
methylotrophic yeast Pichia pastoris. As a result of the work done so far, we were able to
effectively produce an arthropod defensin-like (ADL) peptide and myticusin. Despite its
negative net charge at pH 7, ADL was demonstrated to be active against both Gram+ and
Gram- bacteria.
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Introduction

In recent years, marine organisms have been extensively investigated as possible
sources of new antimicrobial peptides!. Marine environment is characterized by high salt
concentration and slightly alkaline pH, conditions usually limiting the activity of known
AMPs2.3, Moreover, marine viruses and bacteria commonly occur in high concentration,
about 109 and 106 count/ml of sea water, respectively4. To defend themselves from such
competitors, marine organisms express a great variety of AMPs, with the most promising
and abundant families being those of peptides forming hairpin-like B-sheet and o-
helical/B-sheet mixed motifs stabilized by intramolecular disulphide bonds, namely the
CSap peptides?.

Among marine organisms, mussels have been identified as promising candidates for
the discovery of new active molecules. In fact, as filter feeders they come in contact with
many microorganisms and, lacking adaptive immunity, they must have evolved efficient
innate systems to fight potential pathogens5. Moreover, adult mussels are sessile and
cannot move from highly contaminated areas. For this reason they need to react imme-
diately and strongly to avoid diseases and mortality. We pointed our attention on Mytilus
galloprovincialis, a species present in the Mediterranean Sea, introduced in South Africa
and in northern Pacific Ocean coasts for breeding® and currently colonizing the South
Australian coasts. . The Mediterranean mussel is reported more resistant than other bi-
valves to seasonally occurring infective syndromes, and it is economically relevant for
many geographical regions in the world.

Several families of CSxp peptides have been identified in Mytilus galloprovincialis in
recent years. The defensin MGD1 has been extensively characterized and showed antimi-
crobial activity mainly against Gram+ bacteria?-8. Actually, the MGD family counts at least
five peptidesd. In addition, two sequences have been identified as putative arthropod-
like defensins>. Mytilins count several members and also divergent sequences of so-
called pseudomytilins. Mytilin B shows a typical defensin fold'® and was demonstrated to
be active against both bacteria and viruses'0.11, Myticins are presented in chapter 3. Myt-
imycins have been so far identified as antifungal peptides, active against Neurospora
crassa and Fusarium spp.'2, but the involvement of mytimycin variants in other function-
al roles cannot be excluded>. Mytimacins are expressed in tissues other than haemo-
cytes, probably secreted to sustain defensive reactions at mucosal level'3. Big-defensins
are one of the few examples of trans-defensins in invertebrates'4. Such peptides have
been proposed as ancestors of vertebrates defensins's. Finally, a large and highly varia-
ble family of Cysteine Rich Peptides (MgCRP) has been identified but their functional
roles, and their possible involvement in defence mechanisms, still requires investiga-
tion's,

In order to investigate their antimicrobial activity, we focused our attention on five
putative antimicrobial peptides representing different families, four of them identified
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only as transcript sequences: pseudomytilin-1 (AJQ21532.1), myticin C (CAM56810.1),
Arthropod Defensin-Like 1 (AJQ21502.1), mytimycin “short” and myticusin, both the
latter from transcriptomic data produced in our laboratory and not yet published.
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Material and methods

Chemicals and strains

Escherichia coli (strain DH5x) and Pichia pastoris (strain NRRLY11430) were used for
all cloning and expression studies. All chemicals, if not otherwise mentioned, were
bought at the highest available purity from Sigma-Aldrich.

Structure modelling

The myticin C (MyC) structure has been taken from Domeneghetti et al., 20157, Ar-
thropod Defensin-Like 1 (ADL) and pseudomytilin-1 (Ps) models derived from the appli-
cation of the method described in chapter 218, Myticusin (Myt) and Mytimycin "short”
(MyS) structures have not been refined due to the difficulty in defining their disulfide
array.

Cloning

DNA sequences for the prepropeptides were purchased from GenScript (Piscataway,
NJ 08854, USA), codon-optimized for the expression in Pichia pastoris and with flanking
EcoRI and Sall restriction sites, useful for cloning in pPICZ A vector (Invitrogen) (Supple-
mentary Table 1). After restriction of insert and plasmid (O/N 37 °C), products were puri-
fied with PCR Clean-Up kit (Macherey-Nagel) and ligation was performed with 30 ng of
insert, 50 ng of vector, 1 pl of T4 Dna-ligase (NEB), 1ul of ligase buffer (NEB) and water
up to 10 ul, at RT for 4 hours. The entire solution was then used for transformation into
chemo-competent £ coli cells. The resulting plasmid was isolated, verified by sequenc-
ing (Microsynth, Balgach, Switzerland), linearized with Sacl, and transformed into P. pas-
toris as previously described™?. Transformants were confirmed by colony PCR using the
following primers: 5'-AOX1, 5'-CCTCCAATACGGTCCCTACCCTC-3", and 3'-AOX1, 5'-
CAGGCAAATGGCATTCTGACATCC-3"2! and sequenced?2.

xfactor-AMPs were generated from prepropeptides sequences cloning only the pro-
peptide in frame with Pichia xfactor in the pPICZx vector (Invitrogen). Oligo-nucleotides
were designed to flank the propeptide sequence carrying a tag for Xhol and Notl re-
striction enzymes (Supplementary Table 2). A touch down PCR was performed by using
the pPICZA-AMP plasmid as template23. After the PCR run, Clean-Up and restriction re-
actions were performed in Xhol (NEB), Notl (NEB) and NEB 3.1 buffer. Subsequent steps
were performed as previously described.

Plasmids encoding for afactor-AMP-Hisé were created starting from previous plas-
mids and using the experimental setup derived from the Q5 protocol of New England
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BioLabs (NEB, Ipswich, MA). In particular, two oligo-nucleotides were designed to ex-
clude the propeptide (where present), the stop codon and the other undesired nucleo-
tides between the mature peptide and the 6xHis tag on the plasmid. In brief, the initial
PCR reaction was executed in a total volume of 25 pl with the Phusion high-fidelity DNA
polymerase (Thermofisher), 3 ng of plasmid template, and the corresponding forward
and reverse primers at 1 pM concentration (Supplementary Table 2). Circularization of
the PCR product and removal of the template plasmid was performed in a total volume of
22 ul T4 ligase buffer (NEB) with 2 pl of the PCR reaction and the following enzymes: 0.3
ul FD-Dpnl (Thermo), 0.3 U/pl T4 PNK (Thermo), 9 U/ul T4 ligase (NEB). The reaction
mixture was incubated at room temperature for 45 min and subsequently at 37 °C for 30
min before stopping it on ice. The entire solution was then used to transform chemo-
competent £. coli cells. Schemes of all constructs and peptide abbreviations are reported
in Figure 1.

Myticin C (MyC): 4.4 kDa, charge +5

Signal peptide Mature Peplide A

Pp signal peptide and o-factor Mature Pegplide a

Pp signal peptide and a-factor Mature Peptide H

...... A

a

H

Signal peptide Mature Paptide A

Pp signal peptide and a-factor Mature Pegtide a

Pp signal peptide and a-factor Mature Peplide : 1 H

Mvtltusm (Myt): 11 kDa, charge 11

A

a

Pp signal peptide and a-factor Makure Peptide Wik H
Arthropod defensin-like 1(ADL): 4.6 kDa, charge -1

A

a

Pp signal peptide and a-factor Mature Pegptide

Figure 1: schematic representation and abbreviation of studied constructs. Mature peptides molecular weight
and calculated isoelectric point are also reported.

P. pastoris cultivation in 96-well microtiter plates

Positive P. pastoris transformants were inoculated in 200 pyl BMDY medium (1% (w/v)
yeast extract, 2% (w/v) peptone, 1.3% (w/v) YNB without amino acids (BD Bioscience), 100
mM potassium phosphate buffer pH 6, 1% (w/v) D-glucose) in a 96-half-deepwell plate
(Enzyscreen, Haarlem, The Netherlands) and cultured for 24 h (28 °C, 225 rpm). After
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centrifugation (3000 x g, 20 °C, 10 min), supernatant were discarded and the cell pellets
were resuspended in 190 pl BMMY medium (1% (w/v) yeast extract, 2% (w/v) peptone,
1.3% (w/v) YNB without amino acids (BD Bioscience), 100 mM potassium phosphate buff-
er pH 6, 1% (v/v) methanol) and cultured for 72 h (28 °C, 225 rpm). Methanol was added
to 1% (v/v) in a time interval of 12 h. Supernatant was harvested by centrifugation (2000
x g, 20 °C, 10 min) and stored at 4 °C.

Peptide expression and purification

A single colony of recombinant Pichia pastoris was inoculated in 10 ml of BMDY me-
dium in a 100 ml baffled flask for 8 hours at 28 °C, than diluted in 90 ml of BMDY ina 1 |
baffled flask ON at 28 °C. Cells were collected by centrifugation (2000 x g, 20 °C, 5 min)
and resuspended in 100 ml minimal medium (1.34% YNB, 0.1 M potassium phosphate
buffer (pH 6.0), 0.4 mg biotin, 0.5% Ammonium chloride, 10 ml MeOH, deionized water
to 1 1). The culture broth was incubated for 72 h (28 °C, 180 rpm) and methanol was
added to 1% (v/v) in a time interval of 12 h. Expression was confirmed with SDS-PAGE
and silver staining or, when possible, in western blot using antiHistag-HRP-conjugated
antibody.

Antimicrobial testing

Agar diffusion tests were performed on LB agar plates. Plates were overlaid with 8
ml (round plates) or 15 ml (square plates) of water agar inoculated with 107 cells/ml of
the tested bacterial strains. Antibiotic assays disks (Whatman, UK) were wetted two times
with 20 ul of the tested solution. Results were checked after 24 hours at 37 °C.

Broth microdilution susceptibility test was performed as previously described in
chapter 3.
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Results and discussion

Structural modelling

Figure 2: cartoon representation of ADL (green) and pseudomytilin (blue) structures derived
from the refining protocol described in chapter 2. Disulfides are represented in orange.

The ADL sequence presents a signal peptide and no propeptide. Even if the signal pep-
tide predictors suggested the cleavage to occur at Ala21, the comparison with homolo-
gous sequences indicates the mature peptide to start with Leu25 and proteolysis to oc-
cur after the two Arg23-24, a typical proteolytic site already reported for similar se-
quences2425, Interestingly ADL shows -1 net charge at pH7, being so far the only nega-
tively charged defensin identified in mussels. The predicted ADL structure is typical of
defensins, even lacking the Gly-X-Cys or Cys-X-Gly motif, usually found in such pep-
tides26. The x-helix is connected to two B-strands by two disulfide bonds. ADL exhibits
a 16 AA N-ter extension in addition to the common CSxp fold, connected to one B-
strand through a disulfide bond, as already found for other defensins, e.g. insect defen-
sin A (pdb entry: 1ica)?7, with a calculated RMSD between the two of 3.0 A.

The pseudomytilin fold is similar to already characterised mytilin-A'0, with the same
disulfide array and a RMSD of 2.8 A (pdb entry: 2eem). Compared to mytilin-A, pseudo-
mytilin presents an highly charged N-terminal helical domain, with six positively charged
amino acids in the first 13 positions.
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Arthropod Defensin-Like expression and activity

Inhibition zone diameter (mm)

ADL

Copsin eV
Peptide

m E. coli

m B. subtilis

Figure 3: Inhibition zones from ADL and Copsin. LB plates were
overlaid with water agar containing the bacterial inoculum. Total 40
ul of P.pastoris supernatant was used to wet filter paper disks for the

assay.

ADL_A was expressed in 100
ml BMMY for 72 hours at 28 °C.
Aliquots of 40 pl of supernatant
were used for diffusion agar as-
says against £. coli and B. sub-
tilis, considered as reporter
strains for Gram- and Gram-+
bacteria, respectively. Copsin was
used as positive control against
B. subtilis and an empty vector
mutant (eV) was used as negative
control. The assay produced an
inhibition halo against both £ coli
and B. subtilis (Figure 3). Accord-
ing to the APD database?8, the
antimicrobial activity of an anionic

mussel defensin it is demonstrated here for the first time. When we replaced the ADL
signal peptide with the Pichia pastoris x-factor, the supernatant of the expression batch

was active not only against £ coli and B. subtilis, but
also it produced a 9 mm inhibition zone against P. ae-
ruginosa. Such activity, not previously noticed, is prob-
ably connected to an higher yield in ADL production. In
order to purify the active peptide, an expression assay
of ADL with a His-tag fused at the C-terminal was per-
formed in minimal medium and the peptide purification
was carried on a Nickel affinity column (Figure 4). The
resulting fractions showed significant antimicrobial
activity against B. subtilis, compared to His-tagged
Copsin as positive control and eV as negative control
(Supp. Figure 1). Such activity was completely lost after
concentration, dialysis or desalting in C18 column (da-
ta not shown). Actually we are working on a different
purification protocol with a gel filtration column opti-
mized for such small peptides.
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Myticusin expression

The expression of Myt_x and Myt_H in full and
minimal medium were confirmed with silver staining
(Myt_x), dot blot and western blot (Myt_H). Myt_H
was purified using Nit-affinity column and eluted
with increasing concentrations of imidazole. Concen-
trated positive fractions were further purified in gel
filtration column. Myt_H is efficiently purified in Ni+-

wDa

[~}
P
oo

affinity with few impurities eventually deriving from
partial degradation or column contamination (Figure
5), panel A). No impurities were detected after gel
filtration, allowing the collection of the pure peptide
for further testing (Figure 5 panel B). The total yield
from 100 ml of culture resulted to be about 10 mg
calculated with BCA assay (Thermo). By now, no an-
timicrobial activity was detected for Myt, but it has
been possible to test its MIC in the broth microdilu-
tion susceptibility test only up to 20 uM and only
against B. subtilis, S.aureus, P. aeruginosa, E. faecalis

kDa

kDa

and E. coli. The Myt_H expression needs further im-
provements to obtain an adequate amount of pep-
tide in order to confirm the putative antimicrobial

Figure 5: SDS-page of Ni+-
chromatography fractions (panel A) and gel | activity?29.
filtration fractions (panel B). Positive frac—
tions, corresponding to the Myt_H m.w.
(11.8 kDa) , are highlighted in red.

Other peptides

The other expressed peptides (MyC, Ps and MyS) did not show activity in no one of
the tested conditions. From anti His-tag dot blot and western blot of AMP_H versions we
propose some consideration. Based on dot blot, MyC seems to be expressed but no band
was detectable in western blot. Thus, we think that the terminal Arg-Arg motif of the
MyC mature peptide could be recognized by P. pastoris proteases and, as consequence,
the His-tag could be cleaved off.

The supernatant of P. pastoris expressing Ps_H shows a His-tag positive band at
around 15 kDa, corresponding to Ps mature peptide plus the x-factor, suggesting that
the mature peptide part prevents proteolytic cleavage. In particular, the starting Arginine
residue can prevent Kex2 protease activity30.

Finally MyS is expressed at very low levels. This is not surprising considering Myti-
mycins are considered strictly antifungal and, for this reason, can have detrimental effect
on the selected recombinant organism3!.
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Concluding remarks

Post-translational modification can impair the retrival of functional proteins. This is
particularly true in the case of chemically synthesized cysteine-rich peptides, because
the development of effective refolding protocols is often expensive and time consuming.
The use of eukaryotic cells for recombinant production can lead to better yields. Never-
theless, in the native organism the folding of proteins can be linked to highly specific
processes. Moreover, host-specific characteristics, such as proteases or grow conditions,
can be detrimental for recombinant production.

Starting from five peptide sequences, each in three different constructs, we were
able to effectively produce just two of them and, actually, only one showed antimicrobial
activity. We were able, for the first time, to demonstrate the antimicrobial activity of a
mussel anionic defensin and further work will be done in order to effectively purify and
completely characterize such molecule.
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Supplementary material

Supplementary Table 1: sequences of AMPs presented in this study, codon opti-
mized for production in Pichia pastoris.

Peptide Sequence

Myticin GAATTCATGAAGGCTACTATTTTGTTGGCTGTCGTTGTCGCTGTTATTGTCGGAGTCC
C (MyC) | AGGAGGCTCAGTCTGTCGCTTGTACCAGTTATTACTGTTCTAAGTTTTGTGGTTCTGC
TGGTTGTTCTTTGTACGGTTGTTACAAGTTGCATCCAGGTAAAATCTGTTACTGTTTG
CACTGTAGAAGAGCTGAATCTCCTTTGGCTTTGTCTGGTTCTGCTAGAAACGTTAACG
ATAAGAACAACGCAGATGGACAATTCCCCTGTTATGAACGAGGTTGAGAACTTGGACC
AGGAGATGGATATGTTTTAGGTCGAC

Pseu- GAATTCATGAAAACCGCTATCTTCTTGGCAATCACCGTTTATGTCTTGTTCGCTGTCC
domyti- | AGGATGCTGACGCTAGATGTAGAACCAGATGTAGATTGAAGTGTTTTGGTAGAGGTT
lin (Ps) GTGGTGCTTACTTTGCTGCTGAAAGAGGTCCATTCTGTTTGTGTAAGTGTTACAGATG
TGCTAACGAATCTATCACTAAGATCGGTGTTATTCAAACTGTTGAGCAATCTTCTATG
TTCCACCAGCAGATTGATAATTTCGCAGAAGAGCAGGCACAGTTCATTCAGTAGGTC

GAC
Myti- GAATTCATGGAGAGTGTTGCTTTGTACTGTTTGTTGTTTTGTTTCGTTGCTTTGGGTA
cusin ATATCCAGGTTTCCGTCGGTTCAGATCACCACATGGCTCAATCTGCTTGTATGGGTG
(Myt) TTGCTCAAGATGCTGCTTACGCTTCTGCTATTCCAAGAACTTGTTCTGGTGGTAAAAC

TTGTGAATCTATTTGTGCTGATGCTACTTCTACTATGAACAAATACTCTACTGCTGGT
GCGTCCTTTGTCTACTGCTAGATGTGTTGATGCTTTTCATATCTACTCTAGAAGAGGTC
AAGAGGATGTTCCATACCAACCTTTCGTTGTTTCTTGGAAGTATGGAGTCAAGGGTT
GCTTTCAAACTAACTGCGGACCTAACTTCTGTTGCTGTATTGTCTAAGTCGAC

Myti- GAATTCATGTCATTGCTTTTGAGATTGACTCTTTTGTTCGTTATCTGTAGTGTCATCA
micin TGGAAAACGCTAATGGTGCCTGTTGCAGAAGAAAGAGAAGAGGTAGATGTGGAGACT
Short GCACAAAGCCAACTCCTTGTTGCGGTTACAAAAGATGTAACATTTTCTGTTGCGGAT
(MyS) GTAATTGCAGAAAGGGTGGATGTGGTGGAAGAAGAAAAAGACAACTTTCTCATGACA

CTACCGATAGATCCACCTATATGACATTCATTGGTTTGGACATCAACAAGAATGGAA
TGATGGAACAGTTTGAGTTCTCTAAAGCTCTTGAGCAAATGCAGATTACTGATAACG
TTACCGTCTTGCATCACTGGTCCGTTATGGATGAAGACAAGGATGGACTTATCACTA
TGGAAGAGTTCGATAGAGAGAAATTGTAAGTCGAC

Arthro- GAATTCATGTTTAAGTTGGGTTTCCTTATTGTTGGATTGGTCTTTCTTATCTCTGGTA
pod-like | CAGAAGGAGCCCCACAAAGAAGATTGACTTGTGAGGCTGGTTCCGCCAACATTTTTG

defen- GTGTTCAGTTGGGAACTACCGCATGTCTTACCCATTGCTTGTTCCTTGGTCACTTGGG
sins AGCTTACTGCGATTCACATAATGTCTGTCATTGCAGACACTAAGTCGAC
(ALD)
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Supplementary Table 2: primers used for construction of plasmids containing Myt/-
lus galloprovincialis derived peptides with P. pastoris x-factor.

MyC For TCTCTCGAGAAAAGACAGTCTGTCGCTTGTACCAG
Rev CTGGCGGCCGCCGACTAAAACATATCCATCTCCTGG
For TCTCTCGAGAAAAGAAGATGTAGAACCAGATGTAGATTG
s Rev CTGGCGGCCGCCGACTACTGAATGAACTGTGCCTG
For TCTCTCGAGAAAAGAGTTTCCGTCGGTTCAGATC
Myt Rev CTGGCGGCCGCCGACTTAGACAATACAGCAACAGAAG
For TCTCTCGAGAAAAGAGCCTGTTGCAGAAGAAAGAG
MY Rev CTGGCGGCCGCCGACTTACAATTTCTCTCTATCGAAC
ADL For TCTCTCGAGAAAAGATTGACTTGTGAGGCTGGTTC
Rev CTGGCGGCCGCCGACTTAGTGTCTGCAATGACAG

Supplementary Table 3: primers used for construction of plasmids containing Myt/i-
lus galloprovincialis derived peptides with a His-tag at the C-terminal.

For ACATCTGTAACACTTACACAAACAGAATGGAC
MyC Rev GGTTCTGGACATCATCATCATCATCATTGAGTTTGTAG
P For GACAATACAGCAACAGAAGTTAGGTCCGC
Rev GGTTCTGGACATCATCATCATCATCATTGAGTTTGTAGC
Myt For TCTTCTACAGTGCAAACAGTAACAGATTTTACC
Rev GGTTCTGGACATCATCATCATCATCATTGAGTTTGTAG
For TTTTCTTCTTCCACCACATCCAC
My> Rev GGTTCTGGACATCATCATCATCATCATTGAGTTTGTAG
For GTGTCTGCAATGACAGACATTATGTG
ADL Rev GGTTCTGGACATCATCATCATCATCATTGAGTTTGTAG
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Copsin_H

ADL_H eV

Supplementary Figure 1:
purification of P. pastoris
expressing ADL_H supernatant
in Nickel affinity column. His
tagged Copsin has been used
as positive control, empty
vector as negative control. 40
ul of the resulting fractions
were spotted in agar diffusion
test against B. subtilis. Eluting
imidazole concentration are
reported.
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Abstract

Defensins are a class of cysteine-rich antimicrobial peptides, expressed by virtually
all eukaryotes as part of their innate immune response. Due to their unique mode of ac-
tion and rapid killing of pathogenic microbes, defensins are considered as promising al-
ternatives to clinically applied antibiotics. Copsin is a defensin-like peptide, previously
identified in the mushroom Coprinopsis cinerea. It is active against a range of Gram pos-
itive bacteria through binding to the peptidoglycan precursor lipid Il and prevention of a
proper cell wall formation. In this study, we present a new workflow for the generation,
production and activity-driven selection of copsin derivatives, based on the expression
in Pichia pastoris. The generation of 152 single amino acid mutants, and combinations
thereof, allowed the identification of k-copsin, a peptide variant exhibiting a significantly
improved activity against Bacillus subtilis and Staphylococcus aureus. Furthermore, we
characterized /n silico the membrane interactions of both copsin and k-copsin, in the
presence and absence of lipid Il. The molecular dynamics data highlighted a variable
binding to lipid Il, with a clear preference for the MurNAc moiety involved in 47% and
35% of the total contacts with copsin and k-copsin, respectively. The mutated amino ac-
ids were located in loop-regions of k-copsin and appeared to be crucial for the pertur-
bation of the bacterial membrane. Taken together, these structural data on the interac-
tion between copsin and its bacterial target provide a better understanding of how natu-
ral defensin-like peptides can be further developed for antibacterial therapies.

,@a

"af \ ““’ 4‘ l“ﬂ:..' t&‘
‘s‘a

"".“J‘

! “ va R

PR3 4‘?-5" %E‘Qﬁ &Jl‘a;f.'{ “ 3 "‘Q}‘%
& 3.?’ 0% ‘”"'? g ""‘5"” '

;

.‘\\

Improved copsin derivative (green ribbon structure) bound to Lipid Il and bacterial
membrane at the endpoint of a 300 ns molecular dynamics simulation.
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Introduction

Defensins are a major family of antimicrobial peptides (AMPs), conserved across the
eukaryotic kingdom'z2. They are defined as relatively short (10-80 amino acids), cyste-
ine-rich peptides with a net positive charge at pH 7 and a high proportion of hydropho-
bic residues. As key effectors of innate immunity, defensins rapidly kill invading mi-
crobes, such as bacteria and fungi. A current classification of defensins is based on con-
served structural elements and disulfide patterns. Vertebrate defensins, for instance the
mammalian x-, f- and 0-defensins, consist of a B-sheet structure stabilized by a specif-
ic connectivity of six cysteine residues3.4. Consistent with their evolutionary diversifica-
tion, a number of vertebrate defensins exert a broad spectrum activity against microbes
(Gram positive/negative bacteria, fungi, as well as viruses) and possess immunomodula-
tory properties3.s6. Invertebrates, fungi and plants predominantly express the so-called
cysteine-stabilized xB-defensins (CSxpB), which are characterized by one helix and two
anti-parallel B-strands interconnected by three disulfide bonds47. This core structure
can be further extended by a B-strand and additional disulfide bonds, which have been
identified in plant and fungal defensins&19, In comparison to their counterparts in verte-
brates, CSxf defensins exhibit higher specific activity against bacterial or fungal sub-
groups®11-13,

The cell membrane and cell wall biosynthesis of bacteria are primary targets of
many defensins. Based on the interaction of the cationic, amphipathic AMPs with bacteri-
al membranes, the proposed action modes included peptide binding to negatively
charged phospholipid head-groups, further interference with the lipid bilayer and pore
formation or unspecific membrane perturbation'4'5. However, recent studies described
more targeted killing mechanisms, for example, peptide binding to membrane-bound
undecaprenyl pyrophosphoryl-MurNAc-pentapeptide-GlcNAc, termed lipid I, and inter-
ference with the peptidoglycan biosynthesis. Lipid Il is a unique, conserved structure
among Eubacteria and it is essential for building the cell wall, therefore representing an
ideal target for antibiotics. In particular, CSxB defensins gain specificity by binding to
lipid 11 131718, Modelling of structural NMR-data revealed that the fungal defensin plecta-
sin binds specifically to the pyrophosphate moiety of lipid Il and to the D-glutamic acid
of the pentapeptide. Additionally, the hydrophobic part of plectasin locates at the mem-
brane interface, but there was no membrane permeabilization detectable'?. A lower af-
finity for lipid Il was described for mammalian defensins, such as the human beta-
defensin 3 (hBD3)'3.19,

Multiple and divergent defensins evolved as effective antimicrobial molecules over
millions of years without physiological evidence of bacterial resistance, as observed for
clinically used antibiotics'. Evolutionary distant antibacterial CSxp scaffolds may lead to
a more specific therapeutic action in humans20.21, Hence, understanding the mode of ac-
tion of fungal CSxp peptides effective against relevant pathogenic bacteria could provide
interesting hints for the development of next generation of antibiotics!7. Copsin, which
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was discovered in the mushroom Coprinopsis cinerea, is composed of a CSxpB core fold
interconnected by six disulfide bonds and an N-terminal pyroglutamate22. It shows a
bactericidal activity against Gram positive bacteria, such as Listeria, Enterococci, or Ba-
cilli. Thorough biochemical studies revealed a stoichiometric interaction with lipid Il with
involvement of the third position of the pentapeptide. In this study we describe a new
strategy, based on Golden Gate cloning and expression in Pichia pastoris, to generate
copsin derivatives and to measure their antibacterial activity in high throughput manner.
In order to highlight the lipid Il binding mechanism, we performed molecular dynamics
simulations in membranes of Gram positive bacteria with native copsin and one mutant
being significantly more effective against Bacillus subtilis and Staphylococcus aureus.
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Material and methods

Chemicals and strains

Escherichia coli (strain DH5x) and Pichia pastoris (strain NRRLY11430) were used for
all cloning and expression studies. All chemicals, if not otherwise mentioned, were at the
highest available purity and were purchased from Sigma-Aldrich.

Antimicrobial activity - Bacillus spp.

The following strains of the Bacillus cereus group were tested: B. cereus ATCC
10876, ATCC 11778, BWB; B. anthracis NCTC 8234 (Sterne), NCTC 10340 (Vollum), Pas-
teur, Ball (clinical isolate, CH 2014). B. anthracis strains were processed under BSL-3
conditions and B. subtilis 168 was used as the control strain in all experiments. MIC val-
ues were determined by using the microdilution broth method according to the CLSI
guidelines with minor modifications23. In brief, bacteria were cultivated overnight on Co-
lumbia blood agar with 5% sheep blood (Biomérieux, Switzerland) and colonies were ho-
mogenized in Mueller-Hinton broth (MHB; BD Diagnostics, NJ) to McF 1 (corresponding
to 107 cfu/ml for the B. cereus group and 108 cfu/ml for B. subtilis respectively). The
bacterial suspensions were diluted in cation-adjusted MHB (CAMHB; BD Diagnostics) to a
concentration of 106 cfu/ml and added to two-fold dilution series of copsin (0.25 -128
bug/ml) in 96-well polypropylene microtiter plates. The plates were incubated at 37°C for
20 h. The MIC is defined as the lowest concentration of copsin without visible growth
and was determined by applying the four-eye-principle. The cfu/ml was determined by
plating dilutions of the growth control on tryptic soy agar plates. Each strain was tested
at least in two separate experiments.

Fermentation and purification of recombinant copsin

The codon-optimized prepro-copsin insert (Figure S1) was cloned into the pPICZA
plasmid using the restriction enzymes EcoRI/Sall (pPICZA-optCopsin; GenScript, NJ). The
pPICZA-optCopsin construct was linearized with Sacl and transformed into P. pastoris by
electroporation as described previously22.24, The standard methanol-limited fed-batch
procedure was performed according to the Pichia fermentation process guidelines of
Invitrogen (www.thermofisher.com). In brief, three to five colonies of pPICZA-optCopsin
transformants were cultured in 40 ml of BMGY medium (1% (w/v) yeast extract, 2% (w/v)
peptone, 1.3% (w/v) YNB without amino acids (BD Diagnostics), 100 mM potassium
phosphate buffer pH 6, 1% (w/v) glycerol) containing 100 pg/ml Zeocin (LabForce, Swit-
zerland) in a baffled shake-flask overnight at 28 °C. The entire culture broth was used to
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inoculate a 3.6 | Labfors 5 bioreactor (Infors, Switzerland) filled with 1.2 | of basal salt
medium (4% (w/v) glycerol) supplemented with PTM; trace salts. The cultivation tem-
perature was kept at 28 °C and the pH was maintained at 5.0 by adding ammonium hy-
droxide. The aeration rate was kept constant at 1.2 |/min. The batch mode of fermenta-
tion process was performed, first, using an agitation speed of 750 rpm for 24-30 h, fol-
lowed by a limited glycerol feed at 15.5 ml/h for 4 h. After depletion of glycerol, indicat-
ed by a rise of dissolved oxygen (DO) to >80%, a methanol pulse (5 ml/l) was conducted.
After a DO spike, the methanol fed-batch phase was started and maintained for 72 h.
The DO level was maintained at 10-20% of oxygen saturation by regulating the methanol
feed rate (5.7-9.5 ml/h per liter of the initial volume) and agitation speed (1000-1400
rpm).

The fermentation broth was centrifuged (8000 x g, 20 °C, 20 min) and the resulting
supernatant was diluted in ddH20 to a conductivity of 9-11 mS/cm. The pH of the su-
pernatant was adjusted to 7 by adding ammonium hydroxide, vacuum filtered (0.22 pm
rapid-Filtermax 500; Techno Plastic Products TPP, Switzerland) and loaded on a self-
made SP Sephadex cation exchange column pre-equilibrated with binding buffer A (20
mM sodium phosphate pH 7, 10 mM NacCl). The column was washed with 17% buffer B
(20 mM sodium phosphate pH 7, T M NaCl) and copsin was eluted with 60% buffer B. The
elution was monitored at UV absorbance of 210 nm and 280 nm. Fractions containing
copsin were pooled and concentrated in a 2 kDa Spectra/Por dialysis membrane (Spec-
trum Laboratories, CA) as previously described?2. The concentrated eluate was dialyzed
against buffer C (2 mM sodium phosphate buffer pH 7.3, 70 mM NacCl) at 4°C for 24 h.
Further copsin concentration and purification was achieved by using a 6-8 kDa Spec-
tra/Por dialysis membrane (Spectrum Laboratories) and by dialyzing against buffer C.
The protein concentration was determined by a BCA protein assay, according to the
manufacturer's instructions (Thermo Scientific, MA).

Site-directed mutagenesis - Whole-plasmid PCR

The experimental setup was derived from the Q5 site directed mutagenesis protocol
of New England BiolLabs (NEB, MA). Site-directed substitutions were done using the
pPICZA-optCopsin construct as template. In brief, the initial PCR reaction was executed
in a total volume of 25 pl with the Phusion high-fidelity DNA polymerase (Thermo), 3 ng
of plasmid template, and the corresponding forward and reverse primer at 1 yM (Table
S1). Circularization of the PCR product and removal of the template plasmid was per-
formed in a total volume of 22 pl T4 ligase buffer (NEB) with 2 pl of the PCR reaction and
the following enzymes: 0.3 pl FD-Dpnl (Thermo), 0.3 U/ul T4 PNK (Thermo), 9 U/ul T4
ligase (NEB). The reaction mixture was incubated 45 min at room temperature, 30 min
at 37 °C and chilled on ice. The entire solution was used for transformation of chemo-
competent £. coli cells. The resulting mutated plasmid was isolated, verified by DNA se-
quencing (Microsynth, Switzerland), and transformed into P. pastoris as described previ-
ously22,24,
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Site-directed mutagenesis - Golden Gate cloning

The Golden Gate cloning strategy was performed according to Engler et a/25 and
used for direct transformation of P. pastoris cells. Three recipient expression plasmids
were designed and synthesized based on the pPICZA-optCopsin construct and the BsmBI
restriction enzyme (GenScript; Figure S2). DNA entry fragments were synthesized with
the corresponding overhangs (Microsynth) and are listed in Table S1. First, the comple-
mentary forward and reverse DNA entry fragments were mixed in Tris-HCI buffer (10
mM pH 7.5, 50mM NaCl), each to a concentration of 10 pM. The annealing was per-
formed in a temperature gradient of -1 °C/min starting from 80 °C to 40 °C. The Golden
Gate assembly was executed in NEB 3.1 buffer in a total volume of 10 pl with 2 uM of
annealed DNA fragment, 20 nM recipient plasmid, 1 mM ATP, 2 U/pl BsmBI, and 40 U/ul
T4 ligase. The reaction conditions were as follows: 25 °C (2h), 37 °C (2h), 55 °C (30 min),
80 °C (20 min), and 4 °C. For linearizing the resulting plasmid, Sacl-HF (NEB) was added
to 2 U/pl and the reaction mixture was further incubated at 37 °C (3h) and finally at 65
°C (20 min). After DNA clean-up, 150 ng of the linearized plasmid was used for trans-
formation of P. pastoris as previously described?2.24, Transformants were confirmed by
colony PCR using the following primer pair: 5'-AOX1, 5'-
CCTCCAATACGGTCCCTACCCTC-3', and 3'-AOX1, 5'- CAGGCAAATGGCATTCTGACATCC-
3" 26,

P. pastoris cultivation in 96-well microtiter plates

Positive P. pastoris transformants were inoculated in 200 pyl BMDY medium (1% (w/v)
yeast extract, 2% (w/v) peptone, 1.3% (w/v) YNB without amino acids (BD Diagnostics),
100 mM potassium phosphate buffer pH 6, 1% (w/v) D-glucose) in a 96-half-deepwell
plate (Enzyscreen, The Netherlands) and cultured for 24 h (28 °C, 225 rpm). After cen-
trifugation (3000 x g, 20 °C, 10 min), the cell pellets were resuspended in 190 yl BMMY
medium (1% (w/v) yeast extract, 2% (w/v) peptone, 1.3% (w/v) YNB without amino acids
(BD Diagnostics), 100 mM potassium phosphate buffer pH 6, 1% (v/v) methanol) and cul-
tured for 72 h (28 °C, 225 rpm). Methanol was added to 1% (v/v) in a time interval of 12
h. Supernatant was harvested by centrifugation (2000 x g, 20 °C, 10 min) and stored at 4
°C.

Kinetics assays

Supernatants of the microtiter plate cultivations were diluted (1:5) in LB-Lennox
medium and 5 pl of this dilution was added to 195 pl of a B. subtilis (strain 168) suspen-
sion in MHB (BD Diagnostics) at an optical density of 0.005 (ODeoo) in a 96F-well polysty-
rene plate (TPP). The bacterial growth was monitored every 15 min at 37°C for 14-20 h in
a Spectramax Plus microplate spectrophotometer (Molecular devices LLC, CA) at a wave-
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length of 600 nm, with 5 s shaking before each measurement. Data were analysed with
the SoftMax pro software (Molecular devices LLC).

P. pastoris cultivation in shake flasks

Selected P. pastoris transformants were used to inoculate 50 ml of BMDY medium
and cultured for 24 h (28 °C, 180 rpm) in baffled shake flasks. Cells were harvested by
centrifugation (2000 x g, 20 °C, 5 min) and resuspended in 100 ml FM22 medium sup-
plemented with PTM4 trace salts and 1% (v/v) methanol26. The cells were cultivated for 72
h (28 °C, 180 rpm) and methanol was added to 1% (v/v) in a time interval of 12 h. Cells
were removed by centrifugation (3000 x g, 20 °C, 10 min) and supernatants were further
processed as described for the fermentation product but omitting the 6-8 kDa dialysis
step. The protein concentration was determined by a BCA protein assay, according to the
manufacturer's instructions (Thermofisher).

Antimicrobial activity - Copsin mutants

The MIC was determined by the microdilution broth method?23 for B. subtilis and for
Enterococcus faecium (ATCC 19434). Two-fold dilution series (1-8 pug/ml) of copsin and
its mutants were prepared in 96-well polypropylene microtiter plates in CAMHB (BD Di-
agnostics). Bacteria were grown in LB-Lennox medium to an ODsoo of 0.2-0.6 and added
to the dilution series to a final ODeoo of 0.005 for B. subtilis and of 0.0001 for £. faecium.
The microtiter plates were incubated at 37 °C for 20 h and the MIC was determined as
the lowest concentration of copsin without visible bacterial growth. All MIC measure-
ments were done in duplicates. A kinetics assay was performed for Staphylococcus aure-
us (ATCC 35556) as described above. LB-Lennox medium (copsin mutants) or CAMHB
(copsin mutants combined) was used with a starting ODsoo of 0.0005 and a polypeptide
concentration of 80 pug/ml for copsin and its mutants.

Membrane models

The starting coordinates of pre-equilibrated palmitoyloleoylphosphatidylglycerol
(POPG)/paolmitoyloleoylphosphatidylethanolamine (POPE) bilayer and POPG/POPE bilayer
with one molecule of lipid Il were taken from the website of the Laboratory of Bio-
molecular Modelling of the Russian Academy of Science such as lipid Il force field pa-
rameters (http://model.nmr.ru/files/lipid-Il_bilayers.zip)?7. The POPG/POPE molecule
ratio was 3:1 to simulate the membrane of gram Positive bacteria such as B. subtilis. Li-

pids force fields were taken from the Biocomputing laboratory of the University of Calga-
ry (http://moose.bio.ucalgary.ca/index.php?page=Structures_and_Topologies)?8 accord-
ing to Berger et al.?s.
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Protein models

The copsin starting structures were re-
trieved from the PDB entry 2MN5. Mutant
version named k-copsin was created from
2MN5 using the Pymol mutate plug-in3° and

HeT » AN performing 2000 steps of energy minimiza-
EM%‘ 1}41{55:\5@1%\* tion with GROMACS?'. From NMR data, His26

e was positively charged (i.e. doubly protonat-
ed) and His21 had a single proton on & ni-
trogen22. New histidines of K-copsin were all
protonated accordingly to PROPKA predic-

Figure 1: Examples of starting configurations tion at pH 632. The principal axis of the pep-

resented as cartoon in cyan, lipid Il in dark blue and

other lipids as thin lines pendent simulations were performed rotat-

ing the starting cospin structure of 0°, 90°,
180° and 270° along the x axis and centring the peptide on the membrane xy plane,

above the outer leaflet, setting a minimum distance with the membrane of 20 A. System
were solvated with single point charge (SPC) water molecules and a proper amount of Na
and Cl atoms were added to counter ion the negative membrane and the positive pep-
tide, respectively. Examples of starting configuration can be found in Figure 1.

Molecular dynamics simulations

All the simulations were performed in GROMACS v. 5.0.137 applying Gromos96
43a2x33 force-field and 2 fs steps at 310 K with three separate thermostats for Protein,
Membrane and water with ions groups. Membranes were centred in a triclinic box main-
taining x and y axis length and with z axes length of 13 nm. The protein was added to
the system centred on x and y axis and z coordinate set to 11.6 nm. The box was filled
with spc water model and Na+ and CI- ions were added to neutralize membrane and pro-
tein charges respectively. All the systems were subjected to a 20000 step energy mini-
mization using a steepest descended integrator. Than a position restrained NVT equili-
bration of 50000 steps were performed using V-rescale algorithm for temperature cou-
pling34 and Berendsen pressure coupling setting3>. PME algorithm was used for long-
range electrostatic36. As the last preparation step, we performed a 50000 position re-
strained NPT simulation, switching to semiisotropic Parrinello-Rahman pressure coupling
algorithm37. Finally, the protein position restraints were released and 300 ns production
runs were performed. Table 1 provides a summary of the performed simulations. The
analysis of the runs was performed with GROMACS tool g_order, g_distance, g_mindist,
g_mdmat and in house scripts. Secondary structure was computed using dssp38. Mem-
brane thickness was computed using GridMAT-MD 2.0 and plotting results with Gnuplot
(www.gnuplot.info)39. Membrane curvature was calculated using g_lomepro40.
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Protein Membrane composition | lons Length
lipid Il | POPG | POPE | Na+ | Cl-

Copsin wt 1 186 66 186 | 6 4 x 300 ns
0 216 72 216 | 6 4 x 300 ns

Copsin mutant 1 186 66 186 | 6 4 x 300 ns
0 216 72 216 | 6 4 x 300 ns

Membrane-Lipid Il control | 1 186 66 186 | 8 300 ns

Membrane control 0 216 72 216 | 8 300 ns

Copsin 0 0 0 0 6 100 ns

Table 1: summary of performed simulations.
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Results and discussion

Antimicrobial activity of copsin against Bacillus spp.

Bacteria of the genus Bacillus are rod-shaped, have aerobic metabolism, and pro-
duce protective endospores4!'. The minimal inhibitory concentration (MIC) of copsin was
determined for vegetative cells of the soil bacterium B. subtilis and of the human patho-
genic species B. cereus and B. anthracis, the causative agent of anthrax42. The latter are
both members of the B. cereus group of Bacil/li that share a high degree of chromosomal
sequence conservation4344, Using the microdilution broth method, copsin exhibited a
distinct antimicrobial profile with MIC values of 128 pg/ml for B. cereus, 16-64 ug/ml
for B. anthracis and 4 pg/ml for B. subtilis (Table 2). These findings further highlight the
diversity and selective targeting of this CSxp defensin against closely related species’!.

Bacillus strain Source MIC".2 [ug/ml]
B. subtilis 168 4
B. cereus ATCC 10876 128
B. cereus ATCC 11778 128
B. cereus BWB 128
B. anthracis Sterne NCTC 8234 16-32
B. anthracis Vollum NCTC 10340 16-32
B. anthracis Pasteur 16-32
B. anthracis3 64
Table 2: MIC of Copsin against strains of the genus Baci/lus. 'The MIC was determined ac-
cording to the CLSI standard M07-A9. 2Copsin used for these assays was produced in a fermen-
tation run. 3Clinical isolate, Switzerland, 2014.

Structure-function studies on copsin

To study the structure-function relationship of copsin, site-directed mutations were
introduced into the polypeptide chain and evaluated according to their impact on the /n
vitro activity of copsin. Two experimental strategies were applied for cloning. The first
approach was based on whole-plasmid PCR using primers generating mutations at de-
fined positions of the genetic sequence of copsin (Table S1). The mutated plasmids were
purified from Escherichia coli and linearized for transformation into the expression host
P. pastoris. Although this method allows the creation of great variety of mutations, the
initial PCR and cloning steps in £. coli are time consuming and error-prone. Therefore,
as second approach, we adapted the so-called "Golden Gate" cloning for direct transfor-
mation into P. pastoris. Golden Gate cloning depends on type lls restriction enzymes,
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which cleave outside of their recognition site25. This allows to perform restriction diges-
tion of an expression plasmid and ligation of a desired DNA fragment in one step (Table
S1 and Figure S1). We combined this cloning method with a linearization step for homol-
ogous recombination into P. pastoris. Total 152 copsin mutants were generated, con-
taining single amino acid changes spread along the entire peptide sequence with the ex-
ception of cysteine residues (Table S1).

Expression of copsin mutants in P. pastoris was performed in a microtiter plate in-
cluding empty vector and native copsin controls. As the recombinant pPICZA plasmid
allows copsin to be secreted, the microculture supernatants were harvested and their
antibacterial activity was evaluated in a kinetics assay. In detail, a defined volume of su-
pernatant was mixed with a suspension of B. subtilis cells (strain 168) and the bacterial
growth was monitored in a microtiter plate reader at an optical density of 600 nm (ODeoo)
until an ODeoo of 0.10 was reached. According to this threshold, 17 copsin mutants
showing delayed start of bacterial growth relative to native copsin (i.e. improved produc-
tion level or/and activity of the recombinant copsin mutant) were selected for further
experiments.

After expression in shake flasks and purification, MIC values of the 17 copsin mu-
tants were determined for B. subtilis and Enterococcus faecium (Table 3). Moreover, a
kinetics assay was performed for S. aureus, as described above, with 80 pg/ml of puri-
fied copsin mutants (Table 3). Overall, four mutants inhibited B. subtilis at higher extent
than the native peptide, all of them carrying one amino acid substitution in loop regions
of copsin. In detail, the S13H and T16H substitutions located in the n-loop connecting
N-terminus and «-helix also showed enhanced activity against S. aureus, whereas the
T41G and T46H substitutions located in the c-loop connecting the two B-strands did not
affect the growth of S. aureus relative to native copsin. No improvement of MICs was ob-
served in the case of £. faecium, with even higher values for T41S, T46S and P55R.
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Copsin mutants Time shift
MIC [ug/ml] .
Production level 2 [min]
[kl B. subtilis )
E. faecium | S. aureus
168
WT copsin ! 38 8 8 Baseline (0
min)
Q1S 127 8 8 -15
P4G 259 8 8 0
R7H 97 8 8 0
S13H 92 4 8 + 240
T16H 312 4 8 + 45
T16G 457 8 8 - 30
D29H 131 8 8 + 30
V30H 309 8 8 -15
V30R 264 8 8 - 30
S36H 56 4-8 8 Not deter-
mined

T41G 435 4-8 8 - 15
T41S 460 8 >8 - 45
F43W 384 8 8 0
L44W 188 8 8 -15
T46H 182 4 8 0
T46S 128 8 >8 -15
P55R 165 8 >8 0

Table 3: Antimicrobial properties for the WT and mutated copsins. ' For the S. aureus kinet-
ics assay, copsin produced in a fermenter run was used. 2 Total amount of peptide purified of a
100 ml P. pastoris culture.
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The four mutations associated to enhanced activity against B. subtilis were com-
bined in one construct (Table S2). The antimicrobial activity of the peptide (S13H, T16H,
T41G, T46H), named k-copsin, led to a 4-fold lower MIC value for B. subtilis and to the
most potent activity against S. aureus, as determined in a kinetics assay with 80 ug/ml
of purified copsin mutants (Table 4). In addition, the yield of k-copsin after production
and purification was about 15-fold higher in comparison to native copsin.

Compared to the addition of a positive charged amino acid such as Lys or Arg, mu-
tations of native amino acids to histidine appear to be more effective in improving the
antimicrobial peptide features. As possible explanation, if resistance mechanisms of
bacteria target positively charged amino acids then, increasing the positive peptide
charge may or may not lead to a better performance4s. Thus, histidine could be an op-
timal choice, being neutral at physiological pH and switching to positively charged in a
slightly acidic environment, such as bacterial surface4e.

Mutations ! Production level 2 B. subtilis 168 5.. aureuls |
[ugl MIC 3 [ug/ml] Time shift 3 [min]

Native copsin 17 8 Baseline (0 min)
T41G, S13H 213 8 + 90

T41G, T16H 83 8 - 75

T41G, T46H, S13H 256 4 + 195

T41G, T46H, T16H 158 4 - 45

T41G, T46H, S13H,T16H 259 2 + 285

Table 4: Antimicrobial properties for combined copsin mutants. ' Corresponding templates and primers are
listed in suppl. Table 3. 2 Total amount of peptide purified of a 100 ml P. pastoris culture. 3 All experiments were per-
formed in cation-adjusted MHB (CAMHB).
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Copsin Lipid Preference

Copsin affinity to bacterial membranes

In order to investigate the copsin interaction with bacterial membranes, we per-
formed a series of atomistic simulations reproducing a Gram positive membrane envi-
ronment. Likewise, we studied the impact of mutated residues (S13H, T16H, T41G,
T46H) of k-copsin on the binding to the bacterial cell surface. Copsin or k-copsin were
posed 2 nm above a pre-equilibrated 3:1 POPG/POPE bilayer and the system was left free
to progress for 300 ns at 310 K. In order to avoid data misinterpretation due to peptide
initial placement, four independent simulations were executed for each experimental
setup, changing peptide spatial orientation. In all simulation systems, copsin started to
interact with the bacterial membrane within 2 - 10 ns and it stays bound during the 300
ns time frame (Fig. S4). As further evidence, the MD studies highlighted how copsin,
both in native and k version, is able to displace lipids from the membrane external leaf-
let. Thus, copsin increased the interaction surface of the membrane and, at the same
time, it causes a negative curvature without significantly decreasing the membrane
thickness (Figure 2).

55

o

nm

=

3

Figure 2: A: membrane bending induced by copsin (last frame of 300 ns simulation). B: mem-

brane thickness at same time point computed using Gridmat-MD, with copsin positioned on the mem-
brane surface.

Moreover, native copsin showed 3%-8% POPE contacts (defined as distance between
two atoms < 0.35 nm), compared to a value of 25% expected for POPG/POPE molar ratio.
Thus, native copsin prefers negatively charged POPG lipids compared to zwitterionic
POPE. This preference was partially lost in the mutated version (8%-16% POPE contacts)
and the total number of contacts significantly increased by 30% (p < 0.05) (Fig. S3). To
better study the role of mutated residues during membrane interactions, we calculated
the number of contacts of the amino acids at positions 13, 16, 41, and 46. In compari-
son with those of native copsin, the four mutated residues showed a significantly in-
creased number of POPG contacts (+390%, p < 0.005). Overall, these results suggest
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that the introduced mutations enhance the copsin of affinity to membranes by prefer-
ence for POPG lipids. As demonstrated for vancomycin4?, it is possible that copsin binds
first to bacterial membrane and then diffuses on the membrane surface or waits until the
target molecule comes into proximity to exert its function.

Copsin-lipid Il interactions

As for other defensins, A
copsin action has been shown
to involve binding to lipid 1122,
Such interaction can prevent
cell wall biosynthesis and has

also direct effect on bacterial
cell division4s. To gain in-
sights into the copsin-lipid Il - N
interaction mechanism, we B .

performed simulations in the o
presence of lipid Il on the o °-
outer leaflet of a Gram posi- ® o
tive membrane (Figure S5 and
S6). Copsin interacted within

] Figure 3. Interaction of copsin with lipid Il. Snapshot of copsin in-
1 ns both with the membrane teracting with lipid Il, in membrane environment, after 300 ns of simula-
lipids and lipid Il (Figure S4). tion. In side representation (A) and above representation (B) phosphates

are represented as brown spheres. Lipid Il components colours are de-

Simulations exhibited a mem- scribed in panel C. Proteins are in cyan colour.

brane bending around the

copsin-lipid Il complex, as also seen for copsin solely binding to membrane (Figure 2).
The total contacts of copsin with POPE and POPG did not reveal a significant difference
(<10%) between the two setups, with and without lipid Il (Figure S4). This is unexpected
especially when considering that steric effect of lipid Il prevents copsin from binding part
of the membrane surface. Thus, copsin could embed in a bacterial membrane more ef-
fectively when binding to lipid II.

In all simulations, copsin and k-copsin binding to lipid Il was irreversible. Taking in-
to account the last 50 ns of the simulations, interactions were predominately restricted
to the N-terminal tail (amino acids 1-8) and partially to the loop region between the -
helix and the B-strands (25 - 34) as well as to the C-terminus of copsin (Figure 2 and
Figure 3). Introducing the four mutations of k-copsin, the binding pattern to lipid Il
changed, with contacts spanning the amino acids from position 1 to 34 and from posi-
tion 41 to 49.
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B Lipid Chain PPl @ MurMNAc ® GlENAE & LAR L-Ala ® yD-Glu # L-Lys D-Ala D-Ala
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Figure 4. Number of contacts between copsin (top) or k-
copsin (bottom) and lipid Il components. Data are expressed as
mean of contacts during the last 50 ns of the simulation, aver-

aged for the four independent simulations, each with a different
initial spatial orientation of copsin.
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In the simulated membrane
environment, copsin and k-copsin
primarily interacted with the two
sugar moieties and the four termi-
nal amino acids (D-Ala-D-Ala-L-
Lys-D-Glu) of the lipid Il pen-
tapeptide (Figure 4 and Table 5).
the
accessible sugar is known to be

Even if most  solvent-
GIcNACc?7, the most stable interac-
tion of copsin in both versions was
with MurNAc. This
with the previous results showing
the ability of copsin to bind lipid I,
comprising a MurNAc monosac-
charide, but not to lipid lll, having

a GIcNAc monosaccharide?2. This

is consistent

evidence is also consistent with
the capability of copsin to inhibit
pore formation,
since MurNAc is spatially close to
the pyrophosphates, known to be

the main target for nisin22.49,

nisin-induced

Component Copsin Wt Mutated
GlcNAC! 8.81% 16.11%
MurNAc? 46.80% 34.97%
ALR3 0.01% 3.07%
L-Ala* 0.50% 0.70%
y-D-Glu#4 8.42% 9.57%
L-Lys* 3.61% 11.84%
D-Ala* 10.08% 5.47%
D-Ala* 20.28% 17.10%
PPI5 1.50% 1.17%

Table 5: Contacts expressed as
percentage of total between the two
copsin versions and the lipid Il compo-
nents. 1) N-acetyl glucosamine. 2) N-
acetylmuramic acid 3) Acid Lactic residue,
4) Amino acids, 5) Pyrophosphates.

In the final part of the simulations, a heavy displacement of lipids was evident
around residues of B-loop (residues 41-46) and of the N-terminal-helix part, where the
four mutated residues are located (Figure 4). Interestingly, the mutated residue S13H,
having the most positive effect on copsin activity, deeply inserts itself in the membrane
in the presence of lipid Il. Moreover, the same copsin region has been shown to be im-
portant for the binding of other defensins to lipid Il, such as plectasin'?. In particular,
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residues of the loop, connecting the two B-strands, and the N-terminal-helix part of
plectasin interact with DPC micelles but are not involved in lipid Il binding'?. Mutations
occurring in such peptide region significantly increased the plectasin and micasin activity
against S. aureus (Figure 5)21.50, This suggests that the improved activity of k-copsin is
firstly driven by membrane interactions and secondly by a change in the lipid Il binding
pattern.

Figure 5. Comparison between copsin and other lipid ll-binding peptides. Plectasin, Eurocin, and
Micasin are fungal defensins consisting of a CSxf fold interconnected by three disulphide bonds. Second-
ary structures are represented as cartoons. Green: amino acids proposed to interact with lipid Il based on
this work (copsin and k-copsin) or NMR data (plectasin)'?. Yellow: putative amino acids involved in lipid Il

interactions, based on structural conservation with plectasin, Blue: amino acid substitution sites known to
improve activity of represented peptides.
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Concluding remarks

Naturally derived fungal defensins commonly reveal MIC in the mid to low pg/ml
range, values which are often not sufficient for an effective treatment of microbial infec-
tions (copsin, plectasin, micasin)'7.20.22, Therefore, efficient screening strategies are
needed to produce defensins with an improved /n-vitro activity. Here, we present a new
workflow, which combines the Golden Gate cloning with microscale expression in P. pas-
toris, for high-throughput production and selection of peptide mutants. This method is
particularly suitable for cysteine-rich and secreted proteins and it allowed us to generate
a copsin variant, named k-copsin, with enhanced activity against B. subtilis and S. aure-
us. However, the lack of improvement against other Gram positive bacteria such as En-
terococci, demonstrates the difficulty of making fungal defensins effective towards a
broader range of bacterial species.

MD simulations in a membrane lipid Il environment allowed us to demonstrate how
the activity improvement does not primarily derive from increased lipid Il affinity, but
rather from a different and stronger interaction with membranes. Such evidence sup-
ports the hypothesis that copsin inhibits the cell wall biosynthesis anchoring the lipid Il
to the membrane, with consequent prevention of processing and recycling. The protona-
tion state of histidine residues may play a fundamental role in such interaction. After in-
teraction with the lipid hydrophobic tails, protonated histidines could deprotonate and
insert themselves deeply into the membrane.

In silico simulations also revealed a rather dispersed interaction pattern of copsin
and k-copsin with lipid Il. Copsin interacts with the two sugar moieties and the pen-
tapeptide side chain whereas the glycopeptide vancomycin primarily binds to the two
terminal alanine residues. Such a distributed binding pattern may be a way to counteract
lipid 1l modifications and thus to circumvent the emergence of resistance. In agreement,
copsin has potent activity against vancomycin-resistant Enterocooci with a Lac-Ala ter-
minus instead of Ala-Ala22. The primary interaction side of copsin resulted to be the
MurNAc residue of lipid Il.

Even if MurNAc modifications have been identified in pathogenic strainss!, to our
knowledge no direct evidence of AMP-resistance involving MurNAc has been reported so
far. Together with enormous stability, these features make fungal defensins promising
candidates for the development of new antibiotics less prone to bacterial resistance.
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Supplementary material

1 ATG AAA CTT
M K L
61 GCA TTG TCA
A L S
—————————— <
121 GCT GTC AAC
A v N
181 ATC GTT TCT
I v S
241 GAT GCT GAC
D A D
301 GCT GAC GCC
A D A
361 GTT TTG CCA
v L P
421 GGA CTT ACT
G L T
481 AGA TGC TCT
R C S
541 TGT CCT AGA
C P R

AGT ACA
S T

TCA
S L L

A I v A
Signal peptide

GGA TGT TTT GCT
C F A
Pro peptide

ATT GAC TGC TTG
I D C

TCC GAC TGC ACA
S D C T

TTT AAC ATC TTG
N I L

GTT CCT GAA GAG
v P E E

AAT TGT CCT ACC
N C P T

TGT AGA TCA TGC
C R S C
Mature copsin

GGT TTC TTG GGA
G F L

CTT TTG GCT ATT GTC GCA GTC

v

GAA
E

Supplementary Figure 1: Codon-optimized prepro-copsin

Supplementary Table 1: Primers used for initial mutant generation

Posi- Amino Chan Cloning method Fw Primer/DNA fragment (5'-3") Rw Primer/DNA fragment (5'-
tion acid ge 3")
1 Q G Synthesized
(GenScript)
R GoldenGate AAGACGAAATTGTCCTAC- CACACAAACCTCTTCTGGTAG-
CAGAAGAGGTTTG GACAATTTCG
S GoldenGate AAGATCGAATTGTCCTAC- CACACAAACCTCTTCTGGTAG-
CAGAAGAGGTTTG GACAATTCGA
2 N F GoldenGate AAGACAATTCTGTCCTAC- CACACAAACCTCTTCTGGTAG-
CAGAAGAGGTTTG GACAGAATTG
H GoldenGate AAGACAACACTGTCCTAC- CACACAAACCTCTTCTGGTAG-
CAGAAGAGGTTTG GACAGTGTTG
R GoldenGate AAGACAACGATGTCCTAC- CACACAAACCTCTTCTGGTAG-
CAGAAGAGGTTTG GACATCGTTG
3 C
4 P G GoldenGate AAGACAAAATTGTGGTAC- CACACAAACCTCTTCTGGTAC-
CAGAAGAGGTTTG CACAATTTTG
S GoldenGate AAGACAAAATTGTTCAAC- CACACAAACCTCTTCTGGTT-
CAGAAGAGGTTTG GAACAATTTTG
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10

11

12

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

AAGACAAAATTGTCGAAC-
CAGAAGAGGTTTG
AAGACAAAATTGTTGGAC-
CAGAAGAGGTTTG
AAGACAAAATTGTCACAC-
CAGAAGAGGTTTG
AAGACAAAATTGTCCTGG-
TAGAAGAGGTTTG
AAGACAAAATTGTCCTTCAA-
GAAGAGGTTTG
AAGACAAAATTGTCCTCGAA-
GAAGAGGTTTG
AAGACAAAATTGTCCTTGGA-
GAAGAGGTTTG
AAGACAAAATTGTCCTAC-
CTCAACGAGGTTTG
AAGACAAAATTGTCC-
TACCCACAGAGGTTTG
AAGACAAAATTGTCCTAC-
CAGATCAGGTTTG
AAGACAAAATTGTCCTAC-
CAGAGGTGGTTTG
AAGACAAAATTGTCCTACCAGA-
CACGGTTTG
AAGACAAAATTGTCCTAC-
CAGATGGGGTTTG
AAGACAAAATTGTCCTACCAGA-
GACGGTTTG
AAGACAAAATTGTCCTAC-
CAGAAGATTCTTG
AAGACAAAATTGTCCTAC-
CAGAAGATCATTG
AAGACAAAATTGTCCTAC-
CAGAAGACGATTG
AAGACAAAATTGTCCTAC-
CAGAAGACACTTG
AAGACAAAATTGTCCTAC-
CAGAAGAGGTGGT
AAGACAAAATTGTCCTAC-
CAGAAGAGGTTGG
AAGACAAAATTGTCCTAC-
CAGAAGAGGTGAC

GTGTTGGACCTCCG-
GACTTACTGCT
GTGTCGGACCTCCG-
GACTTACTGCT
GTGTGGCACCTCCG-
GACTTACTGCT
GTGTCACACCTCCG-
GACTTACTGCT
GTGTGACACCTCCG-
GACTTACTGCT
GTGTGTTAACTCCG-
GACTTACTGCT

CACACAAAC-
CTCTTCTGGTTCGACAATTTTG
CACACAAAC-
CTCTTCTGGTCCAACAATTTTG
CACACAAAC-
CTCTTCTGGTGTGACAATTTTG
CACACAAACCTCTTCTACCAG-
GACAATTTTG
CACACAAACCTCTTCTT-
GAAGGACAATTTTG
CACACAAACCTCTTCTTCGAG-
GACAATTTTG

CACACAAAC-
CTCTTCTCCAAGGACAATTTTG
CACACAAACCTCTTGAGGTAG-
GACAATTTTG
CACACAAACCTCTGTGGGTAG-
GACAATTTTG
CACACAAACCTGATCTGGTAG-
GACAATTTTG
CACACAAACCACCTCTGGTAG-
GACAATTTTG
CACACAAACCGTGTCTGGTAG-
GACAATTTTG
CACACAAACCCCATCTGGTAG-
GACAATTTTG
CACACAAACCGTCTCTGGTAG-
GACAATTTTG
CACACAAGAATCTTCTGGTAG-
GACAATTTTG
CACACAATGATCTTCTGGTAG-
GACAATTTTG
CACACAATCGTCTTCTGGTAG-
GACAATTTTG
CACACAAGTGTCTTCTGGTAG-
GACAATTTTG
CACAACCACCTCTTCTGGTAG-
GACAATTTTG
CACACCAACCTCTTCTGGTAG-
GACAATTTTG
CACAGTCACCTCTTCTGGTAG-
GACAATTTTG

TACAAGCAGTAAGTCCG-
GAGGTCCA
TACAAGCAGTAAGTCCG-
GAGGTCCG
TACAAGCAGTAAGTCCG-
GAGGTGCC
TACAAGCAGTAAGTCCG-
GAGGTGTG
TACAAGCAGTAAGTCCG-
GAGGTGTC
TACAAGCAGTAAGTCCGGAG-
TTAAC
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13

14

15

16

17

18

19

20

21

22

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

GTGTGTTGAGTCCG-
GACTTACTGCT
GTGTGTTCACTCCG-
GACTTACTGCT
GTGTGTTTGGTCCG-
GACTTACTGCT
GTGTGTTAC-
CCGAGGGACTTACTGCT
GTGTGTTACCGGTG-
GACTTACTGCT
GTGTGTTACCCAC-
GGACTTACTGCT
GTGTGTTAC-
CTCCCGGCTTACTGCT
GTGTGTTAC-
CTCCAGCCTTACTGCT
GTGTGTTACCTCCGGAGA-
TACTGCT
GTGTGTTACCTCCGGACACAC-
TGCT

GTGTGTTACCTCCG-
GAGGGACTGCT
GTGTGTTACCTCCGGATTCAC-
TGCT

GTGTGTTACCTCCG-
GACTTCTGGCT
GTGTGTTACCTCCGGACTTCAC-
GCT

GTGTGTTACCTCCG-
GACTTTTCGCT
GTGTGTTACCTCCGGACTT-
GGTGCT
GTGTGTTACCTCCG-
GACTTACTCGT
GTGTGTTACCTCCG-
GACTTACTCAC
GTGTGTTACCTCCG-
GACTTACTTTC

CACAACCATT-
GTAGATCATGCCACAGAG
TACTGCTTGTAACAACCATT-
GTAGATCATG
TACTGCTTGTTTCAACCATT-
GTAGATCATG
TGCTTGTAGACGTCATT-
GTAGATCATGCCAC
TGCTTGTAGACACCATT-
GTAGATC
TGCTTGTAGAGTCCATT-
GTAGATCATGC
AGAAACCGTT-
GTAGATCATGCCACAGAG

TACAAGCAGTAAGTCCG-
GACTCAAC
TACAAGCAGTAAGTCCGGAG-
TGAAC
TACAAGCAGTAAGTCCGGAC-
CAAAC
TACAAGCAGTAAGTCCCTCGG-
TAAC
TACAAGCAGTAAGTCCACCGG-
TAAC
TACAAGCAGTAAGTCCGTGGG-
TAAC
TACAAGCAGTAAGCCGG-
GAGGTAAC
TACAAGCAGTAAGGCTG-
GAGGTAAC
TACAAGCAGTATCTCCG-
GAGGTAAC
TACAAGCAGTGTGTCCG-
GAGGTAAC
TACAAGCAGTCCCTCCG-
GAGGTAAC
TACAAGCAGTGAATCCG-
GAGGTAAC
TACAAGCCAGAAGTCCG-
GAGGTAAC
TACAAGCGTGAAGTCCG-
GAGGTAAC
TACAAGCGAAAAGTCCG-
GAGGTAAC
TACAAGCACCAAGTCCG-
GAGGTAAC
TACAACGAGTAAGTCCG-
GAGGTAAC
TACAGTGAGTAAGTCCG-
GAGGTAAC
TACAGAAAGTAAGTCCG-
GAGGTAAC

ACAAGCAGTAAGTCCG-

GAGGTAAC

AGTCCGGAGGTAACACAC

AGTCCGGAGGTAACACAC

GTAAGTCCGGAGGTAACAC

GTAAGTCCGGAGGTAACAC

GTAAGTCCGGAGGTAACAC

ACAAGCAGTAAGTCCG-
GAGGTAAC
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Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

CTGTCATGCCACAGAGGA-
GATGTTG
AAACCATTGTCAC-
TCATGCCACAGAGG
AGAGCATGCCACAGAGGA-
GATGTTGG
CCATTGTAGACAC-
TGCCACACGAGGAGATG
CCATTGTAGAT-
TCTGCCACAGAGG

AGATCATGCAAGAGAGGA-
GATGTTGG
AGATCATGCCACGGTGGA-
GATGTTGG
AGATCATGCCACAAGGGA-
GATGTTGG
ATCATGCCACTTCGGAGATGTT-
GGATG
ATCATGCCACCACGGAGATGTT-
GGATG
AGATCATGCCACAGATAC-
GATGTTGGATGTGTC
AGATCATGCCACAGAAAGGATGT
TGGATGTGTC
ATGCCACAGACACGATGTT-
GCGATGTGTCAG
ATGCCACAGAGACGATGTT-
GCATG

AAGGTT-
GGATGTGTCAGATGCTCTAATG
TTCGTT-
GCGATGTGTCAGATGCTCTAATG
CCACAGAGCGAGTGGTTGGATGTG

CCACAGAGGACACGTT-
GGATGTGTC

GATGGTG-
GATGTGTCAGATGCTCTAATG
GATTTCG-
GATGTGTCAGATGCTCTAATG
CAGAGGAGATCAC-
GCATGTGTCAGATG
CAGAGGAGATCGTG-
GATGTGTCAG
GATGTTAGGTGTGTCAGATGCTC
TAATG

AGGAGATGTTCAC-
TGTGTCAGATGCTC
AGGAGATGTT-
GACTGTGTCAGATGC

GATGTTGGATGTAGGA-
GATGCTCTAATGCTC
TGTT-

ACAATGGTTTCTACAAGCAG-
TAAGTC
CTACAAGCAGTAAGTCCG

ACAATGGTTTCTACAAGCAG-
TAAGTC
TTTCTACAAGCAGTAAGTCC

TTTCTACAAGCAGTAAGTCC

ACAATGGTTTCTACAAGCAG-
TAAGTC
ACAATGGTTTCTACAAGCAG-
TAAGTC
ACAATGGTTTCTACAAGCAG-
TAAGTC
CTACAATGGTTTCTACAAGC

CTACAATGGTTTCTACAAGC

ACAATGGTTTCTACAAGCAG-
TAAGTC
ACAATGGTTTCTACAAGCAG-
TAAGTC
GATCTACAATGGTTTCTACAAG

GATCTACAATGGTTTCTACAAG

TCCTCTGTGG-
CATGATCTACAATGG
TCCTCTGTGG-
CATGATCTACAATGG
CATGATCTACAATGGTTTCTAC

CATGATCTACAATGGTTTCTAC

TCCTCTGTGG-
CATGATCTACAATGG
TCCTCTGTGG-
CATGATCTACAATGG
TGGCATGATCTACAATGG

TGGCATGATCTACAATGG

TCCTCTGTGG-

CATGATCTACAATGG

CTGTGGCATGATCTACAATG

CTGTGGCATGATCTACAATG

TCCTCTGTGG-
CATGATCTACAATGG
TCTCCTCTGTGGCATGATC
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Whole Plasmid
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Whole Plasmid

Whole Plasmid

Whole Plasmid
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Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GGATGTCACAGATGCTCTAATG

TGTT-
GGATGTTTCAGATGCTCTAATG
GATGTTGGATGTGTCGGTT-
GCTCTAATGCTC
TGGATGTGTCCAC-
TGCTCTAATGCTCAATG
TGGATGTGTCTTCTGCTCTAATGC
TCAATG

AG-
GAATGCTCAATGTACTGGTTTCTT
GGG
TGTCAGATGCCACAATGCTCAAT
GTAC
TGTCAGATGCTTCAATGCTCAAT
G
TCTCTGGCTCAATGTACTGGTTTC
TTGGG

CAGATGCTCTCAC-
GCTCAATGTACTG
TCTAATGGTCAATGTACTGGTTTC
TTGGG

ATGCTCTAATCAC-
CAATGTACTGGTTTC
ATGCTCTAATTTCCAATGTACTGG
TTTC

TCTAATGCTTTCTG-
TACTGGTTTCTTGGG
CTCTAATGCTCACTG-
TACTGGTTTC

ATGTGGTGGTTTCTTGGGAAC-
TACT
ATGTGCTGGTTTCTTGGGAAC-
TACT
ATGTAGGGGTTTCTTGGGAAC-
TACT
ATGTTCGGGTTTCTTGGGAAC-
TACT
ATGTCACGGTTTCTTGGGAAC-
TACT
ATGTACTAGGTTCTTGGGAAC-
TACT
ATGTACTTGGTTCTTGGGAAC-
TACT
ATGTACTGGTTGGTTGGGAAC-
TACT
ATGTACTGGTAGGTTGGGAAC-
TACT
ATGTACTGGTCACTTGGGAAC-
TACT
ATGTACTGGTGTCTTGGGAAC-
TACT

TCTCCTCTGTGGCATGATC

TCCTCTGTGG-
CATGATCTACAATGG
ACATCTCCTCTGTGGCATG

ACATCTCCTCTGTGGCATG

GCATCTGACACATCCAACATCT
CC

CATCCAACATCTCCTCTG

CATCCAACATCTCCTCTG

GCATCTGACACATCCAACATCT
CC
ACACATCCAACATCTCCTC

GCATCTGACACATCCAACATCT
CC
CTGACACATCCAACATCTC

CTGACACATCCAACATCTC

GCATCTGACACATCCAACATCT
CC
CATCTGACACATCCAACATC

TGCAAGTAGTTCCCAAGAAAC-
CACC
TGCAAGTAGTTCCCAAGAAAC-
CAGC

TGCAAGTAGTTCCCAA-
GAAACCCCT
TGCAAGTAGTTCCCAA-
GAAACCCGA
TGCAAGTAGTTCCCAAGAAAC-
CGTG
TGCAAGTAGTTCCCAAGAAC-
CTAGT
TGCAAGTAGTTCCCAAGAAC-
CAAGT
TGCAAGTAGTTCCCAACCAAC-
CAGT
TGCAAGTAGTTCCCAACCTAC-
CAGT
TGCAAGTAGTTCCCAAGTGAC-
CAGT
TGCAAGTAGTTCCCAAGACAC-
CAGT
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GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate
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GoldenGate

GoldenGate

GoldenGate

GoldenGate

GoldenGate
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GoldenGate
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Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

ATGTACTGGTTTCTGGGGAAC-
TACT
ATGTACTGGTTTCTTGTGGAC-
TACT
ATGTACTGGTTTCTTGCGAAC-
TACT
ATGTACTGGTTTCTTGCACAC-
TACT
ATGTACTGGTTTCTTGAC-
TACTACT
ATGTACTGGTTTCTTGG-
GAATGACT
ATGTACTGGTTTCTTGG-
GATCGACT
ATGTACTGGTTTCTTGG-
GAAGGACT
ATGTACTGGTTTCTTGGGAG-
GAACT
ATGTACTGGTTTCTTGG-
GATGGACT
ATGTACTGGTTTCTTGG-
GACACACT
ATGTACTGGTTTCTTGG-
GAACTGGA
ATGTACTGGTTTCTTGG-
GAACTTGG
ATGTACTGGTTTCTTGG-
GAACTAGG
ATGTACTGGTTTCTTGG-
GAACTCAC

TGCAAGTGTATCAATCCTTGTCC

TGCTTCTGTATCAATCCTTGTCC

AACTACTTGCCACTG-
TATCAATCCTTG
AACTACTTGCGTCTG-
TATCAATCCTTG
AACTACTTGCGACTG-
TATCAATCCTTG

TGCACCTGTTACAATCCTT-
GTCCTAG
TGCACCTGTAGGAATCCTT-
GTCCTAG

TTGCACCTGTCACAATCCTTGTC

TTGCACCTGTGACAATCCTTGTC

TTGCACCTGTACGAATCCTT-
GTCCTAG
TGCACCTGTATCAAGCCTT-
GTCCTAGATG
CACCTGTATCCACCCTT-
GTCCTAG

TGCAAGTAGTTCCCCAGAAAC-
CAGT
TGCAAGTAGTCCACAAGAAAC-
CAGT
TGCAAGTAGTTCGCAAGAAAC-
CAGT
TGCAAGTAGTGTGCAAGAAAC-
CAGT
TGCAAGTAGTAGTCAAGAAAC-
CAGT
TGCAAGTCATTCCCAAGAAAC-
CAGT
TGCAAGTCGATCCCAAGAAAC-
CAGT
TGCAAGTCCTTCCCAAGAAAC-
CAGT
TGCAAGTTCCTCCCAAGAAAC-
CAGT
TGCAAGTCCATCCCAAGAAAC-
CAGT
TGCAAGTGTGTCCCAAGAAAC-
CAGT
TGCATCCAGTTCCCAAGAAAC-
CAGT
TGCACCAAGTTCCCAAGAAAC-
CAGT
TGCACCTAGTTCCCAAGAAAC-
CAGT
TGCAGTGAGTTCCCAAGAAAC-
CAGT

AGTAGTTCCCAAGAAACCAG-
TACATTG
AGTAGTTCCCAAGAAACCAG-
TACATTG
CCCAAGAAACCAGTACATTG

CCCAAGAAACCAGTACATTG

CCCAAGAAACCAGTACATTG

AGTAGTTCCCAAGAAACCAG-
TACATTG
AGTAGTTCCCAAGAAACCAG-
TACATTG
GTAGTTCCCAAGAAACCAG

GTAGTTCCCAAGAAACCAG

GTAGTTCCCAAGAAACCAG

AGTAGTTCCCAAGAAACCAG-
TACATTG
CAAGTAGTTCCCAAGAAAC
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53
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57

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

Whole Plasmid

CACCTGTATCGACCCTT-
GTCCTAG
CACCTGTATCTGGCCTT-
GTCCTAGATG
CACCTGTATCACGCCTT-
GTCCTAGATG
CTGTATCAATGTGTGTCCTA-
GATGCTAAGTC
CTGTATCAATCACTGTCCTA-
GATGCTAAG

CCTTGTAGGAGATGCTAAGTCG

CAATCCTTGTGTGA-
GATGCTAAGTCG

CAATCCTT-
GTTTCAGATGCTAAGTCG
CCTTGTCCTTCGTGCTAAGTCG

TCCTT-
GTCCTGACTGCTAAGTCGAC
TCCTT-
GTCCTGTGTGCTAAGTCGACC
TCCTTGTCCTCAC-
TGCTAAGTCGAC

CAAGTAGTTCCCAAGAAAC

CAAGTAGTTCCCAAGAAAC

CAACTAGTTCCCAAGAAAC

GTGCAAGTAGTTCCCAAG

GTGCAAGTAGTTCCCAAG

ATTGATACAGGTGCAAGTAG-
TTCC
ATACAGGTGCAAGTAGTTC
ATACAGGTGCAAGTAGTTC
ATTGATACAGGTGCAAGTAG-
TTCC
TTGATACAGGTGCAAGTAG
TTGATACAGGTGCAAGTAG

TTGATACAGGTGCAAGTAG
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C CRNHCRSCHRGDVGCVRCSNAQC CTCINPCPRC
n-terminus n-loop c-loop

B

GAGACG CGTCTCOTGTGTTACCTCCGGACTTACTGCTTGTAGAAACCAT
TGTAGATCATGCCACAGAGGAGATGTTGGATGTGTCAGATGCTCTAATGCTCAATGTACTGGTTTCTTGGGAACT
ACTTGCACCTGTATCAATCCTTGTCCTAGATGCTAA

C

CAAAATTGTCCTACCAGAAGAGGTTTGTGTCGAGACG CGTCTCTTGTAGAAACCAT
TGTAGATCATGCCACAGAGGAGATGTTGGATGTGTCAGATGCTCTAATGCTCAATGTACTGGTTTCTTGGGAACT
ACTTGCACCTGTATCAATCCTTGTCCTAGATGCTAA

D

CAAAATTGTCCTACCAGAAGAGGTTTGTGTGTTACCTCCGGACTTACTGCTTGTAGAAACCATTGTAGATCATGC
CACAGAGGAGATGTTGGATGTGTCAGATGCTCTAATGCTCAATGT AGAGACG CGTC
TCTTGCACCTGTATCAATCCTTGTCCTAGATGCTAA

Supplementary Figure 2: Golden Gate recipient expression constructs. (A) Amino acid sequence of mature copsin. Re-
gions, which were replaced during the Golden Gate cloning, are indicated in orange. The x-helix is indicated in blue
and the B-strands in green. (B-D) Nucleotide sequence of codon optimized mature copsin. Introduced BsmBI recogni-
tion sites are indicated in red and bold. Regions replaced during Golden Gate cloning are shown in orange corre-
sponding to the amino acid sequence (B: N-terminus; C: n-loop; D: c-loop).
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Supplementary Figure 3: Molecular dynamics simulations. Number of contacts ex-

pressed as fraction of total between membrane components and copsin in wt (top) and k
versions (bottom). On the left only membrane, on the right membrane with lipid Il. Mutat-
ed residues of k-copsin are marked in red. Initial pyroglutamate was named Q.
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Supplementary Figure 4: Molecular dynamics simulations. Number of contacts in function of time between pep-
tides and membrane components, averaged for the four independent simulations. Continuous line: POPG/POPE mem-

brane. Dashed lines: POPG/POPE membrane with one lipid Il molecule.

Supplementary Table 2: Primers used for improved peptide versions.

Muta- Cloning Template Fw Primer/DNA fragment (5'-3") Rw Primer/DNA fragment (5'-

tions method 3"

T41G Golden- pPICZA- ATGTGGTGGTTTCTTGGGAACTACT TGCAAGTAGTTCCCAA-
Gate optCopsin_c-loop GAAACCACC

T41G, Golden- pPICZA- ATGTGGTGGTTTCTTGGGACACACT TGCAAGTGTGTCCCAA-

T46H Gate optCopsin_c-loop GAAACCACC

T41G, Whole pPICZA- GTGTGTTACCCACGGACTTACTG AAACCTCTTCTGGTAGGAC

S13H plasmid optCopsin_T41G

T41G, Whole pPICZA- CTCCGGACTTCACGCTT- GTAACACACAAACCTCTTC

T16H plasmid optCopsin_T41G GTAGAAACCATTG

T41G, Whole pPICZA- GTGTGTTACCCACGGACTTACTG AAACCTCTTCTGGTAGGAC

T46H, plasmid optCopsin_T41G,T

S13H 46H

T41G, Whole pPICZA- CTCCGGACTTCACGCTT- GTAACACACAAACCTCTTC

T46H, plasmid optCopsin_T41G,T GTAGAAACCATTG

T16H 46H

T41G, Whole pPICZA- GGACTTCACGCTTGTAGAAAC- GTGGGTAACACACAAAC-

T46H, plasmid optCopsin_T41G,T CATTG CTCTTC

S13H, 46H

T16H
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Conclusions

Now-a-days, the prediction of antimicrobial molecules represents a great chal-
lenge. Actually bioinformatics tools designed for this scope have an insufficient accura-
cy'. Difficulties arises from the AMP variety, their physical-chemical properties, mecha-
nisms of action and, consequently, spectrum of activity. Moreover, single or few amino
acids substitutions can dramatically influence the peptide activity, in some case com-
pletely changing their bacterial targets. Since structural data could be more informative
than the simple sequence data, we aimed to improve the prediction of defensin-like
peptide folding2-4.

In any case, the possibility to miss the goal in such a jungle of molecules is really
high, because of the production of peptides active against bacterial strains with no med-
ical, veterinary or agronomical interest or having a different role /n vivo. Functional stud-
ies on organisms naturally expressing specie-specific AMPs by real-time PCR, western
blot or other assays, can give useful hints, but could not be sufficient.

Difficulties can also arise from the production and purification of AMPs. Chemical
peptide synthesis becomes the more expensive and complex the longer are the peptides.
Moreover, finding a good protocol for post-translational modifications, for example di-
sulfide oxidation, can be tricky and time consumings. This hampers also the heterolo-
gous peptide expression, especially when the natural AMP folding is guided by specific
and controlled processesé?. The use of recombinant systems other than bacteria has
been sometimes successful, as demonstrated for CgDef8 and Snakin-19, but decades
can pass between the peptide discovery and its recombinant production. Therefore, most
often it is necessary to screen many sequences before retrieving a bioactive candidate
molecule’0.

According to WHO, microbial resistance is one of the most challenging and threat-
ening problem for the future, both for human health and economic reasons''. Despite
the difficulties in the development of new peptide-based antibiotics, several research
groups in the world are working on this topic and, starting from 2002, over 10000 pa-
pers per year have been recorded in PubMed'2. Actually, there is a great difference in
the number of AMPs claimed to be potent antibacterial drug candidates and the number
of AMPs entering the clinical trials. Most of the times, degradation or toxicity /n vivo
limit the the use of AMPs to topical treatments’s.

For all these reasons, novel and more effective investigation paths should be used
to explore the AMPs jungle, to finally get its hidden treasures.
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Appendix
Abstract

Mussels innate immunity is extensively studied in order to highlight its wide-
ranging resilience mechanisms, considering the low incidence of infective diseases in
comparison to other bivalve molluscs and the ability to live in sites significantly contam-
inated by toxic metals and persistent organic chemicals. For this reason, our group ana-
lysed transcriptomic data to find out new immunity effectors and analyse their role in
various stress conditions.

Dealing with structure modelling, | participated in the study of the M. galloprovin-
cialis and C. gigas serum amyloid A (SAA), already known as potent acute phase protein
in vertebrates and found to be induced after bacterial challenge in both the mentioned
organisms.

Moreover, I’ve also participated in the characterization of the C. gigas spat for its
competence to express chaperone proteins like HSP70, providing immunohistochemis-
try (IHC) data in oysters subjected to different temperature regimes.

Finally, starting from the evidence that most of transcriptomic data analyses are not
able to identify short sequences, | locally developed a tool able to extract small secreted
protein sequences and permitting the identification of new putative antimicrobial pep-
tides (AMP).
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Introduction

SAA

Serum amyloid A (SAA) is one of the most studied acute phase protein (APP) in ver-
tebrates, also for its role in human amyloidosis diseases'. Human SAAs (1-4) are pro-
duced in liver and then secreted in circulating fluids where they associate to high density
lipoproteins. SAAs show immune-related functions and can induce extracellular matrix
degradation, cytokine expression connected to attraction of immuno-related cells, cho-
lesterol transport to the liver and retinol binding and transport2. Some evidences sug-
gested also bacterial opsonisation and bacterial growth inhibition3.4. Based on such
highly different and primary roles, these proteins have been proposed to be a link be-
tween innate and adaptive immunitys.

The SAAs genes are conserved across all vertebrate genomes, where they can be
found in different copy number, and, at the same time, they have been identified in sev-
eral invertebrates, including echinoderms such as sea cucumber Holothuria glaberrima®,
Daphnia pulex’,chelicerates® and bivalves, specifically Crassostrea hongkongensis® and
Meretrix meretrix'°.

Many aspects concerning the evolution and functional features of invertebrate SAAs
have been so far overlooked. For this reason we tracked the presence of SAA-like se-
guences in the genomes of basal metazoans, protostomes and deuterostomes, providing
a phylogenetic overview of their relationships. Based on RNA-seq data and quantitative
PCR assays, we also investigated the expression and inducibility of SAAs in two aquacul-
ture bivalves the Mediterranean mussel Mytilus galloprovincialis and the Pacific oyster C.
gigas. Here, the structural model of mussel SAAs, based on homology and molecular
dynamics, is presented.

HSP-70

The HSP-70 family includes ubiquitously expressed stress proteins, primary in-
volved in protein folding. They are characterized by three functional domains, essentially
an ATP-binding domain, a substrate binding domain and an alpha helical domain. It is
also involved in preventing apoptosis'!'. The HSP-70 expression is enhanced by stresses
such as heat shock, heavy metals and pathogens!'2.

The study of of Crassostrea spp. spat can be informative of developmental stages
and could help the identification of biomarkers for spat quality for breeders interested
in improving the C. gigas aquacolture. Even if a link between stresses and HSP-70 ex-
pression in C. virginica spats has already been investigated'3, we decided to extend
analysis to the economic relevant C. gigas spat subjected to different temperature re-
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gimes. Here, immunostochemistry data aimed to highlight differential expression of
HSP-70 in the tested conditions are presented.

Small bivalve proteins

As previously mentioned, mussel immunity can reveal information on innate mecha-
nism of protection against pathogens. At the same time the great amount of tran-
scriptomic and genomic data continuously give new insights on the mussel immunity'4.
Usually, sequence data are only partially annotated and new interesting sequences can
be identified just changing the ORF predictor settings's. In particular, small proteins
(<100 amino acids) are often overlooked owing to their difficult annotation and detec-
tion's,

For this reasons, we decided to put our attention on the M. galloprovincialis and C.
gigas secretome starting from raw transcriptomic data, looking to small proteins by
means of in-house scripts and common predictors, in order to identify new putative
AMPs.
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Material and methods

SAA

Modelling

The protein structure model of the putative MgSAAs and CgSAA were inferred using
the Modeller algorithm'7. We applied psi-blast to identify the best templates in the PDB
database: namely, mouse serum amyloid A3 (PDB entry: 4Q5G); human serum amyloid
Al (41P8) and native human serum amyloid A1 (4IP9). The latter protein structure was
chosen as template to perform the modelling of the hexameric SAA complex. We com-
puted 100 structures of the conserved regions (corresponding to amino acids 35-138 for
CgSAA, 76-196 for MgSAAa and 106-235 for MgSAADb), loops were refined and the final
structures with the best DOPE score were selected'?. Alignment used for structure calcu-
lation can be found in Supplementary Fig. 1. Images and superimpositions were rendered
using PyMOL'8. The interaction surface between chains was computed with Molsurfer
Map online'. The protein surfaces were computed using YASARA 1420 simulating 50 mM
salt concentration.

Stability

Selected models for the three SAA hexamers were subjected to molecular dynamics
simulation to check stability using GROMACS?2'. All the simulations were performed using
2 fs time steps, in a triclinic box with edge distance from the molecule set to 1.2 nm and
filled with water molecules described by the SPC/E water model. Initially, 20000 steps of
energy minimization at 300 K were performed using a steepest descent algorithm. For
the simulation, the long-range Coulomb interactions were computed with the Particle
Mesh Ewald (PME) method?22. The V-rescale algorithm?23 for temperature coupling (300 K)
and the Parrinello-Rahman algorithm for pressure coupling at 1.0 atm24 were imposed.
For neighbour searching, a Verlet scheme with a cut-off of 1.2 was set and the grip up-
date method was imposed. Then, 5000 steps of solvent equilibration were performed
using an Isothermal-isobaric (NPT) ensemble and applying a positional constraint on the
peptide. The leap-frog integrator was used to integrate Newton's equations of motion. A
non-bonded cut-off distance of 9 A was imposed. Finally, a free dynamics of 100 ns at
300 K, setting the Coulomb type to Reaction-field and the non-bonded cut-off to 1.2
nm. Simulation analysis were performed using GROMACS tools g_rms and g_gyrate.
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HSP-70

C. gigas spat treatment

C. gigas spats were collected from Goro lagoon and divided in four groups subject-
ed to different temperature treatments in reconstituted sea water (Table 1): a control
group maintained at 24 °C (24), group treated with increasing temperature from 24 to 32
°C (Up), treatment with temperature decreasing from 32 to 24 °C (Down), spat maintained
at 32 °C (32). Treatments was performed in ten days and then 100 spats for each tank
were collected. Each treatment was performed in three biological replicate. Three spat
for each treatment (one per biological replicate) were dissected and fixed in Davison’s
solution for 12 hours and dehydrated in dehyol and finally treated with K-clear (Kaltek,
Padua) and Paraplast (Sigma). Sections were used for both in situ hybridization (ISH) and
immunohistochemistry (IHC).

Immunohistochemistry

Formalin-fixed tissues were de-paraffinized and rehydrated in solutions with xylene
and increasing water/ethanol ratio solutions. Antigens were retrieved boiling the slides
in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6) for two minutes.

Slides were subsequently washed with TBST (50 mM Tris, 150 mM NaCl, 0.05%
Tween 20, pH 7.6) and blocked with 10% anti-goat serum and 1 % BSA in TBS (50 mM
Tris, 150 mM NacCl, pH 7.6) for 3 hours at room temperature. Slides were incubated with
primary antibody Anti-HSP70 (1:1000; Sigma) ON at 4 °C. After washing, endogenous
peroxidases were inactivated with 0.3 % H202 in TBS for 15 minutes. The secondary anti-
body were incubated for 2 hours at room temperature. Signal was detected using DAB
leading to dark brown positive signal. Slides were counterstained with hematoxylin be-
fore dehydration and mounting. Slides images were taken with bright-field microscope
(Leica DM2000).

Small bivalve proteins

Protein identification

De novo C. gigas and M. galloprovincialis transcriptome assembly was performed as
previously reported?s. DNA sequences were translated in all six frames and all the se-
qguences following a methionine and with a stop codon between 25 and 100 aminoano
acids after the methionine were selected as initial database. Sequence were clustered
imposing 95% identity using CD-HIT26. The sequences with predicted signal peptide2?
were further processed in two ways: the set was analysed with CAMPsign to identify
known AMPs features?®; we extracted the sequences with more than four cysteines to
check for new cysteine rich peptides.
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For C. gigas the presence of the sequence on the genome was performed using the
blast tool of Ensembl Metazoa (http://metazoa.ensembl.org/index.html). M. galloprovin-
c/alis sequences presence on the genome was inferred from draft genome reads reas-
sembled using hits as template.
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Results and discussion

SAA

From transcriptome analysis we found two M. galloprovincialis and one C. gigas SAA
sequences. Based on the structural modelling of the SAA conserved domain, the interac-
tion between monomers of both the mussel and oyster proteins is compatible with the
formation of a hexameric complexes, a fact suggesting not only sequence and structure
conservation but also a functional role similar to that of murine and human SAAs. Hex-
americ complexes result to be stable through the whole 100 ns molecular dynamics bas-
ing on RMSD and radius of gyration (Supplementary Figure 1). When the protein mono-
mers arrange as a hexamer, the first helix of the conserved domain of bivalve SAAs

A

Figure 1: Hexameric model structure of A. Human
native SAA (41P9); B. CgSAA; C. MgSAAa; D.

MgSAAb. The chains of the six monomers are
represented by an increasing scale of grey colour.

could still potentially form a
conserved positively charged
pore, despite its low sequence
similarity with human SAA1. At
the N-terminal tail and before
the conserved domain, MgSAAa
and MgSAAb present a long
disordered serine-rich tail which
might be cleaved before activa-
tion, reasonably in agreement to
a regulatory role. CgSAA pos-
sesses a loop similar in length
to that of human SAA, whereas
the corresponding regions of
MgSAAa and MgSAADb are longer
and display alternated negative-
ly and positively charged resi-
dues. It remains unclear wheth-
er the loop region can be rear-

ranged to extend the helices, as reported by secondary structure prediction (Figure 1

and Supplementary Figure 1).
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HSP-70

Immunohistochemical localization

Immunostaining for HSP-70 was performed using the same monoclonal antibody as
for western blot. Panels in Figure 2 indicate the distribution pattern of HSP 70 (positive
brown signals) in tissues of oyster spat under different experimental conditions (24, Up,
32 and Down indicate the applied temperature regimes). Ducts of digestive gland and
circulating haemocytes in the vicinity of digestive gland and gills resulted to be the ma-
jor sites where the HSP 70 expression was recorded.

The upper panels of Figure 2 show the tissues of oyster spat in the control tank
maintained at 24°C at two different magnifications (20 and 40X respectively): the posi-
tive signals indicate the presence of HSP 70 within the ducts of digestive gland. At higher
magnification, the positive signals identify haemocytes circulating in the intraepithelial
cells of the ducts. The presence of positive signals in the control group reflects the con-
stitutive expression of HSP 70. Few positive cells were identified in the bottom panels,
with some signals maintained among ducts and intraepithelial cells. An highly diffuse
expression could be detected in the Up regime (temperature increase from 24 to 32 °C),
suggesting the ubiquitous HSP 70 expression in the spat cells likely experiencing heat
stress.

In the 32 group, the signals were found to be confined to the epithelia of digestive
gland, as already shown after treatment of individuals with heavy metals29. Having hae-
mocytes the ability to migrate into the connective tissues and also to the surface epithe-
lia of various organs, HSP70 expression could be maintained in haemocytes only after
acclimation to the high temperature, reproducing the expression pattern observed in the
24 °C tank, except for the localization of haemocytes.
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Down

32

Figure 2: Oyster spat slides, positive signals for HSP70 in brown, hematoxylin counterstaining in
blue. From top to bottom: 24, Down, Up and 32 tanks. 20x magnification on the left, 40x on the
right.
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Mussel small secreted proteins

Starting from virtually translated transcriptomes, we were able to find more than 1
million potential ORFs ranging between 25 and 100 amino acids length for both M. ga/-
loprovincialis and C. gigas, then lowered to about 600000 by imposing 95% identity in
the clustering process. Such big amount of possible new proteins is biased by a great
number of false positive. In order to reduce the set complexity we focused on sequences
with a signal peptide, thus filtering out many false positives (the probability of a random
sequence reproducing a signal peptide is about 1%27) and, at the same time, concentrat-
ing on secreted proteins which are expected relevant in organism-pathogen interac-
tions30. In this way, the sequence number was reduced to about 10000 for both organ-
isms. All these sequences were filtered using CampSIGN28 and the searches for known
AMPs signatures, lead to the identification of 26 new sequences for M. galloprovincialis,
23 confirmed in the genome, and 13 for C. gigas, 10 found also on the deposited ge-
nome. Indeed, many of these sequences, not yet annotated, can be found in multiple
copies on the genome, with slight sequence differences.

Due to the potential applications and economic relevance of such small proteins in-
cluding many peptides, the sequencedata are not presented in this work, but the set up
of the algorithm has been proposed to highlight the importance of a critical and careful
analysis of genomic and transcriptomic data in order to rescue sequences of interest
overlooked by the automatic annotations of already deposited data.
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Supplementary figure 1:0on top RMSD during simulation for SAAs. On bottom radius of gy-

ration during simulation for SAAs. Human SAA is reported as control. Hs: Homo sapiens SAA, Cg:
Crassostrea gigas SAA, Mga: Mytilus galloprovicialis SAA-a, Mgb: Mytilus galloprovincialis SAA-b
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Supplementary Fig. 2.

SAA structure models. Surface electrostatic potential was
computed using the Poisson-Boltzmann approach. Positive

(blue) and negative (red) surfaces are shown. A. Human native
SAA (41P9); B. CgSAA; C. MgSAAa; D. MgSAAbD.
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