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ABSTRACT

The present Ph.D. project deals with the use of protein engineering
techniques to express in recombinant form and characterize disulphide rich
bioactive peptides, such as conotoxins. Moreover, taking advantage of their
high target specificity and stability, the potential application of this class of
macromolecules in “green” (environmental) and ‘“white” (industrial)
biotechnology fields have been explored.

Protein engineering is a powerful tool to improve some proteins parameters,
acting on their sequence and structure, or to insert a desired function. There
are three basic approaches in protein engineering: the rational design is an
"intelligent" design that aims to change the structure or function of a
protein, starting from the analysis of its three-dimensional structure. Its
nucleotide sequence can be modified and the protein finally “built” and
characterized (Hellinga, 1997). The second approach is the directed
evolution or DNA breeding, a technique that simulates biological evolution
mechanisms (Stemmer, 1994). In fact it involves the generation of random
mutations in the gene coding for a protein, or shuffling the genes encoding
different domains, to generate a high number of new proteins that will be
then selected for a desired function. The third one, named de novo design,
allows to design and build artificial proteins which don’t exist in nature,
with novel functions and properties (Dahiyat and Mayo, 1997). This
strategy takes advantage of computational biology to draw novel proteins
both using natural scaffolds as templates and starting completely from
scratch (Dahiyat and Mayo, 1997).

The idea of using stable protein structural motifs as scaffold for reproducing
functional epitopes or stabilize bioactive conformations is currently one of
the most successful approaches of protein engineering. The knottin family
of proteins is particularly interesting from this point of view, since they
share a common structural fold while having very different sequences and
functions in animals and plants (Norton and Pallaghy, 1998). The multiple
disulphide bridges that characterize this protein family give the greatest
contribution to the structure stability, allowing a high variability of the
remaining amino acid sequence regions. Among knottins, the highest
tolerance to sequence variability is observed in conotoxins, small
disulphide-rich neurotoxic peptides extracted from cone snails venom.
Nature, during the evolution, has engineered this stable scaffold to express a
great variety of neurotoxins with a remarkable high target specificity for
different ion channels, both voltage-gated and ligand-gated (Olivera and
Teichert, 2007). As a result, their scaffold represents an excellent starting



point for design strategies aimed at developing new miniproteins with new
properties as well as more stable/active conotoxins for therapeutics (Clark et
al., 2005).

From the natural source, the purification of conotoxins proved to be very
difficult because of the large number of specimens needed to obtain a
sufficient amount of venom to process. Thus, during this thesis work, a
recombinant expression system has been developed to express conotoxins
as GST-fusion proteins, overcoming both the problem of the small amount
of a single conotoxin that can be extracted from the Conus venom, and their
propensity to form insoluble aggregates because of the formation of
intermolecular disulfide bridges. As a test case, the new protocol has been
used to express conotoxin Vn2 from the Mediterranean Sea Conus
ventricosus, a 33 amino acids long highly hydrophobic neurotoxic peptide,
and its Asp2His mutant (Spiezia et al., 2012). This first part of the work
involved cloning of both the conotoxins in pET-CM plasmid and their
purification by affinity chromatography, exploiting the GST tag. Since the
worm-hunting C. ventricosus has an array of toxins acting on invertebrate
ion channels, GST-conotoxins have been tested for their neurotoxic activity
on the larvae of the moth Galleria mellonella, taken as an insect model
system (Spiezia et al., 2012). Further, using w-conotoxin GVIA as template,
novel metal-binding peptides were designed to generate novel biocatalysts.
Through computational modeling, two disulphide bridges in the original
conotoxin have been replaced with His residues and the redesigned
peptides, named Cupricyclin-1 and Cupricyclin-2, have been synthesized
and characterized for their copper binding ability and superoxide dismutase
activity (Barba et al., 2012). The last part of the work concerned the
generation of Cupricyclin-1 mutants with the aim to improve its superoxide
dismutase activity and to change metal-binding specificity from copper to
iron and manganese. The new expression system developed in the first part
of the present project was successfully used to express these Cupricyclin
mutants as GST-fusion proteins. Following GST tag removal using
thrombin cleavage, the mutants have been purified and their metal binding
properties analyzed by optical and fluorescence spectroscopy and mass
spectrometry.

Further studies will be necessary to elucidate the redox properties of these
novel Cupricyclins and their potential as biosensors for the detection of
heavy metals or as therapeutics in oxidative stress injuries, given the ability
of Cupricyclin-1 to dismutate O, radicals.



RIASSUNTO

Il presente progetto di dottorato si propone di utilizzare le tecniche
dell’ingegneria proteica per esprimere in forma ricombinante e
caratterizzare peptidi bioattivi ricchi in ponti disolfuro, quali le conotossine.
Sfruttando la loro alta specificita di target e struttura stabile, sono state
esplorate le loro potenziali applicazioni sia nel campo delle biotecnologie
cosiddette "verdi" (ambientali) che "bianche" (industriali). L’ingegneria
proteica € un potente strumento con il quale & possibile modificare le
proprieta delle proteine, agendo sulla loro sequenza o sulla loro struttura, o
dotarle di nuove funzioni. L’ingegneria proteica prevede tre approcci
principali: il & un "intelligente" che mira a modificare la struttura o la
funzione di una proteina, partendo dalla analisi della struttura
tridimensionale. La sua sequenza nucleotidica pud essere modificata e
infine la proteina pud essere "costruita" e caratterizzata (Hellinga, 2007). 1l
secondo approccio ¢ I’evoluzione diretta (Stemmer, 1994) che simula
I'evoluzione biologica. Infatti questa tecnica comporta la generazione di
mutazioni casuali nel gene codificante per una data proteina, o il
riarrangiamento dei geni codificanti domini differenti, per generare un gran
numero di nuove proteine che saranno poi selezionate per la funzione
desiderata. La terza strategia, chiamata de novo design, permette di
progettare e costruire proteine artificiali che non esistono in natura, con
nuove funzioni e proprieta (Dahiyat e Mayo, 1997). Questa strategia si
avvale della biologia computazionale per progettare nuove proteine, sia
utilizzando come stampo motivi strutturali gia esistenti in natura sia
partendo completamente da zero (Dahiyat e Mayo, 1997). L'idea di
utilizzare motivi strutturali proteici stabili come impalcatura per la
riproduzione di epitopi funzionali o stabilizzare conformazioni bioattive &
attualmente uno degli approcci di maggior successo dell’ingegneria
proteica. La famiglia proteica delle “knottins” ¢ particolarmente interessante
sotto questo punto di vista, dal momento che i membri di questa famiglia
condividono una stessa struttura di base pur avendo sequenze e funzioni
molto diverse nelle piante e negli animali, (Norton e Pallaghy, 1998). |
ponti disolfuro che caratterizzano queste proteine danno il maggior
contributo alla stabilita della struttura, consentendo la variabilita della
restante sequenza amminoacidica. Tra le “knottins”, la maggior tolleranza
alla variabilita della sequenza si riscontra nelle conotossine, piccoli peptidi
neurotossici ricchi in disolfuri presenti nel veleno dei molluschi del genere
Conus. La Natura, nel corso dell'evoluzione, ha utilizzato questa struttura
stabile per esprimere una grande varieta di neurotossine con un’alta



specificita di bersaglio per diversi canali ionici, sia voltaggio che ligando
dipendenti (Olivera and Teichert, 2007). Di conseguenza, lo “scheletro”
delle conotossine rappresenta un ottimo punto di partenza per strategie di
progettazione volte a sviluppare nuove mini proteine con nuove proprieta o
conotossine piu stabili o attive come agenti terapeutici (Clark et al., 2005).
La purificazione delle conotossine partendo direttamente dalla sorgente
naturale si é rivelata molto difficile a causa del grande numero di esemplari
necessari per ottenere una quantita sufficiente di veleno. Per aggirare questo
problema & stato sviluppato un sistema di espressione ricombinante per
esprimere le conotossine come prodotti di fusione legati alla glutatione-S-
transferasi (GST). Questo approccio ha permesso di ovviare anche alla loro
propensione a formare aggregati insolubili dovuti nella maggior parte dei
casi alla presenza di ponti disolfuro intermolecolari. 1l nuovo protocollo é
stato utilizzato per esprimere la conotossina Vn2 del veleno del Conus
ventricosus, un neuropeptide formato da 33 aminoacidi e altamente
idrofobico, e il suo mutante Asp2His (Spiezia et al., 2012). Questa prima
parte del lavoro ha previsto il clonaggio di entrambe le sequenze
nucleotidiche delle conotossine nel plasmide pET-CM e la loro
purificazione mediante cromatografia di affinita sfruttando la GST.
Predando policheti marini, il veleno del C. ventricosus contiene tossine che
agiscono sui canali ionici di invertebrati. Per questo motivo [attivita
biologica delle conotossine espresse in forma ricombinante fuse alla GST é
stata studiata utilizzando come sistema modello le larve della camola del
miele Galleria mellonella (Spiezia et al., 2012). Successivamente,
utilizzando come stampo un’altra conotossina molto ben caratterizzata, I’ o-
conotossina GVIA, sono stati progettati peptidi leganti rame con I’obiettivo
di ottenere dei biocatalizzatori. Mediante modellistica molecolare, due dei
tre ponti disolfuro presenti nella conotossina originaria sono stati sostituiti
con quattro residui di istidina ed i peptidi ridisegnati, denominati
Cupricyclin-1 e Cupricyclin-2, sono stati sintetizzati e caratterizzati per la
loro capacita di legare ioni rame e di catalizzare la dismutazione di anioni
superossido (Barba et al. , 2012). L'ultima parte del lavoro ha riguardato la
generazione di mutanti del peptide Cupricyclin-1 con lo scopo di
migliorarne l'attivita superossido dismutasica e modificarne la specificita di
legame dal rame al ferro e/o manganese. Il nuovo sistema di espressione
sviluppato nella prima parte del presente progetto € stato utilizzato con
successo per esprimere i mutanti della Cupricyclin-1 come proteine di
fusione alla GST. Una volta eliminato il tag mediante digestione con
trombina e trattamento ad alte temperature, i nuovi peptidi sono stati
caratterizzati mediante spettroscopia ottica, di fluorescenza e spettrometria



di massa. Una comprensione dettagliata delle loro proprieta catalitiche sara
necessaria per poterne esplorare le applicazioni come biosensori per la
rilevazione di metalli pesanti, nonché come agenti terapeutici per malattie
da stress ossidativo data la loro capacita di dismutare anioni superossido.
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1. INTRODUCTION

Protein engineering is a young discipline, born in the early 1980’s
combining different experimental approaches, such as biological, chemical
and computational, to modify proteins structure with the goal to improve
some functional parameters or to insert desired functions (Ulmer, 1983). It
has been proved to be an absolutely essential tool, both in basic research,
for example to increase our basic understanding of protein structure-
function relationships, and in applied sciences, such as in the biotechnology
field. In recent years in fact, the use of engineered (macro)molecules has
been growing in all areas of biotechnology, from the pharmaceuticals to the
green chemistry fields, from the industrial to more innovative fields such as
the research on biofuels and biomaterials (Wargacki et al., 2012; Chow et
al, 2008). Protein engineering has become a key method to improve
enzymes and proteins properties or even to design molecules with novel
functions to obtain best performance with reduced costs and with a very low
environmental impact (Cao et al., 2009).

The fundamentals of protein engineering rely on the fact that proteins
consist of a linear chain of amino acids, which in the most cases fold in a
unique and well defined three-dimensional structure with a specific
function. Therefore the amino acid sequence is the starting point to modify
or generate “eX novo” functions. There are two basic approaches: the
rational design makes use of detailed information on the three-dimensional
structure and function of a protein to modify its amino acid sequence, to
affect its functional properties (Hellinga, 1997). Rational design, though not
always successful, allows to change a protein structure in a predictable way
and it’s a relatively inexpensive process. However it requires detailed
structural information on the protein which sometimes are not available.
Moreover, even if all the protein structural features are known it is difficult
to predict which amino acid substitution will generate the functional
change. Therefore this strategy requires many cycles of modification and
testing to produce an engineered protein with the desired properties.

Directed evolution or DNA breeding (Stemmer, 1994), does not need a full
structural map and involves generating random mutations in the gene
encoding a protein, or shuffling the genes encoding different sequences, to
generate a high number of novel proteins which are then subjected to
selection for a desired function. Through repeated rounds of mutation and
selection, it is possible to accelerate the evolution of the desired properties,
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somehow mimicking the evolution and selection process that is the
corollary of the variability. However, directed evolution is often time
consuming and expensive, because each new protein combination has to be
tested for the selected function. The results achieved through rational
design and directed evolution, along with the advancement in computer
technologies have led to the development of a third strategy to design and
build artificial proteins not existing in nature, with novel functions and
properties. The challenge of this approach, named de novo design (Dahiyat
and Mayo, 1997) is to draw an amino acid sequence leading to a
thermodynamically stable structure to ensure a specific function. For this
purpose, proteins with the desired activity and a well characterized active
site and three dimensional structure are used as templates. These
information are then integrated with theoretical knowledge on protein
folding rules and computational biology models. The last ones have become
a powerful tool in the de novo design strategy because i) the advanced
algorithms used allow to find the lowest energy folded sequence-structure
combination and ii) they allow to evaluate the effect of an amino acid
change on the protein structure and function, providing a guideline in the
design process (Dahiyat and Mayo, 1997; Baker, 2006). Currently the
strategies to improve proteins properties or to create new ones involve
combined elements of the three approaches, even if each of them has a
different starting point, works in different ways and with different tools.

1.1 Rational design

Willem Stemmer, the father of directed evolution, and Brett Holland wrote:
“Rational design, also known as computer modeling, attempts to modify or
create [protein] molecules for specific applications by predicting which
amino acid sequence will produce a protein with the desired properties”
(Stemmer and Holland, 2003). Therefore, rational design is an "intelligent"
design which aims to change the structure or function of a protein,
according to well-defined criteria, i.e. knowing the result to obtain, which is
the best strategy to use and which kind of changes is needed to pursue. This
strategy requires knowledge of the three-dimensional structure of the
desired protein; starting from its nucleotide sequence, it can be modified
and then “built” and characterized (Hellinga, 1997). If the protein structure
is not available but its amino acid sequence displays a reasonable similarity
with sequences of one or more proteins with known structure, through
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homology modeling it is possible to predict its structure using as a template
the structures of these homologous proteins. A simple example of this
approach is the Swiss Model server (Schwed et al., 2003), a bioinformatics
tool that allows to obtain protein structure models even if there isn’t any
molecular structure of the starting protein in any database. It performs an
automated homology modeling once inserting the template structure and the
multiple alignment of the protein of interest with the corresponding related
proteins. As a result, the program provides a structural model and reiterating
the process, in which theoretical and experimental approaches are alternated
(the so-called “design cycle” Fig. 1), the user can refine the parameters to
obtain the best molecular model of the desired protein (Stemmer and
Holland, 2003). Computational biochemistry and recombinant DNA
techniques give the best contribution to rational design. The considerable
progress in computational biochemistry and the development of advanced
algorithms allow to design the best molecular model to accommodate the
desired protein changes which will be the one with lower energy
conformation. In the meantime, the PCR-based site-specific mutagenesis is
the most common technique used to introduce the desired mutations
(deletions, insertions, substitutions) only in the specified gene, or even in a
specific gene region. The mutated protein can be chemically synthesized or
expressed in a recombinant system, such as E. coli or P. pastoris, and then
analyzed for the modified function. In the latter case, the mutated protein is
usually expressed in recombinant form fused to some tag protein or peptide,
such as glutathione-S-transferase (Smith, 2000), thioredoxin (LaVallie et
al., 2000), polyhistidine (Bornhorst and Falke, 2000) or maltose-binding
protein (Chen and Gouaux, 1996), in order to make the protein purification
easyer. An example of the great potential of the rational design strategy, is
the huge amount of work on the serin-protease subtilisin, one of the first
protein engineering model system since the early 1980’s (Bryan, 2000).
Since the subtilisin’s structure was known, through a widespread rational
mutagenesis on its amino acid sequence, during the years almost all its
properties have been analyzed and modified to make this enzyme more
active and more stable also in not-optimal conditions. It has been possible,
for example, to make the subtilisin able to catalyze peptide ligase reaction,
which normally doesn’t occur in aqueous solution, allowing to synthesize
peptides (Abrahmsen et al., 1991; Chen and Robinson, 1991). The rational
design has important applications in enzymology, where the need for
enzymes with best performances is growing. In fact, the most part of the
enzymes commonly used in industrial processes are engineered through
rational design to obtain thermal stability (Lin, 2008), a key role parameter
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in using enzymes in biotechnological processes, to confer reaction product
steroselectivity (Vallin et al., 2010) and activity in organic solvent (Castro
and Knubovets, 2003). Protein rational design is also becoming an
increasingly useful tool for optimizing protein drugs and creating novel
biotherapeutics (Lazar et al., 2003). The great achievements over the years
have broadened the horizons of rational design in the design of enzymes
with functions that do not exist in nature, with potential applications in
biotechnology, biomedicine and industrial processes.

Starting gene
P ey Express starting
protein Purify
protein
Repeat
Test for g
? improved 3
function X-ray diffraction on
crystalized protein
Predict

Express new protein structure

protein

Computer simulation
indicates which amino acids
interact with target

Substitute key amino
acids to find improved
— — target binding

Alter starting
gene to reflect
amino acids change

Figure 1. The rational design cycle. To optimize a known protein, the starting gene
product is purified and crystallized. A computer model identifies key sites that
interact with a target molecule. Based on an understanding of the physical principles
that govern these interactions, specific amino acid changes can be tested that may
improve protein function. (Adapted from Stemmer and Holland, 1994)
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1.2 Directed evolution

The directed evolution strategy simulates the mechanisms that underlie
biological evolution, i.e. the production of a large number of gene variants,
the following selection of the most suitable protein variant and the
amplification of their corresponding genes. Differently from the in vivo
evolution, that needs thousands or even millions of years to generate new
genes variants, directed evolution allows to obtain the same results in a
much shorter timeframe. The main advantage of this strategy is that it only
needs the gene sequence of the starting protein, without any additional
structural information. The directed evolution involves an iterative strategy:
once defined the target gene, a large library of mutants is generated by
introducing random DNA mutations and finally, through a high-throughput
screening, the best mutants are selected and used as starting point for a next
cycle (Stemmer and Holland, 2003). The two natural evolutionary processes
that have been adapted for in vitro evolution are random mutagenesis and
gene recombination. The random mutagenesis is the first and the most
simple system developed to generate molecular diversity. At the beginning
were used chemical compounds or UV rays to introduce mutations (Botstein
and Shortle, 1985), while currently the most commonly used system is the
PCR-based mutagenesis. Another common protocol is the fragmentation of
parental DNA into small nucleotide sequences and the following
reconstitution of the entire gene through shuffling of such nucleotide
fragments. This systems do not create predicted mutations at molecular
level, but simply rearrange multiple existing sequences, allowing to obtain
usually correctly folded and functional chimeric proteins, exploiting the
variation naturally existing between them to generate new mutant genes
with new sequences. The first homologous recombination-based system,
named DNA shuffling, has been introduced by Stemmer in the early ‘90
(Stemmer, 1994). These recombinant strategies require parental sequences
with a quite high homology degree, but sometimes it may be desirable to
obtain completely new combinations shuffling non related genes (Table 1).
The mutagenesis via non homologous recombination exploits the fact that
many proteins, although showing a low degree of sequence homology have
a similar three dimensional structure, thus increasing the possibility to
obtain correctly folded chimeric proteins (Table 2). Directed evolution has
been used with great success in recent years for optimization of enzymes’
functional parameters by generation of new gene sequences, to improve
their performances in defined operating conditions. Since the late 1990’s
directed evolution has been used to enhance enzyme properties such as
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thermostability (Moore and Arnold, 1996; Suen et al., 2004; Diaz et al.,
2011), tolerance to organic solvents (Song and Rhee, 2001) and pH profile
(Bessler et al., 2003). Combining both the rational design, previously
described, and the directed evolution, it has been possible to change
stereo/enantio specificity (Zhang et al., 2000; Sacchi et al., 2004), and even
to expand enzymes’ substrate specificity (Bolt et al. 2008; Cheriyan et al.,
2011).



Table 1. Homologous recombination methods

Methods Advantages Disadvantages References
DNA shuffling | Flexible; back-crossing to | Biased to crossing Stemmer, 1994
parent removes non over in high
essential mutations. homology regions;
low crossingover rate;
high percentage of
parent.
RACHITT No parental gene in a Complex; requires Coco et al., 2001
shuffling library; higher synthesis and
rate of recombinant; fragmentation of
recombine genes of low single-strand
sequence homology. complementary DNA.
StEP Simplicity Need high homology; | Arnold et al., 1998
low crossing over
rate; needs tight
control of PCR

Table 2. Non-homologous recombination methods

Methods

Advantages

Disadvantages

Reference

Exon shuffling

Preserve exon function.

Requires known
intron-exon
organization of the
target gene; limited
diversity.

Kohlman and
Stemmer, 2001

ITCHY Eliminate recombinant Limited to two Ostermeier et
bias; structural parents; significant al.,1999
knowledge not needed. fraction of progeny

out-of-frame;
complex labor-
intensive.
SHIPREC Crossing overs occur at Limited to two Sieber et al., 2001

structurally related site.

parents; single
crossing over per
gene.

Table 1, table 2:

adapted from Rubin-Pitel et al., 2010




1.3 De novo design

The de novo design has been defined as the "Holy Grail" of protein
engineering (Barrozo et al., 2012) because it makes possible to rapidly
design effective biological proteins doing variations on known scaffold or
completely from scratch. De novo design proved to be an interesting tool for
protein structure-function studies and to exploit this knowledge to design
proteins with completely new activities not existing in nature. To design a
de novo protein or peptide one must take into account both the
thermodynamic factors stabilizing the individual structural elements, as well
as those that stabilize the entire structure. The starting thermodynamics
hypothesis is that the native state of a protein is given by the amino acid
sequence conformation that minimizes the structure energy. Algorithms,
based on the physical properties that govern protein folding and stability,
allow to find the best amino acid sequence fitting in a selected fold which
will be associated with a specific function. Rosetta server (Liu and
Kuhlman, 2006 - also available as standalone software) allows to obtain an
ab initio protein structure prediction, using a semi-empirical force field for
the evaluation of the predicted structure thermodynamics. Moreover, the
server uses a Monte Carlo optimization algorithm for refining the
simulation returned. Thanks to the considerable progress in the development
of computational methods, towards the end of the 20™ century it was
possible the complete redesign of proteins starting from known scaffolds
(Dahiyat and Mayo, 1997) and the development of novel protein fold
(Burkhard et al., 2000; Kuhlman et al., 2003). Recently have been designed
proteins with arbitrary three dimensional structure, removing the constraint
of having scaffolds based on known protein backbones (MacDonald et al.,
2010). This result was achieved designing an enzyme able of base-catalyzed
benzisoxazole ring opening, also known as Kemp elimination
(Réthlisberger, Baker et al., 2008. Fig. 2A), and stereoselective Diels-Alder
reaction (Siegel et al., 2010. Fig. 2B). In both cases, the results obtained
have considerable importance, since there are no enzymatic counterparts in
nature catalyzing these reactions, widely used for chemical organic
synthesis.



Figure 2. Reaction schemes and catalytic motifs used in design of the novel
enzymes performing (A) Kemp elimination and (B) Diels-Alder reaction. In both the
cases, was designed ex novo the enzyme’s target active site, containing a pocket that
ensuresthe substrates optimal orientation for catalysis. (Adapted from Siegel et al.,
2010).

1.4 Scaffold for protein engineering

The idea of using stable protein structural motifs as scaffolds for
reproducing functional epitopes or to stabilize bioactive conformations, is
currently one of the most successful approaches of protein engineering
(Razeghifard et al., 2007), in which converge both the rational design and
the directed evolution as well as the de novo design strategies. It has been
possible, in this way, to introduce new features in compatible known
scaffolds, using the combinatorial protein design methods (Fig. 3A). Nature
has always used common structural motifs and protein domains to
accommodate different biological functions, the best example is certainly
the immunoglobulin fold, in which a hypervariable sequence in the
complementary region lies in a constant structure, giving rise to a huge
number of different molecules. The immunoglobulin fold has been, in fact,
one of the first stable scaffolds engineered to obtain new target specificity
(Bruning et al., 2012). Other small natural scaffolds engineered to
accommodate new functions are, for example, the a/p scorpion toxin fold
(Vita et al., 1995) or B and Z domains of the Staphylococcal protein A
(Wahlberg et al., 2003) (Fig. 3B). This protein engineering strategy allows
to reproduce the functionality of an entire and complex protein in a small
structural motif, and in this process the rational approach and the de novo
design have given an important contribution, which have resulted in the
development of miniproteins with new functions, introducing new binding
sites in both existing and artificial scaffolds (Martin et al., 2000). The small
size of such engineered miniproteins, makes easier their chemical synthesis
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and the incorporation of tags and chemical modifications, useful for a wide
range of applications. For example, starting from the staphylococcal protein
A scaffold, binding proteins called "affibodies" have been engineered and
extensively used in biochemistry (Nord et al, 2001), in diagnostic imaging
(Orlova et al., 2006) and targeted therapy (Tolmachev et al., 2007) thanks to
their Ig-mimic high binding specificity. The disulfide-rich peptides
belonging to the knottin family are particularly interesting from this point of
view, since they share an identical structural fold while having very
different sequences and functions in plants, cone snails, and spiders (Norton
and Pallaghy, 1998). The covalent bonds between the cysteine residues give
the greatest contribution to the structure stability, allowing the variability of
the remaining amino acid sequence. Among knottins, the highest tolerance
to sequence variability is observed in conotoxins, neurotoxic peptides from
cone snails venom, frequently cited as an example of natural combinatorial
chemistry (Olivera, 2007). Conotoxins are characterized by multiple
disulfide bridges and nature, during the evolution, has engineered this stable
scaffold to express a great variety of neurotoxins with tuned specificity for
different ion channels, both voltage-gated and ligand-gated, and receptors
(Olivera and Teichert, 2007). As a result, their scaffold represents an
excellent starting point for design strategies aimed at developing new
miniproteins with new properties.
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Figure 3. Strategy for the use of scaffolds in protein engineering. (A) An example of a peptide epitope grafting into a
cyclic peptide scaffold. 1: Epitopes of different conformation, 2: Cyclic peptide used as scaffold, 3: Modified cyclic
peptides, in which the epitopes are grafted into one of the native cyclic peptide loops. (B) Some common natural
scaffold used to accomodate epitopes. 1: Conotoxin PnlA, 2: Charybdotoxin (scorpion toxin) and 3: Z domain of

staphylococcal protein A (Adapted from Thorstholm and Craik, 2012).
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1.5 Conotoxins

Conotoxins are bioactive peptides from the venom of mollusks of the genus
Conus, widespread in tropical and subtropical marine environment (Fig. 4).
Their venom is a complex mixture of different types of molecules that act in
synergy to immobilize preys, and conotoxins represent the most abundant
component in the venom (Olivera et al., 1991). All conotoxins are initially
expressed as a large precursor peptide that undergo post-translational
modification to yield the mature toxin, typically 10-40 amino acids long
(Buczek et al., 2005). Even if the pre- and pro-region of precursor peptides
result well conserved, the mature toxins are characterized by an high
sequence Vvariability, except for the cysteine residues. The most reliable
theory about the evolutionary origins of this variability states that the
intronic regions, flanking the mature toxins coding sequence, probably led
to some recombination or replication events, as observed in the
immunoglobulin  loci. Conticello and coworkers (2001) studying
conopeptide precursor alignments observed an accelerated rate of nucleotide
substitution in the mature peptide region with respect to the pre- and pro-
regions and a position-specific conservation of cysteine codons within the
hypervariable region. To explain the evolutionary origin of conopeptide
sequences hypervariability, they proposed a mutator mechanism targeted to
mature domains in conopeptide genes, combining a protective activity
specific for cysteine codons and a mutagenic polymerase that exhibits
transversion bias (Conticello et al., 2001). About 500 cone snail species are
known, and it has been estimated that there are about 100,000 different
toxins, each one with particular pharmacologic properties (Terlau and
Olivera, 2004). Despite their large number, all conotoxins are produced by
translating mRNA from genes belonging to only sixteen superfamilies
(Kaas et al., 2010) divided according to the relative conservation of the
signal peptide. They are also divided in groups based on the cysteine
framework, and in pharmacological families based on their molecular
target. Because of their high potency and target specificity, conotoxins have
attracted much interest as tools for investigating ion channels function, as
neuropharmacological tools, as potential leads in drugs development, or
indeed as drugs themselves (Adams et al., 1998). Currently the m-conotoxin
MVIIA from Conus magus is used as analgesic drug in its synthetic
analogue Ziconotide (Wermeling, 2005). Generally, candidate molecules to
be used as scaffold for protein engineering should have a structure
characterized by a flexible external surface able to withstand sequence
hypermutation without interfering with the core folding. They should be
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small and soluble monomeric polypeptides with a stable structure, easily to
engineer and efficiently produce with high yield in expression systems
(Nord et al., 1997). Conotoxins satisfy all these parameters and in addition
have a remarkable high target specificity that make them excellent models
for redesign strategies aimed to generate both more stable and active
conotoxins for therapeutics (Clark et al.,, 2005), and to engineer
miniproteins with novel functions. From the natural source, the purification
of conotoxins is very difficult because of the large number of specimens
needed to obtain a sufficient amount of venom to process. Moreover, as
previously said, the venom is a mixture of hundreds of different molecules,
each one present in very small amount. To overcome this problem, two
approaches are available: chemical synthesis and recombinant expression in
heterologous systems. The chemical synthesis has been the method of
choice, because conotoxins share the characteristic of being extensively post
translational modified (Buczek, 2005). However, this procedure is quite
expensive. The use of recombinant expression systems, both prokaryotic
and eukaryotic cells, is the cheapest choice, and allows to obtain peptides in
large quantities, as well. The major drawback is the limited post
translational machinery that does not permit the production of peptides with
the kind of post translational modifications observed in most conotoxins.
Small peptides such as conotoxins usually are difficult to express in the
E.coli system, because they are quickly degraded by cellular proteases or
aggregate in the inclusion bodies. Moreover sometimes the overexpression
of heterologous proteins is toxic for bacteria. For this reason, to obtain a
high yield of soluble small proteins, the best successful strategy is to
express them in fusion with carrier proteins, such as maltose-binding
protein (Kapust and Waugh, 1999), thioredoxin (LaVallie et al., 2000), or
glutathione S-transferase (Nygren et al., 1994). This carrier acts also as a
tag to easily purify the recombinant protein by affinity chromatography.
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Figure 4. Shells of some mollusk-hunting Conus species. Top row (left to right): C.
ammiralis, C. aulicus, C. bandanus and C. crocatus. Middle row (left to right): C.
dalii, C. episcopatus, C. furvus, C. gloriamaris. Bottom row (left to right): C.
immelmani, C., marmoreus, C. omaria, C. textile (From Nam et al., 2009).

1.6 Aim of the work — Development of an expression system for natural
and redesigned disulphide-rich peptides

A system has been developed to express in E. coli cells disulfide-rich
miniproteins in recombinant form, as GST fusion proteins. As a test case,
the new protocol has been used to express the conotoxin Vn2 (wt CTX)
from the Mediterranean Sea Conus ventricosus, a 33 amino acids long
highly hydrophobic neuropeptide, and the Asp2His CTX Vn2 mutant (mt
CTX) (Spiezia et al., 2012). The worm-hunting C. ventricosus has an array
of toxins that synergically act on invertebrate ion channels and receptors to
immobilize the prey. Thus, to assess if the expression system developed
allows to obtain disulphide-rich peptides correctly folded and active, the
bioactivity of both recombinant CTXs has been assayed in a toxicity test
using the larvae of the moth Galleria mellonella, a well know invertebrate
model system (Spiezia et al., 2012). Further, to test the potential of
conotoxins natural scaffold for rational design applications, another
conotoxin, w-conotoxin GVIA, has been used as a starting point to develop
a copper binding minimetalloprotein, with the aim to generate a novel
biocatalyst (Barba et al., 2012). Through computational modeling, two
disulphide bridges have been replaced with His residues and the redesigned
peptides, named Cupricyclin-1 and Cupricyclin-2, have been synthesized
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and characterized for their copper binding ability and superoxide dismutase
activity (Barba et al., 2012).

1.7 Work in progress

The synthetic peptides Cupricyclin-1 and -2, redesigned starting from the -
conotoxin GVIA, bind copper ions with a fairly high affinity, and display a
superoxide dismutase activity comparable to other superoxide dismutase
mimics (Riley, 1999). These good results have represented the starting point
to improve the catalytic performance of the redesigned minimetalloproteins
by generating novel variants with different metal-binding specificity. The
high catalytic efficiency of SODs is due to their peculiar electrostatic
potential distribution on the protein surface. In particular, in Cu, Zn SODs
the positively charged catalytic site lies in a negatively charged
environment, making productive any collision of the substrate with SOD
molecules via electrostatic steering effect (Desideri et al., 1992). Starting
from this assumption, a Cupricyclin-1 mutant K27E/R28E has been
generated. The Lys27 and Arg28 are located on the opposite side of the
copper accessible site, for this reason they have been replaced with
negatively charged amino acids to mimic the SOD surface charge
asymmetry. While Cu, Zn SODs rely on a bimetallic cluster to carry out
superoxide dismutation it is well known that also mononuclear metal
centers based on iron, manganese and nickel display superoxide dismutase
activity. In Mn and Fe SODs, in particular, the metal ion is coordinated by
one Asp and three His residues (Miller, 2004). Since Cupricyclin-1 binding
site is formed by 4 His, an iron- or manganese-binding site has been
introduced in this peptide by replacing His29 with an Asp, obtaining the
H29D mutant. The additional triple mutant K27E/R28E/H29D was also
generated which is expected to have increased SOD activity and Fe and Mn
ions binding specificity.

The interest in these redesign strategies derives also from the possibility of
using minimetalloproteins as biosensors for the detection of metals. A
variety of non-enzymatic proteins, ranging from naturally occurring metal-
binding proteins to engineered proteins binding specific metal ions, are
currently used in biosensor development (Tien et al., 2002; Verma and
Singh, 2005). Given the properties and activity of the redesigned
Cupricyclin-1 and -2 and potentially of the novel mutants, these
minimetalloproteins could be used both for detection of the amount of
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heavy metals and the determination of O, radicals. The ability to dismutate
superoxide anions could open the possibility to use these novel
minimetalloproteins also as therapeutics in oxidative stress injuries. In fact,
excessive reactive oxygen species (ROS) lead to some important neural
disorders such as Alzheimer’s and Parkinson’s disease (Emerit et al., 2004)
or epilepsy (Azam et al., 2012), as well as cardiovascular diseases like
hypertension and atherosclerosis (Griendling and Fitzgerald, 2003).

16



2. RESULTS AND DISCUSSION

2.1 Articles published

The most part of the results achieved during my Ph.D. thesis are published
in the following articles reported in the Supplementary Material section.

e Spiezia, M.C., Chiarabelli, C., Polticelli, F. (2012). Recombinant
expression and insecticidal properties of a Conus ventricosus
conotoxin-GST fusion protein. Toxicon, 60:744-751

e Barba, M., Sobolev, A.P., Zobnina, V., Bonaccorsi di Patti, M.C.,
Cervoni, L., Spiezia, M.C., Schinina, M.E., Pietraforte, D.,
Mannina, L., Musci, G., Polticelli, F. (2012). Cupricyclins, Novel
Redox-Active Metallopeptides Based on Conotoxins Scaffold.
PLoS ONE, 7(2):e30739

2.2 Construction of the expression vector

To obtain the GST-fusion proteins, Cupricylin-1 mutant 1 (H29D), mutant 2
(K27E/R28E) and mutant 3 (K27E/R28E/H29D) nucleotide sequences were
amplified by PCR, using as template the sequence CPK wt (see materials
and methods section), and then cloned into the pET42b plasmid, cutting the
plasmid and the amplified sequences with Sacll and BamHI restriction
enzymes. Some technical expedients were used to avoid problems during
the cloning and expression protocols. In detail, the forward primer for the
cloning of Cupricyclins nucleotide sequences in the pET42b plasmid (FW
CPK1_pET42b, see Fig. 2 in materials and methods section) was designed
to contain upstream Sacll recognition site plus 6 additional nucleotides
required for an optimal digestion of the endonuclease, and a nucleotide
sequence coding for the tripeptide Gly-Ser-Arg, to be placed immediately
upstream the Cupricyclins (CPCs) coding sequences, avoiding the
possibility of uncorrected folding of the recombinant proteins. In fact this
tripeptide spacer is expected to reduce the steric hindrance between GST
and the first Cys residue of CPCs sequence, involved in a disulphide bridge
formation (Fig. 5). Moreover, the Gly residue of the tripeptide forms part of
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a thrombin recognition site (Pro-Arg-Gly) useful for the cleavage of the
GST tag during CPCs purification. The reverse primers (RV CPK H29D,
RV CPK K27E_R28E and RV CPK K27E_R28E_H29D, see Fig. 2 in
materials and methods section), used to introduce the mutations in the wild-
type Cupricyclin-1 nucleotide sequence, also contains plus 6 additional
nucleotides downstream BamHlI site for an optimal digestion. Finally, a stop
codon optimized for expression in E. coli system was introduced at the end
of CPCs sequences. To test the expression system developed, the wild-type
Cupricyclin-1 (wt CPC) has been expressed as a GST-fusion product.

Cupricyclin-1
CKGKGSSHSPTSWNHCRSHNPYTKRHY
K27E/R28E mutant
GSRCKGKGSSHSPTSWNHCRSHNPY TEEHY
H29D mutant

GSRCKGKGSSHSPTSWNHCRSHNPY TKRDY

K27E/R28E/H29D mutant

GSRCKGKGSSHSPTSWNHCRSHNPY TEEDY

Figure 5: The amino acid sequences of Cupricyclin-1 redesigned peptide (wt CPC)
and the three mutants. The mutated residues are in red, the tripeptide inserted
upstream the amino acid sequence is underlined.

2.3 Recombinant proteins expression and purification

The expression and purification protocols were the same used for wild-type
and Asp2His GST-conotoxins (For detail, see Results section in Spiezia et
al., 2012). The experimental procedures have allowed to obtain, also in this
case, high yield in purified recombinant GST-CPCs (Fig. 6).
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Figure 6. 12% SDS PAGE analysis of purified GST-CPC mutant 1 (H29D) by
GST-affinity chromatography. Std: Protein SHARPMASS Low (Euroclone) marker;
UF: unbound fraction; lane 1-4: eluted fractions. All the recombinant wt CPC and
CPC mutants gave the same electrophoretic pattern.

2.3.1 Isolation of the recombinant Cupricyclins

The purified GST-CPCs proteins were dialyzed against Tris-HCI 20 mM,
pH 8.0 and then digested overnight with thrombin, to remove the GST tag.
Exploiting the high thermostability reported for the synthetized Cupricyclin-
1 (Barba et al., 2012), heat treatment of the digested samples first at 55°C
and then at 90°C was performed to separate the GST tag from the peptides.
After heating the samples, in fact, only the CPCs were present in the soluble
fraction, while the GST tag precipitated, as revealed by the 12% SDS-
PAGE analysis (Fig. 7).
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Figure 7. 12% SDS PAGE analysis of CPC mutant 1 before and after thrombin and
heat treatments. Std: Rainbow marker Low Range (GE Healthcare); lane 1: CPC
mutant 1 before cleavage (MW 30.8 kDa); lane 2: supernatant after 55°C treatment;
lane 3: supernatant after 90°C treatment; lane 4: 90°C pellet. The same pattern was
observed for wt CPC and CPC mutants 2 and 3.

2.4 Mass spectrometry characterization of recombinant CPCs

Mass spectrometry analyses were carried out in order to uniquely identify
the wt CPC and CPC mutants isolated from the GST tag by thrombin
cleavage and heating treatments. Each sample was treated with
iodoacetamide (IAM), an alkylating agent that interacts with cysteine
residues, digested with trypsin and then analyzed by MALDI TOF. As
expected, the MALDI TOF spectra revealed two main peaks for each
Cupricyclin, one of them, with an observed molecular weight of about
1512.64 Da, common to all the peptides. Its molecular weight was higher
than the theoretical value, calculated with PeptideMass tool (from ExPASy
bioinformatics resource portal), of about 57 Da. This difference was
consistent with the carboxyamidomethylation of Cys19 residue by 1AM
(Tab. 3). The molecular weight of the second peaks in CPC mutant 2 and 3
mass spectra were different compared to wt CPC and CPC mutant 1, since
the K27E mutation abolishes the Lys27 recognition site for trypsin.
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Cupricyclin | Theoretical fragments | Observed fragments Sequence
mass (Da) mass (Da)

Wild type F1:1455.62 F1:1520.71 GSR(_:KG@GSSHSPTSWNHQR\LSHNPYTK\LRDY
F2:846.41 F2:847.19 F1 F2

Mutant 1 F1:1455.62 F1:1522.69 GSRQKG}ﬂ/GSSHSPTSWNHQFELSHNPYTK\LRHY
F2:846.41 F2: 849.69 F1 E2

Mutant 2 F1:1455.62 F1:1517.06 GSRQKG@GSSHSPTSWNHQT\:LSHNPYTEEHY
F2:1276.52 F2:1251.09 F1 F2

Mutant 3 F1:1455.62 F1:1519.10 GSRQKG&&GSSHSPTSWNHQF\:LSHNPYTEEDY
F2:1254.49 F2:1241.41 F1 F2

Table 3. Mass spectrometry analysis summary on wt CPC and CPC mutants. The
difference in the observed F1 fragment molecular weight, compared with the
theoretical one, is due to the Cys19 alkylation by IAM. Arrows indicate the trypsin
cleavage sites that generate the two main peaks observed in MALDI TOF spectra for
each Cupricyclin. The amino acid substitution in the CPC mutants are in red and the
cysteine residues alkylated are underlined.

2.5 Preliminary data on Cupricyclins metal binding ability

2.5.1 Recombinant expression system validation

Evidence of Cu?* binding to wt CPC expressed in E. coli was first obtained
by fluorescence quenching experiments, exploiting the ability of copper
ions to quench the fluorescence emitted by the single Trp16 upon binding to
the miniprotein. Fluorescence quenching was dependent on metal
concentration and reached a maximum at a [Cu®*]/[peptide] of approx. 1:1
ratio. A non linear regression curve fitting of the fluorescence intensity
decrease as a function of Cu®*" concentration gave a copper dissociation
constant Kp of 1.77 (+0.3) x 107 M (Fig. 8), the same order of magnitude
reported for the chemically synthetized Cupricyclin-1. Further evidence of
copper-wt CPC binding was obtained by optical spectroscopy analysis.
Addition of a stoichiometric amount of CuCl, to the peptide (0.6 uM final
concentration) induced the appearance of an absorption band at approx. 700
nm (Fig. 9), typical of copper complex with His ligands. These results have
confirmed the validity of the recombinant expression system developed for
the expression of disulphide-rich minimetalloproteins.
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Figure 8. Emission fluorescence spectra of wt CPC in the presence of increasing
amounts of Cu® ions. Black line: apo wt CPC (0.6 uM); red line: apo+CuCl, 0.1
uM; blue line: apo+CuCl, 0.3 puM; green line: apo+CuCl, 0.4 uM; violet line:
apo+CuCl, 0.7 uM; orange line: apo+CuCl, 0.9 uM; light blue line: apo+CuCl, 1
uM. Inset: Determination of the dissociation constant of Cu®*" to wt CPC by
fluorescence quenching experiments. The non linear fitting curve of fluorescence
decrease at 352 nm as function of increasing amounts of Cu®* ions is shown as a
continuous line.
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Figure 9. Optical spectra of wt CPC (0.13 mM in Tris-HCI 20 mM, pH 8.0) in the
presence of increasing amounts of Cu?" ions. Black line: apo wt CPC; red line:
0.25:1 [Cu®]/[peptide] ratio; blue line: 0.5:1 ratio; green line: 0.75:1 ratio; violet
line: stoichiometric ratio 1:1.

2.5.2 Characterization of the novel metallopeptides

The metal binding properties of CPC mutants, designed to bind iron and
manganese instead of copper (mutants 1 and 3), or to bind copper ions with
an increased SOD activity as compared with wt CPC (mutant 2), were
analyzed by optical spectroscopy. Aliquots of FeCl;, MnCl, (mutants 1 and
3) and CuCl, (mutant 2) were added to the samples and spectra were
recorded between 240 nm and 750 nm. Both mutants 1 and 3 did not display
any significant affinity for Mn?* ions, and only a low affinity for Fe**, since
saturation of the optical signal in this latter case was observed only for high
[metal]/[peptide] ratio (Fig. 10). Surprisingly, mutant 2 showed no copper
binding ability. However once analyzed for Fe** binding, a significant
difference in absorption spectra with increasing FeCl; concentration was
observed, reaching the maximum at the stoichiometric ratio [Fe**]/[peptide]
1:1. The difference spectrum showed a clear band at 300 nm and minor
bands at 420 and 460 nm (Fig. 11).
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Figure 10. Optical spectra of (A) CPC mutant 1 and (B) mutant 3 (2.8 x 10”° M and
5.8 x 10 M, respectively, in Tris-HCI 20 mM pH 8.0) in the presence of increasing
concentrations of Fe** ions. Black line: apo peptides; violet line: stoichiometric
[Fe**1/[peptide] 1:1 ratio; orange line: 2:1 ratio; light blue line: 5:1 ratio.
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Figure 11. Optical spectra of CPC mutant 2 (in Tris-HCI 20 mM pH 8.0) in the
presence of increasing amounts of Fe® ions. Black line: apo peptide; red line:
[Fe**]/[peptide] 0.25:1 ratio; blue line: 0.5:1 ratio; green line: 0.75:1 ratio; violet
line: stoichiometric ratio 1:1. Inset: Difference spectrum between holo and apo CPC
mutant 2 to evidence the appearance of a band at 300 nm.
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Despite the encouraging results obtained on the CPC mutant 2, the
experimental protocols conducted so far don’t allow to collect enough
detailed data to characterize its redox activity. Currently, a large scale
production of this peptide is in progress in order to obtain higher quantities
of this peptide.
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3. CONCLUSION AND PERSPECTIVES

The work described so far is part of a larger project aimed to investigate the
potential biotechnological application of conotoxins, disulphide-rich
neuropeptides from cone snail venom. Two of their peculiar properties, the
high target specificity and the tolerance to sequence hypervariability, have
been explored. My doctoral thesis work can be divided in three parts.

. Development of an expression system for overproduction of the
Conotoxin Vn2 from C. ventricosus, its functional characterization and
potential application for the development of environmental-friendly
pesticides. This expression system has allowed the expression of
Conotoxins Vn2, and its Asp2His mutant, as GST fusion proteins and the
obtainment of a high yield in soluble and active peptides. Neurotoxic
activity assays of these recombinant proteins in an insect model system
evidenced a high GST-conotoxins toxicity at a concentration of only few
tens of pmol/g of body weight (Spiezia et al., 2012).

. The design and synthesis of novel copper-binding peptides, named
Cupricyclin-1 and -2, based on the well characterized w-conotoxin GVIA
scaffold. In these novel metallopeptides a four His cluster was introduced in
the place of four of the six Cys residues in the original sequence, generating
a copper-binding site in the same disulphide constrained structure. Both the
peptides showed a superoxide dismutase activity comparable with other
SOD-mimics, opening up the possibility to use Cupricyclin-1 and -2 as
catalysts in antioxidant reactions and bioremediation (Barba et al., 2012).

. The application of the high-yield expression system developed, for
overproduction of GST-Cupricyclin-1 (CPC) mutants, designed with the
aim to introduce different metal specificity and increase CPCs SOD
activity. Preliminary data on the expressed wild-type CPCs has confirmed
the validity of the system developed. In fact the recombinant peptide
displays a copper affinity and spectroscopic properties very similar to those
of the corresponding synthetic peptide. Characterization of the CPC mutants
has revealed some unexpected but interesting results.

In particular, the CPC mutant 2 (K27E/R28E) proved to be the most
promising for further development. In fact, at variance with the other two
mutants, this peptide displays a good iron binding ability. Large scale
production of this peptide is needed in order to characterize its redox
properties. Once a complete characterization of CPC mutant 2 properties
will be carried out, an interesting perspective could be to explore its
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potential as an antioxidant molecule for the treatments of oxidative stress
injuries. In fact, it is known that the balance between superoxide anions, one
of the main reactive oxygen species (ROS) within cells, and antioxidants
such as SODs, is a crucial factor in determining the onset of some important
neurodegenerative diseases. To this aim, the CPC mutant 2 will be tested for
its ability in preventing the increase of ROS concentration, using as a model
glial and neuronal cells treated with glutathione oxidizing agents and
electron transfer chain’s inhibitors.
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A novel conotoxin, conotoxin Vn2, was recently isolated from the venom of Conus ven-
tricosus, a worm-hunting cone snail species living in the Mediterranean Sea. Analysis of
conotoxin Vn2 amino acid sequence suggested that it is a member of the O1 superfamily of
conotoxins. Conotoxin Vn2 displays quite a high degree of sequence similarity with
bioactive peptides targeting calcium channels and in particular with the w conotoxin
PnVIB, extracted from the venom of the molluscivorous cone snail Conus pennaceus. In this

nggf;gi;s work we describe the development of a heterologous expression system to obtain
Ion channels a glutathione-S-transferase (GST) fusion product of conotoxin Vn2 in a pure form and in

a sufficient amount to characterize its bioactivity. The fusion product has been expressed in
recombinant form in Escherichia coli cells, purified, and its neurotoxic activity has been
assayed on the larvae of the moth Galleria mellonella, a simple experimental model to test
the toxicity of compounds in insects. Moreover the conotoxin Vn2 Asp2His mutant has
been produced to analyse the role of this aspartic acid residue in the toxin bioactivity, as an
acidic amino acid is conserved in this position in all the O1 superfamily C. ventricosus
conotoxins. Results obtained indicate that indeed conotoxin Vn2 has strong insecticidal
properties at a dose of only 100 pmol/g of body weight. Surprisingly, mutation of Asp2 to
His leads to enhanced toxicity in the larvae model system opening up interesting possi-
bilities for the use of conotoxin Vn2 variants in environmental friendly crop protection
applications.

Recombinant expression
Conus ventricosus

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction small disulfide-rich neuropeptides (Olivera et al., 1991). The

venom of a single cone snail species can contain up to 200

Cone snails are predator marine mollusks that use their
venom to capture preys as well as to interact with preda-
tors and competitors. Their venom is a complex mixture of
different types of (macro)molecules (Craig et al., 1999;
Raybaudi Massilia et al., 2002), but in all the species the
most abundant component is represented by conotoxins,

Abbreviations: GST, glutathione-S-transferase; CTX, conotoxin.
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different conotoxins and, since more than 500 cone snails
species are known, it has been estimated that there are
about 100,000 toxins each one with specific pharmacologic
properties (Terlau and Olivera, 2004). Because of their high
capability to discriminate different subtypes of their
molecular target, mainly ion channels classes (Olivera et al.,
1990; Olivera, 2002), conotoxins have attracted much
interest as tools for neuroscience research and as leads in
drugs development (Olivera, 1997; Olivera et al., 1999;
Adams et al., 1999). Currently the w-conotoxin MVIIA from
Conus magus is used as analgesic drug in its synthetic
analogue Ziconotide (Miljanich, 1997; Wermeling, 2005).
On the contrary, the perspectives to take advantage from
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the high variety and target specificity of conotoxins to
develop a new generation of pesticides (the so-called
“green biotechnology”) are not yet well explored. This
type of approach could allow to minimise biological and
environmental risks due to an indiscriminate use of
chemical pesticides.

According to recent classification (Kaas et al., 2010)
conotoxins can be divided in gene superfamilies (A, D, I1, 12,
13,], L, M, 01,02, 03, P, S, T, V, Y), based on the relative
conservation of the signal peptide, in cysteine framework
groups, based on the number of cysteine residues and their
connectivity, and pharmacological families, based on con-
otoxins target specificity. Thus, there are sixteen super-
families each one divided in several families according to
the presence of two or more disulphide bridges. All con-
otoxins are initially expressed as a large precursor peptides
that undergo post-translational modification to yield the
mature toxin, typically 10-40 amino acids long, with an
unusually high frequency of non-standard amino acids
(Buczek et al., 2005).

A novel conotoxin, called Vn2, was recently identified in
Conus ventricosus venom, a worm-hunting cone snail
species living in the Mediterranean Sea, and its primary
structure was determined (Romeo et al., 2008), revealing
a cysteine framework common to I1, I3, M, O1, 02 and 03
gene superfamilies. Conotoxin Vn2 displays quite a high
degree of sequence similarity with some conotoxins tar-
geting calcium channels, in particular PnVIB from Conus
pennaceus (Kits et al., 1996), an O1 superfamily w-conotoxin
(Fig. 1). In addition, the molecular model of conotoxin Vn2
revealed a structural similarity with the well-characterized

w-atracotoxin Hv1a, a spider toxin targeting insects high
voltage activated calcium channels (Wang et al, 1999;
Tedford et al., 2004).

Conotoxin Vn2 is a highly hydrophobic, 33 amino acids
long peptide with a zero net charge at neutral pH (Fig. 1).
The purification of conotoxin Vn2 from the C. ventricosus
venom proved to be very difficult because of the large
number of specimens needed to obtain a sufficient amount
of venom to process. In fact, C. ventricosus cone snail is very
small and its length usually does not exceed 2-3 cm (Fig. 1).
Further, the unusual high hydrophobicity of conotoxin Vn2
and its net charge dramatically decrease its solubility and
leads to very low sample recovery after each purification
step, preventing thorough characterization of this peptide.
To overcome this problem a heterologous expression
system was developed in order to obtain a GST-conotoxin
Vn2 fusion protein in a pure form and in a sufficient
amount to characterize its bioactivity.

GST-Conotoxin Vn2 has been purified and its neurotoxic
activity has been assayed on the larvae of the moth Galleria
mellonella, a simple experimental model to test the toxicity
of compounds in insects. Moreover, the conotoxin Vn2
Asp2His mutant has been produced in order to analyse the
role of this aspartic acid residue in the toxin bioactivity.
Results obtained indicate that indeed conotoxin Vn2 has
strong insecticidal properties at a dose of only 100 pmol/g
of body weight. Unexpectedly, mutation of Asp2 to His
leads to enhanced toxicity in the larvae model system
opening up interesting possibilities for the use of conotoxin
Vn2 variants in environmental friendly crop protection
applications.
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Fig. 1. Top panel. Specimens of the worm-hunting Conus ventricosus (left) and of the mollusk-hunting Conus textile. Bottom panel. Multiple amino acid sequence
alignment of conotoxin Vn2 and other conotoxins displaying significant sequence similarity. The sequences were retrieved by a BLAST (Schaffer et al., 2001)
search over the non redundant protein sequences database, aligned using CLUSTALW-2 (Larkin et al., 2007) and visualised using Jalview (Waterhouse et al., 2009).
Amino acids blocks are coloured according to BLOSUM62 score. Vn stands for C. ventricosus, Ar for C. arenatus, Pn for C. pennaceus and Tx for C. textile.
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2. Materials and methods
2.1. Recombinant plasmids construction

Conotoxin Vn2 nucleotide sequence, previously cloned
in pET14b plasmid (Novagen), was amplified with the
reverse primer Revl-ampl-conotox, and the phosphory-
lated forward primer F-CTX-PshAl-Asp2, using a PCR
method of 35 cycles with an annealing temperature of
55 °C. The PCR product of wild type conotoxin Vn2 corre-
sponds to the amino acid sequence EDCIAVGQLCVFW-
NIGRPCCSGLCVFACTVKLP. The conotoxin Vn2 Asp2His
mutant was generated introducing a point mutation by PCR
using the phosphorylated forward primer F-CTX-PshAl-
His2 (Fig. 2).

PCR reactions were carried out using 1 pl of template
0.5 pg/ul, 4 pl of 10 mM dNTPs (Biolabs), 10 ul of RedTaq
DNA polymerase 10 x reaction buffer (Sigma), 4 ul of RedTaq
DNA polymerase (Sigma), water to a final volume of 100 pl
with 4 ul of the couple of primers Rev1-ampl-conotox/F-
CTX-PshAI-Asp2 and Rev1-ampl-conotox/F-CTX-PshAI-
His2 at a concentration of 16 pmol/ul in order to obtain,
respectively, wild type conotoxin (wtCTX) and mutant
conotoxin (mtCTX) nucleotide sequence. PCR products
were purified from the reaction mix with Wizard SV Gel
and PCR Clean-up System (Promega).

The final constructs were obtained cloning amplified
conotoxins nucleotide sequences into the expression plas-
mids pET-CM (a modified pET42b plasmid (Novagen)
created in our lab). The plasmid was digested with BamHI
and PshAl Fastzyme restriction enzymes (Fermentas), while
the whole PCR products volume was digested only with
BamH]I, because the forward primer displays a 5’-mono-
phosphate end. The band corresponding to the double-
digested pET-CM was excised from agarose gel and puri-
fied using Wizard SV Gel and PCR Clean-up System kit
(Promega). Ligations were carried out as follow: 1.5 pl T4
DNA ligase (Fermentas), 5 ul of ligase buffer (Fermentas) and
50 pl of digested plasmids and purified PCR products at
16 °C overnight to obtain pET-CM/wtCTX and pET-CM/
mtCTX.

F-CTX-PshAI-Asp2  5‘ P-GAAGACTGCATCGCTGTT 3°
(RN RRRNRRNARRNRRY

2.2. Recombinant proteins expression in E. coli

E. coli strain BL21 (DE3)pLysS ice competent cells were
separately transformed with 5 pl of pET-CM/wtCTX and
PET-CM/mtCTX for overproduction of GST-toxin fusion
proteins. Over-night cultures were refreshed in 300 ml of
YT 2x medium supplied with kanamycin and chloram-
phenicol (Fluka) antibiotics at a concentration of 25 pg/ml
and 34 pg/ml respectively and left growing at 37 °C under
shaking until they reached ODgpp = 0.8. The expression of
fusion proteins was induced adding isopropyl (B-D-1-
thiogalactopyranoside (IPTG) (Fluka) at a final concentra-
tion of 0.1 mM. Cells obtained from a 300 ml cultures were
harvested after an over-night induction at 21 °C. The frozen
pellets were mechanically lysed with alumina (Sigma) at
4 °C, adding a two-fold weight of alumina for each g of cells
recovered after centrifugation. The soluble fraction was
recovered resuspending the lysed cells in PBS 1x, EDTA
5 mM, Tween20 0.05% buffer in a volume ten-fold the total
weight of cells and alumina (100 ml of buffer for each 10 g
of cells and alumina. After a centrifugation at 9000 rpm at
4 °C for 30 min, the pellet was resuspended in the same
volume of buffer used previously, and centrifuged again at
9000 rpm in the same conditions. The cytosolic soluble
fraction of cells expressing recombinant conotoxins was
treated with the protease inhibitor benzamidine, at a final
concentration of 0.5 mM. In addition DL-dithiothreitol
(Sigma) was also added at a final concentration of 10 mM,
in order to maintain GST-CTXs in reduced form, and to
avoid the possibility of uncorrected disulfide bridges
formation and or covalent aggregation.

2.3. Recombinant proteins purification protocol

Both GST-wtCTX and GST-mtCTX recombinant proteins
were purified by affinity chromatography, loading the
cytosolic fraction into a GSTrap Hp column (GE Healthcare).
Unbounded fraction was recovered at 1 ml/min flow rate
using the binding/washing buffer PBS 1x (NaCl 140 mM, KCl
2.7 mM, Na;HPO4 10 mM, KH,PO4 1.8 mM), DTT 10 mM, pH
7.3.Recombinant conotoxins were eluted at 0.7 ml/min flow

3’ CTTCTGACGTAGCGACAACCAGTCGACACGCAAAAGACCTTGTAGCCAGCAGGCACGACGAGGCCAGACACGCAAMAGCGARCGTGGCAATTTGACGGE 5'

witCTX

5’  GRAGACTGCATCGCTGTTGGTCAGC TGTGCGTTTTCTGGAACATC GG TCGTCCETECTGC TCCGETCTGTGCGTTTICGC TTGCACCGTTARACTGCCG 37
(RN RN NN AR R RN NN NN NN RN RN NN NN RN RN RN RN

Revl-ampl-conotox

Amino acid sequence

b

F-CTX-PshAl-His2 5' P-GAACACTGCATCGCTGTT 3°
LErrerrrrererrnre

3‘ ACCTTGTAGCCAGCAGGCACGACGAGGCCAGACACGCARAAGCGAACGTEGCAATTTGACGGCATCGAGCTCCTAGGOGC 5°

EDCIAVGQLCVE FTW®WNTIGRTPCCSGULCVF EFACTVIEKTLEP *

3’  CTTCTGACGTAGCGACAACCAGTCGACACGCARAAGACCTTGTAGCCAGCAGGCACGACGAGGC CAGACACGCAARAGC GAACGTGGCAATTTGACGGE 57

mtCTX

5’  GAMGACTGCATCGCTGTTGGTCAGCTGTGCGTTTTCTGGARCATCGGTCGTCCGTGCTGCTCCGE!

TCTGTGCGTTTTCGCTTGCACCGTTAAACTGCCG 3¢

TEEEEEEEEEE e e e i e e e e e e e e e
Rev1-ampl-conotox 3' ACCTTGTAGCCAGCAGGCACGACGAGGCCAGACACGCAAAAGCGAACGTGGCAATTTGACGGCATCGAGCTCCTAGGCGC S

Amino acid sequence

EHCIAVGGQLCVFW®¥NTIGERTPCCSGILCVF FHACTVEKTLEPE *

Fig. 2. The synthesized primers used to amplify the mature conotoxin Vn2 nucleotide sequences (Rev1-ampl-conotox, F-CTX-PshAI-Asp2, F-CTX-PshAl-His2; see
Section 2.1 for details) and the corresponding coding sequence of a) wild type conotoxin Vn2 (wtCTX) and b) Asp2His mutant conotoxin Vn2 (mtCTX). The

nucleotide which causes the change of Asp2 into His is in bold.
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rate in elution buffer Tris-HCl 50 mM, reduced i-gluta-
thione (Sigma) 10 mM, pH 8.0. Fractions of 1.5 ml each were
collected. Each fraction from affinity chromatography was
analysed by glycine 12% SDS PAGE using 30% acrylamide
solution (37.5:1 acrylamide:bis acrylamide) for the presence
of the band corresponding to the molecular weight of pET-
CM/wtCTX (32.8 kDa) and pET-CM/mtCTX (33.0 kDa). The
fractions containing recombinant conotoxins, wild type and
mutant, were pooled separately, dialysed against NH4HCO3
0.1 M at 4 °C over night, using 12-14 kDa cut-off dialysis
tube (Visking) and stored at —20 °C.

24. Glutathione-S-transferase assay

In order to evaluate the concentration of recombinant
GST-CTXs in the collected fractions, the samples were
assayed for the enzymatic activity of GST using the GST
Tag Assay Kit (Novagen), according to manufacturer’s
instructions. Briefly, the reaction was carried out in pres-
ence of reduced glutathione free acid and 1-chloro-2,4-
dinitrobenzene (CDNB) as substrates, and the absorbance
of the reaction was monitored at 340 nm for 5 min. The
rate of change in As4 is proportional to the amount of GST
present in the sample.

2.5. Biological toxicity assays

Different amount of the recombinant GST-CTXs (100, 30
and 6 pmol/g body weight) in a volume of 20 pl, were
injected into the haemocoel of G. mellonella larvae, using 10
larvae for each concentration. The negative control con-
sisted of 10 larvae inoculated with 20 pl of GST protein, at
the same concentrations, expressed in pET-CM wild type
plasmid and purified following the same protocol used for
the recombinant wild type and mutant CTXs (see Section
2.3). The larvae were left in Petri’s plates at 37 °C and were
monitored at different intervals for toxicity consisting in
larvae’s epidermal colour change to dark brown. The
observation was carried on till 72 h after injection, and the
LDs was calculated after 24 h after injection.

Biological toxicity has been also assessed on specimens
of the fish Gobius niger by intraperitoneal injection of wild
type CTX at concentrations of 100 and 30 pmol/g body
weight. The negative control was the same used in the
G. mellonella larvae experiment.

3. Results and discussion
3.1. Construction of the expression vectors

In order to clone conotoxin Vn2 sequence in the
expression vector, as a first step, the nucleotide sequence
corresponding to the mature wild type conotoxin was
amplified by PCR using a forward primer of 18 bp annealing
completely the conotoxin sequence, and a reverse primer of
80 bp, partially annealed. In detail we used two different
forward primers: F-CTX-PshAl-Asp2, that allows the
amplification of wild type conotoxin, and F-CTX-PshAI-
His2 that instead introduces a single mutation in the amino
acid sequence, changing the Asp2 residue into a His (Fig. 2).
Wild type conotoxin (wtCTX) amplified with Rev1l-ampl-

conotox/F-CTX-PshAl-Asp2 primers and mutant CTX
(mtCTX) amplified with Rev1-ampl-conotox/F-CTX-PshAlI-
His2 primers, gave on 2% agarose gel a band of 116 bp in
length, as expected.

The choice to generate Asp2His mutant of conotoxin
Vn2 derives from the observation that all available C. ven-
tricosus conotoxins sequences display as the only conserved
charged residue an acidic residue preceding the first
cysteine residue of the amino acid sequence. In detail,
a BLASTp (Schaffer et al., 2001) search over the non
redundant database, using conotoxin Vn2 amino acid
sequence as a bait, retrieves nine sequences of conotoxins,
belonging to C. ventricosus, Conus textile, C. pennaceus and
Conus arenatus. Multiple sequence alignment performed
with ClustalW-2 (Larkin et al., 2007) highlights a cysteine
framework common to I1, I3, M, O1, 02 and O3 gene
superfamilies. Interestingly, the conservation of hydro-
phobic residues in loop 2 and 4, where the epitopes known
to be involved in w-conotoxins binding to their target are
present, is also observed (Nielsen et al., 1999; Kim et al.,
1994; Lew et al,, 1997). In addition, seven sequences out
of nine display the conservation of an acidic residue before
the first cysteine (Fig. 1).

The high degree of hydrophobicity of conotoxin Vn2
required the use of a strategy to express it in soluble and
active form. Therefore the choice of vector, host for the
expression and growth parameters were optimized to
increase the yield in soluble protein and avoid the possi-
bility of its precipitation and/or aggregation. pET-CM
plasmids represents a good choice to obtain this goal
because it is designed to ensure high yield in expression of
heterologous proteins as recombinant product fused to
a tag protein, in this case GST. GST is not only very soluble
itself, but allows easy purification and detection of
recombinant conotoxins by affinity chromatography and
GST activity assay. Schistosoma japonicum GST nucleotide
sequence is located into the plasmids upstream the 5’ end
of conotoxin nucleotide sequence. Between GST and con-
otoxin there is a linker of 35 residues. The linker on one
hand ensures the folding of conotoxin avoiding steric
interference with GST, on the other hand it contains two
His-tag, making it possible to purify the recombinant
proteins also by His-tag using a suitable affinity chroma-
tography. In addition, downstream the linker, and so
immediately upstream the conotoxin sequence, a cleavage
site for Factor Xa protease (IEGR) is present for an optional
cleavage of the GST tag (Fig. 3).

3.2. Expression and purification of recombinant wild type and
mutant conotoxins

To improve the expression of the disulfide-rich con-
otoxins in their correct native state, besides to use GST as
a fusion partner, which is known has positive effects on
protein folding and solubility (Baneyx, 1999), we tested
different conditions to optimize the yield in soluble
recombinant conotoxins. The best results were obtained
using an enriched growth medium (YT 2x), low concen-
tration of inductor (IPTG 0.1 mM), low temperature (21 °C)
and longer growth period (over night) for the induction.
These conditions gave high expression levels of both GST-
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Fig. 3. Schematic representation of the plasmid used for the expression of
wild type and mutant conotoxins as GST fusion proteins. Both conotoxins
were cloned into pET-CM plasmid cut with PshAl and BamHI restriction
enzymes. The digestion allows to eliminate the DMY sequence, to yield pET-
CM/wtCTX and pET-CM/mtCTX recombinant plasmids.

conotoxins in a more soluble form, without any effects on
bacterial growth. In fact, 12% SDS-PAGE analysis of induced
and non induced E. coli cells, shows intense bands in
correspondence of GST-wtCTX and GST-mtCTX molecular
weight (32.8 kDa and 33.0 kDa, respectively) only in the
cytosolic fraction of the induced cells transformed with the
recombinant plasmids. Only very weak bands are present
in the membrane fraction (Fig. 4).

The overexpressed GST-conotoxins were purified on
GSTrap HP column in one step directly from the cytosolic
fraction, previously adding 10 mM DTT to the samples, in
order to maintain the cysteine residues in a reduced state,
thus avoiding the disulfide shuffling, and significantly

kba Std 1 2 3 4 5 6
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Fig. 4. SDS PAGE analysis of recombinant conotoxins GST-wtCTX and GST-
mtCTX expressed in E. coli BL21 DE3 pLysS cells. Std: standard protein
marker ColourBurst Low range (Sigma); lane 1: cytosolic fraction of E. coli
cells with pET-CM plasmid not induced (negative control); lane 2: cytosolic
proteins of induced E. coli cells transformed with pET-CM/wtCTX plasmid;
lane 3: cytosolic proteins of induced E. coli cells transformed with pET-CM/
mtCTX plasmid; lane 4: membrane fraction of negative control; lane 5:
membrane fraction from induced E. coli cells with pET-CM/wtCTX; lane 6:
membrane fraction from induced E. coli cells with pET-CM/mtCTX.

increasing binding of GST-conotoxins. Most of the E. coli
proteins were recovered in the unbound fraction, collected
washing the column with binding/washing buffer (PBS 1x,
DTT 10 mM, pH 7.3), while recombinant conotoxins were
eluted with the elution buffer Tris HCl 50 mM pH 8.0,
containing 10 mM reduced glutathione. Finally the frac-
tions from the affinity chromatography were analysed on
12% SDS PAGE. Both GST-wtCTX (Fig. 5a) and GST-mtCTX
(Fig. 5b) were present in a single fraction.

The concentration of recombinant CTXs in the fractions
from affinity chromatography was measured using a GST
activity assay, which allows to estimate the concentration
of GST fusion protein. For this reason, prior to perform the
toxicity assays, the folding/oxidation process of purified
GST-wtCTX and GST-mtCTX was achieved dialysing diluted
solutions of the CTXs against a 0.1 M NH4HCOs3 solution
overnight at 4 °C. This procedure minimises the probability
of formation of intermolecular disulphide bridges while
facilitating the following concentration of the sample by
lyophilization thanks to the volatility of NH3 and CO,.

3.3. Biological activity assays

The biological activity of recombinant CTXs was assayed
injecting different amounts of GST-wtCTX and GST-mtCTX
into the haemocoel of the wax moth G. mellonella larvae.
G. mellonella larvae are an attractive experimental model
for testing the toxicity of chemical compounds in insects
due to their easy handling, low cost, and low maintenance.
This system allowed us to easily measure the toxicity of
GST-CTXs, because larvae’s epidermal colour changes from
white/grey to dark brown as result of humoral response
against pathogens and toxic peptides (Jackson et al., 2009).
At high concentrations of GST-wtCTX (100 and 60 pmol),
immediately after injection, the larvae showed the symp-
toms caused by neurotoxins envenomation such as tremor
and uncontrolled movements (Khan et al., 2006). On the
contrary in the control experiments, larvae treated with the
same concentrations of GST were unaffected even 72 h after
injection. The LDsg at 24 h was determined to be more then
100 pmol/g body weight for GST-wtCTX and comprised
between 100 and 30 pmol/g body weight for GST-mtCTX
(Fig. 6). These results clearly indicate that conotoxin Vn2,
expressed in the heterologous system as a GST fusion
protein, retains its bioactivity.

Regarding the variability of the larvae response in the
toxicity assay, several considerations can be done. First, G.
mellonella larvae are not the natural preys of C. ventricosus,
and therefore their molecular targets probably display
structural differences with respect to the natural targets of
C. ventricosus conotoxins (ion channels and receptors of
marine polychaetes). Second, larvae at different days of
larval stage could be differentially susceptible to GST-CTXs
neurotoxic action. Third, the presence of proteases into the
hemolymph of larvae may affect the biological activity of
recombinant conotoxins, reducing their action. In addition,
the recombinant expression in E. coli system doesn’t ensure
the amidation at C-terminal end of recombinant con-
otoxins, and it is known that the post-translational modi-
fications play an important role for conotoxins activity
(Buczek et al., 2005).
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Fig. 5. SDS PAGE analysis of purified recombinant CTXs from affinity chromatography on GSTrap HP column. (a) GST-wtCTX and (b) GST-mtCTX. Std: standard
protein marker ColourBurst Low range (Sigma); lane 1: unbound fraction; lane 2: eluted proteins.
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Fig. 6. Insecticidal activity of recombinant GST-CTXs on G. mellonella larvae. (a) an le of the colour-changing response to GST-CTXs toxicity. The lower panel

shows the larvae at T = 0 and T = 24 h after injection with 100 pmol/g of GST-wtCTX; the upper panel shows the negative control (GST) monitored at the same
time. (b) The survival percentage of G. mellonella larvae injected with 6 (light grey reversed triangles), 30 (dark grey triangles) and 100 pmol/g body weight (black
squares) of purified recombinant GST-CTXs monitored at 1, 24, 48 and 72 h after treatment. The LDs values at 24 h after injection calculated for GST-wtCTX and
GST-mtCTX were found to be >100 pmol/g body weight and between 100 and 30 pmol/g body weight, respectively.
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The wild type GST-CTX was assayed on a vertebrate
model system as well, the fish G. niger (data not shown).
Intraperitoneal injection of the conotoxin at a dose of
100 pmol/g of body weight initially and for a few seconds
caused frenzy swimming behaviour of the fish, followed by
full extension of ventral, dorsal and caudal fins and change
in posture from horizontal to vertical. Progressive paralysis
and breathing difficulties led to the death of the fish within
3 min. Injection of a lower dose (30 pmol/g body weight)
caused the same initial symptoms (full extension of the
fins, change in posture and breathing difficulties) but the
fish fully recovered after approximately 3 h. Injection of the
GST negative control at the same concentrations did not
cause any detectable effect on the fish.

4. Conclusion

Conotoxins represent attractive tools to investigate the
function of ion channels and receptors and to modulate
their activity in central nervous system pathogenic states
(Miljanich, 1997; Olivera et al., 1999; Adams et al., 1999;
Shen et al., 2000; Alonso et al., 2003; Wermeling, 2005). On
the contrary, the exploitation of conotoxins for biotechno-
logical purposes is a less explored field of investigation.
From this viewpoint, worm hunting cone snails possess an
array of toxins that act on invertebrate ion channels and
receptors and their activity in insects model systems has
been demonstrated (Raybaudi Massilia et al., 2003). As one
of the major challenges for modern agriculture is to achieve
increased crop yields in a sustainable and cost-effective
way, the perspective of using conotoxins from worm
hunting cone snail species to develop insect-resistant crops
is a fascinating one. This type of approach could contribute
to minimise the biological and environmental risks con-
nected with the current indiscriminate use of chemical
pesticides.

In this paper we described the recombinant expression
of a GST fusion construct of a novel conotoxin, called con-
otoxin Vn2, and we demonstrated that the fusion protein is
highly toxic in an insect model system at a concentration of
only few tens of pmol/g of body weight. Further, the
Asp2His variant of conotoxin Vn2 is even more toxic than
the wild type one, opening up the possibility to use con-
otoxin variants in the development of insect-resistant
transgenic crops. It must be emphasized that, due to the
extreme hydrophobicity of the toxin, its isolation through
proteolytic cleavage of the fusion product was not possible
and thus our approach does not solve the toxin supply
problem. However, in view of the demonstrated bioactivity
of the fusion product, this should not be a problem in the
development of transgenic crops. Currently, expression in
tobacco plants of the wild type and Asp2His variant of
conotoxin Vn2 is in progress in order to evaluate this
possibility by challenging the transgenic plants with
phytophagous Manduca sexta (Tobacco Hornworm) larvae.
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Abstract

Highly stable natural scaffolds which tolerate multiple amino acid substitutions represent the ideal starting point for the
application of rational redesign strategies to develop new catalysts of potential biomedical and biotechnological interest.
The knottins family of disulphide-constrained peptides display the desired characteristics, being highly stable and
characterized by hypervariability of the inter-cysteine loops. The potential of knottins as scaffolds for the design of novel
copper-based biocatalysts has been tested by engineering a metal binding site on two different variants of an m-conotoxin,
a neurotoxic peptide belonging to the knottins family. The binding site has been designed by computational modelling and
the redesigned peptides have been synthesized and characterized by optical, fluorescence, electron spin resonance and
nuclear magnetic resonance spectroscopy. The novel peptides, named Cupricyclin-1 and -2, bind one Cu** ion per molecule
with nanomolar affinity. Cupricyclins display redox activity and catalyze the dismutation of superoxide anions with an
activity comparable to that of non-peptidic superoxide dismutase mimics. We thus propose knottins as a novel scaffold for

the design of catalytically-active mini metalloproteins.
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ides Based on Conot

Introduction

The rational redesign of (macro)molecules based on stable
scaffolds tolerant to multiple amino acid substitutions is a
powerful tool to develop novel catalysts with potential biomedical
and biotechnological applications [1-6]. A class of (macro)mol-

ccules which display these characteristics is the knottins family of

disulphide-constrained peptides [4]. These miniproteins, tipically
around 30 amino acids in length, share a peculiar knotted
topology of three disulfide bridges [7]. This topology is observed
in a number of evolutionary and functionally unrelated protein
families including plant protease inhibitors, cone snails, snakes
and spider toxins, and EGF-like domains [8]. The main structural
features of knottins are their stability to thermal denaturation,
resistance to proteolytic digestion, due to the cystine knot, their
small size, which makes feasible their production by chemical
synthesis, and a high tolerance to sequence variation of the
intercysteine loops [4]. Knottins thus represent optimal scaffolds
for redesign strategies aimed at developing novel metal-based

catalysts.

Among knottins, the highest tolerance to sequence variability is
observed in conotoxins, neurotoxic peptides from cone snails
venom, frequently cited as an example of natural combinatorial
chemistry [9].

PLoS ONE | www.plosone.org

In a previous study, we tested the potential of a natural 9 amino
acids-long, disulphide-constrained peptide, named Contryphan-
Vn [10-12], as a scaffold for the development of redox-active mini
metalloproteins by computational design of two variants carrying a
four-His copper binding site. The redesigned peptides, named
Cupryphans, were synthesized and characterized by a variety of
spectroscopic techniques, demonstrating that they selectively bind
Cu®* with a fairly high affinity and are endowed with superoxide
dismutase activity [5].

The present study extends the work carried out on Contryphan-
Vn to longer peptides, with the goal of finely modulating the
stability and the catalytic activity of the redesigned metalloproteins
by having a higher number of amino acid positions available to
substitution. In particular, we exploited the high tolerance of
conotoxins to multiple amino acid substitutions of to engineer a
copper binding site in two variants of an ®-conotoxin. The design
procedure took into account the position-specific conservation of
the intercysteine loop residues in this family of peptides in order to
facilitate spontaneous achievement of the right fold. The rationale
behind this choice was that of keeping the composition of the
intercysteines loop as close as possible to that of the natural
sequences to favour loops conformations close to those observed in
-conotoxins. Furthermore, the peculiarity of this work with
respect to other redesign strategies employing the knottins scaffold
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is that the four His metal ligands were introduced in the place of
four of the six Cys residues of the natural scaffold, with the aim of
avoiding multiple conformational isomers arising from incorrect
cysteine pairing during oxidative folding of the peptides.

Results and Discussion

Rational design of a copper binding miniprotein based
on conotoxins scaffold

The strategy employed in the present work to select a suitable
scaffold for engineering a mini metalloprotein was that of deriving
a consensus sequence from one of the most studied knottins
families, the O superfamily of conotoxins [13]. The rationale was
that of identyfing a scaffold with sequence/structural properties
common to all the members of the family and thus able to
spontancously attain a stable fold. The amino acid sequence of one
of the members of this family, the ®-conotoxin GVIA, which is
one of the best characterized in terms of both a function and
structure [14], was used as a bait in a PSI-BLAST [15] search of the
non redundant protein sequences database to recover all protein
sequences displaying a significant sequence similarity. The
recovered amino acid sequences were then aligned using the
ClustallW program [16], to obtain the multiple sequence alignment
shown in figure 1A. The three-dimensional structure is also
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@ conotoxin GVIA (O10K)
@ conotoxin TVIA

@ conotoxin GVIIA

@ conotoxin MVIIC
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available for 6 out of the 18 conotoxins in the alignment, namely
-conotoxin  GVIA, ®-conotoxin GVIA (O10K), ®-conotoxin
MVIIC, ®-conotoxin MVIIA, ®-conotoxin So3 and the ®-
conotoxin TxVII (PDB codes: 2CCO, 1TR6, 10OMN, 10MG,
IFYG, 1F3K), thus facilitating the analysis of sequence/structure
relationships.

The multiple alignment was then analysed using the Weblogo
program [17] to obtain the graphic representation shown in
figure 1B, from which a consensus sequence of the w-conotoxins
was derived by choosing in each position of the sequence the most
frequent amino acid. The consensus sequence shown in figure 1B
was the starting point for the design. However, this sequence was
subsequently modified taking into account the following con-
straints: 1) the need to limit the hydrophobicity of the designed
peptide in order to avoid aggregation phenomena (this is why
Alab6, Metl2, Gly25 and Gly28 where changed into Ser, Ser, Lys
and Tyr residues, the second most represented residues in those
positions according to the weblogo plot); 2) the need to introduce a
Trp probe in the designed peptide in order to measure the copper
binding affinity of the peptide using fluorescence quenching
techniques (this is why Tyrl3 of the consensus sequence was
substituted by a Trp residue); 3) the need to constrain the
intercysteines loops and the C-terminal region of the peptide so as
to favour correct positioning of the His residues to generate the

NEVS".K
LLYSNK

dlie

CKGKGASCSKTMYDCCTGSCN RS-GKCG

Figure 1. Amino acid of -

(A) and Weblogo [17] plot (B). The consensus sequence of the aligned -

conotoxins is reported below the plot in panel B. The consensus sequence has been obtained by calculating the frequency of each amino acid in each
position of the amino acid sequence of the aligned w-conotoxin sequences using the Weblogo tool [17].

doi:10.1371/journal.pone.0030739.g001
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copper binding site (this is why Lysl0 and Arg22 were both
changed to Pro residues). With these changes to the consensus
sequence, the designed peptide accidentaly resulted to have a high
sequence similarity to our starting bait ®-conotoxin GVIA
(Figure 2). Thus, @-conotoxin GVIA three-dimensional structure
was used to construct u silico the structural model of the first mini
metalloprotein variant (see Materials and Methods section for
details). One of the main problems connected with the folding of
conotoxins is the high probability of formation of multiple
disulphide bonds isomers of the mature peptides. It is well known
in fact that in wvive, folding of conotoxins occurs at the
prepropeptide stage (when the mature toxin sequence has two
additional sequence stretches at the N-terminus) and is aided by
protein disulphide isomerases [18]. In our case, to ensure that the
redesigned peptide folded in a unique structure, we substituted
four of the six cysteine residues of ®-conotoxin GVIA with His
residues, after verifying that the interatomic distances of the
introduced His residues matched those observed in the Cu,Zn
superoxide dismutase copper site [19], taken as a template.

In particular, His residues were introduced in the place of Cys8,
Cys15, Cysl9 and Cys26. These substitutions determine the
formation of a single disulphide bridge in the peptide structure,
avoiding problems due to the incorrect pairing of cysteine residues,
and hence favouring a unique folding of the redesigned peptide. At
the same time, binding of the metal to the four His ligands was
expected to constrain the polypeptide chain in a manner similar to
the two missing knotted disulphides. Furthermore, binding of
copper in a solvent shielded part of the molecule was expected to
facilitate the achievement of a higher superoxide dismutation rate
as demonstrated in Cu,Zn superoxide dismutase [20]. In fact, the
clectrostatic steering effect of copper on the superoxide anion
substrate is enhanced if the copper charge is not screened by the
solvent [20].

The redesigned miniprotein, whose amino acid sequence is
shown in figure 2, has been named Cupricyclin-1 to emphasize the
presence of a copper binding site and the cyclization of the
polypeptide chain through one disulphide bond.

Molecular dynamics simulations of Cupricyclin-1

The structural model of Cupricyclin-1 was subjected to a 10 ns
molecular dynamics (MD) simulation run in explicit solvent to test
the stability of the introduced copper site and of the overall

A
®-Conotoxin GVIA
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structure (Figure 3). In detail, the solvated molecule was first
energy-minimized applying position restraints to all non-hydrogen
atoms. In this phase, the distances between the copper ion and the
Ne2 atoms of the four coordinating His residues were restrained to
a value of 2 A by using a harmonic potential (see Materials and
Methods section for details). Subsequently, 100 ps molecular
dynamics simulation under NVT conditions, followed by 100 ps
NPT simulation, with position restraints on all heavy atoms of the
miniprotein and with restrained copper-ligand binding distances,
were performed in order to equilibrate the temperature and
pressure of the system. In the following step the structure was
subjected to a 5 ns MD simulation with harmonic potentials
applied only to the distances between copper and its ligands, and
finally to a 10 ns MD simulation without any restraint. MD
simulations without restraints indicated that the redesigned
peptide can stably bind copper while preserving a well defined
structure. Detailed analysis of the position of the copper ion with
respect to the protein atoms of Cupricyclin-1 revealed that the
distances between copper and the nitrogen atoms of the four
ligands ranged from 2.0 to 2.5 A over the entire course of the
production run. Moreover, two additional ligands entered the
copper coordination sphere during the simulation: one water
molecule (metal-ligand distance 1.8-2.2 A) and the carbonyl
oxygen of Trpl3 (metal-ligand distance 2.0-2.5 A). The coordi-
nation geometry of the copper ion remained octahedral during the
simulation time with an average angle between copper and each
pair of adjacent ligands of approx. 90° (values ranging from 88° to
93°). The Ne2 atoms of His8, Hisl5, His26 and the carbonyl
oxygen of Trpl3 lie in one plane, while the Ne2 atom of His19
and the water molecule are above and below the plane. This
coordination geometry is similar to that observed in Cu,Zn
superoxide dismutase (See Figure S1); indeed, a copper-coordi-
nating water molecule is also present in this enzyme [19].

Cupricyclin-1 synthesis and characterization

Cupricyclin-1 was synthesised by standard Fmoc chemistry,
loaded on a Vydac C,3 semipreparative column and isolated from
by-products by HPLC. The major peptide-containing fraction was
then air oxidized at 0.01% concentration (w/w) in 0.1 M
NH,HCOj to allow formation of the single disulphide bond.
The cyclic miniprotein was finally purified from dimers/multimers
by HPLC connected with an ESI-IT mass spectrometer and

Cys-Lys-Ser-Pro-Gly-Ser-Ser-Cys-Ser-Pro-Thr-Ser-Tyr-Asn-Cys-Cys-Arg-Ser-Cys-Asn-Pro-Tyr-Thr-Lys-Arg-Cys-Tyr™

B
Cupriknottin-1

Cys-Lys-Gly-Lys-Gly-Ser-Ser-His-Ser-Pro-Thr-Ser-Trp-Asn-His -Cys-Arg-Ser-His-Asn-Pro-Tyr-Thr-Lys-Arg-His-Tyr"

C
Cupriknottin-2

Cys-Lys-Gly-Lys-Gly-Ser-Ser-His-Ser-' +-Thr-Ser-Trp-Asn-His-Cys-Arg- (- -Ser-His-Asn-Pro-Tyr-Thr-Lys-Arg-His-Tyr"

Figure 2. Amino acid sequence of @-conotoxin GVIA (A) and of the redesigned peptides Cupricyclin-1 (B) and Cupricyclin-2 (C), see

below.
doi:10.1371/journal.pone.0030739.g002
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Figure 3. Three-dimensional model of Cupricyclin-1 before (A) and after MD simulations (B). The copper ion is represented by a green
sphere. For clarity only the His ligands, Trp13, the two Cys residues and the copper-coordinating water molecule are shown. The figure was prepared

using UCSF Chimera [53].
doi:10.1371/journal.pone.0030739.g003

cluates were collected and characterized by MALDI-TOF
analysis.

The MALDI-TOF spectrum of Cupricyclin-1 shows a main
peak with a mass of 3154,00 a.m.u., corresponding to Cupricyclin-
1 in the cyclic oxidized form (See Figure S2A). To confirm this
result Cupricyclin-1 was treated either with the alkylating agent
iodoacetamide (IAM), or with dithiothreitol (DTT), or else with
both DTT and IAM. In the case of IAM treatment no
modification was observed in the MALDI-TOF spectrum profile
(Figure S2B), while the sample treated with DTT showed, as
expected, an increase of 2 am.u. of the main MALDI-TOF
spectrum peak, consistent with reduction of the two Cys residues
(Figure S2C). Finally, treatment with DTT followed by IAM
yielded a main peak centered at 3270 a.m.u., corresponding to the
alkylation of two Cys residues (mass increase +116 a.m.u.) (Figure
S2D).

Cupricyclin-1 metal binding ability

Evidence of Cu®* binding to Cupricyclin-1 was first obtained by
fluorescence quenching experiments, exploiting the ability of
copper ions to quench the fluorescence emitted by the single Trp
residue (Trpl3) upon binding to the miniprotein [5,21].
Fluorescence quenching was dependent on metal concentration
and reached a maximum at a [Cu®*]/[peptide] of approx. 1:1
(Figure 4). These characteristics are consistent with an energy-
transfer mechanism from the tryptophan residue to the copper
bound at the binding site. Fluorescence quenching due to copper
binding to Cupricyclin-1 was used to determine the binding
affinity of the miniprotein for Cu®*. The fluorescence intensity
decrease at 352 nm as a function of increasing amounts of copper
ions was fitted with a non linear regression curve (Figure 4),
obtaining a copper dissociation constant of 3.8 (*1.4)x 1078 M.

Further evidence of copper-peptide binding was obtained by
optical spectroscopy analysis. Addition of a stoichiometric amount
of CuCl, to Cupricyclin-1 (0.6 mM final concentration) induced
the appearance of absorption bands with maxima at 300-312 nm
and 520-600 nm (Figure 5), the first indicative of a Cu?*histidine
charge-transfer [22], the second due to electronic transitions of
copper d-d orbitals and typical of copper complexes with nitrogen

. PLoS ONE | www.plosone.org

ligands [22,23]. The calculated molar extinction coefficient of
holo-Cupricyclin-1 at 595 nm is 203 M~ cm ™'

The stability of the copper site of Cupricyclin-1 was also
investigated by differential scanning calorimetry (DSC). The DSC
trace of Cupricyclin-1 with bound copper exhibited a strong
exotherm beginning above 55°C: and showing a minimum at
95°C. The exotherm disappeared after copper removal (see Figure
S3). No clear endotherm was evident in the thermograms, due to
the fact that the peptide almost completely lacks defined structural
elements which can yield DSC signals (such as hydrogen bonds).
In copper proteins such as azurin and plastocyanin, the exotherm
is attributed to copper-dependent redox reactions with cysteines
following copper release [24-26]. By analogy, DSC results indicate
that the metal site of Cupricyclin-1 is stable up to 55°C and that
copper release is complete only at 95°C (the T,y for copper
release being approx. 75°C). The stability of the copper site in
Cupricyclin-1 well compares with that of natural metalloproteins
such as azurin and plastocyanin which display complete copper
release at temperature values ranging from 70 to 85°C: depending
on the metal oxidation state and the DSC scanning rate [24-26].

The fluorescent binding titration data suggested a copper:pep-
tide stoichiometry of 1:1. However this result would also be
compatible with the presence of higher cross-linked oligomers
where the copper:peptide ratio is 1:1 as well. To rule out this
possibility a MALDI-TOF spectrum of Cupricyclin-1  was
recorded, showing that only the apo and holo monomeric forms
of the peptide were present in the sample (see Figure S4).

EPR spectroscopy characterization of Cupricyclin-1

The liquid nitrogen EPR spectrum of Cupricyclin-1 (Fig. 6A,
spectrum “Cc-17) appeared to arise from two spectroscopically
distinguishable species of copper, as can be clearly seen by the split
peak of the low magnetic field hyperfine line (arrows). The EPR
parameters for a copper complex are determined by the chemical
composition and the physical constraints on the atoms nearest to
the metal ion, with g and A values strictly depending on the
composition of the ligand atoms bound to the copper. The EPR
spectrum of Cupricyclin-1, although heterogeneous, reveals an
essentially axial g tensor, with g, values in the range 2.21-2.25.
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Figure 4. Emission fluorescence spectra of Cupricyclin-1 in the presence of increasing amounts of Cu®* ions. (a) apo Cupricyclin-1
(0.5 uM); (b) a+CuCl, 0.06 uM; (c) a+CuCl; 0.12 pM; (d) a+CuCl, 0.18 uM; (e) a+CuCl; 0.24 pM; (f) a+CuCl; 0.30 pM; (g) a+CuCl, 0.36 uM; (h) a+CuCl,
0.41 uM and (i) a+CuCl; 0.51 uM (only the spectra relative to a stoichiometric ratio Cuz*:CupricycIin-1 =1 are reported); (inset): Determination of the
dissociation constant of Cu®>" to Cupricyclin-1 bg fluorescence quenching experiments. The non linear fitting curve of fluorescence decrease at
352 nm as function of increasing amounts of Cu** jons is shown as a continuous line.

doi:10.1371/journal.pone.0030739.9004

The copper hyperfine values A,,, on the other hand, can be
estimated to be above 0.018 em ™', These values are typical of a
0.15 type-2 mono Cu(Il) complex, ie. a square planar ligation of the
1 copper ion with possible additional axial ligations [27]. The
empirical quotient f=g,,/|A,,| is considered an index of
tetrahedral distortion, ranging from 105 to 135 for square-planar
copper structures [28]. In this respect, the EPR parameters of
Cupricyclin-1 suggest a low degree of tetrahedral distortion. Also
worth of note is the absence of an anomalous number of lines in
the parallel region and of any half-field signal arising from a triplet
spin state, strongly supporting the hypothesis that the peptide is
monomeric in solution. All these data are fully consistent with the
coordination environment predicted by MD simulations. Variable
power experiments in the 2.5-190 mW range (not shown) did not
discriminate between the two signals, which had similar saturation
behavior, suggesting that the spectroscopic inhomogeneity could
arise from slightly different conformational states in a single copper
coordination environment.

Peisach and Blumberg showed that the g and A values in the
parallel region of the EPR spectrum of copper sites give
information on the type of ligating atoms [27]. According to their
method, the parameters of Cupricyclin-1 are in agreement with a
4-nitrogen coordination sphere. This is also consistent with the
nitrogen-induced superhyperfine splitting pattern observed in the
closely related Cupricyclin-2 (see below).

—— Holo
——————— Difference spectrum

e
o
o

Absorbance

(nm)

Figure 5. Optical spectra of apo and holo Cupricyclin-1
(0.6 mM in 50 mM sodium acetate buffer, pH 6.5). The difference
spectrum is also shown to evidence the appearance of a band at 300-

312 nm, indicative of a Cu**-histidine charge-transfer [21,22].
doi:10.1371/journal.pone.0030739.g005
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The metal-binding region of native SOD constitutes the
catalytic active site, therefore it is interesting to study in detail
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Figure 6. EPR spectrum of Cupricyclins. Panel A shows the
spectra of Cupricyclin-1 (Cc-1), Cupricyclin-2 (Cc-2) and a
difference spectrum (diff) obtained by arbitrarily subtracting
a fraction of Cc-1 from Cc-2. Arrows on the first hyperfine of Cc-1
reveals the signal heterogeneity. Experimental details in the text. Panel
B displays a detail of the perpendicular region of the difference
spectrum, shown both as the standard first derivative lineshape and as
the second derivative curve, to better evidence the superhyperfine lines
due to interaction of copper with the four nitrogen nuclei of the
coordinating histidine residues.
doi:10.1371/journal.pone.0030739.g006

the metal sites of SOD-mimics in order to correlate the structure
to the biological behaviour. In the native enzyme, copper is
coordinated by three imidazole residues and a water molecule,
while an imidazolate bridge links the copper and zinc sites. This
results in a distorted tetrahedral structure of the copper site that
can be readily inferred from its strong anisotropic EPR signal [29]
with an fvalue of 159 for bovine Cu,Zn SOD [30]. The site is very
flexible, switching from an irregular pyramid containing one weak
axial water molecule in the oxidized form to a tricoordinated
conformation in its reduced form. This is a crucial aspect in that
high SOD activity is related to high flexibility in the conformation
around copper [31,32]. In this respect, the copper environment in
Cupricyclin-1 seems to be significantly more rigid, accounting for
its SOD activity that, although significant for a SOD-mimic (see
below), is still far from that of the native enzyme. It should also be
reminded that a five-coordinated square pyramidal or trigonal

PLoS ONE | www.plosone.org
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bipyramidal structure is more favourable for a good SOD activity
than a four-coordinated square planar structure [33].

NMR spectroscopy characterization of Cupricyclin-1

Copper interaction with Cupricyclin-1 was also investigated by
NMR spectroscopy. The assignment of the 'H spectrum of apo-
Cupricyclin-1 is shown in Table 1. Copper interaction with apo-
Cupricyclin-1 was studied by addition of aliquots of CuSO, to a
1.06 10~ M solution of the peptide in HyO/DyO (9:1 v/v). The
first CuSOy addition (Cu®*/peptide ratio 0.05:1) caused a drastic
broadening of H3 (between 7.0 and 6.9 ppm) and He proton
signals (between 7.7 and 7.6 ppm) of the imidazole rings of all four
histidine residues (see Figure 7). On the other hand, the signals of
Trp, Tyr and of other amino acid residues remained unchanged.
Stepwise addition of CuSOy led to a further broadening of His
signals and to a decrease of the intensity and only minor
broadening of other 'H amino acid signals (Figure 7). At a
Cu”*/peptide ratio higher than 1.0 a further broadening of all 'H
amino acid signals was observed.

These results suggest that at low Cu®*/peptide ratios (1), a
]:1(:p1idchu2+ complex is formed with a specific interaction
between the metal and all the four His residues of the peptide,
as indicated by the broadening of histidine signals. At high Cu®*/
peptide ratios (>1), when the specific binding is already saturated,
a nonspecific interaction between Cu®* and other amino acid
residues is manifested by a further, minor, intensity decrease and
broadening of all the amino acid signals, as already observed in a
previous study from our lab on a structurally unrelated copper-
binding peptide [5].

Determination of superoxide dismutase activity of
Cupricyclin-1

The ability of the copper ion bound to Cupricyclin-1 to be
reversibly reduced, a prerequisite for any redox-mediated catalytic
was tested by assaying the superoxide dismutase activity of
Cupricyclin-1 using the pyrogallol enzymatic assay [34]. From the
concentration of superoxide dismutase and Cupricyclin-1 required
to reach 50% inhibition of the reaction rate of pyrogallol
autoxidation (2.7)(1079 M and 4.7x107° M, respectively,
Table 2) and taking as a reference the enzymatic activity of
superoxide dismutase  (3.9x10° M ™' s™!) [35], a superoxide
dismutation rate of 1.8x10° M~ s™! was calculated for Cupri-
cyclin-1, a value of the same order of magnitude of that observed
for Cupryphans [5] and for non peptidic superoxide dismutase
mimics [36].

Design and characterization of Cupricyclin-2

To study the role of peptide backbone flexibility in the metal
binding affinity and redox properties of Cupricyclins, an
additional variant was designed in which the intercysteines loop
residue Prol0 was substituted with an Ala residue and a Gly
residue was introduced between Argl7 and Serl8 to increase the
length of the loop connecting His15 to Hisl9 (Figure 2C). The
structural properties of the novel peptide, named Cupricyclin-2,
were studied through a combination of MD simulations,
fluorescence, optical and EPR spectroscopy, and its superoxide
dismutase activity was determined. Molecular dynamics simula-
tions, carried out following the same protocol used for Cupricy-
clin-1, indicated that Cupricyclin-2 can stably bind copper in a
similar geometry as that observed for Cupricyclin-1. Also in the
case of Cupricyclin-2 the coordination geometry of the copper ion
remains octahedral during the time of the simulations, with the
nitrogen atoms of His8, Hisl5 and His20 together with the
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Table 1. Assignments of 'H and 13C resonances of apo-Cupriknottin 1 in D,O at 300 K, pH 7.0.
Amino acid Atom Chemical shift (ppm)
Ca Cp.p’ .y’ s Others
Asn 20 H 488 2.83; 2.62
e 496 378
Asn 14 H 4.50 2,60
3 52.7 37.2
Arg a H 433 1.83;1.74 1.58 312
c 552 294 2538 420
Arg b H 426 1.65 1.49; 143 3.07
e 546 298 257 420
Gly 3,5 H 3.95
e 441
His a H 462 3.10; 3.01 693
*c 553 30.0 1188
His b H 4.52 3.08 691
c 558 296 1188
His ¢ H 458 3.04; 2.97 6.89
e 55.1 300 1188
His d H 458 3.04; 2.98 6.87
c 55.1 300 11838
Lys 2, 4,24 H 4.25;4.24; 4.19 1.64 136 294
c 55.0; 55.5; 55.6 278 234 408
Pro 10 H 435 2.26; 191 1.96 3.70
e 626 308 26.1 494
Pro 21 H 432 2.13; 1.65 1.85;1.63 359
c 62.2 306 255 493
Ser6,7,9,12,18 H 435; 441; 448 3.82
c 57.8;57.3; 57.1 624
Thra H 428 419 113
c 60.8 68.2 203
Thr b H 425 415 117
e 60.6 685 203
Trp 13 H 4.66 3.26; 321 7.19 7.56 (He); 7.21 (HZ3); 7.12 (Hn); 7.46 (HC2)
e 56.2 28.1 1258 119.7 (Ce); 123.4 (CL3); 120.7 (Cn); 113.4
()
Tyr 22 "H 458 3.11; 296 712 6.81 (He)
e 56.7 36.9 1318 117.1 (Ce)
Tyr 27 H 435 3.03; 2.87 7.02 6.78 (He)
e 56.7 38.1 132.0 116.9 (Ce)
Cysa H 461 3.18; 2.98
c 545 393
Cysb H 313
e 410
Letters a, b, ¢, d in the first column indicate the amino acid residues whose specific position in the peptide chains was not assigned.
doi:10.1371/journal.pone.0030739.t001

carbonyl oxygen of Glyl8 lying in one plane and the nitrogen hydrogen bond interactions and of copper-protein interactions. A
atom of His27 and a water oxygen acting as apical ligands decrease of the magnitude of conformational changes at the

Comparative analysis of the MD simulations trajectories of beginning of the simulation, a higher flexibility over the course of
Cupricyclin-1 and Cupricyclin-2 indicated that, indeed, substitu- the production run as well as a decrease of the number of
tion Prol0Ala and insertion of Gly18 changed the conformational hydrogen bonds of Cupricyclin-2 compared to Cupricyclin-1 were
stability and flexibility of the molecule as well as the pattern of observed.
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Figure 7. Titration of Cupricyclin-1 with CuSO, monitored by
"H NMR. The molar ratio CuSO,/Cupricyclin-1 is reported on the left
side of each spectrum.

doi:10.1371/journal.pone.0030739.g007

Despite the similarity of the starting conformations, the
distribution of RMSD values as a function of time shows that,
ally, Cupricyclin-1 underwent bigger conformational changes
than Cupricyclin-2 with respect to the starting conformation (see
Figure S5, top panel). However, analysis of the RMSD plots
indicates that, after the initial conformational changes occurred
during the equilibration period, Cupricyclin-1 remained more
stable than Cupricyclin-2 over the course of the production run
(lower fluctuations of the RMSD values; Figure S5, top panel). It is
noticeable in the RMSD plot that Cupricyclin-2 underwent a
reversible structural change during the period from 4.7 to 5.7 ns of
the unrestrained simulation.

Analysis of the matrix of Coo RMSD values of every frame with
respect to every other frame of the production run simulation (a
measure of the extent of conformational variability observed in the
system) shows that Cupricyclin-1 was represented by two distinct
clusters of conformations (see Figure S5, bottom panel A). A clear
structural rearrangement at around 4 ns of the unrestrained run
visible on the matrix representation coincides with a very small
increase of the values on the RMSD plot (Figure S5, top panel).
Analysis of the RMSD matrix of Cupricyclin-2 suggests that the
protein underwent several reversible transitions during the
simulation. Moreover, a higher similarity (lower RMSD values)
between the members of the same clusters of Cupricyclin-1 than
within the clusters of Cupricyclin-2 is observed (Figure S5, bottom
panel B).

Table 2. Superoxide dismutase activity of Cupriknottins.

Redox-Active Redesigned Conotoxins

From fluorescence quenching experiments a copper dissociation
constant of 10.7 (£ 1.1)x10~® M was determined for Cupricyclin-
2, suggesting that a higher backbone flexibility causes a slight
decrease of the peptide affinity for copper ions. Optical
spectroscopy studies demonstrated that, also in the case of
Cupricyclin-2, addition of a stoichiometric amount of CuCly
induces the appearance of absorption bands with maxima at 300
312 nm and 520-600 nm which, by analogy with Cupricyclin-1,
were attributed to a Cu**-histidine charge-transfer band and to
electronic transitions of copper d-d orbitals typical of copper
complexes with nitrogen ligands, respectively [22,23]. The
calculated molar extinction coefficient at 525 nm  was
476 M™' em ™"

Quite interestingly, the EPR spectrum of Cupricyclin-2 was
much less heterogeneous than that of Cupricyclin-1 (Fig. 6A, “Cc-
27 vs “Cc-17). However, both spectra appeared to be constituted
by the same species, although with different fractional contribu-
tions. As a matter of fact, a “pure” EPR lineshape was readily
obtained by subtracting a fraction of the Cupricyclin-1 lineshape
from the spectrum of Cupricyclin-2 (Fig. 6A, “diff”). The
difference spectrum clearly showed at least nine superhyperfine
lines in the perpendicular region of the spectrum (Fig. 6B), with
position and average coupling constant (=14 G) typical of
copper(Il) complexes with a minimum of four magnetically
equivalent histidine residues on the coordination plane, this result
being fully consistent with the body of our data. Again, the EPR
parameters were within a four nitrogens coordination sphere,
according to the Peisach-Blumberg plot [27].

Finally, the superoxide dismutase activity of Cupricyclin-2 was
found to be slightly higher than that of Cupricyclin-1, the reaction
rate being 3.4x10° M~ 's™! as compared to 1.8x10° M~ "5
determined for Cupricyclin-1 (Table 2). This result suggests that,
while a higher flexibility of the peptide backbone decreases the
stability of the copper site, the same flexibility may facilitate
coordination of both Cu®* and Cu'* within the same binding site
with positive effects on the copper reduction rate and thus on the
ability of the mini metalloprotein to act as a catalyst in redox
reactions.

Conclusions

The use of metal-binding peptides in green chemistry
applications and bioremediation is becoming an increasingly
adopted strategy [37]. This is due to the fact that small stable
scaffolds can be engineered to host a metal binding site starting
from basic structural principles [1]. On the other hand, the
insertion of metal binding residues can lead to a destabilization of
the scaffold and to undesired structural changes [1]. Knottins
represent one of the most stable scaffolds, being constrained by
three disulphide bonds, and are extremely tolerant to sequence
variation thus representing optimal candidates for redesign
strategies [4]. However the presence of three disulphide bonds
implies that the attainment of a unique structure during folding is
severely hampered by the possible formation of multiple disulphide
bonds isomers with a consequent low yield of the desired structural
form [18]. To overcome this problem, in this work we have

[SOD] [Cupryphan] [Cupriknottin-1] [Cupriknottin-2]
50% inhibition ~ 2.7x10° M 85x10° M 47x10°° M 31x10° M
K, K> 39x10° M5! 1.0x10° M~ ' 57! 18x10° M ' s ! 34x10°M 57!

doi:10.1371/journal.pone.0030739.t002
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adopted the strategy of substituting the two knotted disulphides of
a member of the knottins family, ®-conotoxin GVIA, with a
metal binding center. In this way it has been possible to obtain a
rigid metal-coordination environment while at the same time
avoiding the problems intrinsically connected with the presence
of multiple disulphide bonds. The redesigned peptides Cupricy-
clin-1 and -2 bind copper ions with a fairly high affinity and
display reversible reduction of the copper center, catalyzing the
dismutation of superoxide anions at an acceptable rate, compared
to other superoxide dismutase mimics [5,36]. One way of
improving the catalytic efficiency of Cupricyclins would be that
of mimicking the electrostatic potential distribution observed in
Cu,Zn superoxide dismutases in which a positively charged active
site is hosted in an essentially negatively charged protein surface
[38]. This gives rise to an electrostatic steering effect which makes
productive any collision of the substrate with the protein surface.
In fact the negatively charged substrate is repulsed by the
negatively charged protein surface and attracted by the positively
charged active site [38]. In this regard, it must be noted that the
C-terminal basic residues Lys24 and Arg25 of Cupricyclin-1
(Lys25 and Arg26 of Cupricyclin-2), according to the structural
models obtained by MD simulations, are located on the opposite
side of the copper solvent accessible site (Figure 3). These two
residues could be substituted by negatively charged ones thus
increasing the asymmetry of the electroststic potential distribution
of the two peptides and their electrostatic steering effect on the
substrate.

An additional issue that emerges from the results presented in
this work is the difficulty in reconciling structural rigidity with the
flexibility required to bind a metal ion in two different valence
states. As stated in the Results and Discussion section, the
imidazolate bridge that links the Cu and Zn ions in Cu,Zn SOD
results in a distorted tetrahedral structure of the copper site which
is crucial for high SOD activity [31,32]. The same geometry
cannot be reproduced in our design making the copper
environment in Cupricyclins significantly more rigid and resulting
in a relatively low SOD activity. From this viewpoint, it is known
that mononuclear metal centers based on iron, manganese and
nickel display superoxide dismutase activity [39]. MnSOD, in
particular, in which the metal ion is coordinated by one Asp and
three His residues [39] appears to be a good model for future
developments of our design. Further studies will be required to
address this point and obtain high affinity metal binding peptides
endowed with faster redox kinetics.

Materials and Methods

Molecular modelling

Initial structural models of Cupricyclin-1 and Cupricyclin-2
were built using the average solution structure of ®-conotoxin
GVIA as a template (PDB code 2CCO [14]). The conformation of
the inserted His residues was chosen using the standard Deep
View rotamer library [40] so as to form a tetragonal metal binding
site with geometry and ligand distances comparable to the copper
binding site of bovine Cu,Zn superoxide dismutase (PDB code
2S0D [19]).

Molecular dynamics simulations

All simulations were performed with the GROMACS (v. 4.0.7)
simulation package [41] together with the Amber99SB force field
[42]. The parameter sets were generated by the teap program of
the Amber (v.9) molecular dynamics package [43]. The conversion
into the GROMACS topology was performed by the Perl script
amb2gmx.pl [44]. Lennard-Jones parameters (Rp,/2 = 1.0330 A,
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£=0.0427 kcal/mol) published by C. S. Babu and C. Lim were
chosen for the copper ion [45].

Copper-coordinating residues (His8, Hisl5, His19, His26 of
Cupricyclin-1, and His8, His15, His20, His27 of Cupricyclin-2)
were protonated at the N81 position. Each molecule was placed in
a rhombic dodecahedron box. The size of the simulation boxes
was chosen to satisfy the condition that the distance between any
protein atom and the box boundaries was larger than 1 nm. The
simulation boxes were solvated with SPC/E [46] water molecules
and neutralized with CI™ ions. The solvated molecules were
energy minimized by using the Steepest Descent algorithm until
the convergence criterion of 100 kJ mol ™' nm™! was reached
(approx. 4000 steps for Cupricyclin-1 and 5100 steps for
Cupricyclin-2). During the minimization runs position restraints
of 1,000 kJ mol™" nm™? were applied to all non-hydrogen atoms
of the proteins, except for copper-binding residues. The distances
between the copper ion and the N2 atoms of the 4 coordinating
histidine residues of each molecule were restrained to a value of
0.2 nm by using a harmonic potential of 100,000 kJ mol~! nm ™
(bond type 6 of the GROMACS topology). 100 ps molecular
dynamics simulation under NVT conditions, followed by 100 ps
NPT simulation, with position restraints on all heavy atoms of the
proteins and with restrained copper-ligand binding distances, were
performed in order to equilibrate the temperature and pressure
values of the systems. In the following two steps the structures were
submitted to a 5 ns molecular dynamics simulation with harmonic
potentials applied only to the distances between copper and its
ligands and finally to a 10 ns simulation without any restraint.

A constant temperature value of 298 K was maintained during
the simulations with the V-rescale algorithm [47], with a coupling
constant of 0.1 ps. Parrinello-Rahman barostat [48] with a
coupling constant of 2.0 ps was used for pressure coupling. The
simulations were performed with a time step of 2 fs. Lennard-
Jones interactions were cut ofl’ at 1.0 nm. Particle-mesh Ewald
method (PME) [49] was applied to electrostatic interactions with a
real space cutofl of 1.0 nm. All bonds, except those of water
molecules, were constrained with the LINCS algorithm [50]. The
SETTLE algorithm [51] was used for water molecules.

Peptides synthesis

Cupricyclins were synthesised by standard Fmoc chemistry on
an automated Peptide Synthesizer (Pioneer, Applied Biosystems).
The protected peptides were grown on a PAL-resin with a high
level of modification, using the HATU/DIPEA amino acid
activation, according to manufacturer’s instructions. Side chain
protection scheme was the following: Asp(OrBu), Cys(Trt),
Trp(Boc) and Lys(t-Boc). After synthesis, both peptides were
released and deprotected by treatment with TFA/H,O/ triisopro-
pylsilane (90:5:5 by volume) for 1 hr at room temperature. The
cleavage mixture was filtered under vacuum into ~butyl-methyl
ether at —20°C. Peptides were collected by centrifugation at
2500 rpm for 20 min at 4°C and washed with #butyl-methyl
cther. The pellet was dissolved in 50% acetonitrile and lyophilized.
Peptides were loaded on a Vydac C,g semipreparative column
(10 mm %250 mm, 5 pm particle size, 300 A pore size) and
isolated from by-products with an HPLC apparatus (model
K1001, Knauer GmbH, Berlin, Germany), using a linear gradient
of 5-80% acetonitrile, containing 0.2% TFA, in 60 min. Elution
was monitored by absorbance at 230 nm with an on-line UV
detector (model K2501, Knauer GmbH, Berlin, Germany) and
peptide fractions were manually collected. The major peptide-
containing fractions were air oxidized at 0.01% concentration (w/
w) by magnetic stirring in 0.1 M NH;HCOj3 for 30 min at room
temperature. The cyclic peptides were finally purified from
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dimers/multimers by HPLC, as described for purification of
synthetic products (see above), and characterized by infusion in an
electrospray mass spectrometry (ES-IT, mod. LCQ, ThermoElec-
tron, San Jose, CA, USA).

Fluorescence quenching experiments

Fluorescence spectra of Cupricyclins were recorded at room
temperarure  with a Jasco FP-6200 spectrofluorometer. The
excitation wavelength was 280 nm and the excitation and emission
slits were set at 10 and 5 nm, respectively. Emission spectra were
recorded in the 320 to 400 nm range. Peptides were dissolved at a
concentration of 4.9x1077 M in 50 mM sodium acetate buffer
(pH 6.5). For copper binding studies, CuCl, (6.2x107° M) was
added in aliquots and fluorescence was measured after 5 min after
addition. The dissociation constant values given in the text are the
average of at least three independent experiments.

Optical spectroscopy

UV-Vis electronic absorption spectra were recorded on an
Perkin-Elmer A14P spectrophotometer. Protein concentration was
determined by UV absorption at 280 nm, by using a molar
extinction coefficient (g2g0) of 8605 M 'em™! [52].

EPR spectroscopy

Low temperature X-band EPR spectra were recorded on a
Bruker ECS 106 spectrometer equipped with an ER4111VT
temperature controller. In detail, spectra were recorded at
9.556 GHz and 115 K. Cupricyclins concentration was 0.5 mM
in 50 mM sodium acetate buffer, pH 6.5.

NMR spectroscopy

NMR spectra were recorded at 300 K on a Bruker AVANCE
AQS 600 spectrometer operating at 600.13 MHz and equipped
with a Bruker multinuclear z-gradient probehead. Peptide solution
was prepared in HyO with 10% of D,O (v/v). pH values of
Cupricyclin-1 solution was adjusted to 8.0 by the addition of
0.1 M NaOH in D;O to deprotonate the N-H/N-D group of the
imidazole ring of histidine residues. In all the "H spectra, a soft
presaturation of the HOD residual signal was applied.
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Superoxide dismutase activity assay

Superoxide dismutase activity of Cupricyclins was determined
using the pyrogallol enzymatic assay [34]. The assay was carried
out at 30°C, in 20 mM Tris-HCI buffer pH 8.2, containing 1 mM
EDTA and 200 uM pyrogallol, recording the absorption increase
at 420 nm for 3 min. Bovine erythrocytes Cu,Zn superoxide
dismutase (0.1 uM in 20 mM Tris HCI buffer pH 8.2) was used as
a standard.
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