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Abstract

Protein- and peptide-based affinity reagents have demonstrated a great potential in different
bioengineering fields, including the identification and capture of target molecules with

applications in purification and sensing.

This work focused on the study and production of cyclic B-hairpin peptides and Odorant-Binding
Proteins (OBPs) as affinity reagents for application in bioseparation and biosensing, respectively.

Two cyclic B-hairpin peptides (cyclic-M3 and cyclic-M9) were previously designed by docking,
as potential affinity reagents for phosphorylated peptides. Here, cyclic-M3 and cyclic-M9, as well
as a control peptide cyclic-M0 were chemically synthetized and characterized through Mass
Spectrometry, analytical HPLC and Circular Dichroism. To evaluate the binding affinity of cyclic
peptides towards several phosphorylated peptides, binding studies were performed in solution, by
the MicroScale Thermophoresis technique. Cyclic-M3 and cyclic-M9 interact with a
phosphorylated peptide GK14P with Ka of 1.0 mM and 1.34 mM, respectively. In addition, the

cyclic peptides were selective for the phosphorylated moieties.

Two rat OBPs (OBP2 and OBP3) were selected as experimental models for developing affinity
reagents capable to detect specific volatile organic compounds (VOCSs). Binding studies published
until May 2018 reporting proteins selectivity and structural information were used to analyze
structural characteristics involved in the natural binding of VOCs. Due to the lack in structural
information for OBP2, homology modeling was employed to set a 3D structure. OBPs bind
molecules with variable chemical and structural features mostly though hydrophobic interactions.
However, the presence of determinant amino acid residues in the binding pockets (Lys113 for
OBP2; Glul20 and Tyr122 for OBP3) increase the specificity of these proteins against VOCs.
Both OBPs were successfully produced as soluble proteins using the E. coli expression system

for further purification and biochemical characterization.

Keywords: Affinity reagents, synthesis, B-hairpin, OBP, scaffold

Xi






Resumo

Reagentes de afinidade baseados em péptidos e proteinas, tém demostrado o seu grande potencial
ao serem aplicados em distintas areas da bioengenharia incluindo identificacdo e captura das

moléculas alvo para aplica¢bes em purificacdo e biossensores.

Este trabalho focou-se na producéo e analise dos péptidos ciclicos com conformacdo em -hairpin
e proteinas ligadoras de odor (OBPs) como reagentes de afinidade para aplicacfes em

biosseparacdo e em biossensores, respetivamente.

Dois péptidos (cyclic-M3 e cyclic-M9), foram previamente desenhados com técnicas de
molecular docking, para a captura dos péptidos fosforilados. Os g-hairpins cyclic-M3, cyclic-M9
e o controlo, cyclic-M0, foram gquimicamente sintetizados tendo sido caracterizados por
Espectrometria de Massa, HPLC analitico e Dicroismo Circular. De forma a avaliar a afinidade
dos péptidos ciclicos para os diferentes péptidos fosforilados, efetuou-se uma analise com
MicroScale Thermophoresis. Tendo se verificado que os cyclic-M3 e cyclic-M9 ligam-se ao
péptido fosforilado GK14P com as Ka de 1.0 mM™* e 1.34 mM* respetivamente. Além disso, os

peptideos ciclicos foram seletivos para os alvos fosforilados.

Duas OBPs de rato (OBP2 e OBP3) foram selecionadas como modelos experimentais com o
objetivo de desenvolver os reagentes de afinidade, capazes de detetar compostos organicos
volateis (VOCs). Estudos de ligacdo das OBPs aos diferentes VOCs publicados até a Maio de
2018 em conjunto com a informacdo estrutural disponivel foram analisados de forma a
compreender a especificidade e o mecanismo envolvido na ligacdo. O modelo da estrutura
tridimensional da OBP2 foi construido recorrendo a modelagdo por homologia. As OBPs ligam
VOCs com diferentes carateristicas quimicas e estruturais maioritariamente por ligagdes
hidrofébicas. No entanto, ambas as proteinas contém residuos de aminoécidos capazes de
estabelecer pontos de hidrogénio (Lys113 em OBP2; Glul120 and Tyr122 em OBP3) aumentando
assim a sua especificidade contra VOCs. A OBP2 e a OBP3 foram produzidas em fragdes soluveis
via bioldgica, utilizando como o sistema de expressdo E. coli para posterior purificacdo e

caracterizacdo bioquimica.

Palavras-chaves: Reagentes de afinidade, sintese, f-hairpin, OBP, scaffold
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CHAPTER 1

Literature Review

Affinity ligands

Affinity reagents are well known due to their ability to bind a target with high specificity and high
affinity. They have demonstrated their importance in identification and capture of target

biomolecules, with applications in purification and detection/biosensing.

Antibodies are the mostly used affinity reagents in research, biotechnology and biopharmaceutical
industries ! since they can be developed to bind different target molecules with high specificity.
They are also frequently used for diagnosis and therapy of some types of cancer and autoimmune
diseases 2. However, antibodies like other natural proteins, have several drawbacks associated
with their application. Their high molecular weight limits tissue penetration when used in clinical
treatments, thus higher doses are needed for efficient therapy. Furthermore, there are high costs
associated with their production mostly due to glycosylation and folding issues which require
mammalian systems *. Moreover, their application in bioseparation and biosensing is challenging
due to the low stability under adverse chemical conditions (e.g. organic solvents, extreme pH,
high salt concentration) and difficulties related to their immobilization onto solid supports 2.
Protein engineering uses a wide range of methods and technologies to develop alternative affinity

ligands as engineered protein scaffolds and biomimetic ligands with improved features.
Three different approaches are generally used in protein engineering:

e The combinatorial approach, which involves the creation of large and random libraries
that are further experimentally screened against targets, to select potential ligands.
Libraries can be generated by chemical synthesis (for small molecules), by phage,
ribosome or yeast display systems (for peptides and protein scaffolds), and by SELEX
techniques (“systematic evolution of ligands by exponential enrichment” for
oligonucleotide-ligands) *.

e The rational approach, involves the rational design of ligands. The main purpose is to
mimic the natural interaction between a biological ligand and the target molecule. This

method is focused on the available functional and structural (NMR, X-ray
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crystallography and homology data) information about the complex of interest, and
usually results in biomimetic ligand *.
e A combined approach uses both, rational design and combinatorial methods, to develop

novel affinity ligands based on defined protein scaffolds.

1.1 Biomimetic ligands

The biological activity of naturally occurring proteins is defined by their three-dimensional
structure. Their binding site consists mostly, of well-ordered motifs (a-helix, B-turn, y-turns and
B-strands), which allow to display in an appropriate way the hot spot amino acid residues. It is
estimated that on an average 9.5% of proteins interfacial residues are hot spots that contribute
more significantly to binding affinity by making a major input to the binding free energy °.

Biomimetic ligands tend to mimic the recognition motifs involved in protein-protein or protein-

receptor interactions and consist of small synthetic and engineered biological molecules.

Synthetic ligands, as the one based on Triazine-scaffold or Ugi-scaffold (Figure 1.1), are well
recognized as affinity reagents for protein purification ¢2. Rational design combined with
synthesis and screening of combinatorial libraries, is the most common strategy adopted to
develop such type of reagents. Ligands are designed de novo by incorporating novel
functionalities on appropriate small scaffolds (e.g. triazine ring or di-amide derived from Ugi
reaction) °. The libraries are synthetized by solid-phase combinatorial synthesis and screened
against target to identify lead ligands °. The main advantages of completely synthetic ligands
include the high stability towards chromatographic operation conditions, low-cost of production
and easy immobilization onto solid supports 1. However, their smaller contact area with the target

molecule, may lead to lower affinity and specificity in comparison to biological ligands.
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Figure 1.1: Examples of synthetic affinity ligands immobilized onto resin support (yellow circles). (A)
Triazine-based protein L biomimetic ligand 8/7'%; (B) Glycoprotein-binding Ugi ligand. A13C2418 3
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Biological biomimetic ligands are composed by peptides and oligonucleotides, that also are
designed in order to mimic natural interactions. Some examples of natural biomimetic ligands are

described in the following section.

1.2 Synthetic peptides

Peptide-based ligands have gained an interest as affinity reagents due to their wide functional and
structural diversity as well as possibility of cost-effective production. The combinatorial approach
allows to construct peptide libraries using, biological display systems 4 and chemical synthesis
in solid and liquid phases *°. Biological libraries have the advantage to generate a great number
of potential ligands, nonetheless, they are limited by the diversity of natural amino acids. On the
other hand, chemical synthesis allows the incorporation of a wide range of different synthetic
groups and amino acid in the sequence, but the library size is reduced °. Still, both methodologies

can be combined for ligand discovery and optimization 7.

Peptide-based affinity ligands can be designed de novo using rational approaches. Here, the
binding mode between a target and a natural receptor is reproduced in a stable and appropriate
scaffold that mimic the right spatial orientation of the side chains responsible for interaction.

Once the sequences of the lead peptides are identified, they can be modified to improve the
biochemical features and binding to target 8. Most of the modification strategies are based on the
backbone and amino acid side chain variations which can stabilize or induce secondary structure
and display in a correct way the energetically important groups *°. For instance, the incorporation
of non-natural amino acid residues, non-peptidic structural elements and N- and C-terminal, can
increase ligands’ stability in solution and protect them against degradation by proteases in
physiological environment *°. Several studies have demonstrated that linear peptides have lower
biological activity in comparison to their cyclic counterparts 222, as a result of high natural
conformational flexibility 123, Thus, the restriction of peptides conformation is achieved through
peptide cyclization or by incorporation of restricted structures 2. The cyclization can be
performed in four different manners (i) side chain-to-side chain; (ii) head-to-side chain; (iii) side

chain-to tail and (iv) head-to-tail (C-terminus to N-terminus) %.

The most common peptide-based structures are turns, a-helix, B-sheet %, the B-hairpin folding
(Figure 1.2-A) is a key recognition motif involved in protein-biomolecule interactions. It consists
of two antiparallel B-strands stabilized by hydrogen bonds and connected by a turn/loop. -hairpin
mimetic ligands can be developed using a combinatorial method 2/, however one of the simplest
approaches consists in transplanting the protein B-hairpin loop onto a hairpin-inducing template.
Such templates generally have B-turn inducing structural elements in the center of the peptide

sequence %%, Dipeptide PPro-tPro unit is frequently used as a template since it forms a rigid
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type-11" B-turn which promote interaction between strands and consequently B-hairpin
formation *. This approach was already successfully applied to design B-hairpin mimetic ligands

to inhibit a serine protease 3! and to bind the bovine immunodeficiency virus (BIV) Tat protein .

There are several reports that show the potential of peptide ligands to be used in a wide range of
fields, namely, as therapeutic agents 32333 some of which are already commercially available 2.
Furthermore, they can be used in biomedicine -3 for developing new biomaterials for tissue
engineering, in bionanotechnology for creating nanoparticles and nanotubes ¥'. In addition, some

of the peptide-based ligands are used in affinity-based purification techniques 3.

1.3 Aptamers

Aptamers are single chain DNA or RNA oligonucleotide ligands (Figure 1.2-B), that can fold into
a unique three-dimensional structure to enable target molecular recognition with high specificity
and affinity. They are selected from combinatorial libraries of synthetic nucleic acids using
Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technique. SELEX is
based on the repeating of the selection rounds until the ligand with the desirable affinity will be
obtained. Each round consists of three main steps: selection, separation and amplification **.

Aptamers can be developed for any kind of targets such as small molecules “>*® proteins 44 or
cells 6, Aptamers have several advantages in comparison to protein-based ligands: they are stable
to proteases degradation, severe conditions (high pH, temperature and salt concentration), non-
toxic, non-immunogenic and have reversible denaturation. Besides, their production, comparing
to antibodies, is less expensive and less complex. Once the sequence is identified it can be
produced via chemical synthesis. These ligands are also amenable to various chemical
modifications, without affecting significantly their binding capacity, allowing their oriented
immobilization onto solid supports, #” increasing their stability, as well as introducing reporter

molecules 484,

Despite multiple advantages, there are some drawbacks. Namely, the rapid degradation of
aptamers by nucleases limits their application in biological samples. Ligands stability can be
improved with some structural modifications, however this may increase the production costs.
Another disadvantage is the restricted chemical diversity since aptamers contain only four
different nucleic acids when comparing with the twenty natural amino acid residues used to

develop protein- and peptide-based ligands *°.

1.4 Engineered protein scaffolds

Engineered protein scaffolds are tailor-made, small proteins (less than 20kDa%) that are

characterized by containing a robust and rigid core to maintain protein folding, associated with
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variable regions where the amino acids can be randomized without affecting stability °. These
variable domains are generally loop regions of the scaffold that vary in sequence and length *.
This type of ligands also has higher affinity and selectivity in contrast to small synthetic ligands,
since an extended interface, formed by several exposed loops, allows to stabilize a higher number

of interactions with the target. A recent review on the protein scaffolds used so far can be found %~
55,9

The design of protein scaffolds includes two main steps: (i) the selection of the appropriate core
protein and (ii) the generation of combinatorial libraries with randomized variable domains.
Protein scaffolds are robust and have high thermal and chemical stability. They are less complex
than antibodies, and their production should be possible in bacterial expression systems (as
Escherichia coli), which is less expensive when comparing with eukaryotic systems. The absence
of post-translational modifications, disulfide bonds or free cysteine residues is also favored * to
achieve high expression levels of functional protein *. The modifications on variable loops can
be performed randomly using different combinations of amino acid residues %8 or following
rational approach with the available functional and structural information . The combinatorial
libraries are created, and the lead ligands are selected through biological display systems.
Furthermore, the selected scaffold could be modified to improve their properties (stability,
solubility, specificity) either through mutation of critical amino acid residues or side-chain

structural modifications.

Owing to the diversity of proteins scaffolds and their advantages they can be used in a wide range
of different applications. The possibility of their production by chemical synthesis, enables the
introduction of structural modifications and new functionalities improving their immobilization
and potential to be used for purification and bioseparation. The side-specific conjugation of

labeling molecules °* allow their application in biosensors, imaging and diagnosis.

Protein scaffolds can be derived from Immunoglobulin (lIg) fragments or non-Immunoglobulin
proteins (non-1g), and divided in globular proteins and repeat proteins. Some examples of protein-

based scaffolds and their applications are described next.
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Figure 1.2: Examples of affinity ligands. (A) B-hairpin peptide (PDB:1N09 ©2); (B) Structure of RNA-
based aptamer (PDB: 50B3 ); (C) affibody (PDB:2B89 ); (D) lipocalin (PDB:1KXO )

1.4.1 Affibodies

Affibodies are non-lg affinity ligands, derived from the Z-domain that is an engineered version
of an Ig-binding domain (B-domain) of Protein A of Staphylococcus aureus. The Z-domain was
chosen as template protein for engineering due to its attractive biophysical properties. It is a
soluble, relatively short (58 amino acid residues, ~6.5kDa) and cysteine-free peptide, folded into
a structure with three o-helices (Figure 1.2-C) %, The Z-domain has high thermal stability,
reversible and fast folding. Additionally, it can be produced with high expression levels in E. coli.
Affibody combinatorial libraries were already created using phage-display ¢ and ribosome-
display . In this case, genetic randomization of 13 surface located residues situated in helix 1
and helix 2 were performed. The selection of residues was based on the available structural
information of the complex B-domains of Protein A and human IgG. Affibodies with high affinity
and specificity have been reported 675, The small size of these ligands allows their production
through solid-phase peptide synthesis, which enable the incorporation of different chemical

groups 6.

Affibodies have shown promising results with protein capture microarrays °. Due to small size
and possibility of side-specific radiolabeling they were tested as tracer molecules for imaging
tumor cells 72, In therapeutic applications, they can act by blocking the interactions between
molecules ™ or can be fused to effector molecules and promote the target drug delivery ™.

Affibodies have shown a potential to be used for bioseparation as well 76,

1.4.2 Lipocalins

Lipocalins are soluble, extracellular proteins with a single polypeptide chain of 150-190 amino
acids and high thermal stability . Naturally, lipocalins occur in vertebrates, insects, plants and

bacteria, and are involved in storage and transport of small, mostly hydrophobic organic
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molecules in their barrel or loop regions . Although lipocalins have a very low sequence
homology, they share a very conserved three-dimensional folding that consists of a C-terminal a-
helix and eight antiparallel B-strands connected by four loops (Figure 1.2-D). The -strands form
a rigid B-barrel scaffold that is highly conserved in different lipocalins and define a central polar
cavity called calyx, while loops are hypervariable in sequence, conformation and length 7%,
Some of the lipocalins were found to have post-translational modification (glycosylation),
however it has been demonstrated that these modifications are not essential for production of fully

functional proteins 8.,

The first library that used a lipocalin scaffold was based on the bilin-binding protein (BBP) of
Pieris brassicae and was produced by randomization of 16 amino acid residues positioned in
loops and form its binding site (Figure 1.3) 8. These modifications lead to the reshaping of the
binding site and as a result, using phage-display, proteins with novel ligand-binding functions
were selected. These engineered lipocalin-based ligands are also known as anticalins and can be
produced using bacterial expression systems. Nowadays, anticalins derived from the human
lipocalin 2 (Lcn2) scaffold are extensively explored as recognition elements. Anticalins with high
affinity and selectivity for medically relevant protein targets have been demonstrated a potential

to be used in therapy #%¢, imaging and diagnosis .

Th

y

Figure 1.3: BBP with the 16 side-chains at the entrance of the ligand pocket that were subjected to the
random mutagenesis highlighted (yellow) (PDB: 1BBP) ¥,

1.5 Objectives

Affinity reagents have been used in a wide range of bioengineering applications, due to their
versatile properties, of tunable affinity and specificity, as well as a capacity to reversibly bind to
the target. The main goal of this dissertation was to explore the potential of peptide-based and
protein-based affinity reagents to be used for bioseparation and for biosensing. The work plan is

schematically represented in Figure 1.4.
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The first part focused on the chemical production of small synthetic peptides, their
characterization and study of binding affinity against phosphorylated target peptides, for a final
bioseparation application. The synthetic peptides based on a B-hairpin scaffold, were previously
designed to mimic the binding site of BRCA1-BRCT domain, which is known to bind

phosphorylated peptides and proteins with a specific consensus sequence.

The aim of the second part was to analyze the potential of rat OBPs as scaffolds to generate
affinity ligands able to bind different volatile organic compounds (VOCs). A literature search was
performed to understand the binding mechanism and specificity of OBPs towards VOCs as well
as the possibility to tune their binding features. Rat OBPs were also produced in bacterial
expression systems to further study they affinity towards specific VOCs.

Affinity ligands
‘%‘»\?
A
B-hairpin scaffold Mammal OBP scaffold
(section 2.1) (section 3.1)
Chemical synthesis 3 variants Study of VOC-binding features g
(section 2.4.1) (section 3.4.1)
Characterization: MS, CD, HPLC Selection 2 OBP variants

(section 2.4.2) (sections 3.4.2, 3.4.3)

Binding studies to target peptides Cloning 9
(section 2.4.3) (sections 3.4.4.1 —3.4.4.3)
Phosphorylated and non- Bacterial expression of OBP2 and

phosphorylated OBP3 (section 3.4.4.4) ﬁ
Application in Application in VOC
capture/bioseparation sensing

Figure 1.4: Schematic representation of the work planning.



CHAPTER 2

Chemical production and characterization of
cyclic p-hairpin peptides as ligands for

bioseparation

2.1 State of the art

Protein phosphorylation is an essential post-translational modification which regulates complex
signaling networks and is involved in numerous basic cellular processes (gene expression, cell
cycle, cell growth) 8. Abnormal phosphorylation may lead to the development of several diseases
namely cancer, metabolic and neurodegenerative disorders 8%, Therefore, the structural and
genetic information about phosphorylated proteins is necessary to understand several disease
mechanisms and develop tools for diagnosis and therapy. Currently, Mass Spectrometry strategies
are widely used in the identification and characterization of phosphoproteins %%, However, it is
often necessary to enrich sample prior to analysis °. Conventional methods for phosphoprotein
enrichment are based on the proteins’ features resulting from the presence of a phosphate group.
These include affinity-based techniques, selective chemical modification of the phosphate
moieties, and immunoprecipitation *%, Most part of these methods have low specificity and/or
affinity and may involve addition steps leading to sample loss and increased costs ¥, thus there is

an interest in developing new solutions for the proteome enrichment.

As mentioned in Chapter 1, synthetic peptides have demonstrated a great potential to be used as
affinity ligands for chromatographic purifications. The use of cyclic B-hairpin template to create
affinity ligands has already been described in literature. Using phage-display, Delano and co-
workers were able to identify a peptide-based ligand, Fc-1ll, that binds human antibody Fc
domain ?. The ligand FC-111 had a B-hairpin conformation and was cyclized by a disulfide bridge.
Lately, Dias and co-workers, increased significantly (80 folds) the affinity of this ligand by
grafting the Fc-111 loop onto a more stable B-hairpin inducing template containing a PPro--Pro

unit 16

In our laboratory, the cyclic B-hairpin peptides (Table 2.1), were previously rationally designed,
as peptidomimetics of the C-terminal (BRCT) domain of the Breast Cancer Gene 1 (BRCAL)

protein that recognizes the consensus sequence pSer-X-X-Phe (X-corresponded to any amino acid
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residue). Mutations in this protein increase significantly the risk for breast and ovarian cancers *

since BRCAL1 is known to play an important role in the DNA damage response.

The interaction between the BRCT domain and the target phosphorylated peptide sequence occurs
in a two-point binding mode (Figure 2.1). Firstly, the phosphate group interacts with the amino
acid residues Gly1656 and Ser1655 through hydrogen bonds, and with Lys1702 by a salt-bridge.
The phenylalanine residue, from the consensus sequence pSer-X-X-Phe, sits in a hydrophobic
pocket at BRCT domain, composed by Phe1704, Met1775 and, is stabilized through interactions
with Argl699 (electrostatic interaction between Argl699 side chain guanidium group and
carbonyl of Phe residue and hydrogen bond between carbonyl group of Arg1699 and main chain
NH of Phe) %,

Figure 2.1: (A) Close-up view of the BRCA1-BRCT binding site with residues involved in the
phosphor-peptide binding represented in green. (B) The BRCA1-BRCT domains (in grey ribbon) in
complex with a phosphorylated GK14P (in blue ribbon) (PDB:1T2V %). Note: G1656 that stablish a
hydrogen bond with phosphate group is not represented.

A 14-mer B-hairpin cyclic peptide (PDB:2NS4; Figure 2.2) with a °Pro-"Pro unit, was used as
a template where point mutations were introduced to mimic the binding mode of the BRCT
domain with the phosphorylated consensus sequence. Lys at position 1, situated in the opposite
site of the PPro--Pro, was mutated to a Cys to promote ligand immobilization onto solid support
through sulfhydryl group. Arg at position 3 was mutated to Phe to mimic Phe1704 from BRCT.
Arg at positions 4, 6, 10, 12 and 14 were mutated to Gly residues: Arg at position 10 and 12 for
cyclic-M3 and cyclic-M9 respectively, were conserved to mimic the electrostatic and hydrogen
bond interactions which are mainly derived from the crystallographic structure of BRCA1-BRCT
domain between the backbone atoms of Serl655 and Gly1656, as well as the side chain of
Lys1702 and pSer moiety. Two lle residues at position 5 and 7 were mutated to the non-natural
amino acid diaminopropionic acid (Dap) to mimic the side chain interaction of Lys1702 and

phosphate group of the target peptide.

10
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Table 2.1: Sequences of the template and the designed peptides (cyclic-M3 and Cyclic-M9, cyclic-MO0 was
used as a control peptide.

Peptide ID Sequence MW (g mol™)

Template Cyclic(K1 Gz R:Rs Is Rg |7 DPs Ps Rig V11 Rz Tiz R14) (PDBZZNS4)

Cyclic-M0  Cyclic(C1 G2 Gs G4 Gs Gs Gy PPg Py Gio V11 Giz Tis Gia) 1010.4

Cyclic—M3 Cyclic(Cl Gz Fs G4 Is Gs I7 DPs Py Rig V11 G12 Tz Gl4) 1311.7

Cyclic-M9  Cyclic(Cy G, F3 G4 Daps Gs Dapz PPg Py Gio V11 Riz T3 Gia) 1257.6

Having in hand the in silico candidates (cyclic-M3, cyclic-M9 and cyclic-MO) in this work their
production and characterization was performed. The chemical production of the cyclic
peptidomimetics of BRCT domain is depicted in Figure 2.3. Fmoc-based solid-phase peptide
synthesis (SPPS) strategy was used. It consists on the sequential addition of amino acid residues
to a solid support. These amino acid residues have a Fmoc-protecting group at the N-terminal, as
well as orthogonal side chain protecting groups to avoid side-chain reactions. The peptide
assembly was performed from the C-terminal to the N-terminal. Linear precursors of peptides
were synthetized, then they were cleaved from the resin, cyclized in a head-to-tail manner and
deprotected by removing the side chain protecting groups. Crude peptides were then purified by
preparative reversed-phase HPLC (RP-HPLC) and their purity determined by analytical RP-
HPLC. They were characterized by Mass Spectrometry (MS), and, Circular Dichroism (CD).
Finally, binding studies against phosphorylated and non-phosphorylated target peptides were
performed by MicroScale Thermophoresis (MST) technique.

Lys , «*> Cys

Arg ;+> Gly (M0), Phe (M3,M9)

(MO,M3) Gly «> Arg_,

= — Arg R Gly

Ile5< » Gly (M0),Dap(M9)

Arg rag Gly

le _<«» Gly (MO0),Dap(M9)
(MO,M9) Gly «» Arg, \ 7

Ppro
Lpro 9 8

Figure 2.2: Structure representation of cyclic B-hairpin peptide used as a template (PDF: 2NS499) with

labeled amino acid residues of the template (in bold) and residues used to mimic the BRCAL binding site.

Lys1 residue considered as anchoring point is colored yellow.
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Figure 2.3: Schematic representation of synthesis of the cyclic B-hairpin peptidomimetics.
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2.2 Materials

2.2.1 Chemical Reagents

All reagents were of the highest purity available and the solvents were HPLC-gradient. For
chemical synthesis N-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids (Fmoc-Arg(Pbf)-
OH, Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH, Fmoc-Dpr(Boc)-OH (Dap), Fmoc-D-Pro-OH, Fmoc-
Gly-OH, Fmoc-Ille-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Thr(tBu)-OH, Fmoc-Val-OH), O-
(7-azabenzotriazole-1-yl)-N,N,N’ N’-tetramethyluronium hexafluorophosphate (HATU) and H-
Gly-2-CITrt resin were purchased from Novabiochem. 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), piperidine anisole, thioanisole, 1,2-
ethanedithiol, acetonitrile (ACN), ethanol, N-methyl-2-pyrrolidone (NMP), chloroform,
dichloromethane (DCM), methanol (MeOH) and diethyl-ether were acquired from Sigma-
Aldrich. Trifluoroacetic acid (TFA) and N,N-dimethylformamide (DMF) were purchased from
Roth, Acros Organics. N,N-diisopropylethylamine (DIEA) from Fisher Scientific. For Kaiser test

ninhydrin, phenol, potassium cyanide(KCN) and pyridine were obtained from Sigma-Aldrich.

For CD 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and sodium chloride
(NaCl) were obtained from Sigma-Aldrich and PanReac AppliChem respectively. For MST
assays and peptide labelling, cyanine 5-maleimide was obtained from Lumiprobe,
tris(hydroxymethyl)aminomethane  (TRIS)  from  NZYTech, bond-breaker  tris(2-
carboxyethyl)phosphine (TCEP) solution from Fisher Scientific. Ethylenediaminetetraacetic acid
(EDTA), sodium phosphate dibasic heptahydrate and sodium phosphate monobasic monohydrate
from Sigma-Aldrich. Sodium hydroxide (NaOH) and hydrochloric acid 37% were obtained from
VWR and PanReac AppliChem respectively. Gly-Ala-Ala-Tyr-Asp-lle-Ser-GIn-Val-Phe-Pro-
Phe-Ala-Lys (GK14), Gly-Ala-Ala-Tyr-Asp-lle-pSer-GlIn-Val-Phe-Pro-Phe-Ala-Lys (GK14P),
pSer-GlIn-Val-Phe-Pro-Trp (SW6P), Ser-GIn-Val-Phe-Pro-Trp (SW6), pTyr-Gly-Gly-lle-Pro-
Trp (YWG6P), Tyr-Gly-Gly-lle-Pro-Trp (YWS6), Tyr-Ala-Gly-pSer-pThr-Asp-Glu-Asn-pThr-
Asp-Ser-Glu-Trp  (YW13P) and Tyr-Ala-Gly-Ser-Thr-Asp-Glu-Asn-Thr-Asp-Ser-Glu-Trp
(YW13) peptides (p- is phosphorylated group) with N- and C- free terminals, were > 98% pure

and were obtained from Genecust.

2.2.2 Equipment

For peptides synthesis an Automated Microwave Peptide Synthesizer Biotage® Initiator+
Alstra™ was used. Mass Spectrometry (MS) measurements were performed using a Water Synapt
G2 HDMS (Manchester, UK) equipped with an ESI source at Spectropole, the Analytical Facility

of Aix-Marseille Université. CD spectra were recorded using a Chirascan qCD spectropolarimeter

13



Chapter 2: Chemical production and characterization of cyclic p-hairpin peptides as ligands for bioseparation

and MST measurements were done using the Monolith NT.115 (Nanotemper) instrument, at
Laboratério de Analises, REQUIMTE and Biolab, Ucibio respectivly.
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2.3 Methods

2.3.1 Mass spectrometry analysis

MS spectra were acquired, using a time-of-flight (TOF) mass spectrometer with electrospray
ionisation (ESI). During the sample preparation crude linear peptides and pure cyclic peptides
were dissolved in 300 uL. of MeOH and then diluted (1:10) in solution of formic acid (1% in
MeOH). Samples were ionized in positive electrospray mode and following parameters were
used: ESI capillary voltage: +2.8 kV; extraction cone voltage: +20 V; desolvation gas (N2) flow:
100 L h™,

2.3.2 Solid-Phase Peptide Synthesis of linear peptidomimetic precursors

2.3.2.1 Synthesis of M0 and M9
The linear precursors of Cyclic-MO0 and Cyclic-M9 (Table 2.1) were synthetized using Fmoc
chemistry % on Automated Microwave Peptide Synthesizer. The resin used in both cases was 2-
Chlorotrityl chloride resin (H-Gly-2-CITrt) with loading capacity 0.63 mmol g*. Synthesis were
performed in a 10 mL reactor vial with 0.25 mmol scale. All coupling reactions were carried out
at 50°C for 6 min 30 sec to avoid the cleavage of the resin linker and, hence, a lower yield.
Coupling reactions were carried out in DMF using 4 equivalents (equiv. relative to peptide) of
Fmoc protected amino acids, 3.98 equiv. of HBTU (activation agent) and 8 equiv. of DIEA
(activation base). Double coupling was used for the proline and d-proline residues. Two Fmoc
removing reactions were performed using 20% piperidine in DMF (v/v) at room temperature (RT)

for 3 and 10 min each time.

2.3.2.2 Synthesis of M3
The linear precursors of Cyclic-M3 (Table 2.1) was synthetized manually, using also Fmoc
chemistry and H-Gly-2-CITrt resin. Synthesis was performed in a glass reactor with 0.63 mmol
scale and all reactions were carried out at RT. All solutions were removed by vacuum filtration.
Kaiser test (section 2.2.2.3) was performed after each coupling and deprotection reaction.
Synthesis starts from pre-swelling of 1 g of dry resin with DCM (2 x 30 min) and washed with
DMF (2 x 15 min). The following protocol was employed for each coupling cycle: (i) coupling
mixture (2 equiv Fmoc protected amino acid, 1.95 equiv of HBTU, 4 equiv. of DIEA) was added
and the reaction was stirred for 1 h; (ii) solution was removed and resin was washed with DMF
(3 x 5 min); (iif) Fmoc removal reactions were performed using 20% piperidine in DMF (v/v)

(2 x 15 min) and, the presence of Fmoc in the filtrate was verified by thin-layer chromatography
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(TLC) with the system diethyl ether: hexane (3:2 v/v). Steps from (i) to (iii) were repeated until

the last amino acid residue was coupled.

2.3.2.3 Kaiser test
The following reagents were used: 5% ninhydrin in ethanol (w/v), 80% phenol in ethanol (w/v)
and, 0.001 M potassium cyanide in pyridine (2 mL KCN in 98 mL pyridine). The standard
protocol was employed for the Kaiser test 1°2. Namely, 2 drops of each reagent were added to the,
previously ethanol washed, resin beads. Then the sample was mixed well and heated to 120°C for
5-6 min. Blue resin beads would indicate free amine. The test is based on the reaction between

ninhydrin and primary amines.

2.3.3 Peptides cleavage and cyclization

Before proceeding with peptides cleavage and cyclization, the confirmation of peptides molecular
weight was performed by electrospray ionization mass spectrometry (ESI-MS). For this, small
aliquots of completely deprotected linear precursors, were obtained as follows. A small amount
of each resin was treated with 2 mL of the deprotection solution: TFA/ thioanisole/ 1,2-
ethanedithiol/ anisole (%v/v=90:5:3:2). The reaction was stirred for 2 h at RT. After, the resin
beads were filtrated out and the TFA solution containing the deprotected peptide was concentrated
using a stream of nitrogen gas. Cold diethyl ether was added to the residue to precipitate the
peptide and then the pellet was separated by centrifugation (80000xg, 5 min, 4°C). This process

was repeated several times.

The peptides were characterized by ESI-MS in positive mode and by direct infusion at a flow rate
of 5 mL min. The following peaks were detected (m/z): linear MO (MW=1028.4 Da) [M+H]*-
1029.4 (calculated)/1029.4 (measured), [M+H+K]?*-534.2/534.2, [M+H+Na]?*-526.2/526.2 and
[M+2H]?*-515.2/515.2; linear M9 (MW = 1275.6 Da) [M+2H]**-638.8/638.8 and [M+3H]**-
426.2/426.2; linear M3 (MW = 1329.7 Da) [M+H]*-1330.7/1330.7, [M+2H]**-665.8/665.9,
[M+H+K]?*-684.8/684.8, [M+2K+K]3*-456.9/456.9. For the latest two extra peaks were
observed: [M’+H]*-1217.6/1217.6 and [M’+2H]%*-609.3/609.2 that correspond to a compound
with MW’= 1216.6 Da.

The protected peptides were cleaved manually, from the resin by using mild acidic conditions.
First, resin containing peptide was pre-swelled in DCM and afterwards short treatments
(8 x 2 min), with TFA in DCM (10 mL, 1:99 % v/v) were performed. After each treatment the
solution was collected by vacuum filtration in a glass tube and neutralized by adding 8-9 drops of
DIEA. The presence of the peptide was verified by TLC using the system chloroform :methanol

(90:10 %v/v). Fractions containing the peptide were combined and the DCM was removed in a
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rotary evaporator. The oily residue was precipitated and washed several times with cold diethyl

ether to obtain final white precipitate.

Cyclization was performed in DCM (25 mL were used for 0.25 mmol scale and 65 mL for 0.63
mmol scale), at RT and in the presence of 0.95 equiv. of HATU (DMF solution) and 12 equiv. of
DIEA (NMP solution). All compounds were added to DCM in 4 steps with 30 min intervals to
ensure high dilution conditions. The cyclization reaction was followed by analytical RP-HPLC
and it was complete after 2-3 h. The reaction mixture was concentrated using a rotary evaporator.
Next, liquid-liquid extraction with water (2x10 mL) was performed and the resultant organic
phase was collected. Finally, DCM was removed in a rotary evaporator.

2.3.4 Deprotection

After cyclization, removal of the side chain protecting groups was performed by solubilizing the
cyclic peptides in the deprotecting solution: TFA/thioanisole/1,2-ethanedithiol/anisole (90:5:3:2
%v/v). The reaction was stirred for 2 h at RT. Afterwards, TFA solution was concentrated using
a stream of nitrogen gas and cold diethyl was added to precipitate the peptide. The peptide was
separated from solution by centrifugation (80000 xg, 5min, 4°C). This process was repeated
several times. The final crudes cyclic peptides were dissolved in MilliQ water, lyophilized and

stored at -20°C until purification.

The cyclic crude peptides were characterized by ESI-MS. The following peaks were detected
(m/z): cyclic-M0 (MW=1010.4) [M+H+K]?* 525.2 (calculated)/525.2 (measured), [M+H]*
1011.4/1011.5, [M+Na]* 1033.4/1033.4; cyclic-M9 (MW=1257.6) [M+3H]** 420.2/420.2,
[M+2H]** 629.8/629.8, [M+H]* 1258.6/1258.6; cyclic-M3 (MW=1311.7) [M+H]*
1312.7/1312.7, [M+2H]?* 656.9/656.8, [M+H+Na]** 667.8/667.9, [M+H+K]?** 675.8/675.8 and
[M+2H+K]** 450.9/450.9. As expected, peaks corresponded to cyclic 13-mer peptide
(MW=1198.6 Da) were detected in the crude of cyclic-M3 (m/z): [M’+H]* 1199.6/1199.6,
[M’>+2H]?* 600.3/600.3 and [M’+H+Na]?* 611.3/611.3.

2.3.5 Purification of cyclic peptidomimetics

Purification was carried out by preparative RP-HPLC using a C12 column (Phenomenex Jupiter
Proteo column, 250 nm x 4.6 mm, 4 um, 90 A) using solvent A (water/TFA, 99.9:0.1% v/v) and
solvent B (ACN/water/TFA, 90:9.9:0.1 % v/v). The HPLC chromatograms were obtained by
monitoring absorbance at 220 nm and 280 nm. All peptides were eluted from the column with the
flow rate of 10 mL min™. Cyclic-MO was eluted from the column with the linear gradient 15-30%
of solvent B in 20 min (Retention time (Rt) = 16.6 min); Cyclic-M3 was eluted from the column
with a linear gradient 30- 42% of B in 24 min (Rt = 23.1 min); Cyclic-M9 was eluted from the
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column with a linear gradient 15-30% of B in 20 min (Rt = 16.5 min). All peptides were
lyophilized and stored at -20°C. For cyclic-MO0 and cyclic-M9 ~10 mg and ~60 mg of purified
peptides were recovered respectively. For cyclic-M3 ~85 mg of pure peptide was obtained. The
overall yields obtained were 3.9%, 10.5% and 20.4% for cyclic-MO0, cyclic-M3 and cyclic-M9

respectively.

The purity of the peptides was checked by analytical RP-HPLC with a C18 column (Zorbax SB-
C18 5.0 um, 4.6 x150mm, 80 A) using the same solvent A and solvent B system and gradient
method optimized for this system.

The pure cyclic peptides were characterized by ESI-MS. The following peaks were detected:
cyclic-M0 (MW=1010.4 Da) [M+H]" 1011.4 (calculated)/1011.5 (measured), [M+2H]?*
506.2/506.3, [M+H+Na]?* 517.2/517.2, [M+H+K]?* 525.2/525.2, [M+NH4]* 1028.4/1028.5 and
[M+Na]* 1033.4/1033.5; cyclic-M3 (MW=1311.7 Da) [M+H]" 1312.7/1312.7, [M+H+Na]*
667.8/667.9, [M+2H]?>" 656.9/656.9, [M+2H+K]** 450.9/450.9; cyclic-M9 (MW=1257.6 Da)
[M+3H]3" 420.2/420.2 and [M+2H]?* 629.8/629.8.

2.3.6 Circular Dichroism

To analyze folding of the cyclic peptides and their stability in previously stablished binding
(50 mM HEPES, pH 8.0) and elution conditions (50 mM HEPES, 250 mM NaCl, pH 8.0), far
ultraviolet (UV) CD spectra of the cyclic peptides were recorded using a Chirascan qCD
spectropolarimeter. The data were acquired at 23 °C, in the wavelength scan mode, using 1 nm
bandwidth with a step size of 1 nm. Scans were acquired from 195 to 300 nm using a 20 points
min scan speed. Three accumulations were acquired for each sample and averaged. The resulting
data were baseline corrected for buffer contributions, converted to molar ellipticity units (0,
deg cm? dmol?) calculated by means of Equation 2.1 (where: 0ops is the observed ellipticity in m®;
C is the concentration in g L™Y; M is an average molecular weight in g mol?; L is path of cell in

cm (0.1)) and processed using OriginPro 8 software (Northampton, Massachusetts, USA).

__ BobsxM
T CcxL*10

0

Equation 2.1

Assays for the CD spectra of cyclic peptides in binding conditions, were carried out using 50 pM
peptides in 3.3 mM HEPES buffer, pH 8.0 (mimicking binding conditions). Additionally, CD
spectra of cyclic peptides in elution conditions were carried out with 100 uM peptides in 10 mM
HEPES, 12.5 mM NaCl pH 8.0 buffer (mimicking elution conditions). All solutions were purged

with nitrogen.
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2.3.7 MicroScale Thermophoresis (MST)

MST method allows to analyze the interactions between different biomolecules in solution. It
detects the thermophoretic movement of fluorescent molecules, which is induced by a temperature
gradient created inside the equipment. During MST assay just one of the binding partners is
fluorescently labeled or has intrinsic fluorescence that can give a significant signal, the

concentration of this molecule is held constant in all reaction mixtures of each assay.

2.3.7.1 Cyclic peptides labeling

In this study the fluorophore Cyanine5 maleimide (Cy5) was coupled to the cyclic f-hairpin
peptides by reaction with thiol group of cysteine residues. Labeling was done according to the
standard protocol recommended by the supplier: (i) peptides were dissolved in 900 pL of,
previously degassed, labeling buffer (50 mM Tris, 150 mM NaCl and 5 mM EDTA, pH 7.2) with
10 pL of TCEP; (ii) 1 mg of fluorophore dye (which corresponded to 6x fold excess of dye) was
dissolved in 100 pL of DMF; (iii) the mixture of peptide and Cy5 was incubated at 4°C, overnight
in darkness. Unreacted Cy5 and the Cy5-labeled peptides were separated by dialysis using CE
membranes from Spectra/Por® Float-A-Lyze® (MWCO 0.5 - 1.0 kD) against binding buffer (50
mM HEPES, pH 8). Dialysis was performed for 48 h and the concentration of Cy5-labeled peptide
was determined by measuring the absorbance at 646 nm (extinction coefficient for Cyb5:
25000 L-molt-cm™).

2.3.7.2 MST assay
Labeled peptides were diluted in 50 mM HEPES, pH 8.0 with 0.1% Tween 20 to final
concentration of 20 nM. All stock solutions of unlabeled target peptides (Table 2.2) were
dissolved in assay buffer (50 mM HEPES, pH 8.0) to concentrations 5 mM (GK14 and GK14P)
and 0.250 mM (for SW6P, SW6, YW6P, YW6, YW13and YW13P). For the MST assay 16 step
(1:1) serial dilutions of target peptides were prepared with final volume 10 pL. Next, 10uL of a
stock solution of the labeled peptide were added into each target dilution and mixed carefully
(Figure 2.4 - A). With this, the highest concentration for target were 2.5 mM (GK14 and GK14P)
and 0.125 mM (for SW6P, SW6, YW6P, YW6, YW13and YW13P), for labeled peptide being
10 nM and 0.05% for Tween 20. All the solutions were filled in the standard glass capillaries
(Monolith NT.115 Standard Treated Capillary K002) after the sample mixing and the signal was
measured by Monolith NT.115 (Nanotemper). All measurements were performed at 22°C with
the red LED color, which correspond to optimal excitation of Cy5 fluorophore (excitation
maximum at 646nm). MST-power and excitation power were held at 40% and 20% respectively.
The data was recorded using NT Control 1.6 (NanoTemper® Technologies GmbH), analyses and

curve fitting were carried out using NT Analysis 2.3 (NanoTemper® Technologies GmbH).
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For the competition assays (Figure 2.4 - B) the mixture of 20 nM of Cy5-labeled peptide, 20 mM
of sodium phosphate solution and 0.1% Tween 20 was incubated for 30 min in darkness. Next,
10 pL of this mixture was added to the 16-step serial dilution of GK14P (being the maximum
concentration tested 2.5 mM) to get the final concentrations: 10 nM of Cy5-labeled peptides, 10
mM sodium phosphate pH 8.0 and 0.05% Tween 20.

Table 2.2: Sequences of the target phosphorylated peptides and their non-phosphorylated counterpart and,
the highest concentrations tested during preparation of serial dilutions.

Target ID Sequence [max] tested (mM)

GK14 G-A-A-Y-D-I-S-Q-V-F-P-F-A-K 2.5
GK14P G-A-A-Y-D-I-pS-Q-V-F-P-F-A-K 2.5

SW6P pS-Q-V-F-P-W 0.125

SW6 S-Q-V-F-P-W 0.125
YWG6P pY-G-G-I-P-W 0.125

YW6 Y-G-G-I-P-W 0.125
YW13P Y-A-G-pS-pT-D-E-N-pT-D-S-E-W 0.125
YW13 Y-A-G-S-T-D-E-N-T-D-S-E-W 0.125
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“Bgymaste ‘ " ‘ ‘ N ; (%ﬁ// i — IR laser
1 2 3 4 1{ - ‘ ‘ O O Q 7 0%’7/
1 2 3 4

Serial dilutions of target molecule
(phosphorylated, non-phosphorylated
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up, .
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Samples loading and MST analysis
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Cy5-labeled cyclic peptide

Serial dilutions of the GK14P

Figure 2.4: Schematic overview of the samples preparation for standard MST experiment (A) and
competition experiment (B).
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2.4 Results and discussion

2.4.1 Synthesis and purification of cyclic peptides

The three cyclic 14-mer peptides, MO, M3 and M9 (Table 2.1), were synthetized by Fmoc-based
Solid Phase Peptide Synthesis (SPPS) methods, purified by RP-HPLC and characterized by ESI-
MS. Cyclic-MO0 and cyclic-M9 were synthetized in an automated microwave Biotage equipment
which uses microwave technology to improve peptide synthesis due to the kinetic power input
101 Cyclic-M3 was manually produced using similar SPPS methods in a glass reactor and at RT.
Chlorotrityl resin was used in all three cases, and peptides were cleaved from resin under mild

acidic conditions to obtain fully protected peptides with free N- and C-terminals.

The HPLC chromatogram of cyclic-MO crude peptide (Figure 2.5-A) shows a peak with retention
time (Rt) = 16.6 min (eluted at ~22% solvent B), which was collected and lyophilized. Figure 2.5-
B shows the corresponding analytical HPLC, with final purity of 92% and ESI-MS analysis
(Figure 2.5-C) confirmed the presence of the target, cyclic-MO, peptide (1010.4 Da).

The ESI-MS analysis of the crude cyclic-M3 peptide (Figure 2.6-A), confirmed the presence of
two peptides: the target sequence (1311.7 Da) and another peptide with lower molecular weight
(1198.6 Da). The last one, corresponds to the target sequence minus one isoleucine residue (lle5
or lle7). During SPPS, the synthesis is performed from C-terminal to N-terminal which implies
that, there was a failure during the coupling lle to either Gly6 or Pro8. Considering that Pro has a
secondary amine, most likely the source of error was the coupling of lle7 to Pro8. Additionally,
the steric effect between a large side chain group of lle and side chain group of Pro may decrease
coupling efficiency. Therefore, double-coupling for the incoming residues after proline could be

performed to increase synthesis yield.

During the purification of cyclic-M3, (figure 2.6-B) two different fractions were collected: first
one corresponded to the peak with Rt = 14.0 min (eluted at ~33%solvent B), and the second
corresponded to the peak at Rt = 23.1 min (eluted at ~37.5% solvent B). The ESI-MS analysis of
purified peptides revealed that the second fraction (with Rt = 23.1 min) corresponded to the target
sequence (Figure 2.6-D). The purity of this fraction was analyzed by analytical HPLC (Figure
2.6-C) as 95%.

For cyclic-M9, the HPLC chromatogram of crude peptide (Figure 2.7-A) identifies a peak with
Rt = 16.5 min (eluted at ~21.5%) that was collected and lyophilized. It was confirmed as a target
sequence (Figure 2.7-C) with expected molecular weight of 1257.6 Da and the final purity of 97%
(Figure 2.7-B).
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Figure 2.5: Purification and identification of cyclic-M0 (A): Preparative HPLC chromatogram of crude
peptide. Collected peak and eluting conditions are identified by arrows, details of gradient methods used in
top right of chromatograms. (B): Corresponding analytical HPLC chromatogram of collected peak. (C):
ESI Mass spectrum of collected peak m/z: [M+H]* 1011.4(calculated)/1011.5(measured); [M+2H]%*

506.2/506.3; [M+H+Na]?* 517.2/517.2; [M+H+K]?* 525.2/525.2; [M+NH4]* 1028.4/1028.5 and [M+Na]*
1033.4/1033.5. Absorbance signals monitored at 220 nm. M — cyclic-M0

22



Chapter 2: Chemical production and characterization of cyclic p-hairpin peptides as ligands for bioseparation

667.8 [M+H+Na]**

A [M+2H]?
656.8
[M+H]*
. & |lx 1312.7
=2 ||¥
FTT|E 3= =
=% |Z 88 3
[M+2H+KP* 25 (|3 =
450.9 S\E o <
=2
o || | N "
ado ado ado 1000 1100 1200 1300 1400
S
20 P 30-42% Solvent B
B o :
24min
el 37.5% B ==
~
Q
2 v i
£
33% B ==
50 4
04
0 5 10 15 2‘0 25 30 35
Time (min)
C ™
— C:AUSERS\ LABANALI SES-LAQW DESKTOP\ 18LCWAT008\ C - Collbrick -
1,2 I
1,0 # %
0,8 &
& &
% 0,6 |
0,4 1] %5 @B R “‘@
g 2% SR &
CER L
. S S CEM LS i
o 5 110 l=5 2}) 2‘5 3:0 375
Time [min]
667.9 [M+H+Na]?*
D 656(9 [M+2H]2*
[M+2H+K]3* -
; 450.9 =
o [M+H]*
wol E 1312.7
Ll an/

Figure 2.6: Purification and identification of cyclic-M3. (A): ESI Mass spectrum of crude peptide m/z:
[M+H]+ 1312.7(calculated)/1312.7(measured); [M+2H]2+ 656.9/656.8; [M+H+Na]2+ 667.8/667.9;
[M+H+K]2+ 675.8/675.8; [M+2H+K]3+ 450.9/450.9; and [M’+H]+ 1199.6/1199.6; [M’+2H]2+
600.3/600.3; [M’+H+Na]2+ 611.3/611.3. (B): Preparative HPLC chromatogram of crude peptide.
Collected peak and eluting conditions are identified by arrows, details of gradient methods used in top right
of chromatograms. (C): Analytical HPLC chromatogram of peak collected at Rt =23.12min. (D): ESI Mass
spectrum of collected peak (Rt = 23.12min) m/z: [M+H]+ 1312.7(calculated)/1312.7(measured);
[M+H+Na]2+ 667.8/667.9; [M+2H]2+ 656.9/656.9; [M+2H+K]3+ 450.5/ 450.9. Absorbance signals
monitored at 220 nm. M- cyclic-M3. M”- 13-mer peptide.
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Figure 2.7: Purification and identification of cyclic-M9. (A): Preparative HPLC chromatogram of crude
peptide. Collected peak and eluting conditions are identified by arrows, details of gradient methods used in
top right of chromatograms. (B): Corresponding analytical HPLC chromatogram of collected peak. (C):
ESI Mass spectrum of collected peak m/z: [M+3H]3+ 420.2(calculated)/420.2(measured) and [M+2H]2+
629.8/629.8. M- cyclic-M9.

2.4.2 Characterization of peptides folding

CD spectroscopy was carried out to determine secondary structure of the cyclic peptides and their
stability in previously stablished binding and elution conditions. The B-hairpins have a
characteristic CD signal similar to B-sheet structure showing a positive ellipticity around 200 nm

and a maximum negative ellipticity close to 216 nm 02103,

The far-UV CD spectra of cyclic peptides were measured using optimized buffer conditions:
3.3 mM HEPES buffer pH 8.0 (mimicking binding condition - Figure 2.8-A) and 12.5 mM NacCl
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10 mM HEPES buffer pH 8.0 (mimicking elution condition- Figure 2.8-B). All three cyclic
peptides have a similar folding. For cyclic-M3 and cyclic-M9 the spectra present typical
maximum negative bands (around 214-216 nm) and positive bands (around 195-200 nm) in both
tested conditions. In the case of cyclic-MO, the positive ellipticity was observed around 196-200
nm and the maximum negative ellipticity at 212 nm in both conditions. These results are
consistent with the typically observed bands for -hairpin motifs and are similar to the results

reported for peptides containing the PPro--Pro template which induce the B-turn formation 104-19,
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Figure 2.8: Far-UV CD spectra of the cyclic B-hairpin peptides. (A): 50 UM of peptides in 3,3 mM HEPES
buffer pH 8.0; (B): 100 uM of peptides in 12.5 mM NaCl 10 mM HEPES buffer pH 8.0

Considering the intensity of molar ellipticity, cyclic-M3 and cyclic-M9 demonstrated to be more
stable in tested conditions (binding and elution) in comparison to cyclic-MO0, whose signal
intensity of molar ellipticity decreased with increasing of ionic strength of the solution.
Additionally, cyclic-M3 has higher signal, in comparison to the signal intensity observed for
cyclic-M9. This can indicate that cyclic-M3 has a more constrained system then cyclic-M9.

2.4.3 Detection of binding and determination of affinity parameters

The interaction between designed peptides (cyclic-M3 and cyclic-M9) and phosphorylated target
peptides was analyzed using MicroScale Thermophoresis (MST). The non-phosphorylated

counterparts of targets were also tested. Cyclic-MO was used as a negative control ligand.

The MST is used to determine dissociation constant (Kp) and to study interaction between
molecules. It relies on the difference in thermophoretic movement of the unbound fluorescent
molecule relative to the complex. This movement is induced by the temperature gradient created
during the measurements inside the equipment. MST technique requires small sample quantities

and, due to high sensitivity, can detect small changes in size, charge, hydration shell or
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conformation of molecules that influence the thermophoretic movement. It is a relatively high
throughput method (each MST assay take in average about 15min) therefore can test many

different conditions in a small period.

All three peptides were labelled on Cys1 residue, which was introduced into the sequence as an
anchoring point for immobilization. Cyanine5 Maleimide (Cy5) dye was used for labeling the
cyclic peptides as it contains maleimide group which is known to have high selectivity towards
free thiols. During the measurements, the concentration of labeled peptides was maintained
constant whereas the targets were prepared in serial dilutions (Figure 2.4). All MST measurements
were performed in 50 mM HEPES buffer pH 8.0 and 0.05% Tween 20. Tween 20 (Polysorbate
20) was added to the reaction mixtures, at a low concentration, to prevent peptides aggregation.

As synthetic peptides cyclic-M3 and cyclic-M9 were designed to mimic the binding site of BRCT
domain from BRCAL protein, GK14P was chosen as target. GK14P is an optimized peptide for
binding the BRCT domain of BRCAL previously identified from an oriented peptide library with
high affinity (Ko 400nM) 1% comprising the consensus sequence, pSer-X-X-Phe.

The phosphopeptides SW6P, YW6P, YW13P were selected for binding tests with cyclic peptides
to assess specificity. When comparing with GK14P these peptides present different sequences,
phosphorylated pattern and length. SW6P peptide has six amino acid residues and a consensus
sequence (pS-X-X-F); YWG6P has a pTyr residue; and YW13P has pSer and two pTyr residues.
The sequences of all peptides are shown in Table 2.2.

The results of interaction of cyclic-M3 with GK14P and the control GK14 are shown in Figure
2.9-A. The upper plateau is clearly visible for GK14P, whereas the lower plateau was not
distinguishable with the concentrations used. In order, to achieve lower plateau, higher
concentrations of target peptides were tested, however it was not possible to solubilize the
peptides completely even with the addition of 5% DMF (higher concentration allowed during
MST assays). Without a visibly defined lower plateau, the determination of the Kp is not as
accurate, but still possible yielding 1.0+0.46 mM for GK14P. In contrast, no binding was observed
between cyclic-M3 and the non-phosphorylated peptide, GK14. This indicates that the presence
of the phosphate group is critical for the molecular recognition to occur. For cyclic-M9 (Figure
2.9-B), the absence of the lower plateau was also observed for MST assays. Unlike cyclic-M3, it
was able to bind both GK14P and GK14 and the obtained Kp values were 0.73+0.32 mM and
1.93+0.11 mM, respectively. Figure 2.11 show an overview of the affinity constants (Ka)
obtained for interactions between cyclic peptides and GK14P, and GK14. Both, cyclic-M3 and
cyclic-M9 were able to bind GK14P with similar affinity, however cyclic-M3 shows higher
selectivity towards phosphorylated target. This specificity of the cyclic-M3 probably is a result
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of the higher constrained structure (basing on CD results), that produce the rigid conformation

required for binding of the phosphate moiety.

Cy5 dye used for peptides labeling has a positive charge, which probably may interact with a
negative charged phosphate moiety of target ligands. However, cyclic-MO0 (Figure 2.9-C) does
not show any binding for GK14P neither for GK14. This indicates that the affinity observed
between GK14P and cyclic-M3, and cyclic-M9 is due to interactions between amino acid residues

and that Cy5 does not contribute significantly for molecules binding.
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Figure 2.9: Dose-response curve fitted from MST assay. 10 nM labelled peptide was used in each assay,
with a variation of GK14P and GK14 (maximum fixed at 2.5 mM). (A): cyclic-M3; (B): cyclic-M9;

(©): cyclic-M0.
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Inorganic phosphate (Pi) is frequently present in buffers and biological samples. To analyze its
effect on the binding interaction of designed peptides with GK14P, competitive MST assays were

performed with addition of Pi to reaction mixture.

Initially the interaction between cyclic peptides and Pi (presented as sodium phosphate solution)
was analyzed. Figure 2.10-A shows the results for these assays, where cyclic-M3 and cyclic-M9
were added to the serial dilution of the sodium phosphate solution (maximum fixed at 10mM).
No binding was observed for cyclic-M3 while cyclic-M9 was able to form a complex with Pi (the

Ko determined was 2.67+0.89 mM).
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Figure 2.10: Evaluation of the Pi influence during molecular recognition. (A): Interactions of cyclic-M3
and cyclic-M9 with Pi. No binding was observed for cyclic-M3 in contrast to cyclic-M9 (Kp 2.67+0.89
mM). Molecular recognition of GK-14P by cyclic-M3 (B) and cyclic-M9 (C) in the absence (green-GK14P)
and in the presence of Pi (blue- GK14P+Pi) in reaction mixture;
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Then, competition experiments were performed. For this, 20 nM of labeled peptides were
incubated with 20 mM sodium phosphate solution and then added to the serial dilutions of GK14P
(maximum fixed at 2.5mM) (sample preparation is shown in Figure 2.4-B). Considering, cyclic-
M3 (Figure 2.10-B), the Kp value obtained, for its interaction with GK14P, was 1.2+0.68 mM.
On the other hand, cyclic-M9 (Figure 2.10-C) was not able to bind GK14P in the presence of Pi.

Comparing both tested conditions (with and without Pi in solution) the Ka value of cyclic-M3
towards GK14P was not significantly affected (Figure 2.11) in comparison to cyclic-M9. This
indicates that for cyclic-M9 both molecules (Pi and GK14P) may compete for the same binding

site.

I Cyclic-M3
I Cyclic-M9

GK14P GK14 Competitive assay

Figure 2.11: Overview of the Ka (mM?) calculated from the deduced Kp values from the binding assays
with GK14P, GK14 and competitive assay (with Pi in reaction mixture). Cyclic-M3 was selective for
GK14P (Ka=1.0 mM 1) and, unlike cyclic-M9, was able to bind it in the presence of Pi in reaction mixture
(Ka=0.83 mM 1). Cyclic-M9 was not selective for phosphorylated target (GK14P), however the affinity
for non-phosphorylated counterpart (GK14) was 2.5 fold lower (Ka= 1.37 mM ! for GK14P and Ka=
0.51 mM * for GK14).

Considering phosphorylated peptides SW6P, YW6P YW13P and their non-phosphorylated
counterpart (SW6, YW6 and YW13), binding studies were performed with all three cyclic
peptides. Samples were prepared as previously described for GK14P and GK14: serial dilutions
were made with the highest concentration of 0.125 mM and 10 nM of cyclic labeled peptide in
each sample Since the Ka values for these interactions (cyclic peptides vs target peptides) were
unknown the concentration of target peptides (0.125 mM) was chosen in order to ensure that the
minimal concentration of titrated peptide is sufficiently low to measure the thermophoretic
movement of the unbound cyclic peptide. Results are shown in Figure 2.12 and it was observed
that none of the three cyclic peptides showed binding to SW6P or YW6P or YW13P (Figure 2.12-
A, B and C respectively) or their non-phosphorylated counterpart (data not shown) in the tested
conditions. As it was mentioned in Chapter 1, the mimicking of the proteins binding site in a

smaller ligand structure may lead to decreasing in affinity to the target molecules, as not all
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interactions that are stabilized naturally can be transplanted into a scaffold. During the design of
cyclic B-hairpins peptides just amino acids residues that are known to interact directly with pSer
(at position 0) and Phe (at position +3 from pSer) residues were considered. However, some recent
studies have demonstrated that interactions which BRCA1-BRCT domain establish with adjacent
peptide residues (pSer and Phe) are also important for binding affinity 1981%°, This can explain the
observed results like no binding to SW6P, and the lower determined affinity of cyclic peptide
ligands for GK14P in the tested conditions.
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Figure 2.12: Dose-response curve fitted from MST assays. 10 nM of labelled peptide was used in each
assay, with a variation of SW6P, YW13P and YWG6P concentrations (maximum fixed at 0.125 mM). (A):
cyclic-M3; (B): cyclic-M9; (C): cyclic-MO.
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2.5 Concluding remarks

This study focused on the chemical synthesis and characterization of cyclic -hairpin peptides
(two previously designed peptides: cyclic-M3, cyclic-M9 and one control cyclic-M0) and
evaluation of their potential as affinity ligands towards specific phosphorylated peptides. All
cyclic B-hairpins were successfully produced by solid phase peptide synthesis. The production of
peptides using microwave heating showed to be more efficient, as synthesis were faster, with
higher yields and higher crudes purity.

During the design of these cyclic peptides, a stable p-hairpin template was used where novel
chemical functions were introduced. As expected, the purified cyclic peptides presented the -

hairpin folding as measured by CD.

The affinity of ligands towards phosphorylated target peptides was measured by MST. This
technique provides a fast analysis of interactions with a low sample consumption. It allows the
use of the binding conditions (50 mM HEPES pH 8.0) and to determinate the Kp values.

The analysis of the binding against GK14P e GK14 shows that both cyclic-M3 and cyclic-M9
have ability to interact with the GK14P with similar affinity. Nevertheless, in the tested conditions
only cyclic-M3 shows higher capacity to discriminate between phosphorylated (GK14P) and non-
phosphorylated (GK14) peptides. Such higher selectivity may be related to the more constrained
structure of cyclic-M3 (according to CD results), which allows to display the amino acid residues

essential for recognition of the phosphate moiety in a more appropriate way.

The results obtained indicate that cyclic f-hairpin is a promising scaffold for generation of affinity
ligands. Still, additional studies need to be performed. For example, to test different experimental

conditions to determine more accurate binding constants.
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CHAPTER 3

Biological production of Odorant-Binding

Proteins for application in biosensing

3.1 Odorant-binding proteins as affinity reagents

Volatile organic compounds (VOCs) are small organic molecules with a high vapor pressure at
room temperature conditions and low boiling point. The identification and quantification of VOCs
attract attention due to the extensive abundance of these compounds in nature. VOCs are produced
by human body and different microorganisms, thus VOCs can act as markers in certain diseases
and identified from biological samples (blood, breath, faeces) 1113, The control of VOCs is also
important in food quality, to monitor food decay processes in which different VOCs are produced
and released %4, and to analyze spoilage bacteria >, Due to adverse environmental effects of
many natural and anthropogenic VOCs, there is also a need to control their emission through

identification and quantification 7,

Electronic nose (e-nose) devices have been successfully used for the detection of a wide range of
VOCs for different purposes 8. E-noses are artificial olfactory systems that use arrays of sensors
with the ability to identify different odors which are a set of VOCs. In some cases, sensors use

affinity ligands, typically peptides or proteins to recognize a specific volatile molecule.

Odorant-binding proteins (OBPs) have received attention as potential affinity reagents for VOCs,
as they are naturally optimized for a specific olfactory function. These proteins are known to
transport small hydrophobic molecules, like odorant and pheromones from air towards olfactory
receptors. OBPs are relatively small (15-20kDa) soluble proteins, found in the mucus of insects
and vertebrates. Vertebrate OBPs are a sub-class of the lipocalin superfamily "® and have the
conserved eight-strand B-barrel scaffold with small a-helix on C-terminal. As all lipocalins,
vertebrate OBPs are known to have low sequence identity among different OBPs (generally 21-

26%) *°, however few completely conserved residues allow their identification (Figure 3.1).
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Human ------ LSFTLEEEDITGTWYVKAMVVDK -DFPEDRRPRKVSPVKVTALGG-GNLEATFT 52
RatOBP2 ----- QEAPPDDQEDFSGKWYTKATVCDR -NHTDGKRPMKVFPMTVTALEG-GDLEVRIT 53
RatOBP3 -EEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVFVQHIDVLEN--SLGFTFR 57
Panda HEEGNDVRRNFDVSKISGYWYSVLLASDVREKTEENSSMRVFVNHIEVLSN-SSLLFNMH 59
RatOBP1 ---AHHENLDISPSEVNGDWRTLYIVADNVEKVAEGGSLRAYFQHMECGDECQELKIIFN 57
Porcine ----QEPQPEQDPFELSGKWITSYIGSSDLEKIGENAPFQVFMRSIEFDDKESKVYLNFF 56
Bovine ---AQEEEAEQNLSELSGPWRTVYIGSTNPEKIQENGPFRTYFRELVFDDEKGTVDFYFS 57
* X . . . . .
Human FMREDRCIQKKILMRKTEEPGKFS-AYGGRKLIYLQELPGTDDYVFYC-KDQRRGGLRYM 110
Rat0BP2 FRGKGHCHLRRITMHKTDEPGKY T - TEKGKKTFYTKEIPVKDHYIFYI-KGQRHGKSYLK 111
RatOBP3 IKENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYVMFHLVNVNNG-ETFQL 116
Panda IKVDGKCTEIALVSDKTEKDGEYSVEYDGYNVFRIVETDYTDYIIFHLVNFKEK-DSFQM 118
Rat0OBP1 VKLDSECQTHTVVGQKH-EDGRYTTDYSGRNYFHVLKKTDD-IIFFHNVNVDESGRRQC- 114
Porcine SKENGICEEFSLIGTKQ-EGNTYDVNYAGNNKFVVSYASET-ALIISNINVDEEGDKTIM 114
Bovine VKRDGKWKNVHVKATKQ-DDGTYVADYEGQNVFKIVSLSRT-HLVAHNINVDKHGQTTEL 115
. . . - . . . .

Human GKLVGRNPNTNLEALEEFKKLVQHKGLSEEDIFMPLQTGSCVLEH----- 155

Rat0BP2 GKLVGRDSKDNPEAMEEFKKFVKSKGFREENITVPELLDECVPGSD---- 157

Rat0OBP3 MELYGRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCLQA------ 160

Panda MELSAREPDTSEEVRKRFVEYCQKHGIVKENIFDLTEVDRCLQARGSEKA 168

RatOBP1 DLVAGKREDLNKAQKQELRKLAEEYNIPNENTQHLVPTDTCNQ------- 157

Porcine TGLLGKGTDIEDQDLEKFKEVTRENGIPEENIVNIIERDDCPA------- 157

Bovine TELFVK-LNVEDEDLEKFWKLTEDKGIDKKNVVNFLENEDHPHPE - - - - - 159

(UniProt ID: Q9NY56), rat OBP1 (UniProt ID: P08937), rat OBP2 (UniProt ID: Q63613), rat OBP3
(UniProt ID: Q78E14), giant panda OBP3 (PDB: 5NGH &%), porcine OBP (UniProt ID: P81245), bovine
OBP (UniProt ID: P07435). Conserved residues are highlighted.

OBPs have several specific features making them good candidates as molecular recognition
ligands for application in protein-based biosensors. These proteins can be expressed with high
yield in bacterial systems and are relatively easy to purify when produced fused to a His-tag *%°,
making their production cost effective. Another important property, is their ability to bind
reversibly a broad range of VOCs with a micromolar affinity 2. OBPs tolerate well point
mutations, and as a result their binding properties can be tailored through mutagenesis 2212, The
proteins of this family have also demonstrated a high chemical and thermal stability, and to

reversibly fold when the initial conditions are reestablished 24,

Several studies describe the potential of vertebrate OBPs as sensing elements. Ramoni et al. 1%,
used different forms of pOBPs and bOBPs (mutated and wild-type) as models to create affinity
reagents for the detection of hazard explosive molecules. Di Pietrantonio and co-workers *?° have
developed an array of biosensors using pig OBP (pOBP), bovine OBP (bOBP) and a double
mutant of bOBP. These biosensors were able to distinguish between two tested compounds
(octenol and carvone) and have a high sensitivity in the range of ppm (13 ppm for octenol and 9
ppm for carvone). By changing some specific amino acid residues in the pOBP biding site, Yin
Wei et al. 12 improved the specificity of this protein towards polyaromatic hydrocarbons for
monitoring environmental pollution. This demonstrates the potential of site-directed mutagenesis

to improve binding properties of OBPs.

In this work, after performing an extensive study of structural and biochemical data about

mammalian OBPs and their interaction with VOCs, the rat OBP2 and rat OBP3 were selected as
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models for application in biosensing through rational design. The selection of these proteins was
based on their higher specificity as well as the possibility of recombinant expression and relatively

easy purification, previously reported 127129130,
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3.2 Materials

3.2.1 Reagents

The reagents utilized were of the highest grade available. Ethanol, glycerol and methanol were
obtained from PanReac. Bacterial growths were performed using Luria Broth (LB), ampicillin
(Amp) and agar powder from NzyTech. For agarose gels, tris base, agarose (ultrapure grade),
loading dye, GreenSafe Premium staining, NzyDNA Ladder 1l and NZYDNA Ladder V DNA
markers were purchased from NzyTech. Ethylenediaminetetraacetic acid (EDTA), sodium
phosphate dibasic heptahydrate and sodium phosphate monobasic monohydrate were obtained
from Sigma-Aldrich (now Merck). Isopropyl B-D-1-thiogalactopyranoside (IPTG) was purchased
from NzyTech. FastDigest buffer (10x) was purchased from Thermo Scientific. For pDNA gel
extraction and purification the NZYMiniprep kit from NzyTech was used. The sodium dodecyl
sulfate (SDS) 10% solution and 30% Acrylamide/Bis Solution (ratio 37.5:1) were purchased from
Bio-Rad. Ammonium persulphate (PSA), N-N-N’-N’-tetramethylethylenediamine (TEMED),
Blue bromophenol sodium salt were obtained from Carl Roth. Coomassie Blue R-250 dye was
obtained from Sigma-Aldrich. The protein marker used in SDS-PAGE gel, was the Low
Molecular Weight protein marker (LMW) purchased from Nzytech. Restriction enzymes (Nhel
and HindlIl1l) and Fast-AP (Thermosensitive Alkaline Phosphatase) were purchased from Thermo
Scientific. T4 DNA ligase (5U pL?) and DNasel were obtained from NzyTech and Roche
respectively.

The plasmid pAP006 was previous constructed in the laboratory (UCIBIO, Portugal; Figure S1)
and it contains: a bacteriophage T7 promoter, an Amp resistance, a pBR322 origin, and a lacl
coding sequence. Plasmids pEX-A128-rOBP2 (pEX-OBP2) and pEX-A128-rOBP3 (pEX-OBP3)
were ordered from Eurofins (Genomics) and they contain designed OBP2 and OBP3 gene
fragments respectively, an Amp resistance and a pUC origin. The competent cells Escherichia
coli BL21(DE3), NzySa and NzyStar were purchased from NzyTech and their genotype is
described in Table 3.1
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Table 3.1: Genotype of competent cells used for cloning and expression of OBPs

Name Genotype Supplier

fhuA2A(argF-lacz) U169 phoA gln V44 ®80

NzySa )
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17

endAl hsdR17(r-,mc+) supE44thil recAl gyrA96 relAl

NzyStar ) o . NzyTech
lac[F proA™B™ lacl? ZDM15 :Tn10(Tc")]

F ompT gal dcm lon hsdSB(rB- mB-) A(DE3 [*lacl

BL21(DE3
(DE3) lacUV5-T7 gene 1 ind1 sam7 nin5]

3.2.2 Equipments

The temperature was controlled during microbial growth and proteins were produced using the
Incubator KS4000ic from IKA. The T100 Thermal Cycler from Bio-Rad was used for the
reactions involving DNA. E-gel Precast Agarose Electrophoresis System from Thermo Scientific
for DNA extraction and purification. For agarose and SDS-page gels the systems PowerPac Basic
Power supply with MiniSub cell GT and Mini-Protean Tetra System from Bio-Rad were used
respectively. For gel image and analysis UV Transiluminator (Bio-Rad Gel Doc XR+) was used.
The DNA quantification and purity evaluation were performed with a Nanodrop ND-1000
spectrophotometer (Thermo Scientific). Cells disruption was performed with French Press
(Thermo Scientific). Following centrifuges were used: ScanSpeed mini (Rotor: GAM-1.5-12)
from Labogene; refrigerated centrifuge HERAEUS Multifuge X3R (rotor: Fibralite F14-
6x250LE) from ThermoScientifc and Ultracentrifuge Optima LE-80K from Beckman Coulter.
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3.3 Methods

3.3.1 Literature review and data collection

To evaluate the availability of structural information on OBPs, a PDB search **! was performed
using key words: “odorant-binding protein”, “OBP”, “mammalian”, “lipocalin”. The crystal
structures of six OBPs from different species were identified: one bovine OBP (bOBP), one
porcine (pOBP), one human (hOBP-2A), one pandas’ (AimelOBP3), and two rats’ (OBP1 and
OBP3). Some of the proteins were co-crystalized with volatile molecules inside their binding site.

In total 22 PDB files were obtained from this search. (Table S1).

To analyze the binding specificity of mammalian OBPs, scientific data, available until May 2018
were obtained from searches performed in the online databases Pubmed, Web of Science and
Google Scholar. Review articles were not considered, only scientific articles containing
experimental data were considered. Articles selected for the analysis contained: (i) description of
proteins used (wild type or mutated and mutation performed); (ii) binding studies performed
through fluorescence competition assays with a wide range of different VOCs and obtained values
of IC50 and/or Kp. Ligand data were collected and organized in a database to which SMILE
(Simplified Molecular-Input Line-Entry system) and Isomeric SMILE were added.

In the case of OBP2 and OBP3, the collected data was analysed with the Software DataWarrior
v 4.7.3 132 used to calculate chemical descriptors (total MW, cLogP, molecular flexibility, total
surface area, shape index) and analyze correlations between compounds features and their ability
to interact with rat OBPs. To each tested compound, values “1” and “0” were attributed to analyze

if protein was able or not to bind compound, respectively.

3.3.2 Homology modeling techniques

Since there was no three-dimensional structure of rat OBP2 available, homology modeling
methods were used to construct a model for this protein. Firstly, the amino acid sequence of OBP2
(UniProtKB entry: Q63613), from Rattus norvegicus, was extracted from UniProtKB/TrEMBL
132 protein sequence database. Sequence similarity search was performed using NCBI-BLAST
(Basic Local Alignment Search Tool **%) against the Protein Data Bank, and the hOBP-2A (PDB:
4RUN %) reported the highest *5sequence similarity and identity. The alignment of OBP2
sequence against hOBP-2A sequence was performed by Clustal Omega program 3 using default
parameters, from which the FASTA file was created and used to build a model. Modeling was
performed using Chimera software v.1.12 ¥ interfaced to Modeller v.9.19 3%, Initially, the

template structure was loaded in Chimera and prepared by removing water molecules, salts and
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ligands, and energy minimization was also performed (using ‘“Minimize Structure” tool and
default parameters). The prepared three-dimensional structure of the template and sequence
alignment were next submitted to Modeller. Ten model structures of OBP2 were created and the
top five were selected according to zDOPE score. Next, selected model structures were evaluated
using PROCHECK software ¥ and ProSA-web. The model with a better global score was

selected to proceed with structural analysis.

3.3.3 Experimental methods

3.3.3.1 Preparation of Luria Broth (LB) liquid and LB agar medium
LB medium (25 g LB L* MilliQ water) and LB agar medium (25 g LB L™ and 15g agar L) were
autoclaved at 120°C for 2 h. For LB agar containing Amp, the liquid was cooled down at room
temperature and a final concentration of 100 ug ml* of Amp was added under sterile conditions.

3.3.3.2 Transformation of the plasmids pAP006, pEX-rOBP2 and pEX-OBP3 into E.
coli NZY5a competent cells

NZY 5a competent cells were used to amplify the plasmids amount. pAP006 is a pET21¢ plasmid
used for molecular cloning. pEX-OBP2 (pEX-A128-OBP2) and pEX-OBP3 (pEX-A128-OBP3)
were designed and purchased with the sequence of interest. All plasmids were introduced into
competent cells using thermal shock. 1 pL of each plasmid and 50 pL of Nzy5a competent cells
were mixed and incubated in ice for 30 min. Afterwards the solution was subjected to a heat shock
during 40 s at 42°C in a water bath and then incubated in ice for 2 min. LB medium was added to
the mixture of each preparation, up to 1 mL of total volume, and it was incubated at 37°C for 1 h
with a constant orbital agitation (225 rpm). Afterwards, 50 puL and 150 pL from each sample were
spread on previously prepared LB/Agar/Amp plates (Amp 100 pg mL™?). The remaining volume
of each sample was centrifuged (2 min, 5000 rpm), most of the supernatant was discarded and the
pellet re-suspended in a small volume of LB media. This was also spread in LB/Agar/Amp plates.

Plates were incubated overnight, at 37°C and stored at 4°C.

The negative control was performed without any plasmid, just 20 pL of competent cells whereas
the positive control was performed by adding 1 pl of plasmid control provided by NzyTech
(pCCC) to 20 pL of competent cells.

3.3.3.3 Isolation and quantification of plasmid DNA (pDNA) from bacterial cells
A single colony of each plasmid was picked and added to LB media containing 100 ug mL™* Amp,
for pre-inoculum transformation. In high-copy vectors pEX-OBP2 and pEX-OBP3 6 mL of LB
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media was used, while for low-copy vector pET-21c (pAP006) 12 mL were used. Pre-inocula

were prepared in duplicate and incubated overnight at 37°C with constant orbital shaking (225

rpm).

The resulting cells, from pre-inocula, were harvested by centrifuging for 2 min at 11000 rpm, and
the supernatants were removed. The isolation of the pDNA was carried out with the NZYMiniprep
kit, according to the supplier indications. The following volumes are referred to high copy vectors.
For low-copy, the volumes of A1, A2 and A3 buffers were the double of high-copy. For cell lysis,
the cell pellets were resuspended in 250 pL of Buffer A1/RNAse by vortexing. 250 pL of Buffer
A2 was added, solutions were mixed by inverting and incubated for 4 min at RT. Next, 300 pL
of Buffer A3 were added and gently mixed. Afterwards, the resulting solutions were centrifuged
for 10 min at 11000 rpm. The resulting supernatants were loaded into NZYTech spin columns,
previously placed in 2 mL collecting tubes. Then, were centrifuged for 2 min at 11000 rpm and
the flow-through sample were discarded. The spin columns were washed by adding 500 uL of
Buffer AY (previously heated), centrifuged 2 min at 11000 rpm and next 600 pL of Buffer A4
(containing ethanol) was added and centrifuged again. The flow-throughs were discarded, and the
columns were centrifuged again for 3 min at 11000 rpm to dry the columns. For the pDNA elution,
the columns were placed inside a new collecting tubes and the first elution was performed by
adding 30 pL of milliQ water (previously warmed) followed by 1 min incubation in water bath at
42°C and 2 min centrifugation at 11000 rpm. The flow-through was collected and the second
elution was performed by adding 50 pL of pre-heated milliQ. Finally, the pDNA concentration

was quantified in Nanodrop and elution fractions were stored at -20°C.

3.3.3.4 Evaluation of pDNA integrity through agarose gel electrophoresis
Agarose gel (0.8%) was prepared by dissolving 0.64 g of the agarose in 80 mL of 1XTAE pH 8.5
(40 mM Tris-base, 20 mM glacial acetic acid, 1 mM EDTA) in order to evaluate the integrity of
the extracted pDNA. The solution was poured into the casting frame with the comb inserted. The
gel dye used was Green Safe Premium, about 3 uL/100 mL agarose solution. The agarose gel was
polymerized for 1 h and transferred to the running module. The tank was filled with TAE and the
samples were applied in each well. The running conditions were set as 100 V for 1 h. The loaded
samples were: NzyDNA Ladder 111 DNA Market, and two elutions of the extracted pEX-OBP2,
pPEX-OBP3 and pAP006 plasmids. The solutions for loading were prepared as followed: 2 ul of
plasmid sample, diluted with 2 pL of milliQ water and 1 pL of Loading Dye. 5 pL of molecular

weight marker was also loaded onto the gel. For gel revelation, it was used a UV Transiluminator.
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3.3.3.5 Plasmids digestion through Nhel and HindlII restriction enzymes
The purified pEX-OBP2, pEX-OBP3 and pAP006 pDNA were digested with Nhel and Hindlll
restriction enzymes according to the protocol provided by supplier. The reaction mixtures for
pEX OBP2 and pEX OBP3, were prepared with a final volume of 40 uL to digest 4 ug of pDNA.
Each sample was prepared by adding next reagents: purified pDNA (to final concentration
0.1 ug uLY), 4 pL of Fast Digest Buffer 10x, 2 uL of Nhel and 2 pL of HindIll restriction
enzymes, and sterile MilliQ water up to 40 yL final volume. In the case of pAP0Q6, the digestion
mixture was performed with 2 pug of pDNA and final volume of 20 pL. Next volumes were used
for mixture preparation: 3.9 pL of pDNA, 2 uL of Fast Digest Buffer 10x, 1 pL of Nhel and 1 pL
of Hindlll restriction enzymes, and sterile MilliQ water up to 20 uL final volume. All samples
were incubated at digestion temperature 37°C for 2 h on T-100 Thermal Cycler. Then, heat
inactivation of restriction enzymes was performed by incubation of the reaction mixtures for
5min at 65°C (Nhel inactivation) and for 5 min at 80°C (Hindlll inactivation). To prevent
recircularization of double-digested pAP006 (ddpAP006) FastAP (Thermosensitive Alkaline
Phosphatase) was added to the reaction mixture in a proportion 1 puL FastAP/10 pL reaction
mixture. Consequently, the mixture was incubated for 30 min at 37°C, and heat inactivation was

performed by incubation at 80°C for 20 min.

Agarose gel (0.8%) was prepared (as described in 3.3.3.4) to visualize the release of inserts
corresponded to genes of interest and to evaluate the digestion of transformation plasmid
(pAP006). Subsequently, samples were loaded onto the gel: 5uL of NzyDNALadder 11l DNA
Marker, undigested pEX-OBP2 and pEX-OBP3 and respective double-digested plasmids
(ddpEX-OBP2 and ddpEX-OBP3). All plasmid samples were prepared as described next: 2 puL
of purified plasmid was mixed with 2 pL of MilliQ water and 1 pL of Loading Dye. The gel

running conditions, and revelation was performed as described in section 3.2.3.4.

3.3.3.6  Purification of the inserts and double-digested plasmids by e-gel

Before the cloning, the inserts resulted from the double digestion of pEX-OBP2 and pEX-OBP3,
and the ddpAP006 plasmid were purified using the E-gel equipment and purifications were
performed according to the supplier instruction. 700 ng of digested pDNA in 20 puL MilliQ water
were loaded in each upper-well. 5 pL of provided DNA marker was used in each e-gel and “0.8%
gel run” method was chosen. Bands with 537 bp and 552 bp were collected in the collection wells
for the ddpEX OBP2 and ddpEX OBP3, respectively. These bands corresponded to the released
inserts which contained the genes of interest. In the case of ddpAP006 the band with
approximately 5433 bp was collected. The DNA in all collected samples were quantified by
Nanodrop and kept in -20°C.
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3.3.3.7 Cloning of OBP2 and OBP3 sequence inserts in ddpAP006 expression vector
The ligation reactions of the inserts in the double digested expression vector (ddpAP006) were
performed using T4 DNA Ligase according to the supplier instruction for a sticky-end ligation.
The amount of insert DNA in ligation reaction was calculated by the following Equation 3.1

considering that 25 ng of vector are needed:

ng(vector) x kb (insert size) insert

" (vector size) —— (molar ratio) = ng (insert)  Equation 3.1

During cloning of the OBP2 and OBP3 inserts into a vector, two molar ratios insert:vector were
tested 3:1 and 10:1. All samples were prepared in 1.5 mL PCR tubes for total volume 20 uL and
the following components were added by order: sterile MilliQ water up to 20 L, 25 ng of vector
DNA, calculated amount of insert (according to molar ratio), 2 pL of 10xReaction Buffer and
0.4 uL of T4 DNA ligase. The reaction mixtures were incubated in Thermal Cycler for 2 h at
22°C followed by 5 min at 70°C for T4 DNA Ligase inactivation. All samples were stored at -
20°C.

3.3.3.8 Transformation of the ligation reaction products in NzyStar competent cells
The ligation products obtained in 3.3.3.7 were transformed in NzyStar competent cells. 10 pL of
each sample were added to the 100 pL of NzyStar competent cells. For positive control 50 L of
cells were mixed with 2 pL of control plasmid (pCCC) provided by NzyTech. In the case of
negative control just 50 pL of NzyStar cells were used. The methodology used for the

transformation was the same as described in section 3.3.3.2.

3.3.3.9 Restriction analysis — Insert release confirmation
To confirm the presence of inserts (containing genes of interest) in plasmid vector, the restriction
analysis was performed. 20 pre-inocula of selected colonies were performed (as described in
3.3.3.3): 10 corresponded to the plasmid with OBP2 insert (5 for each ration insert:vector 3:1 and
10:1) and 10 corresponded to the plasmid with OBP3 insert (5 for each ration insert:vector 3:1
and 10:1). The pDNA from the pre-inocula was extracted and purified as described in 3.3.3.3.
Afterwards, 2 pg of each pDNA was digested with restriction enzymes Nhel and Hindll1l in a final

volume of 20 pL, as described in section 3.3.3.5.

To analyze the successful insertion of OBP2 insert 1.5% agarose gel was prepared and the samples
were loaded with a total volume of 5 pL (2.5 pL digestion product, 1 pL of loading dye, 1.5 pL
of MilliQ water). In the case of insert corresponded to OBP3, 0.8% agarose gel was prepared and
10 pL of each sample were loaded (7.5 pL of digestion product and 1.5 pL of loading dye).

NzyDNA Ladder 111 was used as marker in both cases.
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3.3.3.10 Transformation of positive clones in E. coli BL21 (DE3) competent cells
Two positive clones were selected: one of pAP006-OBP2 and one of pAP006-OBP3. Each clone
was transformed in 100 pL of E. coli BL21 (DE3) as described in section 3.3.3.2. For positive
control 2 pL of control plasmid were transformed in 50 pL of competent cells and for negative

control just 50 puL of competent cells were used. LB/Agar/Amp plates were used.

3.3.3.11 Expression of the OBP2 and OBP3 proteins

6 mL of LB medium with 100 pg mL* Amp was pre-inoculated with a single colony of each
protein (OBP2 and OBP3) and grown for £ 9 h at 37°C and 225 rpm. Afterwards, 1 mL from each
pre-inoculum was added to 50 mL of LB medium containing 100 pg mL™* Amp and incubated
overnight in the same conditions (37°C, 225 rpm). Finally, 1 L of LB medium (with 100 pg mL"
1 Amp) was inoculated with 10 mL of the overnight culture in 5 L Erlenmeyer flasks and grown
at 37°C with shaking at 225 rpm until an optical density of 0.6-0.8 at 600 nm (OD600) was
reached. Next, IPTG (1 mM final concentration) was added to each flask to induce expression
and small aliquots were collected every 2 h, for 6 h, for each protein. Cultures were kept overnight,
and 2 more aliquots were then collected. The flasks were kept at 30°C with 225 rpm of orbital
shaking during the whole expression. The protein expression overtime was monitored by
OD600nm and analyzed by SDS-PAGE analysis (described in section 3.3.3.13).

3.3.3.12 Cellular Fractionation
Cells were harvested by centrifugation at 6500 rpm for 15 min at 4°C. Then, were resuspended in
35 mL of 20 mM PBS, pH 7.4 and subjected to three freeze/thaw cycles, to promote the fragility
of the cellular membrane. Next, three passages through French Press, under high pressure
(4000 psi), were performed to promote cell lysis. The obtained lysates were incubated with 10%
DNAsel for 30 min in ice and centrifuged 30 min at 10000 xg at 4°C. The pellets were
resuspended with 25 mL of 20 mM PBS and stored at -20°C. Supernatant fractions were then
subjected to ultracentrifugation (204710 xg, 90 min at 4°C). The supernatants of
ultracentrifugation were collected, and pellets resuspended in 25 mL of 20 mM PBS. The cellular

fractionation was evaluated using SDS-PAGE analysis.

3.3.3.13 Sample preparation and SDS-PAGE electrophoresis Analysis
12.5% acrylamide/bisacrylamide SDS-PAGE running gels were prepared according to the
standard protocol and next solutions were mixed: 1.5 mL of solution I (3 M Tris Base pH 8.8);
4.16 mL of solution 111 (30% acrylamide/bis solution 37:5:1); 0.1 mL of 10% SDS; 4.2 mL of
distilled water; 0.076 mL of 10% PSA; 0.005 mL of TEMED.
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The 5% acrylamide stacking gels were prepared by mixing the following solutions: 0.9 mL
Solution 11 (0.5M Tris Base pH 7.0); 0.6 mL of solution Il1; 0.036 mL of 10% SDS; 1.88 mL of
distilled water; 0.027 mL of 10% APS and 0.004 mL of TEMED.

For the time course evaluation, samples volumes were normalized according to the Equation 3.2.
The corresponding volumes were centrifuged for 5 min, 5000 rpm, supernatants were discarded,
and pellets resuspended in 50 pL of sample buffer (5 mL of 0.5 M Tris Base, pH 6.6-6.8; 2 mL
of 100% glycerol, 4 mg of Blue Bromophenol; 8 mL of 10% SDS). For the fractionation samples,
5 uL of each sample were mixed with 5 puL of sample buffer. All sample mixtures were boiled
for 10 min. 15 pL of time course samples and 10 pL of fractionation samples were loaded into
the gels. Low Molecular Weight (LMW) Protein Marker was used.

1.2

V(mlL) = Equation 3.2

Sample ODgoonm

The SDS-PAGE gels were run for 90 min at 100 V and next stained using blue Coomassie staining
method. For this, gels were transferred for 30 min, into the staining solution (1 g Coomassie Blue
R-250, 15 mL glacial acetic acid, 90 mL methanol and 95 mL distilled water) and distained,
overnight, with the distaining solution (75 mL glacial acetic acid, 450 mL methanol and 475 mL
distilled water). The gels were visualized, with a UV Transiluminator.
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3.4 Results and discussion

3.4.1 Evaluation of structural features on OBPs-VOC recognition

The proteins pOBP and bOBP were the first to be isolated and characterized and are the most
extensively studied proteins of this family. Several binding studies have been performed to find
features of the “best ligand”. In these reports, compounds presenting diversity in size, shape,
polarity and chemical class were used. However, pOBP and bOBP have displayed no high
specificity to any of the tested compounds and were capable to recognize molecules belonging to
different chemical classes as terpenoids, aromatic compounds, alcohols and aldehydes 126140142,
For example, in the case of bOBP, among 81 tested organic compounds, this protein was able to
bind 64 with different chemical and structural features (Table S2). For pOBP the similar result
was observed: among 23 tested compounds it was able to bind 21 (Table S3). The resolved three-
dimensional structures of bOBP and pOBP in complex with different ligands compounds showed
that odorant molecules stabilize mostly hydrophobic interactions with the amino acid residues
forming the cavity wall. Additionally, the binding mode was defined as opportunistic given that
no significant correlation was found between chemical class of the odorant and its orientation

inside the binding pocket 2 (Figure 3.2).

Some animal species can express more than one subtype of OBP. For example, in rat three
different OBPs were detected 1%, at least eight were identified in porcupines *%, four in mouse
144 six in panda 8 and two OBPs were identified in the human genome *°. To understand the
binding properties of different OBP subtypes, several studies had been performed with different
VOCs, using mostly fluorescent probe competitive assays and isothermal titration calorimetry.
Relatively to pandas, among the tested compounds, AimelOBP3 was more specific for natural
terpenoids and long-chain unsaturated aldehydes, while AimelOBP5 was able to bind fatty acids
but not their corresponding aldehydes 8 (Table S3). Human OBP-2A bound to a broad range of
different compounds through hydrophobic interactions. Nevertheless, it has a higher affinity for
aldehydes and carboxylic acids ¢ (Table S4). In the case of rat proteins, all three are monomeric
molecules with a lipocalin folding and low sequence homology between them. It has been
demonstrated that each rat OBP is naturally tuned towards a different chemical class of organic

compounds 2’ and that OBP2 and OBP3 are more selective.
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Figure 3.2: Representation of the bining site of porcine (pOBP) and bovine OBP (bOBP) in comlex with different ligands. Residues involved in binding pocket are colored
green and ligands colored white The orientation of the ligand inside the cavity is opportunistic, as there are no specific side-chains on which a directional binding could depend.
(A): bOBP with aminoanthracene (PDB: 1GT1%); (B) bOBP with undecanal (PDB: 1GT4%%); (C) bOBP with dihydromyrcenol (PDB: 1GT39); (D): pOBP with
diphenylmethanone (PDB: 1DZP?%); (E): pOBP with benzoic acid phenylmethylester (PDB: 1DZM?*?Y); (F): pOBP with undecanal (PDB: 1E02'?Y).
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3.4.2 Homology modeling

To better understand the binding properties of rat OBPs, the structure of their binding pocket
should be analyzed. The only available was structure of the rat OBP3 solved by X-ray
crystallography (PDB: 3ZQ3%’). For OBP2 there was no structure available, so homology
modeling techniques were applied to obtain a 3D model of the protein. Homology modeling is
based on sequence similarity between a target and template and predict the conformation of the
target protein, using an experimentally determined structure of a template. It relies on the fact that
during evolution the structure of the family-related proteins has been more preserved than their
amino acid sequence 1“8, This method includes four main steps: (i) identification of a proper
template; (ii) alignment of amino acid sequences of both proteins (target and template); (iii) model

construction; (iv) quality check of the obtained structures 4°.

The model is created based on the structural information from the template, so its selection
constitutes a critical step that will influence the accuracy of the final model. Thus, proteins with
percentage of sequence identity >40% *°, high structural resolution and without genetic
modifications that may cause significant structural changes, should be selected as template 4,

The amino acid sequence corresponding to the OBP2 protein that was used in this work is shown
in Figure 3.3. Initially, a BLAST search against the PDB was performed and the list of top five

structures is shown in Table 3.2.
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Table 3.2: Top ranking sequence alignment, using the rat OBP2 sequence of this work as query in the
search. The E-value (or Expect value) is a parameter that describes the number of alignments can
"expect" to see by chance when searching a database of a particular size. The lower E-value more
significant the alignment is.

Sequence Sequence Resolution
Structure PDB ID ) o E-value
Identity (%)  similarity (%) (A)
X-ray structure of
4RUN 13 46.0% 63.0% 2.6 7e-43
human OBP-2A
NMR structure of
) ) 5T43 45.0% 58.0% - 5e-41
human tear lipocalin
X-ray structure of
) ) 1IXK] 1 45.0% 58.0% 1.8 5e-40
tear lipocalin
X-ray structure of
o 4QAF 39.0% 58.0% 1.8 4e-29
Anticalin
X-ray structure of
3526 1°2 23.0% 51.0% 1.8 6e-05

murine siderocalin

Human odorant binding protein, hOBP-2A, (PDB: 4RUN **%) found had the highest sequence
identity around 46%. Human tear lipocalin (TL) (PDB:1XKI ) was identified as the second-
best template with the sequential identity around 44%. The structure of TL has higher resolution
(1.8 A) in comparison to hOBP-2A (2.6 A), however it also has higher number of missing
residues, this may influence the predicted folding and its quality. In addition, hOPB-2A and rat
OBP2 belong to the same sub-family (odorant binding proteins), thus it was selected as a template.

Sequence alignment of OBP2 against hOBP-2A is shown in Figure 3.3.

RatoOBP2 QEAPPDOQEDE SGKMYTKATVCORNHTDGKRPMKVEPMTMTALEGGDLEMRITERGKGHC =12

hOBP2-2A -LSFTLEEEDITGTWYVKAMVVDKDFPEDRRPRKVSPVKVTALGGGNLEATFTFMREDRC 59
. PeXEsoR KE KX F Kes o+ oFFE KX Ko REEE XX EE o EE o o %

RatoBP2 HLRRETMHKTDEPGKYTTEKGKKTEYTKEIPVKDHY IEYIKGQRHGKSY LKGELMGRDSK 120

hOBP2-2A IQKKILMRKTEEPGKFSAYGGRKLIYLQELPGTDDYVFYSKDQRRGGLRYMGKLVGRNPN 119
e ¥ ReFE XXX oos FoR oF ReF K FeEX E EX.R FREXER . o

RatOBP2 DNPEAMEEFKKFVKSKGFREENITVPELLDECVPGSD----- 157

hOoBP2-2A TNLEALEEFKKLVQHKGLSEEDIFMPLQTGSCVLEHHHHHHH 181

EeXXEEX o % £ % * %

Figure 3.3: Sequence alignment of rat OBP2 and hOBP-2A obtained by the Clustal Omega. * (asterisk)
indicates a fully conserved residue; : (colon) indicates conservation between groups of strongly similar
properties; . (period) indicates conservation between groups of weakly similar properties. Gap indicates no
conservation between residues. Residues involved in the binding site of ratOBP2 are highlighted with green.
Conserved Lys residues (Lys112 -hOBP2A and Lys113-ratOBP?2) are highlighted with red

The Chimera software interfaced to Modeller was used to predict the three-dimensional model

structure of OBP2. Modeller program implements comparative proteins structure modelling by
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satisfaction of spatial restraints **¢. These spatial restraints are derived from the template and then
transferred to the target sequence according to alignment by assuming that the corresponding
distances and angles between aligned residues are similar *3, The models are generated by

optimization and minimization of the violations of the restrains.

Initially, ten model structures of rat OBP2 were generated and, based on the z-DOPE score, five
were selected. Z-DOPE (normalized Discrete Optimized Protein Energy) is an atomic distance-
dependent statistical score and its negative values indicate better models. Selected models were
evaluated with the following tools:

- Software PROCHECK **: allows to check the stereochemical quality of a protein
structure by analyzing residue-by-residue geometry and overall geometry structure.
Provide the Ramachandran plot residue distribution and the global G-factor. Overall G-
factor evaluated the geometry of the protein structure and its values above -0.5 indicate a
reliable model;

- ProSA-web ™ is a diagnostic tool based on the statistical analysis of all available protein
structures and checks the structure model for potential errors, calculates an overall quality
score (Z-score). Z-score measures the deviation of total energy of the structure with

respect to an energy distribution derived from random conformations.
The evaluation results are shown in Table 3.3.

Table 3.3: Summary of the comparative homology modeling evaluation for the homology models obtained
for the OBP2 amino acid sequence.

Ramachandran values (%)

(PROCHECK) overall G Z-score
Model Most ) factor (ProSA-
Generously Disall Dope
favor  Allowed (PROCHECK) web)
allowed owed
ed
Template
92.7 6.5 0.8 0.0 -0.15 -7.19 -
(PDB:4RUN™)
Model 1 90.7 7.0 0.8 1.6 -0.54 -7.15 -1.52
Model 5 92.2 6.2 1.6 0.0 -0.32 -7.26 -1.65
Model 10 89.1 8.5 2.3 0.0 -0.35 -7.09 -1.57
Model 7 91.6 6.2 1.6 0.8 -0.37 -7.00 -1.61
Model 6 92.2 6.2 0.0 1.6 -0.31 -7.06 -1.53
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The Ramachandran plots from PROCHECK show that the models 1, 7 and 6 have residues with
disallowed conformations. Overall G-factor for models 5,10,7 and 6 are in the range for good
models. Z-score of all models were within the range of scores typically found for proteins of
similar size. Model 5 (Figure 3.4) was selected to proceed with analysis as its score values are

quite similar to those obtained for the template.

Figure 3.4: Homology model obtained for OBP2 (blue) with Modeller, superimposed with template hOBP-
2A (orange)

3.4.3 OBP2 and OBP3 binding specificity

To analyze binding specificity of rat OBP2 and OBP3, experimental results of a large array of
organic compounds were collected and organized from the literature. All described data (Kp and
IC50 values) were obtained from a competitive spectroscopic binding assay performed with a
specific fluorescent chromophore as indicator. During these assays, fluorescent indicator is
equilibrated with the protein then, the complex is titrated with a competitor and the displacement
of probe is monitored by changes in a relative fluorescent intensity. 8-Anilinonaphthalene-1-
sulfonic acid (1,8-ANS) and 1-aminoanthracene (1-AMA) have been successfully applied as a
fluorescent probe for monitoring the ligand specificity in competition assay of different OBPs.
This test allows to determin the concentration of competitor that caused a decay of fluoresce to

half-maximal intensity (IC50) and calculate values of the Kp.

In total, 61 compounds were investigated (Table S5): 54 tested for OBP2 and 52 tested for OBP3.
All tested compounds belong to different chemical classes, have different structure,

hydrophobicity, molecular shape and flexibility.

The collected data were obtained in different experimental conditions (pH, concentrations,

buffers, solutions) that may influence the final values of IC50 and Kp. Thus, during these analyzes
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Molecular Flexibility

compounds were classified as binders or non-binders to the protein and attributed the score “1”

and “0” respectively.

As show in Figure 3.5, OBP2 binds linear aldehydes, carboxylic acids and some hydrocarbons
that display relatively high structural flexibility and molecular weight above +150 Da. As it was
already mentioned, OBP2 have a high similarity with hOBP-2A (46%). hOBP-2A also show
higher specificity towards aldehydes and fatty acids. Using site-directed mutagenesis, it was
demonstrated that Lys112, situated in the binding site of human proteins is mostly responsible for
this specificity “°. Figure 3.3 represents an sequence alignment of both proteins, and it possible
to see that this Lys residue is also conserved in rat OBP2 (corresponds to Lys113). This suggests
that, in rat OBP2, besides hydrophobic interactions ligands can stabilize hydrogen bond with
Lys113 as it was observed for hOBP-2A.

A B
C) 1 o
06 ® °
250f—+——1 ‘ o
05 % ¢ ‘ . i
e° ® £ (]
04 @ [ 3 o 8 [ ]
o 2 200} . e o —t
b= @
03 @ 5 ® o ®
* kS o | _—
- | 150 ‘ | o $ : 5
] ¢ * i ®
0.1 .
;‘Qnatic Cy%i( Linear > ¥ & & & O L @ & e
G CEF T E FE
v v & &OL E o
N

Figure 3.5: Distribution of compounds tested with OBP2 according to (A) their molecular flexibility and
structure; (B) total molecular weight and chemical class. Green circles indicate compounds that bind and
red circles, compounds that don’t bind.

Figure 3.6 shows the amino acid residues of the binding pocket of OBP2 with Lys113, colored in
orange, pointing into the binding pocket.

Figure 3.6: Representation of the amino acid residues of the binding pocket of the (A) homology model of
OBP2 (Lys 113 highlighted in orange) (B) OBP3 (Glu120 and Tyr122 represented in green)
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Regarding OBP3, it binds preferentially to the aromatic compounds with relatively low structural
flexibility and molecular weight between 80-280 Da (Figure 3.7 - A). Most of the compounds that
were able to interact derived from pyrazine and thiazole groups. In addition, alcohols, ketones

and hydrocarbons stabilized interactions with the protein (Figure 3.7 — B).
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Figure 3.7: Distribution of compounds tested with OBP3 according to (A) their molecular flexibility and
structure; (B) total molecular weight and chemical class. Green circles indicate compounds that bind and
red circles, compounds that don’t bind.

Using a BLAST search and OBP3 sequence (PDB:3ZQ3 *7), mouse major urinary protein 4
(MUP4, PDB: 3KFF %) was identified to have a high sequential identity (~71%). The binding
pocket of MUP4 contains hydrophobic residues as well as Glu118 and Tyr120 residues that can
establish hydrogen bonds with ligands like alcohols, ketones pyrazine and thiazole %57, Figure
3.8 shows the alignment of both amino acid sequences, and it can be observed that these residues
(highlighted with red box) are also conserved in rat OBP3 (corresponded to Glu120 and Tyr122).
Figure 3.6-B shows the binding pocket of OBP3 with Glul20 and Tyr122 colored in green
pointing into the binding site. This observation suggests that the binding mechanism of OBP3 is

similar to the one observed in MUPA4.

RatoBP3 DPEEASFERGNLDVDKLNGDMFSIVMASDKREKIEENGSMRMFVQHIDVLENSLGETERI =17

MUP --EEATSKGQNLNVEKINGEWFSILLASDKREKIEEHGSMRVFVEHIHVLENSLAFKFHT 58

RatoOBP2 KENGVCTEFSLVADKTAKDGEYFMENDGENTETELKTDYDNYMMEHEVNVNNGETFQEME 120

MUP VIDGECSEIFLVADKTEKAGEYSVMYDGFNTFTILKTDYDNYIMFHLINEKDGKTFQLME 118
X XX EXXXxX = Xxx = XExx AXXEXIXXXEXXXXZ XXX o X% P e X XEXXXEX

RatOBP3 L¥GRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCLQA-- 162

MUP LYGRKADLNSDIKEKFVKLCEEHGIIKENIIDLTKTNRCLKARE 162

xxxx XX XXXXXRXE X% XXX s 1 XXXXXXXX XXX X
. . . . . .

Figure 3.8: Amino acid sequence alignment of the rat OBP3 (PDB: 3ZQ3 *#) and MUP (PDB: 3KFF%).
Residues involved in the binding are highlighted with green and with red.
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3.4.4 Expression of proteins

3.4.4.1 Expression system and cloning strategy
OBPs are extracellular proteins and naturally they are expressed with the export signal peptide.
For the expression of the recombinant OBP2 and OBP3, used in this work, the signal sequences
were replaced, as explained below, to facilitate protein purification. Figure 3.9 (B and D) shows

the recombinant amino acids sequences of the OBP2 and OBP3 used in this work.

(A) Rat OBP2 nucleotide sequence
CCAATCGCTAGCATGCATCACCATCACCATCACGACGACGACGACAAGCAGGAAGCGCCGCCG
GATGATCAGGAAGATTTTAGCGGCAAATGGTATACCAAAGCGACCGTGTGCGATCGCAACCATA
CCGATGGCAAACGCCCGATGAAAGTGTTTCCGATGACCGTGACCGCGCTGGAAGGCGGCGATC
TGGAAGTGCGCATTACCTTTCGCGGCAAAGGCCATTGCCATCTGCGCCGCATTACCATGCATAA
AACCGATGAACCGGGCAAATATACCACCTTTAAAGGCAAAAAAACCTTTTATACCAAAGAAATTCC
GGTGAAAGATCATTATATTTTTTATATTAAAGGCCAGCGCCATGGCAAAAGCTATCTGAAAGGCAA
ACTGGTGGGCCGCGATAGCAAAGATAACCCGGAAGCGATGGAAGAATTTAAAAAATTTGTGAAA
AGCAAAGGCTTTCGCGAAGAAAACATTACCGTGCCGGAACTGCTGGATGAATGCGTGCCGGGCA
GCGATGGTACCGACGACGACGACAAGTAAAAGCTTTCGAATC

(B) Rat OBP2 amino acid sequence

ASMHHHHHHD QEAPPDDQEDFSGKWYTKATVCDRNHTDGKRPMKVFPMTVALEGGDLEVRI
TFRGKGHCHLRRITMHKTDEPGKY TTFKGKKTFYTKEIPVKDHYIFYIKGQRHGKSYLKGKLVGRDSK
DNPEAMEEFKKFVKSKGFREENITVPELLDECVPGSD

(C) Rat OBP3 nucleotide sequence
CCAATCGCTAGCATGCATCACCATCACCATCACGACGACGACGACAAGGAAGAAGCGAGCTTTG
AACGCGGCAACCTGGATGTGGATAAACTGAACGGCGATTGGTTTAGCATTGTGGTGGCGAGCGA
TAAACGCGAAAAAATTGAAGAAAACGGCAGCATGCGCGTGTTTGTGCAGCATATTGATGTGCTG
GAAAACAGCCTGGGCTTTACCTTTCGCATTAAAGAAAACGGCGTGTGCACCGAATTTAGCCTGGT
GGCGGATAAAACCGCGAAAGATGGCGAATATTTTGTGGAATATGATGGCGAAAACACCTTTACCA
TTCTGAAAACCGATTATGATAACTATGTGATGTTTCATCTGGTGAACGTGAACAACGGCGAAACC
TTTCAGCTGATGGAACTGTATGGCCGCACCAAAGATCTGAGCAGCGATATTAAAGAAAAATTTGC
GAAACTGTGCGTGGCGCATGGCATTACCCGCGATAACATTATTGATCTGACCAAAACCGATCGCT
GCCTGCAGGCGCGCGGCGGTACCGACGACGACGACAAGTAAAAGCTTTCGAAT

(D) Rat OBP3 amino acid sequence

ASMHHHHHH EEASFERGNLDVDKLNGDWFSIVVASDKREKIEENGSMRVFVQHIDVLENSL

GFTFRIKENGVCTEFSLVADKTAKDGEYFVEYDGENTFTILKTDYDNYVMFHLVNVNNGETFQLMELY
GRTKDLSSDIKEKFAKLCVAHGITRDNIIDLTKTDRCLQARGGT

Figure 3.9: (A) and (C) Designed nucleotide sequences for protein expression. (B) and (D) Amino acid
sequences of the recombinant OBP2 and OBP3. Colors corresponded to: violet — restriction site of Nhel;
green — start codon corresponded to methionine residue; blue — His-tag; brown — EK cleavage site, red —
STOP codon; gray — Hindlll restriction site.

Before cloning, the DNA fragments, with the genes that encode for OBP2 and OBP3, were
designed (Figure 3.9 A and C). First, the appropriate restriction enzymes sites were included in
the terminals: the restriction sites for Nhel in the 5’-end and for Hindlll in the 3’-end to facilitate
genes cloning. The DNA sequence encoding the His-tag was introduced in the N-terminal as an
affinity tag, to facilitate protein purification by IMAC (Immobilized Metal lon Affinity
Chromatography) using Ni?* or Co?*-loaded nitriloacetic agarose resins. An enterokinase (EK)
cleavage site was incorporated to allow the removal of affinity tag. To improve the proteins’
expression levels, codon optimization was also performed, by replacing the rare codons of E. coli
strains %8, The designed DNA fragments were synthetized by Eurofins Genomics and
incorporated into pEX-A128 cloning vector. Two different plasmids were obtained pEX-OBP2
(encoding OBP2 protein) and pEX-OBP3 (encoding OBP3 protein). The pEX plasmids contain
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pUC origin, which make them a high copy vector and allow to produce high number of plasmids
per cell (around 500-700) and consequently a high number of inserts. The pAP006, which is
modified pET21c(+) plasmid, was chosen as expression vector to be used in this work. This
plasmid contains pBR322 origin which is more regulated and produce a smaller number of
plasmid copies (around 30-40) per cell. The pET vectors are optimized for the cloning and
expression of recombinant proteins in E. coli cells. In systems of this type, the expression of the
target gene is placing under the control of a strong T7 promoter which is recognized, with high
selectivity, by bacteriophage T7 RNAP. The cloning strategy used during this work is illustrated
in Figure 3.10.

4 (His)s H EK H %?;:g H STOP |>
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Figure 3.10: Representative design of the cloning strategy.

For the expression of the rat OBP proteins, E. coli BL21(DE3) strain was used as the host
organism. Due to its genetic characteristic (Table 3.1) and the possibility to induce protein
production, BL21(DE3) strain is frequently used for expression. This strain is deficient in the Lon
protease and OmpT protease, which are known to degrade the abnormally folded and extracellular
proteins respectively *° the lack of these proteases resulting in a higher level of intact recombinant
proteins. Plasmid degradation is prevented due to mutations in hsdSB and dcm genes.
Additionally, BL21(DE3) contains ADE3 prophage that carries gene for T7 RNA polymerase

(RNAP), which is expressed under control of the strong LacUV5 promoter. In the presence of
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IPTG, LacUV5 drives the expression of T7 RNAP, which recognize T7 promoter and

consequently start the synthesis of the protein of interest.

3.4.4.2 pDNA purification and integrity evaluation
Initially, all three vectors (pEX-OBP2, pEX-OBP3 and pAP006) were successfully amplified in
NzySa competent cells. After pPDNA extraction, its concentration and purity were determined
using Nanodrop spectrophotometer, by measuring the absorbance at different wavelengths
(Table 3.4).
Table 3.4: pDNA concentration and purity after amplification. A260 corresponds to the maximum
absorbance of nucleic acids; A280 the maximum absorbance of proteins; A230 corresponds to the

maximum absorbance of some organic compound and salts. A260/A280 ratio of ~1.8 and A260/A230 ratio
of 1.8-2.2 are generally accepted for “pure” DNA.

Plasmid Elution [DNA] (ng pL?) Azsol Azso Aze0/A230
DAPO0S 1%t 512.0 1.83 2.20

2nd 170.0 1.89 2.38
DEX.OBP2 1%t 349.7 1.89 2.23

2nd 62.0 1.90 2.30
DEX-OBP3 1 335.5 1.80 2.33

2nd 131.8 1.87 2.09

An agarose gel analysis was performed to verify the integrity of the purified pDNA (Figure 3.11).
pAP006 plasmid has 6245 bp, pEX-OBP2 and pEX-OBP3 have 3005 bp and 3020 bp
respectively. In all cases a single band was observed for each sample, which indicates that there
had been no hydrolysis of the pDNA. For pAPQ006 a band between 6000-4500 bp was observed
and for pEX-OBP2 and pEX-OBP3 bands between 3000-2000 bp were detected for both. These
bands corresponded to the supercoiled pDNA form, which is predominant in vivo, and tends to
migrate faster than circular or linear forms. Samples of the second elution are less visible since

they were less concentrated.
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In all three plasmids, samples corresponding to the first elution step show higher plasmid
concentration and acceptable purity degree, thus these samples were selected for further double-

digestion.
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Figure 3.11: 0.8% (w/v) agarose gel for pDNA integrity analysis before cloning. 1%t E and 2™ E correspond
to first and second elution steps of the corresponded plasmid;

3.4.4.3 Cloning and restriction analysis
The designed DNA fragments with OBP2 and OBP3 genes were removed by double digestion
with Nhel and Hindlll restriction enzymes. pAP006 was also double digested with the same
restriction enzymes to incorporate the insert. The cloning strategy is illustrated in Figure 3.10.
The success of this reaction was analyzed by a 0.8% agarose gel (Figure 3.12). In the case of
pAP006 three bands were observed: 812 bp corresponded to the released fragment, 5433 bp to
the double digested (dd) plasmid and 6245 bp. The last one corresponds to the single digested
(sd) plasmid, which was confirmed by the performed controls (sd Nhel and sd Hindlll Figure 3.12
- A) in which pAP006 was digested just with one restriction enzyme. This means that one of the
enzymes did not have 100% activity. The same was observed during the digestion of pEX-OBP2
(Figure 3.12 - B): sd plasmid appeared around 3000 pb, dd plasmid corresponded to the band of
2548 bp and released DNA insert fragment to the band with 537 pb. For pEX-OBP3 the band
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with 552 bp corresponded to released insert DNA fragments and no sd form was observed,

nevertheless it may be due to the lower concentration of this form in the sample.
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Figure 3.12: 0.8% agarose gels of digested plasmids. (A) - Double digested (dd) pAP006 with single
digested (sd) controls and non-digested (nd) plasmid; (B) - Non-digested (nd) and double digested (dd)
pEX plasmids. Band corresponded to sd plasmids are highlighted with yellow color.

dd pAP006 plasmid and insert DNA fragments were purified using e-gel. The final concentration

and purity were analyzed by Nanodrop (Table 3.5).

Table 3.5: Quantification of the purified DNA by E-gel kit.

Plasmid [DNA] (ng puL?) Aaze0/ Azgo Aze0/ Az
DAP006 6.3 1.19 0.31
pEX-OBP2 5.4 2.21 0.47
pEX-OBP3 6.9 2.22 0.35

Next, the ligation reaction was performed with T4 DNA ligases. The obtained recombinant
plasmids were successfully transformed into Nzystar competent cells for propagation.
Afterwards, screening by restriction digestion was performed to determine the recombinant

colonies. For this, the pDNA from 20 colonies (5 for each ratio vector:insert) was isolated and
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double digested with Nhel and HindlIll restriction enzymes. Afterwards, the digested products

were analyzed in agarose gels (Figure 3.13).
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Figure 3.13: Hydrolysis of expression vectors with Nhel and Hindl11 restriction enzymes for inserts release
confirmation (ligation reaction confirmation). (A): release of OBP2 insert from pAP006, in a 1.5 % agarose
.gel; (B): release of OBP3 insert from pAPOO06 in a 0.8 % agarose gel

For pAP006 with OBP2 (Figure 3.13 A), the release of the expected insert (537 bp) was observed
in all colonies with 1:3 molar ratio and colonies 1, 4 and 5 with molar ratio 1:10. For colonies 2
and 3 (molar ratio 1:10) the release of the insert was not detected. This can be explained by
unsuccessful ligation reaction or incomplete plasmid digestion since restriction enzymes are not
totally active, as previously observed. For pAP006 with OBP3 (Figure 3.13 B), the release of the
expected insert (552 bp) was detected in all screened colonies. To continue with protein
expression, the recombinant plasmid, pAP006-OBP2, from colony 1 (molar ratio 1:3), and the
recombinant plasmid, pAP006-OBP3, from colony 2 (molar ratio 1:3) were selected and

successfully transformed into BL21(DE3) competent cells.

3.4.4.4 Expression of OBP2 and OBP3
According to the literature, the expression of the recombinant OBP2 and OBP3 was mostly
induced with 0.2-0.3 mM of IPTG and growth at 37°C for 3 h 128, which corresponds to E. coli
optimal growth temperature. However, in this work the expression was induced with 1 mM of
IPTG, the incubation temperature was reduced after induction to 30°C, to reduce the rates of
protein production and favor proper folding . The monitorization was performed for 20 h.
Figure 3.14 shows that the amount of cells increase with a time until 15 h after induction (Al),
which indicates that either OBP2 or OBP3 were not toxic to E. coli. In the case of OBP2, after
18 h, the number of cells started to decrease what can be explained by the lack of nutrients in the

medium. The same can be observed for OBP3 at 15 h.
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Figure 3.14: Optical Density measurements at 600nm after the induction (t=0h) of proteins expression.

Figure 3.15, shows time course monitoring of protein expression through SDS-PAGE.
Recombinant OBP2 has a molecular weight of approximately 20.4 kDa and OBP3 around
20.8 kDa. For OBP2, protein production started, mostly, 4 h after IPTG-induction and increase
over the time. In the case of OBP3, protein production was observed earlier, 2 h after induction
and increase slightly over the time. There is a difference observed between the fractions before

induction with IPTG and the ones after induction, indicating the proteins were well expressed

over time.
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Figure 3.15: Time course SDS-PAGE hdlysis in a polyacrylamide 12.5% gel of the proteins expression:‘
A: OBP2 and B: OBP3 in E. coli BL21(DE3). Recombinant proteins are highlighted with boxes. LMW —
Low molecular weight marker; Bl- sample before induction (t=0 h);
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For further purification of the proteins, cells were harvested and lysed. Cellular fractionation was
also analyzed by SDS-PAGE with a 12.5% polyacrylamide gel (Figure 3.15). Visually, the higher
amount of both proteins can be found in the supernatant samples after centrifugation (SF) and
ultracentrifugation (SFU). In the case of OBP3, small bands are visible in the insoluble fractions
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(IF and IFU), this may explain the incomplete supernatant removing during the fractionation

process. This means that it was possible to produce OBPs mostly as soluble proteins.

A: OBP2 Al B: OBP3 Al
LMW Bl 20h SF F  SFU  IFU IMw Bl 20h SF F SFU  IFU
96kDa
66kDa
48kDa
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32kDa

26kDa

18.5kDa

Figure 3.16: SDS-PAGE analysis of cellular fractionation, in a polyacrylamide 12.5% gel of the proteins
expression: (A): OBP2 and (B): OBP3. LMW — Low molecular weight marker; Bl- before induction; Al-
20h after induction; SF- soluble fraction, supernatant after low speed centrifugation; IF-insoluble fraction,
resuspended pellet after low speed centrifugation; SFU-supernatant after ultracentrifugation; IFU-

resuspended pellet after ultracentrifugation.
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3.5 Conclusions and future work

The analysis of the available experimental data demonstrated that OBP2 and OBP3 are tuned
towards specific VOC ligands. The interactions between OBPs and ligands are mainly
hydrophobic. However, several residues located at the binding site of each protein were identified
(Lys113 for OBP2; Glu120 and Tyr122 for OBP3) as tips for site-directed mutagenesis. This may
yield OBPs tuned against VOCs of interest.

Both proteins were successfully produced in the soluble form using E. coli expression system.
Before, evaluation of their effectiveness as affinity ligands for different VOCs, proteins have to
be purified. This can be performed with the IMAC chromatography system, which has a nickel
metal immobilized with a high affinity towards His-tagged fusion proteins . The final yield
should be determined to evaluate the efficiency of the used expression system and conditions
(temperature, agitation, concentration of IPTG). Moreover, OBPs folding has to be analyzed by
CD to ensure that proteins remain their binding activity since incomplete folding may lead to the
production of inactive proteins. To confirm that produced proteins are active, binding studies
against different ligands can be performed using MST or fluorescence-based ligand binding with
an appropriate probe.

Finally, the combination of rational and combinatorial approaches will be interesting for the
creation of libraries of affinity reagents, tuned for binding the specific VOCs. For example, the
random mutation of the specific residues involved in the binding pocket may be performed. This
will generate proteins able to establish different types of interactions and/or volume of the binding

pocket, which is also an important feature that affect proteins selectivity.
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CHAPTER 4

Concluding remarks

The search for robust and versatile affinity reagents is an area of intense research for sensing,
diagnostic and therapeutic approaches. This work focused on the chemical and biological
production of cyclic B-hairpin peptides and rat OBPs respectively, as well as the biochemical
characterization of peptides as affinity ligands. Many different fields and techniques were
explored to achieve the objectives.

Cyclic-M3, cyclic-M9 and the negative control (cyclic-MO0) are 14-mer synthetic peptides
previously designed to mimic the interaction between the BRCT domain and phosphorylated
peptides. The three peptides were successfully produced using solid-phase peptide synthesis
(SPPS). The SPPS was efficient during the incorporation of non-canonical amino acid residues,
namely diaminopropionic acid (Dap). The use of solid resin avoids the loss of the product during
production, and facilitates its separation from the solvents and the excess of reagents, resulting in
purer crudes. Moreover, an automated microwave technology lead to a higher final yield in
comparison to manual synthesis. Despite all advantages, SPPS have some drawbacks associated.
Despite the presence of side chain protecting groups in some amino acids, the side reaction may
still occur, affecting negatively the production. Additionally, the incomplete coupling and
deprotection reaction lead to the incorrect peptide assembly, as it was observed for cyclic-M3. In
such cases the protocol of production could be optimized by performing double coupling of
incoming amino acid residue, changing the coupling reagent or solvent system %, However, such
optimization may increase production costs decreasing cost-efficiency. Furthermore, with an
increase in peptides length, each coupling tends to be less productive, thus when double coupling
is not effective, and to avoid the formation of deletion sequences, the unreacted residues have to
be “blocked” by capping. This reaction will yield a truncated sequence thereby facilitating the
separation of the desired product. This is frequently observed for long peptides (with more than
23 amino acids). As the peptides used in this work are relatively small, the capping was not

performed.

About the affinity and selectivity of the sequences towards phosphorylated peptides, it was
possible to obtain some promising results which demonstrated that rationally designed small -

hairpin peptides can be applied as affinity reagents for the purification of biological targets.
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Chapter 4 — Concluding remarks

The third chapter was mainly focused in the study and production of OBPs proteins. The extensive
literature review and analysis of structural data on the mammalian OBPs have demonstrated that
they are mostly transport proteins, isolated in high concentrations from nasal mucus. Generally,
OBPs (as bOBP, pOBP) can accommodate a wide range of different small volatile molecules
belonging to different chemical classes, with different functional groups, structure and size with
a micromolar affinity or clear specificity. This work focused mostly on rat OBP2 and rat OBP3
that have shown a higher specificity for a determinant class of volatile compounds. The homology
modeling techniques have been successfully used for building an OBP2 structural model to
analyze its binding pocket. The interaction that OBP2 and OBP3 with ligands establish are mostly
hydrophobic, however the higher affinity for specific organic compounds and the constitution of
the binding sites indicate that some amino acid residues may interact with small molecules
through hydrogen bonds.

Given the size and complexity of OBPs (20.4 kDa for OBP2 and 20.8 kDa for OBP3) the

recombinant proteins were produced using BL21(DE3) E. coli expression system.

Before the expression of proteins, the gene constructs were designed to facilitate cloning into
suitable expression vectors and further purification. OBPs are naturally produced as extracellular
proteins since they are expressed together with a signal peptide. Therefore, the signal peptides
were replaced by a sequence coding for His-tag and EK cleavage site. As a result, OBP2 and
OBP3 were successfully obtained as soluble and intracellular proteins.

The produced OBPs will be purified and characterized before proceeding with binding studies.
Since the purpose of the exploring OBPs is their application in biosensors, the immobilization

strategies will also be studied in the future.
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T7_terminator
T7_Terminal_primer
Xhol (158)

Notl (166)

Eagl (166)

Hindlll (173)

Sail (179) Gene pAP006

Nhel- Kpnl-BamHI-GFP-STOP-Pstl- BamHI-EcoRl

Xpress_fwd_primer
T7_transl_en_RBS
Xbal (274)
lacO
T7_promoter
Bgill (340)
AmpR_promoter pBRrevBam_primer

tet (300 - 563)

Bcll (1076)

. Ar‘npncnun lact
Pstl (4301) Apal (1273)
pAP006 (pET21c)
6245pb
pBR322_origin
EcoRV (1512)
Hpal (1568)

tet (576 - 851)

pGEX_3_primer

ROP

Figure S1: Modified pET21c plasmid pAP006. pET-21c(+) expression vector was modified at
multicloning site of the plasmid. The gene pAP006 was cloned with Nhel and Ecorl restriction enzymes.
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Table S1: Crystal structures of mammalian OBPs solved by X-ray crystallography and deposited in PDB.

Source PDB ID Refference Ligand ID Ligand Formula Ligand name

1G85 142 30L C8H16 O (3r)-oct-1-en-3-ol
1GT1 140 ANC C14 H11 N anthracen-1-ylamine
1GT1 140 PRZ C9 H14 N2 O 2-isobutyl-3-methoxypyrazine
1GT3 140 DHM C10 H20 O 2,6-dimethyl-7-octen-2-ol

Bos taurus 1GT4 140 UNA C11H220 undecanal
1GT5 140 BZQ C13 H10 O diphenylmethanone
10BP 161 UNX - unknown atom or ion
1PBO 162 SES C10H18 N2 Se | 4-butyl-5-propyl-1,3-selenazol-2-amine
2HLV 163 LIK C12 H20 02 3,6-bis(methylene)decanoic acid
1A3Y 164 - - -
1DZJ 121 SES C10 H18 N2 Se | 4-butyl-5-propyl-1,3-selenazol-2-amine
1DZK 121 PRZ C9H14 N2 O 2-isobutyl-3-methoxypyrazine

Sus scrofa 1DZM 121 BZM C14 H12 02 benzoic acid phenylmethylester
1DZP 121 BZQ C13H100 diphenylmethanone
1E00 121 DHM C10H200 2,6-dimethyl-7-octen-2-ol
1E02 121 UNA Cl1H22 0 undecanal
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121

1E06 IPB C10H140 5-methyl-2-(1-methylethyl)phenol
3FIQ 165 EDO C2 H6 02 1,2-ethanediol
Rattus norvegicus
32Q3 147 _ _ _
Homo sapiens 4RUN 134 FLC C6 H5 07 -3 citrate anion
Ailuropoda melanoleuca 2-amino-2-hydroxymethyl-propane-1,3-
P 5NGH 81 TRS C4H12N 031 YAroxymehyl-prop

(Giant panda)

diol (tris solvent)

83



Chapter 6 -Support information

Tab!e S2: Binding of various chemical classes to bOBP. NB indicate that compound was tested but no
binding was observed. “-“ no information was found

Ligand Kd (uM) Ref 1C50 (uM) Ref
1-octen-3-ol 1.2 142 - -
1-amino-anthracene (AMA) 1 142 - -
Benzophenone 0.8 140 0.6 141
Dihydromyrcenol 0.35 140 0.7 141
2-isobut yl-3-metoxypyrazine 33 140 - -
Undecanal 0.3 140 0.9 141
Citralva - - 0.4 141
3.7-Dimethyl-1-octanol - - 0.3 141
Citronellol - - 1 141
Geranyl acetone - - 1.2 141
Citronellal - - 1.8 141
Citral dimethy! acetate - - 1.9 141
2,6-Dimethyl octane - - 1.9 141
Geranyl acetaldehyde - - 2.0 141
Retinol - - 2.0 141
b-lonone - - 2.3 141
Dimetol - - 2.6 141
Nerol - - 2.6 141
Citronellyl acetate - - 2.6 141
Geraniol - - 2.9 141
d-carvone - - 2.9 141
Linalool - - 3.1 141
Menthone - - 3.3 141
Retinal - - 3.4 141
3,7-Dimethyl-1-octene - - 35 141
a-lonone - - 4 141
L-Carvone - - 4.4 141
Neo-alloocimene - - 75 141
Borneol - - NB 141
a-Cedrene - - NB 141
Cholesterol - - NB 141
b-Carotene - - NB 141
Amyl cinnamic aldehyde - - 0.4 141
Tetradecanal (Myristaldehyde) - - 0.5 141
Hexyl cinnamaldehyde - - 0.6 141

84



Chapter 6 -Support information

Decanal (Decyl aldehyde) 1.2 141
Myrmac aldehyde 2 141
Cocal 2 141
Nonanal 6 141
Heptanal 20 141
a-Pinylisobutylaldehyde 20 141
Pinoacetaldehyde 30 141
4-Heptenal 60 141
Aubepine (p-Anisaldehyde) NB 141
2-Methylpropanal NB 141
Agrumen aldehyde NB 141
Ethyl vanilin NB 141
3,5,5-Trimethanal NB 141
Benzyl isovalerate 0.2 141
Benzyl benzoate 0.7 141
Octyl isovalerate 5 141
Octyl isobutyrate 20 141
Vertenex 22 141
Diethyl phthalate 25 141
Bornyl isovalerate 30 141
Hexyl-2-methylbutyrate 90 141
Isobutyl valerate NB 141
Isoamyl isovalerate NB 141
n-Butyl isovalerate NB 141
Propyl isovalerate NB 141
Musk 89 0.8 141
Coniferan 10 141
Ambrettolide 12 141
Galaxolide 12 141
Cashmeran 40 141
Cis-Jasmone 1.2 141
Jasmal 2 141
Bacdanol 6 141
Jessemal 6 141
Hedione ) 141
Fructose NB 141
2-hexylpyridine 0.5 141
3-hexylpyridine 0.5 141
2-furfuryl mercaptan 0.6 141
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Agrumea - - 8 141
Eugenol - - 12 141
Phenethyl alcohol - - 20 141
Cinnamic aldehyde - - 50 141
Methyl isonicotinate - - NB 141
3-Ethyl-4-methylpyridine - - NB 141
Quinoline - - NB 141

Table S2: Binding of various chemical classes to pOBP. NB indicate that compound was tested but no

113

binding was observed. “-

no information was found

Ligand Kd (uM) Ref 1C50 (uM) Ref
Benzophenone 3.1 140 3.6 121
Dihydromyrcenol 0.1 140 0.8 121
Benzyl-benzoate - - 3.9 121
2-isobutyl-3-methoxypyrazine 0.8 21 0.9 121
Thymol - - 25 121
1-octen-3-ol 2.7 140 - -
Undecanal 2.1 140 0.7 121
Selenazol - - 1.3 121
1-aminoanthracene (AMA) 15 140 - -
Butanal 1.92 166 - -
Diphenyl 0.14 126 0.4 10
Fluoranthene 0.5 10 1.4 10
Pyrene 0.18 10 0.5 10
Phenanthrene 0.27 10 0.75 10
Benzo[j]fluoranthene 0.29 10 0.8 1
9-phenylanthracene 0.48 10 1.35 10
Fluorene 0.65 10 1.8 1
Anthracene 1 10 2.8 1
Acenaphthene NB 10 NB 1
Phthalazine 0.93 e 2.6 1
1-pyrenebutyric acid NB 10 NBV 1
Benzo[a]pyrene 0.7 10 1.95 1
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Benzo[b]fluoranthene 0.72 10 2 10

Table S4: Binding of various chemical classes to pandas OBPs. NB indicate that compound was tested but no
binding was observed. “-*“ no information was found

Aimel OBP3 Aimel OBP5

Ligand Kd (uM) | IC50 (uM) Kd (uM) 1C50 (uM) Ref
9-Tetradecenal 0.3 1.6 NB NB 81
11-hexadecenal 0.4 1.7 NB NB 81
11-Hexadecenyl NB NB NB NB 8l
11-Hexadecenol 3.8 18 NB NB 81
9-Hexadecenal 0.4 1.8 NB NB 81
2-Dodecenal 1.3 6 3.8 9.5 81
Octanal NB NB NB NB 81
Decanal NB NB NB NB 81
Dodecanal 1.3 6 8 20 81
y-undecalactone 4.7 22 8 20 8l
Hexadecanal NB NB 4.8 12 81
y-nonalactone NB NB 8 20 81
(-)-Carvone 3 14 9.6 24 8l
(+)-Carvone 2.3 11 9.6 24 8l
Citral 0.4 2 5.6 14 81
Safranal 0.4 1.7 NB NB 8l
Citronellal 1.2 55 NB NB 8l
Coniferyl 3.6 17 2.8 7 8l
Eugenol 6 28 NB NB 81
Citralva 0.4 1.9 6.8 17 81
Linalol NB NB 9.6 24 8l
Geraniol 2.1 10 NB NB 81
Phytol NB NB NB NB 8l
B-lonone 0.3 1.4 7.2 18 81
Geranyl 0.3 1.4 NB NB 81
3,7-Dimethyloctanol 1.7 8 NB NB 81
Farnesol 0.3 1.4 NB NB 81
Cedrol 0.4 1.7 20 50 81
Octanoic (caprylic) acid NB NB 8 20 .
Decanoic (Capric) acid NB NB 5 12.5 .
Dodecanoic (Lauric) acid NB NB 3 7.5 .
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81

Tetradecanoic (Myristic) acid NB NB 1.7 4.2
Hexadecanoic (Palmitic) acid NB NB 1 2.6 &
Stearic acid NB NB 6.4 16 81
9-hexadecenoic acid 2.9 135 0.8 1.9 81
Myristoleic Acid 4.3 20 2 5 8l
11-hexadecanoic acid 4.3 20 0.8 2.1 o
Z13-18-COOH 4.3 20 0.8 2 81
Oleic acid NB NB 1.4 35 81
Linoleic acid 3.8 18 0.6 1.6 81
N-phenyl-1-naphthylamine (NPN) 0.43 111 8l
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Table S4: Binding of various chemical classes to rat OBPs. NB indicate that compound was tested but no binding was observed. “-*“ no

information was found

OBP1 OBP2 OBP3
] Kdiss 1C50 Kdiss 1IC50 Kdiss 1C50
Ligand Ref Ref Ref Ref Ref Ref
(um) (um) (um) (um) (uM) (um)

(-) Borneol 1.25 127 4.37 127 NB 127 NB 127 NB 127 NB 127

(-) Camphor 1.35 127 4.72 127 NB 27 NB 127 NB 127 NB 127

(+) Camphor 1.29 127 4.52 127 NB 127 NB 127 NB 127 NB 127

D (-) Limonene 1.07 127 3.85 127 NB 127 NB 127 2.41 127 8.43 127
(+)-cis-Limonene-

1o " 4.03 127 14.13 127 NB 127 NB 127 2.92 127 10.22 127

,2-epoxide
(+)-trans-Limonene-
12 " 3.98 L7 14.35 L7 NB 127 NB 127 2.9 127 10.15 127
,2-epoxide

(-)-Menthone 1.75 L2 6.3 127 NB 127 NB L 2.21 L 7.7 127

(-)-Menthol 2.02 L2 7.3 L2 NB 127 NB L 4.12 L 14.3 127

Phenol NB 127 NB 127 NB 127 NB 127 NB 127 NB 127

4-ethylphenol 3.69 L2 13.3 L2 NB 127 NB L NB L NB 127

4-propylphenol 0.54 L2 1.89 L2 NB 127 NB L NB L NB 127

4-isopropylphenol 0.39 L2 1.37 L2 NB 127 NB L NB L NB 127

4-
Isopropylbenzylalcoh NB 127 NB 127 NB 27 NB 127 NB 127 NB 127
ol
3-isopropylphenol 0.52 127 1.75 127 NB 27 NB 127 NB 127 NB 127
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2-isopropylohenol 0.68 127 2.38 127 NB 27 NB 27 NB 27 NB 127
2,6-isopropylphenol NB 127 NB 127 NB 27 NB 127 0.16 127 0.58 127
Benzaldehyde NB 127 NB 127 NB 127 NB 127 NB 127 NB 127
1-Decanol NB 127 NB 127 NB 127 NB 127 NB 127 NB 127
1-decanal NB 127 NB 127 1.24 127 4.35 127 NB 127 NB 127
Decanoic (capric)
N B 127 N B 127 N B 127 N B 127 N B 127 N B 127
Acid
1-Tetreadecanol
N B 127 N B 127 N B 127 N B 127 N B 127 N B 127
(Myristyl alcohol)
Tetradecanal
N B 127 N B 127 0 _41 127 1 . 7 127 N B 127 N B 127
(Myristine) aldehyde
Hexadecanoic
- - - - 0.46 128 1.9 128 - - - -
(Palmitic) acid
Octadecanoic
- - - - 0.82 128 3.4 128 - - - -
(Stearic) acid
Tetradecanoic
N B 127 N B 127 0 . 29 127 1 . 2 127 N B 127 N B 127
(Myristic) acid
Myristyl amine NB 127 NB 127 NB 127 NB 127 7.56 127 24.2 127
Citralva NB 127 NB 127 2.42 127 8.5 127 NB 127 NB 127
p-tert-Butyl-a-methyl
dihydrocinnamic NB 127 NB 127 1.77 27 6.2 127 NB 127 NB 127
aldehyde
Pyrazine NB 127 NB 127 NB 127 NB 127 NB 127 NB 127
2-Methylpyrazine NB 127 NB 127 NB 127 NB 127 6.97 127 24.2 127
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2-Acetylpyrazine NB 127 NB 127 NB 27 NB 27 NB 27 NB 127
2-Methoxypyrazine NB 127 NB 127 NB 27 NB 127 NB 127 NB 127
2-Ethylpyrazine NB 127 NB 127 NB 27 NB 27 2.15 27 8.75 127
2,3-Dimethylpyrazine NB 127 NB 127 NB 27 NB 27 1.8 27 6.3 127
2,3-Diethylpyrazine NB 127 NB 127 NB 27 NB 127 1.67 127 5.85 127
2,3,5-
NB 127 NB 127 NB 127 NB 127 1.55 127 5.42 127
Trimethylpyrazine
2,3,5,6-
NB 127 NB 127 NB 127 NB 127 1.94 127 6.8 127
Tetramethylpyrazine
2,6-Dimethylpyrazine NB 127 NB 127 NB 127 NB 127 1.8 127 6.3 127
2,5-Dimethylpyrazine NB 127 NB 127 NB 127 NB 127 1.32 127 4.62 127
2-Methyl-3-
NB 127 NB 127 NB 127 NB 127 8.05 127 28.2 127
methoxypyrazine
2-1sobutyl-3-
) 1.62 L2 5.67 L2 NB 127 NB L 2.88 L 10.1 127
methoxypyrazine
Thiazole NB 127 NB 127 NB 127 NB 127 _ 127 NB 127
5-Methylthiazole NB L2 NB L2 NB 127 NB L 3.85 L 13.45 127
2-Acetylthiazole NB L2 NB L2 NB 127 NB L 4.72 L 16.52 127
2-Ethoxythiazole NB L2 NB L2 NB 127 NB L NB L NB 127
2-1sobutylthiazole 1.25 127 4.3 127 NB 127 NB 127 0.58 127 2.03 127
4,5-Methylthiazole NB 127 NB 127 NB 121 NB 127 1.88 127 6.62 127
2,4,5-Methylthiazole NB 127 NB 127 NB 121 NB 127 0.87 127 3.05 127
Benzothiazole NB 127 NB 127 NB 121 NB 127 1.67 127 5.85 127
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4-Methyl-5-ethanol-

thiaZOIe NB 127 NB 127 NB 127 NB 127 7.98 127 27.95 127
4-Methyl-5-Acetic
acid-ethylester- NB 127 NB 127 NB 127 NB 121 NB 121 NB 127
thiazole
Musk Ketone - - - - - - NB 127 1.88 127 6.62 127
2-isobutyl-3- 17 . ] ) ] ] ] ] ] ] ] ]
methoxypyrazine
1-amino-anthracene 06 . ) ) ] ] lo1 - ] ] ] ]
(AMA)
Eugenol 0.046 167 - - - - - - - - . -
2-Isobutyl-3-
methoxypyrazine 0.009 * ) ) ) ) ’ ) ) ) ) )
(+)-Menthol 0.092 167 - - - - - - - - - -
y-Decalactone 0.1 167 - - - - - - - - - .
(-)-Menthol 0.115 167 - - - - - - - - - .
Thymol 0.125 167 - - - - - - - - - -
(R) -Limonene 0.14 167 - - - - - - - - - -
Linanol 0.15 167 - - - - - - - - - -
Coumarin 0.21 167 - - - - - - - - - -
Cineole 0.23 167 - - - - - - - - - -
a-Pinene 0.29 167 - - - - - - - - - -
Anisole 0.43 167 - - - - - - - - - -
Vanilin 111 167 - - - - - - - - - -
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Guaiacol

1.42

167

p-Anisaldehyde

1.42

167

Acetoin

10

167
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