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Summary

Peroxidases are a large family of house—keeping enzymes expressed in all living
kingdoms. These enzymes are involved in many life—sustaining processes that
ensure homeostasis of intra— and extra—cellular environment. Among all, plant
peroxidases are the most widely studied. They show common structural features
such as a Fe3+—protoporphyrin IX (heme) as prosthetic group. In the enzyme
resting state, the iron ion is invariantly penta—coordinated: four ligands are
provided by the porphyrin ring, while a His residue is coordinated as the fifth axial
ligand (namely, the proximal His). The sixth coordination position is occupied by
solvent. From a catalytic point of view, peroxidases are peroxide—activated
enzymes that couple H,O, decomposition with oxidation of an organic (phenols,
anilines, organic sulfides, etc.) or inorganic substrate (chloride ions, etc.). The
great functional versatility makes peroxidases very attractive for practical
applications in chemistry, biotechnology and medicine. Among all peroxidases,
the peroxidase from horseradish (HRP) is one of the most used reporter enzyme
in enzyme linked immunosorbent assays (ELISA), electrochemical and optical
biosensors.

The present PhD project, granted by Avantech Group s.r.l., is aimed to find and
develop possible applications for synthetic peroxidases designed by a
miniaturization approach. To this purpose, Fe(Ill)>Mimochrome VI*a

(FeMC6*a) was used (Figure 1).

S

~SED

L 2
EmO S

Figure 1. Model structure of FeMC6*a
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Summary

Previous experiments, carried out on this synthetic peroxidase, demonstrated its
higher performances under optimal conditions, compared to those of natural HRP,
particularly in ABTS (a common chromogenic substrate used for peroxidases)
oxidation.

The synthetic FeMC6*a is provided with high catalytic versatility and enhanced
performances despite its miniaturized scaffold (3.5 kDa), which encouraged
investigations for many practical applications.

In this project, FeMC6*a was successfully investigated in the fields of: i)
bioremediation (chapter 2); iij) sensing (chapter 3); iij) bionanomaterials

construction (chapter 4).

i) FeMC6*a proved to be an efficient catalyst in the transformation of several
halophenols, and the catalytic characterization using 2,4,6—
trichlorophenol as model substrate confirmed its remarkable activity in
oxidative dehalogenation reactions. This function was used to lay the
basis for a new bioremediation strategy based on synthetic peroxidases.
in which FeMC6*a was able to deplete 2,4,6-trichlorophenol from
solution in nanomolar catalyst concentrations.

ii) FeMC6*a was efficiently entrapped onto glassy carbon electrodes and the
peculiarity of its redox behavior was exploited for the development of a
synthetic peroxidase based halogenated alcohol sensor, in collaboration
with Prof. Wing Cheung Mak from Linkdping University. The sensing
principle relies on the increase of catalytic currents upon addition of
halogenated solvents.

iii) FeMC6*a was immobilized onto gold nanoparticles and the catalytic
performances of the obtained nano—bioconjugate were evaluated. The

immobilization was achieved by means of a bio—orthogonal approach.
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Chapter 1

1.1 Introduction

1.1.1 Heme proteins in Nature

Nature uses metal ions to carry out a plethora of functions. Across evolution,
Nature has developed and optimized metalloproteins, which hold and tune metal
ions properties through interactions with the protein matrix. This is an extremely
fine ability, allowing metalloproteins to play a pivotal role in fundamental
biological functions, such as nitrogen fixation, photosynthesis, respiration,
electron transfer, water oxidation, oxygen transport, storage and activation [R.
Crichton (2019)]. Defined ligands composing the first coordination sphere, and
their interactions (such as hydrogen bonds, hydrophobic and ionic) with the
surrounding protein environment, the second coordination sphere, influence the
properties of metal ions [O. Maglio et al. (2012)]. Altogether these interactions
are crucial for the activity of metalloproteins, and functional diversities can be
obtained by precise changes in the first and second coordination sphere [Y.
Valasatava et al. (2018)].

Among metal cofactors, heme is one of the most represented in Nature [T. L.
Poulos (2014)] and is involved in a wide variety of indispensable life—sustaining
tasks [E. N. Mirts et al. (2018)]. Heme chemically refers to iron, usually in the
+2 or +3 oxidation states, enclosed in the center of the porphyrin, an organic
macrocycle. When embedded into different protein matrices, it shows diversity
of functions, such as dioxygen transport in the case of hemoglobin, electron
transfer for cytochrome bs, and H,O, and O,—activated oxidative catalysis for

horseradish peroxidase (HRP) and cytochrome P450, respectively (Figure 1.1).
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Hemoglobin Cytochrome b, Horseradish peroxidase Cytochrome P450

Figure 1.1. First coordination sphere of most common heme proteins in the resting state.

Different amino acids can serve as axial ligands to the heme. Histidine is the
most common, but other residues such as methionine, cysteine and tyrosine can
be found [J. Smith et al. (2010)]. The protein matrix can offer one or two extra—
ligands to the heme. Penta—coordination is observed in globins and peroxidases,
in which the protein scaffold provides only one histidine as the fifth strong axial
ligand, while the sixth coordination position may contain a labile water molecule
or is left empty to accommodate exogenous molecules. Among globins, Fe*'—
containing hemoglobin binds dioxygen with high affinity and transports it to
tissues. In peroxidases, Fe’*—heme is able to bind small organic substrates and
oxidize them upon reaction with hydrogen peroxide. Another example of penta—
coordination is found in cytochrome P450 in which a Fe*~heme is coordinated
by a cysteine residue and is able to oxidize organic substrates by using dioxygen
as electron acceptor [D. Werk—Reichart and R. Feyereisen (2000); J. Liu et al.
(2014)]. Six—coordinated motifs are observed mainly as bis—histidine heme
proteins, since two His residues bind the metal ion from the opposite faces of the
porphyrin ring. This coordination geometry is found in electron transfer proteins
(e.g. cytochrome bs). Nonetheless, hexacoordinated heme with different axial
ligands are also observed (e.g.cytochrome c¢;) [H. L. Axelrod and M. Y.
Okamura (2005)].
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1.1.2 Heme properties
Although the tuning of metal ion properties mainly relies on the protein matrix,
structural differences in the heme cofactor also play an important role [R. Vitale,
PhD thesis].
As already mentioned, hemes are chemically referred to iron ion enclosed in the
center of the porphyrin, in which four pyrrolic groups are linked together by
methine bridges (Figure 1.2).

Figure 1.2. Chemical structure and numbering scheme, of the porphyrin macrocycle
according to IUPAC nomenclature. The 2, 3, 7, 8, 12, 13, 17 and 18 positions are

defined B positions, whereas 5, 10, 15 and 20 are meso positions.

Chemically, heme—proteins are classified in different subcategories depending
on the structural features of the porphyrin macrocycle and how it is anchored to

the protein matrix (Figure 1.3).
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heme b
HO
g /
HO
0
YV

HO
0
S-Cys
HO
0
S-Cys
heme ¢ heme d

Figure 1.3. Chemical structures of naturally occurring heme a, b, ¢ and d. Adapted from
[C.J. Reedy and B. R. Gibney (2004)].

The most commonly found heme is iron (II/III) protoporphyrin IX, known as
heme b or “protoheme”. Structurally, it presents vinyl groups at positions 8 and
13, methyl groups at positions 3, 7, 12 and 17, and propionates at positions 2 and
18 of the macrocycle. Heme b is housed in the protein scaffold by non—covalent
hydrophilic and hydrophobic interactions. More specifically, the coordinating
residues to the iron ion ensure a tight binding of the cofactor while hydrophobic
interactions with the heme macrocycle and polar interactions with the porphyrin
propionic groups strengthen the binding [C. J. Reedy and B. R. Gibney (2004)].
Heme c is anchored to proteins via covalent bonds between cysteine residues
and the heme vinyl groups. Heme c¢ proteins usually contains a CXXCH
sequence motif, as found in cytochromes c and f. In these proteins, the terminal
thiol of the cysteine residues form thioether bonds to the porphyrin, while the
histidine coordinates the iron [C. J. Reedy and B. R. Gibney (2004), S. E.
Martinez et al. (1996)].
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Heme a derives from heme b by conversion of the vinyl group at position 8 into
a hydroxy—ethylfarnesyl group, followed by oxidation of the methyl at position 3
to formyl group. Heme a is more hydrophobic and more electron—withdrawing
with respect to its precursor. It is found only in terminal oxidases, such as
mammalian cytochrome ¢ oxidase [C. J. Reedy and B. R. Gibney (2004), T.
Mogi et al. (1994)].

Less common heme architectures include heme 4 [B. K. Vainshtein et al.
(1986)], heme P—460 [N. Igarashi et al. (1997)] and siroheme [B. C. Tripathy et
al. (2010)].

1.1.3 Heme peroxidases

Peroxidases belong to a large family of house—keeping enzymes expressed by
prokariota, fungi, secretory plants and animals [M. Zamocky et al. (2008)].
These enzymes are involved in many life—sustaining processes that ensure
homeostasis of intra— and extra—cellular environment. Indeed, in animals, heme
peroxidases such as myeloperoxidase, salivary peroxidase (SPO) and thyroid
peroxidase (TPO) are essential in host—defense mechanisms and hormone
synthesis by producing hypohalous acids that are either used to neutralize
pathogenic microorganisms and for iodination reactions in thyroidal hormone
synthesis [S. J. Klebanoff (2005); G. Cheng et al. (2008); A. A. Khan et al.
(2014)]. In plants, heme peroxidases play a pivotal role in the lignification
process [A. R. Barcel6 and F. Pomer (2001)], wound healing [S. D. Allison and
J. Schultz (2004)], suberization [M. A. Bernards et al. (1999)], reactive oxygen
species (ROS) and reactive nitrogen species (RNS) metabolism [A. Liszkay et
al. (2003); S. M. Mc Innis et al. (2006)].

All plant peroxidases show common structural features such as a Fe’'—
protoporphyrin IX as the prosthetic group and a His on the proximal site [S. S.

Sibbett and J. K. Hurst (1984)]. In the enzyme resting state, the iron ion is
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invariantly penta—coordinated: four ligands are provided by the porphyrin (four
nitrogen of the heme in equatorial positions), whereas His is coordinated as the
fifth axial ligand (namely, the proximal His) [A. M. Azevedo et al. (2004)]. The
sixth coordination position is occupied by a solvent molecule, thus iron is in a
high spin state (S = 5/2).

From a catalytic point of view, peroxidases are peroxide—dependent enzymes
that couple H,O, decomposition with oxidation of an organic or inorganic
substrate. Common substrates for these enzymes are aromatic compounds
(amine, phenols, organic sulfides) which are converted either into their oxidized
forms or polymers, and inorganic anions (mainly chloride and bromide) are
converted into hypohalous acids. Peroxidases are very attractive for practical
applications in chemistry, biotechnology and medicine, thanks to their great
versatility, and to their production capacity in large amounts at competitive
costs. Among all peroxidases, the peroxidase from horseradish is one of the most
used reporter enzyme in ELISA, electrochemical and optical biosensors [A. M.

Azevedo et al. (2004)].

1.1.4 Peroxidase from horseradish
The peroxidase from horseradish (HRP), produced by Armoracia rusticana
belongs to a large family of different isoenzymes, which differ slightly in amino

acid sequences and glycosylation.
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Figure 1.4. X-ray structure of HRP C1A (PDB ID: 1AT]J).

In 1954, it was already known that the Armoracia rusticana root extract was
composed by several isoforms of HRP [Jeremyn, M. A. and Thomas, R. (1954)].
By ion exchange chromatography onto carboxymethyl cellulose, Paul identified
five different forms of HRP (A, B, C, D and E) [Paul, K. G. (1958)]. Further
purifications by Aibara and Shannon, made possible to isolate HRP as three
acidic fractions (A1-3), five neutral fractions (B1-3, C1-2) and six basic
fractions (E1-6) [Aibara, S. et al. (1981); Shannon, L. M. et al. (1996)]. Among
all isoenzymes, isoenzyme C (HRP C) is the most abundant (Figure 1.4)
[Krainer, F. W. and Glieder, A. (2015).].

HRP C comprises a single polypeptide chain of 308 amino acid residues, with
the N-terminal blocked by pyroglutamate and a heterogeneous C—terminus
[Krainer, F. W. and Glieder, A. (2015)].

In the sequence, nine potential N—glycosylation sites can be recognized with N—

X-S/T motif and of these, eight are usually occupied. HRP C is variably
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glycosylated and the carbohydrate content varies between 18 and 22% on the
molecular weight [Veitch, N. C. (2004)].
Glycan composition is instead very well conserved and comprises a

heptasaccharide chain represented in Figure 1.5.

Man(a1—6)

Man(al—3) Man(B1—4)GlcNAc(al—6)GlcNAc(o1 —N)Asn

Man(B1—-2)
Fuc(al—3)

Figure 1.5. Glycan structure found in HRP C1A

HRP C tertiary structure is composed by 13 a-helices and three P—sheets.
Structural details around the heme are reported in Figure 1.6. The heme b is
housed in a heme binding pocket comprising phenylalanine residues (Phe41 and
Phe221) for hydrophobic interactions and polar residues such as Gln176, Ser73,
Ser 35 and Arg31 which create a hydrogen—bonding network to the propionate
groups of the heme, thus reinforcing the binding. Protein conformation is
stabilized by four disulfide bonds (Cys 11-91, Cys 44-49, Cys 97-301, and Cys
177-209) and 2 calcium ions, indispensable for correct folding [K. G. Welinder
(1976)].

The N, of His170 (proximal His) directly coordinates the iron on the proximal
face of the heme b, whether the second axial coordination position on the heme
distal side is unoccupied and represents the hydrogen peroxide binding site

during catalysis (Figure 1.7) [Poulos, T. L. and Kraut, J. (1980)].
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Asn70
Hisd2 \f\

Ser73 )
b Arg38 o aSer35
Phed1 \/ S 7o
<< 2 Arg31
A ] AN oz
b_\. o’—y ) Y |
'/%/_l‘/h/»—a/_' Glnl76
Hisw 41?]’11::22]
A N\

Asp247 )=
Figure 1.6. Three—dimensional representation of the residues interacting with the heme b
of HRP CI1A.
HRP C and other horseradish peroxidase isoenzymes reactions can be expressed

by the scheme depicted below (Figure 1.7).

2AH + H,0, HRP P 2A°+2H,0

Figure 1.7. Substrate oxidation catalyzed by HRP

HRP converts the substrate “AH” (such as phenols, anilines, organic thiols and
thioethers) to its 1—electron deficient form while hydrogen peroxide is converted
to water.

The catalysis occurs in a three—step process, in which the enzyme is first
oxidized by H,0, to high valent oxoferryl species (Compound I; Fe*'=0"") and
then reduced back to the resting state (Fe’") by two sequential single—electron
steps, passing through Compound II intermediate (Fe*"=0) (Figure 1.8) [Veitch,
N. C. and Smith, A. T. (2000)].
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AH__
O(H),

M
N

N
/

Compound I1 Compotnd I

Figure 1.8. Catalytic cycle of HRP

The first step consists in the cleavage of the peroxide bond with the
simultaneous release of water. The iron center catalyzes this reaction by
providing two electrons to the oxygens. The reaction with H,O, yields a 2—
electron deficient heme cofactor, namely Compound I, which contains an
oxoferryl group, with the iron in the +4 oxidation state, and a porphyrin in n—
radical cation.

Compound-I is able to oxidize a wide range of reducing substrates. By a single—
electron transfer mechanism, the compound I m-radical cation is reduced,
leading the second enzyme intermediate, called Compound II. This still contains
an oxoferryl group and the iron in the +4 oxidation state. A second oxidation
reaction, provides the cofactor with a second electron, thus restoring the enzyme
in its resting state ferric (+3). During these double one—electron reductions, the

oxygen accepts two protons to form water molecules.
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The presence of a strong hydrogen bond between the N atom of the proximal
histidine and an aspartate side chain (Asp247) represents a key factor in the
modulation of redox potential of the penta—coordinated complex. This hydrogen
bond increases the basicity of the coordinating histidine, stabilizing the high
oxidation state of the intermediates, such as the high valent oxoferryl center [J.
Everse, (1998)].

The binding of H,O, occurs in the distal site, which is characterized by the
presence of Arg38, Phe41 and His42 (Figure 1.9a). Two of these amino acids
(Arg38 and His42) are invariantly found in all plant peroxidases and play a role

in the acid—base catalytic cleavage of the O—O bond (Figure 1.9b).

(a) His42

Phe41 ,\"j Arg38

\___J/
L / ﬁi

= A\
_mexr

(b) q,/

His42 Hjs42 Hjs42

b > < o N
N d 2

"\

» S
\ / \ 9/O\H 0 Ny
Compound 0 Compound I

Figure 1.9. Distal site and role of His42 and Arg38 in H,O, deprotonation and
Compound I formation.

His42 in the distal site acts mainly as a general acid—base catalyst: it assists the

hydrogen peroxide deprotonation and the subsequent heterolytic cleavage of the

peroxide bond during Compound I formation [Rodriguez—Lopez, J. N. et al.

(1996)]. Distal Arg38 is involved in charge stabilization, mediated by its

positively charged guanidinium group. Furthermore, once the O—O bond is
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cleaved, Arg contributes to stabilize the oxoferryl species via hydrogen bond
formation [Savenkova, M. 1. et al. (1998)].

Site specific mutation of His42 residue with non—polar residues such as Ala
(H42A), Leu (H42L) and Val (H42V) yields to drastic loss of activity due to
reduction in compound I formation rate (from 1 to 5 order of magnitude)
[Rodriguez—Lopez, J. N. et al. (1996)]. A partial loss of activity is also observed
when mutating Arg38 residue [Newmyer, S. L. and Ortiz de Motellano P. R.
(1995); Rodriguez—Ldpez, J. N. et al. (1996); Veitch, N. C. and Smith, A. T.
(2001)].

1.1.5 Applications of peroxidases
The versatility of HRP allows for its application as active sensing component in
commercial devices. In particular, HRP is the most widely used peroxidase for
analytical purposes [Gajhede, M. et al (1997)], and finds application in the
development of biosensors [Sekretaryova, A. N. et al. (2016); Nakamura, H. and
Karube, 1. (2003)] and diagnostics [Azevedo, A. M. et al. (2003)]. The ability of
HRP to reduce H,O, and organic peroxides is exploited in biosensors for
peroxides detection [Schubert, F. et al. (1991); El Kaoutit, M. et al. (2008)].
HRP based biosensors can be used to control and monitor peroxides in
pharmaceutical industries, in bleaching operations, in the texile and paper
industries and in food products [Azevedo, A. M. et al. (2003)]. Also, HRP can
be directly wired onto electrodes. The enzyme, upon reaction with H,O,, yields a
2—electron deficient intermediate, which, in the absence of a reducing substrate,
can be brought back to the resting state by suppling electrons from the electrode
surface, thus restoring the native enzyme without the need of any mediator

(figure 1.10).
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Figure 1.10. Mechanism of direct electroenzymatic reduction of a peroxide molecule at

HRP - modified electrode.

When HRP-modified electrode, operated at a sufficiently negative potential, is
placed in a peroxide containing solution, a reduction current proportional to the
peroxide concentration is observed [Ahammad, A. J. S. (2012)].

Furthermore, if HRP is coupled with a hydrogen peroxide producing oxidase, the
system becomes sensitive to the oxidase substrate, enabling the control and
monitoring of a wide range of analytes such as glucose, ethanol, cholesterol
(depending on the oxidase specificity). The main advantage of the combination
with peroxidases is the low operating potential at which the oxidized mediator is
reduced, avoiding undesirable reduction or oxidation of electroactive interferents
(Figure 1.11) [Wilson, R. and Turner, A. P. F. (1992)]. Glucose sensors based on
this mechanism have been widely reported in literature. A recent example is
provided by [Yang, H. et al. (2017)], in which glucose oxidase and HRP were
immobilized with carbon nanotubes onto a glassy carbon electrode. The
proposed sensor is linear over the 0.022-7.0 mM range, with a sensitivity of 5.14
pA mM™ cm™. In another example, glucose oxidase and HRP were immobilized
by dispersion in a carbon paste material, together with ferrocene acting as
mediator for HRP. The whole membrane was coated with Nafion, which

entrapped and prevented losses of the immobilized proteins [Blanco-Lopez, M.
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C. et al. (2020)]. This sensor was able to measure glucose in food beverages.
Furthermore, the high sensitivity of the bienzymatic glucose oxidase-HRP
system allowed for miniaturization and use of cheap substrates, thus increasing
the attractivity of these systems for commercial purposes, as reported by [Amor-

Gutiérrez, O. et al. (2020)].

Figure 1.11. General scheme of a bi—enzymatic electrochemical biosensor.

HRP is also widely used as enzyme label in histochemical stainings and
diagnostic assays. It is well suited for the preparation of enzyme—conjugated
antibodies and antigens in immunoassays, such as enzyme linked
immunosorbent assays (ELISA) (Fig. 1.12), due to its good stability and
especially for its ability to yield chromomeric products with high turnover
number [Azevedo, A. M. et al. (2003); Hermanson, G. T. (2008)]. ELISA
represents nowadays the most routinely used immunochemical assay in the
diagnostic field, for the detection of different compounds of both natural and

synthetic origin.

28



Chapter 1

Figure 1.12. Representation of direct ELISA assay

Commercially available HRP—conjugates are characterized by a ratio of one to
three HRP molecules per antibody molecule. This value is mainly due to steric
hindrance of HRP during the conjugation reactions and represents the limit for
maintaining functionality of the conjugate. Immunochemical assays research
field is still widely expanding, in order to increase sensitivity of the responses
for already existing assays and face the new coming requests for the
development of new assays. ELISA assay works as a powerful tool to detect not
only biological entities, but also small molecules in complex matrices, as
reported for an ELISA assay targeting enrofloxacin (a fluoroquinolone which
acts as a urinary antiseptic) with extremely low interference from other
fluoroquinolone analogues [Watanabe, H. et al. (2000)]. Recently, a nanobody-
HRP fusion protein was reported as ultrasensitive probe against Newcastle

desease virus [Sheng, Y. et al. (2019)]. The proposed approach allows to
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produce HRP-conjugated antibodies in a straightforward manner, reducing time
and cost for antibody production. Analogously to HRP-ELISA, recent
approaches profit of DNAzymes-aptasensor for the detection of antigens, as
recently reported for a HRP-mimiking DNAzymes for breast cancer-derived
exosomes [Zhou, Y. et al. (2020)].

Less diffused, but still noteworthy applications of HRP comprise dye bleaching,
phenol degradation and polymer synthesis.

Downstream wastewaters from the textile and paper/printing industry often
contain large amounts of colored organic molecules. They have synthetic origin
and have capacity to act as xenobiotics for plants and animals causing
environmental pollution [Husain, Q. and Fahad Ullah, M. (2019)]. Peroxidases
are able to oxidize dyes leading to bleaching, polymerization, or degradation,
facilitating downstream treatments [Matto, M. and Husain, Q. (2009); Ali, M. et
al. (2016); Ali, M. et al. (2017); Ali, M. et al. (2018)]. Strategies involving HRP
as treating enzyme have been proposed. The outstanding versatility of HRP in
dye bleaching has been recently reported [Husain, Q. and Fahad Ullah, M.
(2019)]. HRP proved to be capable of degrading dyes of different nature both in
freely—diffusing and immobilized state, such as bromophenol blue [Liu, J. Z. et
al. (2006)], direct yellow—11, methyl orange, crystal violet II [Maki, F. et al.
(2006)] and many azo—dyes [Arslan, M. (2011)].

Textiles industries, together with wood industry, use and discharge in the
environment large amounts of phenolic compounds. These substances
contaminate waters and because of their resistance to biodegradation, they
accumulate in the environment. This gave rise to concerns for human health
because of toxicity and suspected of carcinogenicity [Xu, T. et al. (2014); Li, Z.
et al. (2015); Fernandez Freire, P. et al. (2005); Huff, J. (2012)]. Catalytic
investigation over the activity of HRP towards different phenols shows that the

enzyme is able to convert phenols at low substrate concentration, but with
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limited efficiency [Zhao, J. et al., (2015)]. Moreover, in the case of phenol and
low monosubstituted phenols, HRP is able to trigger polymerization reactions
with the formation of products with low solubility [Vasudevan, P. T. and Li, L.
0. (1996)]. This last feature is particularly important as polymerized phenols can
be then removed by simple filtration. Further details over HRP—based phenols
bioremediation will be given in Chapter 2.

HRP has been lately proposed as an efficient catalyst for synthesis of conductive
polymers. In the field of organic electronics and conductive polymer based
biosensors, materials with high conductivity are often required to enhance
responses and obtain systems with high sensitivity [Meng, L. et al, (2018)]. HRP
has been used to synthesize a variety of polymers such as polypyrrole [Cruz—
Silva, R. et al. (2008)], polyaniline [Rumbau, V. and Marcilla, R. et al. (2006)]
and polyethylenedioxythiophene (PEDOT) [Rumbau, V. and Pomposo, A. et al.
(2006)]. In this last example, HRP has been used as catalyst for the synthesis of
PEDOT over 16 h reaction with EDOT monomer and hydrogen peroxide. The
produced PEDOT did not require post—processing steps to increase conductivity,
as usually done for the polymer synthesized with conventional protocols. The
new synthetic protocol allowed to obtain PEDOT with high conductivity due to

the high content of bipolarons in the polymer chains.

1.1.6 Towards synthetic peroxidases
The wide range of applicability of heme proteins and in particular peroxidases,
have encouraged scientists to reproduce these enzymes in nature—derived and
synthetic models with the aim to improve performances or install new functions
compared to their natural counterparts. [Nastri, F. et al. (2019); Chino, M. et al.
(2018); Nastri, F. et al. (2016); Yu, F. et al. (2014); Zastrow, M. L. et al. (2013);
Mocny, C. S. et al. (2015); Grayson, K. J. et al. (2018); Bhagi-Damodaran, A. et
al. (2016); Petrick, 1. D. et al. (2014); Lin, Y.-W. et al. (2017); Lewis, J. C. et al.
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(2013); Jeschek, M. et al. (2016); Hyster, T. K. et al. (2016); Schwizer, F. et al.
(2018); Oohora, K. et al. (2019)].

The extensive investigation on natural proteins have provided bioinorganic
chemists with many tools for developing peptide/protein based artificial systems,
which represent a benchmark for understanding the structural-functional
relationships in heme proteins.

These systems can be not only capable of simulating and even overcoming the
features of natural heme proteins but also help in clarifying the mechanism that
allows protein matrix to modulate the catalytic activity of the heme [Chino, M.
et al. (2018); Yu, F. et al. (2014); Schwizer, F. et al. (2018); Friedle, S. et al.
(2011); Lichtenstein, B. R. et al. (2012); Oloo, W. N. et al. (2013); Lewis, J. C.
(2013); Lee, S. C. (2014); Oloo, W. N. et al. (2013); Chino, M. et al. (2015);
Caserta, G. et al. (2015); Itoh, S. (2015); Bhagi—-Damodaran, A. et al. (2017);
Bren, K. L. (2017); Reig, A. J. et al. (2012); Zastrow, M.L. and Pecoraro, V.L.
(2013); Grayson, K. J. and Anderson, J. R. (2018); Mocny, C. S. and Pecoraro,
V. L. (2015); Lombardi, A. et al. (2019); Nastri, F. et al. (2016); Lin, Y.-W.
(2017); Petrik, 1. D. et al. (2014); Diirrenberger, M. and Ward, T. R. (2014);
Hyster, T. K. and Ward, T. R. (2016); Yu, Y. et al. (2018); Jeschek, M. et al.
(2018); Schwizer, F. et al. (2018); Oohora, K. et al. (2019)].

Although many ground—points in reproducing metalloenzyme activity in
artificial systems are very—well established, satisfying all requirements
simultaneously is often non trivial. Indeed, one of the most difficult requirement
to comply relies in the delicate balance between the protein conformational
stability and the flexibility of the metal ion site. The exchange of substrates and
products often requires flexibility within the active site, while the metal ion
requires the fulfillment of its coordination demands in all catalysis steps [Nastri,

F.etal. (2019)].
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Several strategies have been employed to construct peptide/protein—based
artificial metalloenzymes, such as de novo design [Yu, F. et al. (2014); Zastrow,
M. L. and Pecoraro, V. L. (2013); Grayson, K.J. and Anderson, J. R. (2018);
Mocny, C. S. and Pecoraro, V. L. (2015); Lombardi, A. et al. (2019); Nastri, F.
et al. (2016)], design through miniaturization processes [Chino, M. et al. (2018);
Nastri, F. et al. (2016)]. and protein redesign of native scaffold [Chino, M. et al.
(2018); Petrik, I. D. et al. (2014). In addition, supramolecular metalloprotein
design and directed evolution have been wused to develop artificial
metalloproteins [Churchfield, L. A. et al. (2019); Arnold, F. H. et al. (2018)].
Using computational tools, de novo design allows to build polypeptide
sequences, unrelated to any natural protein. These sequences fold into a well-
defined three-dimensional structure and are able to incorporate a metal cofactor
into a precise geometry, allowing to reproduce natural metal binding sites within
artificial systems [Lombardi, A. et al. (2019)]. Also, de novo designed sequences
allow to introduce non-natural metal binding sites into protein scaffolds,
installing new functions, unknown to natural systems [Roy, A. et al. (2014);
Zhang, S.-Q. et al. (2018); Koebke, K. J. et al. (2018), Chino, M. et al. (2018);
Lin, Y.-W. et al. (2019)]. In this frame, Zhang and coworkers reported the
design of homotetrameric four-helix bundles that bind tetranuclear clusters,
consisting of four Zn”" and four carboxylate oxygens tetra-clusters [Zhang, S.-Q.
et al. (2018)]. The crystal structures of the helical proteins were in good
agreement with the overall design, with the Zn®" ions and the carboxylate
oxygens situated at the vertices of a distorted cube-like structure. Furthermore,
the metal ion clusters are assembled in a vast hydrogen-bonded network of 16
polar amino acids, all involved in predetermined metal ion-ligand and hydrogen-
bonded interactions.

Design by miniaturization also represents a powerful tool to rationally design

functional artificial metalloenzymes, starting from the structure of natural
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proteins. Miniaturization allows to build the minimal peptide sequence, which
contains sufficient information for proper folding and for an accurate
reconstruction of the active site structure [Lombardi, A. et al. (2000); Xing, G. et
al. (2001)]. In this field, Mimochromes represent a great example of heme-
enzymes afforded by miniaturization. Further details over mimochromes activity
and evolution is provided in Paragraph 1.1.7.

The functional properties of natural metalloproteins can be enhanced or
repurposed through protein redesign [Nastri, F. et al. (2019); Lin, Y.-W. et al.
(2017); Yin, L. et al. (2018); Mirts, E. N. et al. (2018)]. By this approach,
carefully chosen scaffolds are mutated to obtain new metal binding sites. This
strategy has been also employed to insert catalytically competent metal cofactors
within natural protein scaffolds, thus yielding hybrid catalysts [Schwizer, F. et
al. (2018); Liang, A. D. et al. (2019)].

An example of repurposing the function of a native enzyme in a rationally
designed metalloprotein is provided by Yin and coworkers that created an
effective artificial dehaloperoxidase (DHP) [Yin, L. et al. (2018)]. They
combined the structural features of chloroperoxidase (a distal Asp) with DHP (a
distal Tyr) in the same heme active center of Myoglobin (Mb). The rationally
designed metalloprotein F43Y/H64D Mb efficiently carried out oxidative
dehalogenation of 2,4,6-trichlorophenol, with a catalytic efficiency 1000-fold
higher than that of native dehaloperoxidase (See Chapter 2, Paragraph. 2.1.2).
Beyond modification of the protein matrix, the activity of metalloprotein can be
tuned and/or repurposed by incorporating or modifying the metal cofactor within
a protein scaffold. [Davis, H. J. and Ward, T. R. (2019); Natoli, S. N. and
Hartwig, J. F. (2019); Oohora, K. et al. 2019]

In the fiels of hemoproteins the alteration of natural cofactor to achieve novel
reactivity has been utilized by Hayashi and coworkers. Through this approach,

Hayashi et al. were successful in endowing Mb with new functions, by
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introducing different aryl substituents on the propionate groups of protoheme
IX, thus giving the unnatural cofactor [Hayashi T. et al. (1999); Hayashi, T. and
Hisaeda, Y. (2002)] or by replacing the heme cofactor with the the iron
porphycene in HRP and Mb, originating rHRP and rMb [Hayashi, T. et al.
(2002)]; Oohora, K. et al. (2017); Matsuo, T. et al. (2007)].

Catalytic evaluation over the reconstituted enzymes confirmed that cofactor
substitution caused a 10-fold increase in performances for rHRP in thioanisole
oxidation and made Mb catalytically competent in cyclopropanation reactions.
Groundbreaking results have been obtained by non—covalent incorporation of
metal cofactors into non—metal containing proteins [Kariyawasam, K. et al.
(2019); Heinisch, T. and T. R. Ward (2016)]. Contributions in this field were
provided by Mahy’s group through the “Trojan horse” strategy. This strategy
involves the introduction of metalloporphyrins into chiral environments, thus
allowing for enantioselective catalysis. Remarkable results were obtained using
antibodies as protein scaffold [Raffy, Q. et al. (2010)]. Furthermore, by raising
antibodies against metalloporphyrins and microperoxidases, the same group
developed  “hemoabzymes”, which bound Fe’'—meso—tetrakis—ortho—
carboxyphenyl porphyrin (FeToCCP) with nanomolar K4. The investigation over
the catalytic performances of these antibody—metalloporphyrin complexes
confirmed a 5—fold enhancement of catalytic efficiency in ABTS oxidation
compared to free FeToCCP [Ricoux, R. et al. (2002); Mahy, J. —P. et al. (2015)].
In contrast, among covalent heme conjugates, microperoxidases (MPs) confirm
that peroxidase activity can be retained within extremely simplified scaffold.
MPs are a class of covalent peptide—porphyrin systems, obtained by proteolytic
digestion of cytochromes ¢ [Marques, H. M. (2007)]. They consist of a short 6—
to 11-mer peptide chain, covalently bound to heme ¢ through two Cys residues
of a Cys—Xxx—Xxx— Cys motif and are characterized by a mono—His

coordination.
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Figure 1.13. MPs structures and functions. Reproduced with permission from [Chino, M.

etal. (2018)]

MPs fulfill the basic requirement for the first coordination sphere interactions
through the His residue, acting as an axial ligand to the heme iron (Figure 1.13).
The extremely reduced scaffold originates an open distal site.

Indeed, several MPs catalyze common oxidation and oxygenation reactions,
such as aromatic hydroxylation, oxidative dehalogenation, thioether
sulfoxidation and the oxidative coupling of phenolic substrates [Boersma, M. G.
et al. (2000); Kadnikova, E. N. et al. (2003); Dallacosta, C. et al. (2004)].
However, all MPs suffer of prompt heme bleaching. Accessibility of the distal
site determines degradation of the porphyrin ring during catalysis, thus limiting
any practical application of these catalysts [Chino, M. et al. (2018)].

A possible solution to this issue, is the MPs immobilization in solid matrices,
that could preserve maximal enzymatic activity, i.e. maximal loading and
minimal leaching, while not hindering the diffusion of reactants/products to and
from the enzyme’s active site [Gkaniatsou, E. et al. (2019)]. In particular,
considering the relatively small size, the pore inclusion of MPs into Metal-
Organic Frameworks appeared to be more adequate compared to other
immobilization methods that have been widely investigated for decades. Several

groups have immobilized MP8 or MP11 into MOFs to develop efficient
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biocatalysts. This strategy led to MP11- or MP8@MOF hybrid materials that
displayed good activit, with remarkable recyclability due to the stabilization of
the MPs inside the MOF cavities [Gkaniatsou, E. et al. (2019)]. An example is
the work reported by Mahy and co-workers [Gkaniatsou, E. et al. (2018)] that
immobilized MP-8 within the mesopores (2.9 and 3.4 nm in diameter) of an
ultra-stable MOF MIL-101(Cr).  Susprisingly, upon immobilization MPS§
retained a full catalytic activity and showed an enhanced resistance to acidic and

oxidative conditions.

1.1.7 Mimochromes
Through a process of miniaturization the Artificial Metallo-Enzymes group
(AMEG), Naples, where this work was carried out, has developed a whole class
of heme protein models named Mimochromes. The first model, Mimochrome I
is constituted by two identical nonapeptides covalently linked to the propionic
groups of the deuteroporphyrin IX through the e-amino group of lysine residues.
Taking into account the F-helix of hemoglobin P-chain, a nine-residue
sequence was identified as the smallest sequence, required for a complete
coating of one face of the heme. In the center, this sequence contained a
histidine residue able to coordinate the iron. As each peptide bears a histidine
axial ligand to the heme iron, Mimochrome I shows a bis—His coordination with
a helix—heme-helix sandwiched structure. Hydrophobic residues were placed
facing the porphyrin to tighten the interaction between the peptide and the
cofactor. Finally, deuteroporphyrin was preferred over the common
protoporphyrin IX to avoid the possibility of degradation of the sensitive vinyl
groups during the synthesis [Nastri, F. et al. (1997)]. CD and NMR
characterization of this first model revealed that the overall structure conformed
well to the design, however, in solution, two diastereomers (A and A) were

found. The flexibility of the linker between the peptide and the deuteroporphyrin
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ring allowed each peptide chain to be positioned either above or below the
porphyrin plane. Starting from Mimochrome I, structural optimization led to a
new bis—His heme protein model, Mimochrome IV, in which, with respect to its
predecessor, inter—helical interactions were introduced (Figure 1.14) [Lombardi,

A. et al. (2003); Di Costanzo, L. et al. (2004)].

Figure 1.14. Co>*~-MC4 X-ray structure (PDB ID: 1PYZ,) (left) and NMR structure
(PDB ID: 1VL3,) (right)

Interestingly, a unique diastereoisomer was stabilized. Both solution NMR and
X-ray structures of Co’> ~MC4 showed the presence of the A isomer as a unique
form [Di Costanzo, L. et al. (2004)].

In the frame of obtaining catalytically active heme protein models, starting from
the bis—His structurally defined Mimochrome IV several rounds of redesign
allowed shaping both the primary and secondary coordination spheres for

functions (Figure 1.15).
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The first round of redesign afforded the first catalytically active model,
Mimochrome VI (MC6). MC6 comprises a tetradecapeptide (TD) bearing a His
residue as axial ligand and a decapeptide (D), lacking of the coordinating residue

and creating a substrate—binding pocket (Figure 1.15B) [Nastri, F. et al. (2011)].

MC4  Ac-E-S-Q-L-H-S-N-K-R-NH,
MC6  Ac-D-E-Q-Q-L-H-S-Q-K-R-K-I-T-L-NH, (TD) chain
Ac-D-E-Q-Q-L-S-8-Q-R-K-NH, (D) chain
. Ac-D-L-Q-Q-L-H-S-Q-K-R-K-I-T-L-NH, (TD) chain
MCE™  Ac-D-E-Q-Q-L-5-S-Q-R-K-NH, (D) chain
MGora AC-D-L-Q-Q-LH-S-Q-K-RAK--T-L-NH, (TD) chain
8 Ac-D-E-U-Q-L-8-U-Q-R-K-NH, (D) chain

Figure 1.15. Evolution of mimochrome from hexacoordinated to catalytically active
pentacoordinated models. Adapted with permission from [Nastri, F. et al.

(2019)]
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Compared to the previous MCs, the metal center is pentacoordinated, with the
sixth position vacant for substrate binding. The iron analogue, FeMC6, indeed
showed peroxidase—like activity. Next, the effects of second—shell interactions
[Vitale, R. et al. (2015)] and of conformational constraints [Caserta, G. et al.
(2018)] in tuning catalysis were evaluated. One of the two interhelical ion couple
was removed by E2L mutation on the TD chain, which afforded MC6* (Figure
1.15C). The enhanced flexibility achieved in the Fe'" derivative, positively
impacted on its catalytic efficiency, being fourfold increased with respect to
FeMC6 in the ABTS oxidation. Lastly, the insertion of two helix—inducing o—
aminoisoburyrric acid (Aib) residues in positions 3 and 7 of the D peptide
yielded MC6*a, the latest analogue in mimochrome family (Figure 1.15D). The
catalytic parameters obtained for the iron complexes of the different catalytically
active mimochrome analogues are listed in Table 1.1 in comparison with those

obtained for HRP.

Table 1.1 Comparison of the kinetic parameters obtained for the different
Mimochromes analogues in ABTS oxidation (1:[Vitale, R. et al. (2015)];
%[Caserta, G. et al. (2018)])

K, K, M7 Kear eud Kn**™ mo2  TON
1 -1 -1 kcat/ I<m

(mM) (mM) (s ) (mM s ) (mM—l s—l)

10* 10° 10° 107

FeMC6' 8.4+02 (4.4+02)-10" 0.37+0.01 4.4+03 84+06 4.0

FeMC6**  5.0+0.6 (1.3+0.2):10°  2.3+0.2 46+7 1.840.3-10" 5.9
FeMC6*a® 9+1 (4.4£0.5)-10>  5.8+0.3 64+8 1.3£0.2:10" 14
HRP? 7048  (9.3£0.5)-10"  2.7+0.03 3.8+0.5 2.9+0.2:10° 50
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FeMC6*a catalyst in ABTS oxidation is to date the most robust and better
performing catalyst among mimochromes with more than two—fold increase in
turnover number, compared to FeMC6*. Moreover, FeMC6*a displays a 2—fold
higher k., and a 20—fold higher catalytic efficiency than that of natural HRP in
the ABTS oxidation.

NMR data (acquired on the diamagnetic cobalt analogue) suggest the interaction
of the Aib methyl groups with the porphyrin ring. This interaction stabilizes the
helix-heme—helix sandwich structure, which protects FeMC6*a from self—
oxidative damage [Caserta, G. et al. (2018)].

MCo6*a (Figure 1.16) is a versatile scaffold that may accommodate different

metal ions, giving rise to a plethora of different catalytic properties.

Figure 1.16. FeMC6%*a model structure.

The cobalt derivative, CoMC6*a is able to catalyze hydrogen evolution reactions
in which protons are electrochemically reduced to hydrogen (H,) in water at
neutral pH under aerobic conditions. In a recent paper, the activity of CoMC6*a
was compared to the activity of cobalt microperoxidase—11 (CoMP11-Ac). The
study revealed that CoMC6*a has significantly enhanced turnover number of
over 230000 cycles, in comparison to only 25000 for CoMPIl1-Ac.

Furthermore, comparison of cyclic voltammograms of CoMC6*a and CoMP11-

41



Chapter 1

Ac indicates that addition of 2,2,2—trifluoroethanol lowers the overpotential for
catalytic H, evolution by up to 100 mV for CoMC6*a while no effect was
observed for CoMP11-Ac, demonstrating that the peptide structure actively
drives the catalysis [Firpo, V. et al. (2018)].

Catalytic performances of manganese derivative were also investigated [Leone,
L. et al. (2018)]. MnMC6%*a represents also an efficient catalyst in sulfoxidation
of thioethers with notable catalytic performances in terms of turnover number
and chemoselectivity. Comparison of the spectroscopic and catalytic
performances of MnMC6*a with Mn—reconstituted HRP (Mn—HRP) highlighted
that, although MnMC6*a resembles Mn—HRP spectroscopically both in resting
state and high—valent oxidation states. It overcomes the catalytic performances
of its natural counterpart: it is able to perform thioethers oxidation following a

direct oxygen transfer pathway, with higher yields and chemoselectivity.
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1.1.8 Aim of the thesis

The thorough investigation over the structural and functional properties of heme
proteins has allowed bioinorganic chemists to design, engineer or recreate heme
proteins, structuraly and/or functionally resembling natural counterparts. In
particular, through design by miniaturization catalysts with enhanced
performances can be obtained.

Within this PhD project, the activity and application range of FeMC6*a, a
synthetic peroxidase designed by miniaturization approach, was explored in
bioremediation, electrochemical sensor development and as building block in the
construction of gold based bionanomaterials.

In particular, the catalytic activity of FeMC6*a was explored in the field of
halophenols oxidation, using 2,4,6-trichlorophenol as model substrate (Chapter
2). The excellent catalytic properties of FeMC6*a encouraged us to expand the
activity towards a library of halophenols, differing both in halogen and degree of
substitution (Chapter 6). Furthermore, preliminary investigation over the
application of FeMC6*a as tool in a synthetic peroxidase-based bioremediation
strategy were also performed (Chapter 2).

FeMC6*a redox properties were electrochemically investigated. Interestingly,
the study highlighted a strong effect of halogenated alcohols over the
electrochemical behavior of the synthetic peroxidase. The peculiarity of
FeMC6*a electrochemical features, was applied in the development of an
amperometric sensor for the detection of halogenated alcohols in water mixtures.
Moreover, preliminary investigation over the operational principle highlighted a
relationship between helix content and observed currents (Chapter 3).

Lastly, FeMC6*a was used as building block in the construction of gold based
bionanomaterials. Gold nanoparticles were chosen as solid matrix. The
immobilization was achieved either by direct chemisorption (Chapter 6) or by

applying a bio-orthogonal chemistry approach (Chapter 4). Both approaches
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afforded functional nano-bioconjugates which partially maintained the

peroxidase activity.
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1.2 Synthesis of FeMC6*a: overview

The synthesis of FeMC6*a (Figure 1.17) consisted of three steps. The first one
involved the solid—phase synthesis of the peptide chains; the second one
involved the solution—phase conjugation of the protected peptides to the
porphyrin. Finally, after side chain deprotection, insertion of the metal into the

porphyrin—peptide conjugate was performed to provide the metal complex.

NH,

Leu'

Thr??

Ile'"

Lys" NH,
Arg!? Arg!
Lys"_Ne _O (0] Ne—Lys’
Gln® Gln®
Ser’ Aib’
His® Ser®
Leu’ Leu’®
Gln* Gln*
Gln’® Aib’
Leu? Gl
Asp! Asp!
Ac Ac

Figure 1.17. FeMC6*a sequence

The two peptide chains were synthesized manually on a medium 20 mmol scale
by 9—fluorenylmethoxycarbonyl (Fmoc) chemistry approach. A super acid labile
resin was used in order to obtain protected peptides after cleavage from the solid
support. In both peptides, a monomethyltrityl (Mtt) protecting group was used
for Lys9 side chain. After the selective removal of Mtt protecting group, the
peptides were cleaved from the resin without removing the other side chain
protecting groups. The simultaneous deprotection of Lys9 side chain and

cleavage of the peptide from the resin was performed by thoroughly washing the
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resin with 1%(v/v) TFA in dichloromethane.

With this strategy, it was possible to avoid the interference of other residues
sidechains and selectively couple deuteroporphyrin IX (DPIX) onto Lys9 of both
peptides, following the scheme reported below (Figure 1.18).

COOH Tetradeca Tetradeca

Tetradeca-peptide-Lyg Deca-peptide-Lys9 -
HATU/DIEA/DMF  DPIX HATUDIEA/DMF  DPIX

COOH COOH Deca

Figure 1.18. Schematic representation of the peptide—porphyrin conjugation strategy.

1.2.1 Peptide synthesis
1.2.1.1 Assembly of the decapeptide chain

The amino acid sequence of the fully protected decapeptide is:

Ac—Asp(OtBu)-Glu(OtBu)-Aib—GIn(Trt)-Leu—Ser(tBu)-Aib—GIn(Trt)—
Lys(Mtt)—-Arg(Pbf)-NH,.

The decapeptide chain was synthesized in solid phase with Fmoc chemistry on
20.0 mmol scale, using a "stepwise chain elongation" approach. The synthetic
details are reported in section 1.3.3. After completion of the sequence, a small
amount of resin was withdrawn and fully deprotected to check for purity and
sequence identity.

The peptide purity was assessed by analytical RP— HPLC, using a C18 column
and a linear elution gradient of water/acetonitrile 0.1%(v/v) TFA. The HPLC
chromatogram of the crude decapeptide chain and the corresponding mass

spectrum are reported in Figures 1.19 and 1.20.
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Figure 1.19. LC chromatogram of the decapeptide chain, R= 17.83 min.
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Figure 1.20. MS spectrum of the peak at R= 17.83 min.

ESI-MS analysis of the product at Ri= 17.83 min corresponds to the mass of the
expected peptide chain (theoretical mass 1213.640 Da, deconvoluted mass
1213.940.1 Da, 84% yield.);

Furthermore, to address sequence identity, a MSMS analysis of the peak at 17.83
min was performed. The peptide was analyzed by LC-TANDEM mass

spectrometry. The fragmentation profile corresponds to the desired peptide and

product ion scan showed mass peaks consistent with the theoretical expected

transitions (Table 1.2).
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# | Immon. b b bt Seq. y y y #
1 88.10 D | 121534 608.17 405.78 | 10
2 102.13 287.25 144.13 96.42 E 1058.21 529.61 353.41 9
3 58.12 372.32 1806.68 124.79 U 929.10 465.05 310.37 8
4 101.14 500.48 250.74 167.50 Q 843.99 422.50 282.00 7
5 86.17 613.64 307.32 205.22 L 715.86 358.44 239.29 6
6 60.09 700.71 350.86 234.24 S 602.71 301.86 201.57 5
7 58.12 785.82 393.41 2062.61 U 515.63 258.32 172.55 4
8 101.14 913.95 457.48 305.32 Q 430.52 215.77 144.18 3
9 101.19 1042.12 521.56 348.05 K 302.40 151.70 101.47 2
10 129.20 R 1

Table 1.2. Fragmentation profile of decapeptide. Green boxes indicate the
experimentally found fragments as main peaks, yellow boxes indicate fragments found

as shoulders.

1.2.1.2 Assembly of the tetradecapeptide chain

The amino acid sequence of the fully protected tetradecapeptide is:

Ac—Asp(OtBu)-Leu—GIn(Trt)-Gln(Trt)-Leu—His(Trt)-Ser(tBu)-Gln(Trt)—
Lys(Mtt)-Arg(Pbf)-Lys(Boc)-Ile-Thr(tBu)-Leu—NH,.

The synthetic strategy was similar to that above reported for the decapeptide
chain. The synthetic details are reported in Section 1.3.3.

After completion of the sequence, a small amount of resin was withdrawn and
fully deprotected to check for purity and sequence identity.

The peptide purity was assessed by analytical RP—-HPLC, using a C18 column
and a linear elution gradient of water/acetonitrile 0.1% (v/v) TFA. The HPLC
chromatogram of the crude tetradecapeptide chain and the corresponding mass

spectrum are reported in Figures 1.21 and 1.22.
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Figure 1.21. RP-HPLC chromatogram of the tetradecapeptide chain, Ri=18.20 min.
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Figure 1.22. Mass spectrum of the tetradecapeptide chain, R=18.20 min.
ESI-MS analysis (Figure 1.22) of the main product (R= 18.20 min) indicated the
formation of the desired tetradecapeptide chain molecular mass (theoretical mass
1749.028 Da, deconvoluted mass 1748.8+0.2 Da, 86% yield). As before,
sequence identity was ascertained by MSMS analysis. Table 1.3 reports the
comparison between theoretical and experimentally observed peptide fragments

at retention time 18.20 min.
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# Immon. b b bt Seq. y il i #
1 88.04 D 1749.01 875.01 583.68 | 14
2 86.10 271.13 136.07 91.05 L 1591.97 796.49 531.33 13
3 101.07 399.19 200.10 133.73 Q 1478.89 739.95 493.64 | 12
4 101.07 527.25 264.13 176.42 Q 1350.83 675.92 450.95 1
5 86.10 640.33 320.67 214.12 L 1222.77 611.89 408.26 10
6 110.07 777.39 389.20 259.80 H | 1109.69 555.35 370.57 9
7 60.04 864.42 432.71 288.81 S 972.63 486.82 324.88 8
8 101.07 992.48 496.74 331.50 Q 885.60 443.30 295.87 7
9 101.11 1120.58 560.79 374.20 K 757.54 379.27 253.18 6
10 129.11 1276.68 638.84 426.23 R 629.45 315.23 210.49 5
1 101.11 1404.77 702.89 468.93 K 473.34 237.18 158.45 4
12 86.10 1517.86 759.43 506.62 I 345.25 173.13 115.75 3
13 74.06 1618.90 809.96 540.31 T 232.17 116.59 78.06 2
14 86.10 L 131.12 1

Table 1.3. Fragmentation profile of tetradecapeptide. Green boxes indicate the
experimentally found fragments as main peaks, yellow boxes indicate fragments found

as shoulders.

1.2.2 Synthesis of the FeMC6*a
1.2.2.1 Conjugation of the peptide chains to deuteroporphyrin
IX
The mono—conjugated intermediate was obtained by coupling the

tetradecapeptide to the DPIX. A solution containing protected TD peptide was
added slowly over 1 hour to a solution containing DPIX in the presence of
HATU activating agent. The slow additions ensure a single peptide—porphyrin
coupling, avoiding formation of double conjugation products. After 3 h from end
of additions of TD peptide the mixture was dried and purified by direct phase
chromatography to remove unreacted porphyrin.

After purification, the tetradeca-DPIX monoadduct was coupled with
decapeptide using HATU as activating agent yielding D-DPIX-TD protected
diadduct. After 16 hours, the reaction was evaporated and deprotected with a
mixture of TFA and scavengers, yielding MC6*a free base. The crude product
was precipitated and washed three times in diethylether. After drying, the
precipitate was dissolved in H,O 0.1% (v/v) TFA and lyophilized. After

lyophilization, ~9 grams of product were obtained.
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The crude product was purified by preparative RP-HPLC and fractions

containing MC6*a with purity >90% were pooled together.

The purity and identity of the product was ascertained by LC—-MS analysis (R, =
21.31 min; theoretical mass 3438.201 Da, deconvoluted mass 3438.17+0.27 Da).

(Figure 1.23 and 1.24)
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Figure 1.23. HPLC profile of purified MC6*a free base
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Figure 1.24. MS of MC6%*a free base.

1.2.2.2 Iron insertion
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Iron was inserted MC6*a free base. Metal insertion was carried out by using a

slightly modified acetate method [Caserta, G. et al. (2018)], in which MC6*a

free base was dissolved in a 3:2 (v/v) mixture of glacial acetic acid and TFE in
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the presence of 20 equivalents of Fe(OAc),. To prevent oxidation of Fe(Il) to
Fe(Ill), during the insertion, the reaction was carried out under nitrogen. The
insertion reaction was followed by RP—~HPLC—-ESI-MS, on a C18 column, using
a linear gradient elution of water/acetonitrile 0.1% TFA. After completion, the
reaction was purified from the excess of iron. Figures 1.25 and 1.26 report the

RP-HPLC profile and the mass spectrum of the purified FeMC6*a.

104
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AU
o

Figure 1.25. HPLC chromatogram (A=387 nm) of pure FeMC6*a.
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Figure 1.26. ESI-MS spectrum of FeMC6*
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1.3 Materials and Methods

1.3.1 Materials
Peptide synthesis was carried out using reagent grade anhydrous solvents.

Solvents with a higher degree of purity were used in the preparation of samples
for LC-MS investigations and were provided by Romil. Scavengers such as,
ethanedithiol (EDT); triisopropylsilane (TIS), and TFE were supplied by Sigma
Aldrich; trifluoroacetic acid (TFA) and diisopropylethylamine (DIEA) were
from Applied Biosystem; acetic anhydride was from Fluka and piperidine was
from Merck. N,N—dimethylformamide (DMF) and dichloromethane (DCM)
were supplied by Romil. All reagents were used without further purification.

All 9—fluorenylmethoxycarbonyl (Fmoc) protected amino acids and NovaSyn®
TG Sieber resin (substitution level 0.61 mmol/g) were purchased from
NovaBiochem; coupling reagents HOBt, HATU and COMU were provided by
LC Sciences, Anaspec and Merck, respectively. Deuteroporphyrin IX was from
Porphyrin Products. Iron (II) acetate was purchased from Aldrich. Precoated
silica G—60 plates were purchased from Merck.

Solvent mixtures are indicated in the respective sections.

1.3.2 Instrumentation
HPLC and LC-MS analysis were performed by a Shimadzu LC-10ADvp
system equipped with an SPDM10Avp diode—array detector. ESI-MS spectra
were recorded on a Shimadzu LC-MS-2010EV system with ESI interface and
Shimadzu LC-MS solution Workstation software for data processing. A Q-
array—octapole—quadrupole mass analyzer was used as detector. The optimized
MS parameters were selected as followed: curved desolvation line (CDL)
temperature 250°C; heat block temperature 250°C; probe temperature 250°C;
detector gain 1.6 kV; probe voltage +4.5 kV; CDL voltage —15 V. Nitrogen
(>98%) served as nebulizer gas (flow rate: 1.5 L/min). Tandem mass

experiments were recorded on Shimadzu LC-MS-8040 triple quadrupole
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equipped with ESI ionization source. Argon was used as ion gas in the CID cell.
Fragmentation was operated at —70 eV and data were analyzed by Shimadzu
LC-MS solution Workstation software.

Purifications were accomplished by preparative RP-HPLC with Shimadzu LC-
8A connected to a SPD-20A Shimadzu UV—Vis spectrophotometric detector.
The molecular graphics pictures were generated with PyYMOL software (DeLano

Scientific 1td).

1.3.3 Solid phase peptide synthesis
Two peptide chains of FeMC6%*a (decapeptide and tetradecapeptide chains) were
synthesized on a 20 mmol scale using Fmoc solid phase peptide synthesis
(SPPS) manually in a 3 L glass flask equipped with mechanical stirring and
sintered glass frit. The super acid labile Nova Syn TG Sieber resin (substitution
level 0.61 mmol/g) was used for peptide synthesis. For the synthesis of the two
peptides the following amino acids were used:
— Tetradecapeptide (TD):
Ac—Asp-Leu-Gln-Gln-Leu-His—Ser-Gln-Lys—Arg-Lys—Ile-Thr-Leu-NH_;
— Decapeptide (D):
Ac—Asp-Glu-Aib-Gln-Leu-Ser—Aib-GIn-Lys—Arg-NH..
For the synthesis of the peptides, the amino acids used are reported as follows:
Fmoc—Asp(OtBu)-OH; Fmoc-Leu—OH; Fmoc—GIn(Trt)}-OH; Fmoc—His(Trt)—
OH; Fmoc—Ser(tBu)-OH; Fmoc—Lys(Mtt)-OH; Fmoc—Arg(Pbf)-OH; Fmoc—
Lys(Boc)-OH; Fmoc—Ile-(OH); Fmoc-Thr(tBu)-OH; Fmoc—Glu(OtBu)-OH;
Fmoc—Aib—OH.
(tBu: tertbuthyl; Trt: trityl; Mtt: monomethyltrityl; Pbf:
pentamethylbenzofuranyl; Boc: tertbutyloxycarbonyl).
The synthetic procedure is the same for all the peptides and can be summarized

as follows.
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1. Deprotection: a—Fmoc group was removed at the beginning of every cycle with a
20% piperidine solution in DMF. After deprotection, the resin was washed 6 times
with DMF to remove the piperidine. The peptide resin was then ready for coupling.

2. Activation: Prior addition of the protected aminoacid to the resin, 1 equivalent of
HATU (COMU was used for difficult couplings) was added to Fmoc—amino acid
DMF solution in the presence of 3 equivalents of diisopropylethylamine (DIEA).

3. Coupling: in the coupling step, the HATU activated Fmoc—amino acid reacts with
the amino—terminal group of the growing peptide chain, in DMF, to form a peptide
bond. Single coupling was conducted for all amino acid excepts for Aib residues,

which were instead double—coupled with COMU.

4.  Capping reaction was performed after each coupling step, using Ac,O/DIEA solution
in DMF.

Deprotection, coupling and capping steps were repeated with each subsequent
amino acid, until the chain assembly was completed. When the coupling was
complete, the resin was washed with DMF. Peptides N—terminal amino groups
were acetylated with Ac,O/DIEA solution in DMF. At completion of the
synthesis, the resin was washed several times with DCM, isopropanol methanol

and diethylether and finally dried.

1.3.4 Mtt deprotection and cleavage of peptides
Simultaneous cleavage of peptide from resin and Mtt (4-methyltrityl)
deprotection from the e—amino group of Lys9 (TD) and Lys9 (D) was
performed. Four resin volumes of a freshly prepared cleavage mixture (1 %(v/v)
TFA, 2 %(v/v) triisopropylsilane in DCM were added. The acidic mixture was
incubated for 2 min, under mixing, and the solution was filtered with a vacuum
pump into an ice—cold flask containing 2 mL of 10 %(v/v) pyridine/methanol.
The peptides elution was controlled by TLC analysis, by using as eluent the

mixture chloroform/methanol 90/10 %(v/v); each step was repeated until no
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product was detected in the collected fractions. The neutralized fractions
containing the product were pooled and then evaporated under reduced pressure
up to 5% of the volume. The protected peptide was extracted in
chloroform/water three times, then the organic phase was anhydrified over

sodium sulfate and dried under vacuum.

Peptide homogeneity and identity were assessed by analytical RP-HPLC-ESI
mass spectrometry. For protected peptides, a Vydac C8 column (4.6 mm-150
mm; 5 um), was used in the LC-MS analysis, eluted with H,O 0.1% TFA (v/v)
(solvent A) and acetonitrile 0.1%(v/v) TFA (solvent B) linear gradient, from

50% to 90% B over 40 min, at 0.5 mL/min flow rate.

1.3.5 Coupling between peptides and deuteroporphyrin
1.3.5.1 Synthesis of the TD-DPIX monoadduct
DPIX (1.23 g; 2.8 mmol) was dissolved in a solution of anhydrous DMF
containing 20 %(v/v) pyridine, 200 mL) under flushing nitrogen while vigorous
stirring. Then, HATU (1.17 g, 3.1 mmol) was added to the solution. A solution
of (TD) peptide (4.45 g, 2.1 mmol) in anhydrous DMF (100 mL) was finally
added in aliquots of 5 mL over 1 hour. The peptide solution was slowly added to
the deuteroporphyrin solution, in order to avoid the formation of the undesired
di—substituted porphyrin (TD—DPIX-TD). The reaction mixture was stirred for 2
h at room temperature, and the pH was checked every 20 min and adjusted with
DIEA (pH = 8.0), if necessary. The reaction was monitored by analytical HPLC
(Vydac C8 column, using a gradient of acetonitrile in 0.1% aqueous TFA, 50%
to 90%B over 20 min), and by TLC (solvent system chloroform/methanol 90:10,
R¢=0.49). The reaction mixture was then evaporated and the residue dried under
reduced pressure. The crude products were purified by flash chromatography on
a silica column using a chloroform/methanol gradient from 7 to 12% methanol

over 6 column volumes. This purification allowed removing the excess of
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deuteroporphyirin IX, the product of double conjugation of deuteroporphyirin IX
(D-DPIX-D) and, if present, excess decapeptide.

1.3.5.2 Synthesis of bis—conjugated peptide—porphyrin
(TD)-DPIX mono—adduct was dissolved in a solution of anhydrous DMF
containing 20%(v/v) pyridine (300 mL) under nitrogen while vigorous stirring.
Then, a solution of the (D) peptide (2.8 g, 2 mmol) in anhydrous DMF (100 mL)
was added in one portion. HATU (1.17 g, 3.1 mmol) was finally added to the
mixture. The reaction was allowed to proceed at room temperature for a total of
16 h. The pH was checked during the reaction time and adjusted to =~ 8, when
necessary. The coupling progress was followed by TLC (chloroform/methanol

90:10, R¢ = 0.65). Afterwards, the reaction mixture was evaporated under

reduced pressure and dried.

Side chain deprotection was achieved by addition of the cleavage mixture (94%
TFA, 2.5% EDT, 1% TIS, 2.5% H,0, (v/v/v/v)). The reaction was performed at 0
°C for 1h and at room temperature for further 2 hours, while stirring. The final
mixture was concentrated on a rotary evaporator and the crude product was
precipitated by adding cold diethyl ether. The mixture was centrifuged (room
temperature, at 3300 g), the supernatant was removed and the precipitate was
washed twice with three volumes of cold diethyl ether. The crude product was
dried, dissolved in H,O 0.1% TFA (v/v) and lyophilized. The lyophilization
yielded 9 grams of crude product. A Vydac C18 column (4.6 mm-150 mm; 5
pum) was used during LC-MS analyses, eluted with H,O 0.1% TFA (v/v)
(solvent A) and acetonitrile 0.1% TFA (v/v) (solvent B) linear gradient, from
10% to 50% B over 60 min, at 0.5 mL/min flow rate. The crude material was
then purified by preparative RP—HPLC. A Vydac C18 column (250 mm-50 mm;
10 um) was used, eluted with H,O 0.1% TFA (v/v) (solvent A) and acetonitrile
0.1% TFA (v/v) (solvent B) with a linear gradient, from 10% to 50% B over 50
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min, at 100.0 mL/min flow rate. This purification step yielded MC6*a free base
(purity> 90%).
1.3.5.3 Iron insertion

Iron was inserted into two isomers using a slightly modified acetate method. Iron
(IT) acetate (20 molar excess) was added to a solution of free base in 3:2 (v/v)
AcOH/TFE mixture (MC6*a concentration: 2.0¢10~* M). The reaction mixture
was kept at 50 °C for 4 h, refluxing under nitrogen and monitored by analytical
HPLC, using a Vydac C18 column, eluted with H,O 0.1%(v/v) TFA (solvent A)
and acetonitrile 0.1%(v/v) TFA (solvent B) linear gradient, from 10%(v/v) to
50%(v/v) B over 30 min, at 1.0 mL/min flow rate. At the end of the reaction the
solvent was removed under vacuum, and the excess iron was removed by RP—
HPLC. A Vydac C18 column (250 mm-50 mm; 10 pm) was used, eluted with
H,0 0.1%(v/v) TFA (solvent A) and acetonitrile 0.1%(v/v) TFA (solvent B) with
a linear gradient, from 10%(v/v) to 50%(v/v) B over 50 min, at 100.0 mL/min
flow rate. ESI-MS confirmed the expected molecular weight (See section

1.2.2.2).
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2.1 Introduction

2.1.1 Peroxidases as bioremediation tools
Halophenols (HPs), such as pentachlorophenol (PCP) [Guyton, K. et al. (2016)]
and 2,4,6—trichlorophenol (TCP) [Huff, J. (2012)] have been widely used as
preservatives for wood and leather and as building—blocks in pesticide,
herbicide, drugs and dyes synthesis for more than 100 years. This class of
compounds (Figure 2.1) is recalcitrant to degradation, as only a few species of

microorganisms can metabolize them [Arora, P. K. and Bae, H. (2014)].

OH OH OH OH OH
©/CI Cl Cl Cl Cl Cl
Cl Cl
Cl Cl Cl Cl
4-chlorophenol 2-chlorophenol 2,4-dichlorophenol  2,4,6-trichlorophenol  pentachlorophenol

Figure 2.1. Structure of some HPs

Over the years an increased release of these compounds into the environment
has been observed, with consequent accumulation and contamination of soils
and waters. The toxic effects of HPs on plants, animals and human are widely
reported in the literature, involving reduced growth of roots in Arabidopsis
thaliana, leukemias and lymphomas in mammals [Xu, T. et al. (2014); Li, Z. et
al. (2015); Fernandez Freire, P. et al. (2005); Huff, J. (2012)]. In the frame of
sustainable bioremediation strategies, enzymes have been proposed as a useful
tool to remove these substances from waters and soils [Fukushima, M. et al.
(2009)]. Among the wide portfolio of enzymes, heme peroxidases have already
proven to convert phenols and HPs with high efficiency. In the case of HRP and
some other peroxidases [Osborne, R. L. et al. (2006)] the conversion of HPs with
variable substitution degree leads to polymers (either soluble or insoluble)
and/or benzoquinones [Vasudevan, P. T. and Li, L. O. (1996)].

Heme peroxidases have already been used in HPs bioremediation strategies.

Examples of their practical applications along with heme—based supramolecular
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catalysts for HPs bioremediation have already been reported.

A first example [Lai, Y. C. and Lin, S. C. (2004)] reports the use of HRP
supported onto a solid matrix. In detail, they used aminopropyl functionalized
porous glass to immobilize HRP by glutaraldehyde coupling. The supported
enzyme was then exposed to a solution of 4—chlorophenol and hydrogen
peroxide. HRP caused the polymerization of 4—chlorophenol into insoluble
precipitate within 3 hours with a removal efficiency of 25%, only.

An alternative approach is provided by Morimoto and coworkers [Morimoto, K.
and Tatsumi, K. (1997)], which copolymerized toxic PCP with p-
hydroxybenzoic and coumaric acids, using HRP as catalyst. The addition of p—
hydroxybenzoic and coumaric acids to the HRP-hydrogen peroxide—PCP
mixture, not only avoided the formation of toxic octachlorodibenzo—p—dioxin
(common peroxidase product of PCP), but also depleted PCP from water with a
removal efficiency of 90%, entrapping toxic PCP into HRP—synthesized co—
polymer.

Another approach involved the use of simple iron porphyrins along with humic
acids (HA) from soils [Fukushima, M. et al. (2003)]. HA are part of the organic

matter commonly found in soil, waters and sediments (Figure 2.2).

Figure 2.2. Example of 3D model structure of HA
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Their chemical structure is highly variable and it usually comprises sugars and
aromatic moieties exposing phenolic, cathecolic, quinoid and carboxylic groups
[Gomes de Melo, B. A. et al. (2016)]. In the development of a bioremediation
process, these substances act as inexpensive supports entrapping phenols and
HPs, reducing leachability, toxicity, and bioavailability of the pollutant. The
entrapment mediated by HA can be either due to hydrophobic or n/n interactions
between the polymerized pollutant with HA or due to covalent linkage of
activated pollutants on HA [Eibes, G. et al. (2015)].

Some examples also report the use of HRP in combination with HA for 2,6—
dichlorophenol removal in the presence of hydrogen peroxide [Palomo, M. and
Bhandari, A. (2010)] and non-halogenated phenols such as phenol,
methylphenol, naphtol and o—cresol [Bhandari, A. and Xu, F. (2001); Eibes, G.
et al. (2015)].

2.1.2 Reactivity of natural and synthetic heme peroxidases
towards HPs

An example of the reactivity of heme peroxidases in the oxidative
dehalogenation of HPs is reported by Osborne and coworkers [Osborne, R. L. et
al. (2009)]. They describe the interesting activity of dehaloperoxidase (DHP)
from a marine worm Amphitrite Ornata. DHP, existing in two isoforms A and B,
shares structural similarities with globins (e.g. myoglobin), such as the
arrangement of the helices and functional features of the distal histidine (His55).
The His55 conformational changes (in and out of the distal pocket) resemble
those observed in the globin family for the regulation of binding affinity to
molecular oxygen [de Serrano, V. et al. (2007); Thompson, M. K. et al. (2010);
Franzen, S. et al. (2012)].

In contrast to well-studied plant peroxidases, where the proximal His residue,

due to the strong hydrogen bond to an Asp residue sidechain, is mostly in the
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imidazolate form, DHP shares a weak hydrogen bond between the proximal
histidine and the backbone carbonyl of Leu83 residue, similarly to myoglobin.
The X-ray structure of DHP revealed that the His55 assumes two

conformations: closed and open (Figure 2.3).

Figure 2.3. X-ray crystal structure (resolution 1.78 A) of DHP. Top: “closed”
conformation Bottom: “open” conformation with HisS55 exposed to solvent (PDB:

1EW6).

The closed conformation shows the His55 inside the distal pocket, thus placing it

in proximity of exogenous ligands (such as O, or H,0,), bound to the heme. On
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the contrary, the “open” conformation shows the His55 pointing away from the
heme center and exposed to the solvent [de Serrano, V. et al. (2007)].

Moreover, substrate binding site also differs from peroxidases, as DHP
demonstrated to bind halophenols above the heme rather than at an heme edge
(Figure 2.4), as observed for HRP [Osborne, R. L. et al. (2004); Osborne, R. L.
et al. (2009)]. The flexibility of His55 in and out of DHP active site is increased
compared to that of other globins [Chen, Z. et al. (2008)]. X-ray crystal
structures also highlight that in the presence of monohalogenated inhibitor (e.g.
4-bromophenol), His55 is displaced out of the distal pocket (open conformation)
thus impeding hydrogen peroxide activation and inhibiting substrate conversion
[Thompson, M. K. et al. (2010)]. Instead, in the presence of trihalogenated
phenol substrate, His55, located above the active site (closed conformation),
participates in the activation of hydrogen peroxide in order to generate
Compound I, thus enabling the formation of dihalogenated quinone [Plummer,
A.etal. (2013)].

This is a two-site competitive inhibition in which the active site switches

between peroxide inhibition and peroxide activation.

Figure 2.4. X-ray crystal structure (resolution 1.85A) of the halophenol binding pocket
in DHP B (PDB code: 617F)
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The extensive research on DHP has led to a deep understanding on the

mechanism undergoing the conversion of HPs to benzoquinone analogues.

As shown in Figure 2.5, the first step involves the formation of a high valent

iron—oxo species, which then is brought back to resting state by two single

electron steps with the HP substrate.

Crl

N N
W .,
Cl Cl
(1)

Compound I1 Compound I

Figure 2.5. Catalytic cycle undergoing the oxidative dehalogenation of 4—chlorophenol

In particular, in the mechanism proposed by Osborne and coworkers,

[Sumithran, S. et al (2012); Osborne, R. L. et al. (2009)] 4—chlorophenol

undergoes a first one—electron oxidation, producing a phenoxyradical species

(1). Then, a second one—electron oxidation on the phenoxyradical yields a
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positively charged ring (2), that is readily converted into benzoquinone (3) after
reaction with a water molecule. At this stage the chloride ion is released.

A similar mechanism involving two single electron steps and formation of
phenoxyradical intermediate is also described for HRP [Sumithran, S. et al.
(2012)].

The catalytic parameters of natural peroxidases for oxidative dehalogenation are
listed in Table 2.1. For the kinetic characterization, TCP was chosen as model

substrate.

Table 2.1. Catalytic parameters calculated for natural peroxidases

TCP H202 TCP H202
Km Km kcat kcat/Km kcat/Km

Enzyme vy M) sH  M'sh M'sh

1 DHPAa 2.07-10°  335-10* 13.67 6.60-10° 4.08-10*
2 DHPB® 6.85-10*  1.65-10* 2572  3.75-10* 1.56-10°

3 HRP"® 540-10°  50-10° 5713  1.06:10° 1.14-10’

“lenzyme] = 2.4-10° M; 100 mM phosphate buffer pH 7.0. b[enzyrne] =210 M; 100
mM phosphate buffer pH 7.0 Data reported in [J. Zhao et al. (2015)]

The oxidative dehalogenation catalysis has been reproduced in artificial systems.
An example is represented by the thermostable c—type cytochrome magquette
(CTM CA45), de novo designed by Anderson and coworkers (Figure 2.6), which
bound heme within a four—helix bundle structure [Watkins, D. et al. (2017)]. The
enzyme exhibited substrate promiscuity as it was able to catalyze both ABTS
oxidation and TCP dehalogenation with excellent catalytic efficiencies. In
particular, the kinetic characterization over TCP highlights a low k., value (ke =
0.5 s') and an excellent affinity of CTM C45 in TCP binding K "=1.2:107°
M) which positively impacts on the catalytic efficiency (kcat/KmTCP 417-10* M™!
s™) (see Table 2.5).
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Figure 2.6. Model structure of the C45 (CTM C45) / TCP complex. Reproduced with
permission from [Watkins, D. et al. (2017)].

More recently, with a different approach, Lin and coworkers redesigned the
heme center of myoglobin (Mb), combining the structural features of
Caldariomyces fumago chloroperoxidase (CCPO) with those of DHP [Yin, L. et
al. (2018)]. The mutation F43Y/H64D installed a new function into Mb,
transforming a pure dioxygen binding heme protein into an efficient catalyst for

oxidative dehalogenation (Figure 2.7).
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Figure 2.7. X-ray structure of F43Y/H64D Mb (PDB ID: 5ZZG)

The obtained mutant exhibited even lower K, " values (3.5:10° M + 3-107)
and higher k., of 27.5 stin comparison with CTM C45, resulting in the highest
efficiency ever reported for TCP oxidative dehalogenation (ky/Kp' <" 7.86-10°
M s™") (see Table 2.5).

Competent catalysts for TCP oxidative dehalogenation were successfully
obtained by design and engineering approaches. In particular, these approaches
yielded enzymes with good performances, overcoming, in the case of
F43Y/H64D, that of natural HRP. However, both the engineered F43Y/H64D
Mb and the de novo designed CTM C45, show low k., values, which hinder
practical applications of these catalysts.

In an effort to capture the behavior of natural metalloproteins into artificial
molecules, and taken into accounts the high catalytic versatility and enhanced
performances of the synthetic heme-protein FeMC6*a, we explored its
catalytic potential toward TCP oxidation.

Furthermore, a preliminary analysis on the catalytic properties of this synthetic

peroxidase in oxidative degradation of TCP in presence of humic acids was
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performed, for testing its application in the bioremediation of phenolic

compounds from wastewaters.
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2.2 Results and discussion
2.2.1 Catalytic activity of FeMC6*a towards TCP
The catalytic activity of FeMC6*a towards TCP, chosen as model substrate was
evaluated. This substrate was used to define optimal experimental conditions
(solvent and pH) in oxidative dehalogenation and to determine kinetic

parameters such as the k., and the K,,.

2.2.1.1 Oxidation of TCP
A schematic representation of oxidative dehalogenation of TCP catalyzed by

FeMC6*a is shown in Fig. 2.8. This reaction leads to the formation of 2,6—
dichlorobenzoquinone (DBQ) without further oxidation and/or polymerization

products.

on HO, HO+H +Cl g
Cl Cl I I
FeMCM ¢ ©
50 mM Phosphate buffer pll 6.5
50 % (v/v) TFE
Cl (0]

Figure 2.8. Catalytic transformation of TCP into DBQ

A first screening for the catalytic activity was performed under optimal
experimental conditions used for ABTS oxidation catalyzed by FeMC6*a (50
mM phosphate buffer pH 6.5, 50%(v/v) 2,2,2—trifluoroethanol (TFE), at 25 °C),
[Caserta, G. et al. (2018)]. The reaction was monitored by continuous UV—Vis

scanning in the 200—-800 nm region.
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300 400 500
Wavelength (nm)

Figure 2.9. UV—vis spectra of FeMC6*a (0.1uM) in the presence of TCP (100 uM) in 50
mM sodium phosphate (pH 6.5) with 50%(v/v) TFE upon addition of H,O, (400 uM).
The spectrum before H,O, addition is marked as red. The blue line shows the spectrum

after 15 min from H,0, addition. The spectra were collected each 60 s at 25 °C.

Figure 2.9 shows the UV—Vis profile of the TCP oxidation catalyzed by
FeMCo6*a.

The addition of H,O, to a solution of TCP containing FeMC6*a led to the
disappearance of the band at 310 nm assigned to TCP and to the concurrent
appearance of a band at 272 nm consistent with DBQ absorption profile, as
observed for natural peroxidases. Two isosbestic points at A=250 nm and A=329
nm suggest a direct conversion of TCP substrate into DBQ product. Analogously
with other peroxidases, H,O, triggers the oxidative dehalogenation reaction by
forming high-valent metal oxo species, which is then reduced back to resting
state using TCP as electron-donor, as reported for HRP and DHP [Sumithran, S.
et al (2012); Osborne, R. L. et al. (2009)].
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Control reaction in absence of catalyst was also performed, which showed no
DBQ formation, confirmed either by UV-Vis spectroscopy and GC-MS
analysis (data not shown).

2.2.1.2 Product identification
After 15 minutes from hydrogen peroxide addition, a GC-MS analysis was
carried out. The reaction mixture was acidified with water 0.1% (v/v) TFA,
extracted with dichloromethane (DCM) and analyzed by GC-MS. Figure 2.10

reports the TIC chromatogram obtained.

TIC (x100,000)

7.5
8.153
|
5.0
10.488
25
9.120
——T e e e L e B e B L B e s e B B B
8.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00 10.25 10.50 10.75 min

Figure 2.10. GC-MS profile of TCP— FeMC6*a mixture after 15 min from H,0,
addition.
The electron impact-mass spectrometry (EI-MS) spectra of products eluted at

8.153, 9.120 min and 10.488 are reported in Figure 2.10a, 2.10b and 2.10c,

respectively.
%
o
100 1770 ) [M+2]*
Cl cl
75 530
0.0 88.0
507 o
120.0
i L { h 14(11 29094199 4449
0 f .I ’ l . il . u . Al . 'mgn fQVA‘VXQ' . 7R9Q' ’\jAf}'l'\A'Q . I’IRQQ v
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Figure 2.10a. Mass spectrum of DBQ at R; 8.153 min; [M+2]"" = 177.9 amu.
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Figure 2.10b. Mass spectrum of 2,6—dichlorohydroquinone (DHQ) at R, 10.488 min;
[M]™"=179.9 amu.

OH
100- 1959 ) [M*]
c cl
754
970 4320
504 cl
134.0
25+
66.0 wT 0
0 Wl 20 1, | 186.9 235.1 275.1.297.8 3201 347.83682 3951 _ 427.9448.2
\ 1 T v T T 1 T |
50 100 150 200 250 300 350 400 450

Figure 2.10c. Mass spectrum of TCP at R, 9.120 min; [M]™" = 195.9 amu.

GC-MS analysis shows the presence of the product in both reduced (DHQ) and
oxidized (DBQ) form due to an independent equilibrium of DBQ, possibly
related to reduction during mass anaylsis, as reported in literature [Qin, F. et al.
(2010); Pei, J. et al. (2018)] and confirmed by control experiments with standard
DBQ in the same buffer used in the experiments (data not shown). These results
prove that FeMC6*a is able to transform TCP to its quinone analogue DBQ
similarly to natural peroxidases HRP and DHP.
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2.2.2 Functional Screening: optimal reaction conditions
assessment

To gain more insights on the catalytic performances of FeMC6*a toward HPs
oxidation, the influence of pH, and of the helix—inducing solvent TFE
[Roccatano, D. et al. (2002)] was studied.

First, the influence of TFE on catalysis was evaluated. At fixed TCP, H,O, and
enzyme concentrations (250 pM, 250 uM and 63 nM, respectively), the initial
rates for TCP oxidation were extrapolated. All catalytic assays were performed

in 50 mM sodium phosphate buffer pH 6.5 at different percentages of TFE (v/v).

2.5

2.0 1

N

vy 10% (mMys)

O-O T T T T T T T T T
10 20 30 40 50
TFE %v/v)

Figure 2.11. Initial rates of TCP oxidation as a function of %TFE (v/v). Experimental
conditions: [TCP] = 250 uM, [H,0,] = 250 uM, [enzyme] = 63 nM, in 50 mM sodium
phosphate buffer pH 6.5. TFE range 0-50 %(v/v).

Figure 2.11 shows the initial rates (expressed as mM/s), determined from the
absorbance change at A=272 nm during the reaction progress, as function of TFE
from 10 to 50 %(v/v). Analogously to what observed for ABTS oxidation

[Caserta, G. et al. (2018)] a linear increase in initial rate of reaction was
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observed with increasing concentration of TFE, confirming the positive impact

of secondary structure in FeMC6*a and its assistance in the catalysis.

254

2.0+

v, (10° mM/s)

0.5+

0.0 T T

pH
Figure 2.12. Initial rates of TCP oxidation as a function of pH. Experimental conditions:
[TCP] =250 uM, [H,0,] =250 uM, [FeMC6*a] = 63 nM, in 50 mM buffers (acetate pH
4.5; phosphate pH 6.0, 6.5, 7.0; carbonate pH 8.0) with 50 %(v/v) TFE.

Similar experiments were carried out by varying pH, using buffers with
50%(v/v) TFE and containing a fixed concentration of TCP, H,O, and enzyme
(250 uM, 250 uM and 63 nM, respectively), evaluating the initial rates for TCP
oxidation.

Figure 2.12 shows the initial reaction rate (expressed as mM/s) for TCP
oxidation reported as function of pH (ranging from 4.5 to 8.0). As for ABTS
[Caserta, G. et al. (2018)], best performances were observed in a narrow pH
range (6.5-7.0).

Both TFE and pH dependence on the initial rates confirm that optimal catalytic
conditions are 50 %(v/v) TFE in phosphate buffer pH 6.5, well retained

compared to previous characterizations with other substrates.
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2.2.3 Kinetic parameters: k¢ and Ky,

Kinetic parameters such as k. and Michaelis—Menten constant (K,,) for both
substrates, H,O, and TCP, were determined in optimal conditions for catalysis.
Initial rates (vo) were plotted against concentration of the variable substrate and

fitted with a two-substrates Michaelis—Menten equation (Equation 1).

v= [Ely (Equation 1)
1 Kmcep) | Km(H202) !
kecat keat[TCP] keqt[H202]
01 - 01 -
0.08 | s 008 L -~
0.06 | /
@ 5 006
= / =
E oo04} E
N S 004f
0.02 |
002+ /
/
0+ 4
1 I 1 1 L 1 ok 1 1 1 I )
0 005 01 015 02 025 0 50 100 150 200 250
[TCP] mM [H,0,] mM

Figure 2.13. Catalytic activity of FeMC6%*a in the presence of 50 %(v/v) TFE. LEFT
Initial rate dependence towards TCP concentration (0.0100-0.25 mM range). RIGHT

Initial rate dependence towards H,O, concentration (0-200 mM range).

The two sets of data were acquired by keeping one of the two substrates
concentration constant by varying the other and vice versa. In particular, TCP

was in the range 0.0100-0.250 mM with 300 mM fixed concentration of
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hydrogen peroxide. Alternatively, hydrogen peroxide was in the range 0.500—
200 mM with 0.250 mM fixed concentration of TCP (Figure 2.13). Enzyme
concentration in all assays was fixed at 63.0 nM.

The catalytic parameters obtained are listed in Table 2.2.

Table 2.2. Catalytic parameters calculated for FeMC6*a in 50 mM phosphate buffer pH
6.5 with 50% (v/v) TFE.

KmTCP KmHZOZ kcat kcat /KmTCP kcat /KmHZOZ
(M) M) (s M'sh s

(1.40+0.05)-10°  (1.64+0.11)-10" (2.37£0.02)-10°  1.69-10° 1.44-10*

Catalytic parameters were also evaluated in the absence of TFE (Figure 2.14).

25107 - 3107
210% 25102 | e
2107 L /
1.5 107 /
2 L5102/
E 1107 L £
> > 1107 L
5107 /
/ 510° | |
o ¢ of ¢
0 005 01 015 02 025 03 0 50 100 150 200 250
[TCP]mM [H,0,] mM

Figure 2.14. Catalytic activity of FeMC6*a in 50 mM phosphate buffer pH 6.5. LEFT
Initial rate dependence towards TCP concentration (0.0100-0.250 mM range). RIGHT
Initial rate dependence towards H,O, concentration (0-200 mM range).

The catalytic parameters obtained for FeMC6*a are listed in Table 2.3.
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Table 2.3. Catalytic parameters calculated for FeMC6*a in 50 mM phosphate buffer pH
6.5 only.

KmTCP KmH202 kcat kcat /KmTCP kcat /KmHZOZ
M) M) s M'sh  M'sT
(1.0£0.2)-10*  (9.4+0.8)-10 70+ 6 7.0-10° 7.4-107

FeMC6*a catalytic parameters obtained for TCP oxidative dehalogenation were
compared to those obtained with other enzymes both of natural or synthetic

origin (Table 2.5).

Table 2.4. Kinetic parameters for TCP oxidative dehalogenation catalyzed by FeMC6%*a,
natural , mutated and heme—protein models.

Enzyme I(mTCP KmH202 kcat kcat/KmT kcat/l<mH202
M) M) s P M's™
M's™

FeMC6*a® (1.40+0.05)-10° (1.64£0.11)-10" (2.37+0.02)-10° 1.69-10% 1.44-10*

FeMC6*a®  (1.00+£0.2)-10*  (9.4£0.8):10° 70+ 6 7.0-10° 7.4-10°
DHP A'* 2.07-10° 3.35-10" 13.67 6.60-10°  4.08-10*
DHP B'* 6.85-10* 1.65-10°* 25.72 3.75-10  1.56-10°

HRP' 5.40-10° 50107 571.3 1.06:10°  1.14-10’

F"ﬁgﬁf“" i g igi N.R. 274£09  7.8310° NR.

CTM C45*" 1.2:107 N.R. 0.50 4.17-10  NR.

Conditions: “[enzyme] = 6.7-10° M; 50 mM phosphate buffer, pH 6.5 with 50% (v/v)
TFE. b[enzyme] = 6.7-10"° M; 50 mM phosphate buffer, pH 6.5. [enzyme] = 2.4-10°
M; 100 mM phosphate buffer pH 7.0. d[enzyme] =2-10"" M; 100 mM phosphate buffer
pH 7.0 [enzyme] = 1-10"° M; 50 mM phosphate buffer, pH 7.0. f[enzyme] =110 M;
100 mM KCl, 20 mM N-cyclohexyl-2—aminoethanesulfonic acid buffer, pH 8.58. N.R.:
not reported. (*: [J. Zhao et al. (2015)]; % [Yin, L. et al. (2018)]; *: [Watkins, D. et al.
(2017)]
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The catalytic performances of FeMC6*a are enhanced, compared to those of
natural enzymes, particularly in terms of catalytic efficiency on TCP. More
specifically, the kca,/KmTCP of FeMC6%*a in its optimal conditions is found 1600—
fold enhanced compared to that of HRP thanks to the high k., value and good
affinity towards TCP.

The enhancement in the catalytic performances of FeMC6*a is also evident
when we compare the activity of de novo designed proteins with that of
engineered proteins. In particular, ke/Kp " of FeMC6*a is 20—fold enhanced
compared to that of F43Y/H64D Mb and 4000—fold enhanced compared to that
of CTM C45.

On the contrary, kca,/KmHZOZ is lower, when compared to natural enzymes, as
observed for other substrates (e. g. ABTS).

The low difference in K,'<" between FeMC6*a and catalysts with higher
structural complexity suggests that FeMC6*a miniaturized scaffold provides a
suitable cavity able to bind TCP, while the high k. value suggests a fast
exchange of substrates and products in and out from the active site thanks to the
flexibility of the distal site.

TCP

The absence of TFE strongly affects both on the K, and the k. value of

FeMC6*a, which are 7—fold increased and 33—fold decreased, respectively,

while leaving K,

nearly unaffected. These findings suggest that the helical
folding provided by TFE creates a binding pocket around the heme, and has a
positive effect on catalysis.

These results prove that the miniaturized heme protein model FeMC6*a
recapitulates the essential features required for oxidative dehalogenation

reactions catalyzed by heme peroxidases.
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2.3.4 Oxidative dehalogenation of TCP in presence of HA — a
preliminary study

The results obtained on the activity of FeMC6*a towards TCP encouraged us to
investigate its applicability as tool in the development of an efficient
bioremediation strategy. We used the artificial metalloenzyme coupled with HA
that can work as cheap and valuable matrix for the adsorption of HPs. Pilot
experiments were performed using TCP. Reactions were carried out by adding
HA to the FeMC6*a/TCP/hydrogen peroxide mixture and residual phenol in
solution (upon extraction) was measured by GC-MS analysis. Table 2.4 reports
reaction conditions used for these experiments and the observed removal

efficiencies.

Table 2.5 TCP removal (%) catalyzed by FeMC6*a in the presence of HA

[FeMC6%*a] (M) FeMC6*a:TCP:H,0, TCP removal (%)

1 63107 1:40:40° 90.2
2 63+10° 1:400:400° 95.1
3 63107 1:400:400° 7.1
4 63107 1:4000:4000° 4.2
5 63+10° 1:4000:4000° 0

6 63+10° 1:4000:4000° 91.9
7 63+10° 1:4000:400° 91.7

Reaction conditions: FeMC6*a in variable ratios with respect to TCP and H,0,. HA
fixed concentration 10 mg/mL. All reactions were performed in phosphate buffer 50
mM pH 6.5 at 50 %(v/v) TFE, except for entry number 8, which was instead performed
in 50 mM phosphate buffer pH 6.5 only. * HA added before H,0, (Entry 1-5); ° HA
added 30 minutes after H,O, (Entry 6-8).

The GC-MS measurements were performed 40 minutes after H,O, addition for
entries 1-5, and 10 minutes after HA addition for entries 6 and 7. Two
parameters were taken into account in this analysis: 1) enzyme—to—substrate

ratio; 2) order of addition of the reagents. As reported in Table 2.4, the addition
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of HA prior or after H,O, severely affects the TCP removal efficiency. High
removal efficiency was observed only with high catalyst concentration when HA
is added prior H,O, (Entries 1 and 2), on the contrary low or negligible
efficiencies were observed when lowering the amount of catalyst (Entries 3-5).
Interestingly, good removal efficiency was observed at very low catalyst
concentration (63 nM) when HA is added after H,O, (Entry 6). Surprisingly, a
~92% removal efficiency was observed even at sub—stoichometric amount of
hydrogen peroxide (entry 7), suggesting a FeMCo6*a—triggered radical

mechanism undergoing TCP polymerization onto HA.
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2.3 Conclusions and future perspectives

The activity of a synthetic peroxidase, FeMC6*a, towards HPs was analyzed. A
model substrate, TCP, was used to thoroughly investigate the catalytic activity of
FeMC6*a in oxidative dehalogenation. By varying reaction conditions as pH and
percentage of TFE, optimal conditions for catalysis were determined and used
for a thorough characterization of the catalytic performances. The catalytic
parameters of FeMCo6*a were then evaluated both in the presence of TFE
(optimal conditions for catalysis) and in its absence. The results obtained
confirmed the positive impact of helical folding provided by TFE on catalysis.
Furthermore, by comparing the catalytic performances obtained for other natural
or synthetic enzymes, FeMC6*a confirms to be the best performing catalyst ever
observed for TCP oxidative dehalogenation, both in terms of k., and ke Ky <"
The outstanding catalytic properties of FeMC6*a have encouraged us to explore
the applicability of FeMC6*a in bioremediation. Preliminary experiments were
carried out to address the immobilization efficiency of TCP, in the presence of
HA, with the aim of developing a new HPs—targeted bioremediation strategy.
Promising results were obtained, as even sub—stoichometrical amounts of
hydrogen peroxide were able to deplete TCP from water with a removal
efficiency > 90%. These pilot experiments are promising and lay the basis for
future practical applications of FeMCo6*a in the development synthetic

peroxidase based bioremediation strategies in aqueous media.
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2.4 Materials and methods

2.4.1 Materials
HPLC grade solvents were employed for chromatographic analyses and
purifications. Solvents with higher purity were used in the preparation of
samples for GC-MS, LC-MS and UV-Vis investigations. All solvents and
acetate salts were provided by Romil; trifluoroethanol (TFE) was supplied from
Fluka; trifluoroacetic acid (TFA) was purchased from Applied Biosystem.
All halophenols, monobasic and bibasic phosphate salts, hydrogen peroxide
(30% (v/v) stock solution), 2,6—dichloro—1,4—benzoquinone were purchased
from Sigma—Aldrich.

All solvents and reagents were used without further purification.

2.4.2 Instrumental methods
GC-MS analyses were performed using a Shimadzu GCMS-QP2010 SE system
equipped with an electron impact source and a quadrupole array as MS analyzer.
All analyses were performed with capillary column Restek Rxi®—5Sil MS (30m
x 0.25mm, 25pm). The optimized GC-MS parameters were selected as follows:
column oven temperature 50°C; interface temperature 220°C; ion source
temperature 200°C. Helium served as carrier gas (flow rate: 1.10 mL-min-1).
Injections were made by an auto—sampler injector in the split mode (injection
temperature: 300°C, split ratio: 50). All the molecular graphics pictures were
generated with PyMOL software (DeLano Scientific Ltd) and ChemDraw Ultra
15. Data analysis was made with Origin pro 9.0 software and Kaleidagraph 4.5

software.

2.4.3 UV-Vis measurements
Initial concentrations of FeMC6*a, H,0O, and DBQ were determined by UV—-Vis
spectroscopy, using €3g7 (117000 M 'em™), €240 (39.0 M'em™) and 57, (14000

98



Chapter 2

M 'em™) values, respectively; UV-Vis spectra were recorded using quartz

cuvette with 0.100 and 1.000 cm path lengths.

2.4.4 pH dependence

UV-—Vis spectra were recorded with a Cary Varian 60 Spectrophotometer, using
quartz cuvette with 1.000 cm path length. UV—Vis analysis for pH dependence
were carried out at fixed concentrations of TCP (250 puM) and Fe(Ill)-
Mimochrome Vla (63 nM), in 50 %(v/v) TFE and different 50 mM buffers:
acetate buffer pH 4.5 and 5.5, phosphate buffer pH 6, 6.5, 7 and 8.

The reactions were initiated by addition of one equivalent of H,O, (250 uM)
respect to TCP. Wavelength scans were recorded from 200 to 800 nm, with a 60

nm/s scan speed, under constant magnetic stirring.

2.4.5 TFE dependence

UV-Vis spectra were recorded using quartz cuvette with 1.000 cm path length.
UV-Vis analysis for pH dependence were carried out at fixed concentrations of
TCP (250 uM) and FeMC6*a (63 nM), in 50 mM phosphate buffer pH 6.5 and
different percentages of TFE: 0, 10, 20, 30, 40 and 50 %(v/v).

The reactions were initiated by addition of one equivalent of H,O, (250 puM)
respect to TCP. Wavelength scans were recorded from 200 to 800 nm, with a
250 uM) respect to TCP. Wavelength scans were recorded from 200 to 800 nm,

with a 60 nm/s scan speed, under constant magnetic stirring.

2.4.6 GC-MS analysis and product identification
After addition of one equivalent of hydrogen peroxide to the FeMC6*a—TCP
reaction mixture, 100 pL aliquots at times 0, 10, 20 and 30 minutes were
withdrawn. Each aliquot was acidified with 100 pL H,O 0.1 %(v/v) TFA and

then extracted with 200 pL of DCM. Residual water was removed from the
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organic phase by filtration on anhydrous sodium sulfate. A linear temperature
gradient from 50°C to 300°C, with a rate of 24°C/min, was used to analyze the

organic phase. Mass spectra were recorded in 50—450 m/z range.

2.4.7 Kinetic analysis
UV-Vis spectra were recorded using quartz cuvette with 1.00 cm path length.
The dependence towards the oxidizing substrate was carried out at fixed
concentrations of TCP (0.250 mM) and FeMCé6*a (63.0 nM), in 50 mM
phosphate buffer pH 6.5 and 50%(v/v) TFE. The H,0O, concentration was varied
in the range of 0.50 mM to 200 mM. To study the dependence towards the
reducing substrate TCP, H,O, concentration was fixed at 300 mM and FeMC6*a
was 63.0 nM, in phosphate buffer pH 6.5 and 50 %(v/v) TFE. The TCP
concentration was varied in the range of 0.010 to 0.250 mM. The two set of data

were then fitted according to a two—substrates Michaelis—-Menten equation

2.4.8 Catalysis in the presence of humic acids

All reactions were performed at fixed TCP concentration (250 pM), with
variable enzyme and hydrogen peroxide ratios (See Table 2.4). Pilot experiments
were perfomed at different concentrations of HA (1-10-100 mg/mL) and 10
mg/mL was set as best operative condition both for removal efficiency and
disperdability of HA in buffer solution (data not shown). Identification of
residual TCP was performed upon extraction with DCM as reported in
Paragraph 2.4.6. Quantitation was performed by normalizing the area of TCP
with that obtained for chlorobenzene used as internal standard. %Removal of
TCP was calculated as follows:

% Removal = (AAsub ) -100
1.Std./ o
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Chapter 3

Synthetic peroxidases in
electrochemistry and
amperometric biosensors
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3.1 Introduction
3.1.1 Metalloproteins in electrochemistry

Nature deals with electrons in a specific and unique manner [Nanda, V. et al.
(2016)]. In the field of bioenergetics, the energy flow produced by metabolic
pathways, such as ATP production (photosynthesis and respiration), is strictly
controlled and requires electron transfer (ET). To accomplish this “simple” task,
Nature uses metal ions, such as iron and copper, housed into protein matrices.
The protein matrix modulates the environments of these metal ions and tunes
their redox potential to handle electrons properly. The limited set of metal ions,
mainly iron and copper, across evolution, has been installed in different
coordination environments and geometries to fulfill all the requirements for
efficient, fast and selective ET process. The most highly represented metal sites

involved in ET processes are listed in Figure 3.1.

Cytochrome b, [Fe, S ] ferrodoxin Azurin

Figure 3.1. Common metal centers found in ET proteins

Three main ET protein classes can be listed: cytochromes, iron—sulfur proteins
and cupredoxins [Nanda, V. et al. (2016); Plegaria, J. S. et al. (2015)]. All
together, these three classes are able to cover a wide range of potentials,
spanning from —1 V (where H™ is reduced to H,) to +1 V (where water is
oxidized to O,). Iron—sulfur proteins and copper proteins occupy the middle high
ends of the potential window while heme proteins, such as cytochromes lay in

the middle (Figure 3.2).
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Iron—sulphur proteins are among the oldest on earth. They arose in early times,
when iron and sulfur were both highly abundant in the earth crust. This allowed
these two elements to spontaneously assemble in clusters, mainly containing
four iron and four sulfur atoms [Meyer, J. (2008); Imlay, J. A. et al. (2006)].
Although the atmosphere evolved towards more oxidizing environment, these
proteins were conserved in living systems and preserved across evolution,
playing a crucial role in photosynthesis and respiration. Copper proteins, by
means of Type 1 Cu and Cu, centers are also highly represented as ET proteins.
They are highly widespread in nature and count with high ET rates.
Cytochromes are a major class of heme—containing ET proteins found
ubiquitously in biology. In eukaryote, they are mainly localized in the inner
membrane of mitochondria and play an important role in the respiratory chain.
[Yanagisawa, S. et al. (20006)].

Thanks to the diversity in the coordination environment, these proteins are able

to exert their function over a very wide range of potential (Figure 3.2).

Fe(S-Cys)s]**/** Rubredoxin
[2Fe-25)**/** Ferredoxin I—

[2Fe-25]*/** Rieske

[3Fe-45]%"" in [3Fe-4S](4Fe-4S]
——

[4Fe-4S]*/* HiPIP
[3Fe-4S]°/ in [3Fe-4S] | ]

[4Fe-4S1**/2in [3Fe-45][4Fe-4S]
e

Cytochrome c- class IV
[4Fe-4S)**/2in [4Fe-4S][4Fe-4S] [ |
—

Cytochrome c- class llb
[4Fe-4S)**/2in [4Fe-4S)
—///3

Cytochrome c- class lla Cytochrome f
! ] ]

Cytochrome c- class |
[ ]

Cytochrome c- class Il Cua Blue copper in multi-copper oxidases
[ ]
I

Cytochrome b except A.Vinelandii bacterio ferritin
[ ]

A.Vinelandii bacterio ferritin Rusticyanin

Blue copper (except Rusticyanin)

L 1 1 1 1 L L 1 1 1 1 1 1 1 1 1
-700 -500 -300 -100 0 100 300 500 700

Potential (mV vs. SHE)

Figure 3.2. Potential windows for ET proteins. Adapted from [Liu, J. (2014)]
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Bioelectrochemistry over the years has been a valuable tool to gain insights in
the complex world of the structure/function relationships of redox proteins.
Many metalloproteins have been studied by direct bioelectrochemistry and their
activity at electrode surfaces has been thoroughly investigated thanks to
bioelectrocatalysis [Milton, R.D. et al. 2017].

Indeed, by simple electrochemical techniques such as cyclic voltammetry (CV)
and square—wave voltammetry (SWV), key parameters of metalloproteins can be
measured, such as E” potentials and electron transfer rates. When taking into
account an enzyme, by measuring catalytic currents, electrochemistry can often
provide non trivial insights into the reaction mechanism, number of exchanged
electrons, affinity for substrates (K,,) and catalytic constants (k). Particular
interest over the latest decades has been devoted to the investigation of
immobilized proteins [Ranieri, A. et al. (2019)]. Thanks to the advances in
surface chemistry, the evaluation of the electrochemical properties can be carried
out by using negligible amounts of metalloproteins. To this aim, a plethora of
immobilization techniques have been developed which help retaining
tridimensional structure of the protein therefore preserving the native properties.

Mainly, immobilization of metalloproteins onto electroactive surfaces can be
accomplished by direct chemisorption, molecular entrapment into polymers or
chemical linkage to electrodes [Noll, T. and Noll, G. (2011)].

Many factors should be considered when developing an immobilization strategy.
Its success relies on the control of orientation of the proteins and on the distance
to the electrode, so that the redox active site can be in contact with the electrode
surface, the packing density (i.e. number of proteins per surface unit), which are
critical for electron exchange rate. The environment surrounding the protein also
plays a critical role in the preservation of its native tridimensional structure,
therefore an efficient immobilization strategy should provide a soft environment

[Ranieri, A. et al. (2019)] in order to mimic physiological conditions, thus
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decreasing and in some cases avoiding denaturation.

3.1.2 Heme proteins in electrochemistry

Bioelectrochemistry has long been a powerful tool to characterize heme proteins.
It fascinated scientists since the first studies on cytochrome ¢ [Eddowes, M. J.
and Hill, H. A. O. (1976)]. After this, a great variety of differently functional
heme proteins (cytochromes, O,—binding proteins, peroxidases, cytochromes
P450, catalases) were characterized electrochemically and thanks to these
studies a deeper understanding of the electrochemical properties of these heme
proteins was acquired. This paved the way for the plethora of applications we
are aware of nowadays.

The differences in the coordination sphere of the heme reflects in differently
tuned heme cofactors, leading to extreme diversity in electrochemical and
electrocatalytic properties. Furthermore, the easy integration of these proteins in
electroconductive systems makes their use an easy challenge for scientists.
Heme proteins, and among all, peroxidases, are robust components in biosensors
and serve mainly as reliable reporter enzymes for the detection of peroxides. The
high affinity of peroxidases for hydrogen and organic peroxides (+buthyl
hydroperoxide, di—t—buthyl peroxide) yields devices with enhanced selectivity,

low detection limit and sensitivity.
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Table 3.1. Peroxides HRP biosensors

Substrate Surface LOD Linear range Ref.
H,0, HRP-MWCNTs/ 10.3 16.7-740 uM [Quian, L.
Chit/GCE uM (2006)]
H,0, Co0304/MWCNTs/ 0.74 0.74-19 uM [Kacar, C. et
HRP/GCE uM al. (2014)]
H,0, SPCE|GS—Nafion/ 12uyM 20 pM-2.5 mM [Xin, Y. etal.
Fe;0,~Au-HRP (2013)]
H,0, HRP/TiO,—c— 0.44 2-120 uM [Ozdemir, D.
MWCNT-GR- M etal. (2019)]
RUT/GCE
H,0, HRP/HAuDE 1.5 uM [Wu,  S.-H.
(2020)]
t-BuOOH GCE/SWCNT 120 uM = 391-3340 uM [Xu, H. et al.
(2009)]

Legend: Chit: chitosan; TiO,: titanium dioxide; GCE: glassy carbon; MWCNT:
multiwalled carbon nanotubes; SWCNT: single—walled carbon nanotubes; Co;04: cobalt
oxide nanoparticles; SPCE: screen—printed carbon electrode; RUT:
hexaammineruthenium chloride; HAuDE: heated gold disk electrode; ~BuOOH: ¢
buthyl hydroperoxide.

Table 3.1 lists some amperometric biosensors, which profit of HRP as sensing
component to detect peroxides. HRP can be efficiently immobilized onto
different surfaces, while preserving its peroxidase activity, and the resulting
device shows good detection ranges and limits of detection (LOD).

The great versatility and wide range of substrates for HRP has been also
exploited for the construction of devices with different applications. Recently,
HRP, immobilized onto TiO, was efficiently used for the development of light-
activated phenol sensor operating by flow injection analysis [Rahemi, V. et al.
(2020)]. The sensing system of this device relies on the ability of TiO, to
produce, upon light irradiation, reactive oxygen species (ROS), which are then
used by HRP to oxidize phenolic substrates (hydroquinone and 4-aminophenol).
Another example is provided by [Marquitan, M. et al. (2020)]. The authors
developed a device capable to measure glutamate concentration

amperometrically, on a single cell-level, with a remarkable sensitivity. The high
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sensitivity was achieved by integrating a mixed glutamate oxidase-HRP
bienzymatic system onto sub-micron range carbon electrode. In this device, the
oxidation of glutamate by means of glutamate oxidase yields H,O, which is
readily detected by HRP.

Also, non-peroxidases heme proteins can be used in biosensors. When
immobilized onto electroconductive surfaces, inducible catalytic properties can
be observed, either for slight structural changes or for “exotic” oxidation states.
Efficient H,O,—sensors have been developed with O,-binding myoglobin or
with ET cytochrome c. In these cases, the immobilization plays an important
role, as the H,O,—reactivity of myoglobin and cytochrome ¢ might arise from
slight structural changes that “de—tunes” the heme from its built—in function and
unleashes it for a new function [Lu, H. et al. (2006); Niu, T. et al. (2019); Wang,
T. et al. (2013); Luo, Y. et al. (2009)]. Another example is given by HRP based
O,—sensors. The operational principle of these sensors relies on the
electrocatalytic reduction of O, by ferrous heme. Heme in its Fe’" form is unable
to bind molecular oxygen, but, upon electrochemical reduction to its Fe"
oxidation state, it becomes sensitive to O,. After the formation of the Fe2+—02
complex, the iron center can easily shuttle electrons to the oxygen thus yielding
reduction product as superoxide anion (O, ) by one—electron reduction, H,O, by
two—electron reduction or H,O by 4—electron reduction [Huang, X. and Groves,
J. T. (2018)]. HRP coordination environment finely tunes and stabilizes Fe’" or
higher oxidation states, but by electrochemical reduction of HRP, a Fe* ~HRP is
readily achieved, which is able to bind and reduce O,. The high affinity of
ferrous—heme towards O, would allow for the development of O,—sensor with
extremely high sensitivity, but unfortunately no meaningful practical application
has been proposed yet. A possible reason of this might be related to the technical
issues regarding the measurement of O, concentration in standards solutions,

especially at low concentrations.
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3.1.3 ET properties by structure simplification

Although great advances in immobilization chemistry were achieved, recreating
the native conditions ensuring protein stability and performing direct
electrochemistry in a perfectly safe environment is still a challenge. The stability
of proteins and metalloproteins requires precise environment, such as pH and
ionic strength, which not always are complied upon immobilization. Interaction
with a solid matrix often implies structural changes of the protein which may
harm its catalytic/electrocatalytic properties, therefore lowering its efficiency.
Another issue relies in the usually large non—conductive matrix which envelops
the redox cofactor, thus hindering the direct ET process and lowering ET rates
[Wong, T. S. and Schwaneberg, U. (2003)].

An enzyme reaction at an electrode surface can proceed through direct electron
transfer: the electron is directly transferred from the active center of the enzyme
to the electrode surface. Many proteins or glycoproteins have their redox centers
buried in their structure, thus the direct communication between the active site
and the electrode can be hindered. To this aim, efforts were devoted to simplify
the structure and “trim the fat” hindering ET processes [Wong, T. S. and
Schwaneberg, U. (2003)]. Yeasts and fungi usually express highly glycosylated
proteins. In order to boost the ET rates between these proteins and electrodes, a
possible solution would be to pretreat them with oxidizing agents for cleaving
the sugar moieties. However, strong oxidizing agents such as periodates often
reduce enzymatic activity significantly and safe protocols must be optimized for
each protein [Wong, T. S. and Schwaneberg, U. (2003); Tiziani, S. et al. (2003)].
Another example of structure simplification for improving the ET rates is to
remove amino acid residues that are not key residues in the protein structure and
function. Microperoxidase—11 (MP—-11) results from the proteolytic cleavage of

cytochrome c. It is an undecapeptide (H-Val-Gln-Lys—Cys—Ala—Gln—Cys—His—
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Thr—Val-Glu—OH) with a heme ¢ group attached through thioether bonds at
Cys4 and Cys7 residues [Katz, E. et al. (2002)]. MP-11 reveals several
advantages compared to its undigested analogue. It indeed exhibits enhanced
performances in peroxide reduction and direct electrical communication with
many different electrodes because of its heme exposure [Zhang, B. et al. (2015)].
The ET properties enhancement have paved the way for many applications of
MP-11 scaffold in O, reduction [Renault, C. et al., (2012)] or hydrogen
evolution [Kleingardner, J. G. et al. (2014)] by replacement of iron with cobalt.
Moreover, a further structurally simplified analogue, MP-8 has been
successfully employed in the development of biofuel cells [Ramanavicius, A. et

al., (2005)].

3.1.4 Designed and engineered ET metalloproteins

Protein design and engineering is a powerful approach [Nastri, F. et al (2019)]
which, over the last decades, provided scientists not only with robust and
efficient electrocatalysts, but also with great insights into the structure—function
relationships determining the activity of metal centers.

In the field of de novo design [Nastri, F. et al. (2019)], De Grado and Dutton
were the first who achieved the goal in designing an artificial heme—containing
oxidoreductase [Robertson, D.E. et al. (1994); Choma, C.T. et al. (1994)]. More
specifically they de novo designed a four—helix bundle protein able to bind one
or multiple heme groups. The investigation over the electrochemical properties
of the designed oxidoreductase confirmed a behavior similar to the native
protein.

A further contribution by Dutton was provided with the design of magquettes.
Dutton’s group achieved to reproduce the natural ET function within a de novo
sequence, confirming that only few principles must be satisfied in order to

recreate an ET center within an artificial protein:
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(1) a highly hydrophobic environment for housing the cofactor and ensuring
tight binding to the protein matrix;

(2) a stable protein scaffold tolerating side—chain protonation changes and
allowing pH—dependent redox behavior;

(3) a modulation of the cofactor redox potential by different charge distributions
in the exterior polar residues [Moser, C.C. et al. (2016); Lichtenstein, B.R. et al.
(2012)]. Thanks to these pioneering research, in recent years many de novo
designed four—helix bundles appeared. These principles were applied in the
design and engineering of a water—soluble heme maquette able to perform
diffusive electron transport, mimicking natural cytochromes [Fry, B. A. et al.
(2016)]. The authors proved that the water—soluble maquette was able to shuttle
electrons to cytochrome ¢ within similar timescales and charge complementarity
modulation observed in natural systems.

Further examples of the power of de novo design are provided by the results
achieved in Ghirlanda’s group. They successfully designed a homo—dimeric
three—helix bundle (DSD) binding two [4Fe—4S] groups within its hydrophobic
core. The insertion and integrity of the [4Fe—4S] core was confirmed by CD and
EPR analysis. Moreover, pulsed electron—electron double-resonance
experiments confirmed an inter—cluster distance of 29-34A [Roy, A. et al.
(2013)]. An evolution of this work yielded CTPR-[4Fe—4S] (consensus
tetratricopeptide repeat with [4Fe—4S] metal cluster), in which multiple [4Fe—
4S] clusters were inserted into a repetitive sequence designed applying a
bottom—up approach [Main, E. R. G. et al. (2013)]. Square wave voltammetry
characterization confirmed that the designed CTPR—[4Fe—4S] proteins are redox
active showing potentials consistent with low—potential protein—bound clusters
[Mejias, S. H. et al. (2019)].

By de novo approach, the challenge to design redox active copper centers

embedded in protein matrices was overcome. Protein matrices with the features
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to house metal ions in different oxidation states, therefore fulfilling their
different coordination requirements were successfully designed. In a recent
work, Pecoraro and coworkers [Plegaria, J. S. et al. (2015); Plegaria, J. S. et al.
(2016)] characterized the intermolecular electron transfer (ET) properties of a de
novo designed metallopeptide using laser—flash photolysis. They incorporated
copper metal binding site within an antiparallel three helix bundle a3D—-CH3 to
mimic a Type 1 copper ET site naturally observed in the P-—barrel fold of
cupredoxins. Upon addition of photosensitizers, the conversion of Cu(I)a;D—
CH3 to a Cu(Ill) (Amax=400 nm) species was observed, confirming the ET
transfer reaction between the photo—oxidant and Cu(I)o;D-CH3. Even though
no full replication of native cupredoxin spectroscopic features was observed, this
work demonstrated the success of de novo approach in building an ET site
within a designed protein that is capable of rapid electron transfer at a desired
reduction potential. The a;D three helix bundle scaffold was also used by
Pecoraro’s group to recreate a rubredoxin metal site within a;DIV-L21C-GSGC,
obtained by site directed mutagenesis [Tebo, A. G. et al. (2018)]. The
spectroscopic characterization over the de novo rubredoxin highlighted its
similarity to natural rubredoxin, as confirmed by UV-Vis, Mossbauer, electron
paramagnetic resonance and magnetic circular dichroism. Furthermore,
measurements of reduction potential suggested that the designed metalloprotein
could function similarly to natural rubredoxins.

Along with de novo approach, protein engineering has proved its value in
expanding and enhancing the activity of metalloenzymes. In this respect, the
design of mutant enzymes containing single and/or multiple residues
substitutions represents an excellent strategy to fine tuning the redox potentials
of ET center that are involved in controlling the ET rates [Hosseinzadeh, P., Lu,

Y., (2016)].
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Ward and Borovik [Mann, S. 1. et al. (2016)] developed a modular artificial
cupredoxin by inserting a series of biotinylated di[2—(2—pyridyl)propyl]amine
ligands, differing by the length of the linker, into a S''°C engineered
streptavidin. Spectroscopic investigations confirmed the nature of the complex.
In particular, one of these analogues showed a structure similar to a Type 1
copper center. Moreover, EPR measurements highlighted the presence of a
Cu—Sy bond, and X-ray diffraction analysis provided structural evidence of a
Cu center endowed with a N3S primary coordination sphere and is positioned at
1.3 A from the biotin’s binding site. Cyclic voltammetry experiments confirmed
the electroactivity of the complex despite its non—fully reversible behavior.

Lu and coworkers [Yu, Y. et al. (2017)] engineered azurin, a common Type 1
copper protein, by linking the N— and C—termini and creating new termini in the
loops between first and second P—strands or between 3rd and 4th B—strands.
Spectroscopic, EPR, CV and crystallography confirmed a well-preserved
primary coordination sphere in all the variants. Interestingly, the reduction
potentials increased by 18 and 124 mV were observed over that of the wild-type
protein.

Within the same research group, myoglobin was engineered to yield a designed
oxidase. The L29H/F43H/G65Y mutation of myoglobin originated a catalyst
capable of reducing dioxygen with an O, reduction rate of 52 s, similarly to a
native cytochrome cup; oxidase (50 s_l). In this mutant, patterning more
favorable electrostatic interactions between the engineered myoglobin and its
native redox partner, cyt bs, resulted in a 400—fold electron transfer (ET) rate
enhancement [Yu, Y. et al. (2015)].

Some examples of ET process within miniaturized scaffold come from the
results achieved by our group. Through miniaturization process applied to
rubredoxins a new class of miniaturized electron transfer protein (METP) was

designed and synthesized. Starting from the crystal structure of Desulfovibrio
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vulgaris rubredoxin, a tetrahedral (S'-Cys), iron-binding site was designed.
UV-Visible and circular dichroism spectroscopy confirmed a peptide—to—metal
2:1 stoichiometry in the presence of Co®’, Zn*" and Fe*™**. Moreover, UV—
visible analysis of the metal complexes confirmed that the four Cys ligands
arrange themselves tetrahedrally around the metal ion, as expected from design.
The NMR characterization of the diamagnetic Zn(II)-METP complex fully
supported the structure of the designed model, proving that METP reproduces
the main features of rubredoxin [Lombardi, A. et al. (2000)]. Further, DeGrado’s
group de novo designed RM1, a single chain beta-protein that forms a stable,

redox-active 4-Cys thiolate Fe*"*"

site, analogously to rubredoxin [Nanda, V. et
al. (2005)]. Although rubredoxins redox potential falls between -90 and 40 mV
vs NHE, the electrochemical characterization showed a high midpoint potential,
being 55 mV vs NHE at pH 7.5. Nonetheless, compared to the previously
reported METP, the single-chain RM1 showed enhanced redox activity, being
able to complete up to 16 cycles under aerobic conditions.

As mentioned in paragraph 3.1.3, structural simplification boosts ET process, as
confirmed by the enhanced ET properties of MPs. It has been demonstrated that
small redox protein, such as cytochrome c, can shuttle electrons directly to bare
glassy carbon electrodes [Heller A., Acc. Chem. Res., (1990) 23, 128-134].

For large redox enzyme, such as glucose oxidase, this is difficult to accomplish
as they have thick insulating protein shells and their catalytic centers are buried
deep inside and protected from the surroundings.

To this aim, using miniaturized heme protein models can offer many advantages
both in terms of electron transfer properties and electrochemical signal.

Their robustness (to prevent denaturation on the electrode surface), and small
size can simplify the electron transfer path to the electrode and ensure direct
electron transfer. Moreover, the closeness between the redox center and the

surface together with the increasing surface coverage allows for a better wiring

118



Chapter 3

between the enzyme and the electrode and enhance electrochemical signals.

This feature encouraged us to explore the electrochemical properties of
FeMC6*a miniaturized scaffold, immobilized onto electrode surfaces for
biosensing purposes. Previous explorative studies over the electrochemistry of
Fe-mimochromes were reported. MC6 was immobilized by hydrophobic
interactions onto decanethiol coated gold electrode [Ranieri, A. et al. (2010)].
Although immobilization slightly influenced the reduction potential, a reversible
behavior was observed under argon. Instead, when the MC6 electrode is exposed
to O,, interestingly it electrochemically turned over dioxygen.

Further electrochemical characterization was reported for other mimochrome
analogues [Vitale, R. et al. (2014)]. In particular, the spectroelectrochemistry
behavior FeMC6* was investigated. Upon immobilization onto indium—tin—
oxide electrodes, Fe’~MC6* showed remarkable reversible features under argon
when cycling between ferric and ferrous oxidation states with a E” reduction
potential of —0.32 V vs Ag/AgCl. In a recent paper, the electrochemical behavior
of a mimochrome analogue, FeMC6—S6G was investigated [Zambrano, G. et al.
(2018)]. FeMC6-S6G was conjugated to lipoic acid and then immobilized onto
gold electrodes showing quasi-reversible properties with a E” = —0.326 V vs
Ag/AgCl for the Fe**" couple, similarly with previous works.

These results on the electrochemical behavior of mimochromes have encouraged
us to further investigate mimochrome electroactivity with the aim to integrate

miniaturized heme protein models in biosensing.
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3.2 Results and discussion

3.2.1 Electrochemical behavior of FeMC6*a immobilized onto

GCE

The interesting insights given by the electrochemical analysis of metalloproteins
led us to explore the behavior of FeMC6*a immobilized onto electrode surface.
FeMC6*a was immobilized onto glassy carbon electrodes (GCE) by using
Nafion polymer. The functionalized electrode behavior was studied by CV
between 0.4 and —-0.5 V vs Ag/AgCl (100 mM phosphate buffer at pH 6.5),
range in which the reduction of Fe'" to Fe*" is usually observed for peroxidases

[Lee, A. C. et al. (2008)]. The CV is reported in Figure 3.3.
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Figure 3.3. CV of FeMC6*a@GCE in 100 mM phosphate buffer pH 6.5

FeMC6*a onto GCE (FeMC6*a@GCE) CV showed a moderate reduction peak
around —0.3 V vs Ag/AgCl, similar to the E” reduction potential of previously
studied analogues [Vitale, R. et al. (2014); Zambrano, G. et al. (2018)].

Due to the strong dependency between activity of FeMC6*a and fluorinated

alcohols, we investigated the effect of these alcohols on the electrode behavior
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was assessed by CV analysis. Two concentrations of fluorinated alcohols were
chosen (20%(v/v) for 2,2,2—trifluoroethanol (TFE) and 10%(v/v) for 1,1,1,3,3,3—
hexafluoroisopropanol (HFIP)) to ensure stability of entrapping Nafion polymer.

The CV obtained in these conditions are reported in Figure 3.4.
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Figure 3.4. CV analysis of FeMC6*a at 20%(v/v) TFE (black line), 10%(v/v) of HFIP
(red line) in 100 mM phosphate buffer pH 6.5, and buffer only (blue line).

The presence of fluorinated alcohols modified the electrochemical profile of
FeMC6*a. Figure 3.4 clearly highlights a strong effect given by these two
fluorinated alcohols. Moreover, a non-reversible peak at -0.32 V vs Ag/AgCl is
observed. The non-reversible behavior of FeMC6*a suggests a catalytic process
undergoing the reduction of Fe’’-MC6*a to Fe*'~MC6*a species, and an
oxygen reduction reaction (ORR) mechanism. Further details on the catalytic

behavior of FeMC6*a will be given in paragraph 3.2.3.
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3.2.2 Selectivity of FeMC6*a@GCE
The strong increase in current with 20%(v/v) TFE and 10%(v/v) HFIP led us to
investigate FeMC6*a@GCE as a sensor for halogenated alcohols.
To test whether the FeMC6*a@GCE is selective towards fluorinated alcohols, a
chlorinated alcohol was used as control. To this purpose, 2,2,2—trichloroethanol
(TCE) was used at 10%(v/v) in 100 mM phosphate buffer pH 6.5. The CV

analysis was performed as previously reported and it is shown in Figure 3.5.
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Figure 3.5. CV analysis of FeMC6*a at 10%(v/v) TCE (black line), and in buffer only
(red line).

Figure 3.5 shows an increase in reduction current caused by TCE addition,
highlighting the inability of FeMC6*a@GCE in discriminating between
differently halogenated alcohols.

A second selectivity test was performed by comparing CVs obtained with
halogenated alcohols (Figure 3.6a) with those obtained with non—halogenated
alcohols (Figure 3.6b). The effect of DMSO as polar aprotic solvent was also
studied.

Ethanol, methanol, isopropanol and dimethylsulfoxide at 20%(v/v) were used.
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Figure 3.7 compares the peak currents in different solvent condition.
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Figure 3.6. (a) CV analysis of FeMC6*a at 10%(v/v) TCE (black line), 20%(v/v) TFE
(blue line), 20%(v/v) HFIP (red line). The CV is compared with those obtained in buffer
only (grey line). (b) CV analysis of FeMC6*a at 20%(v/v) of ethanol (red line),
20%%(v/v) methanol (black line), 20%(v/v) isopropanol (blue line), 20%(v/v)
dimethylsulfoxide (grey line). The CV is compared with that obtained in buffer only
(pink line).
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Figure 3.7. Bar chart of the peak currents obtained for the different solvents. All solvents
are at 20%(v/v), except for TCE which is instead at 10%(v/v). Data are compared to

buffer only.

The CV recorded in the presence of non—halogenated solvents show no changes
in peak currents with respect to buffer—only. These experiments prove the
selectivity of FeMC6*a@GCE towards halogenated alcohols.

A further selectivity test was performed in the presence of mixed
halogenated/non—halogenated solvents by evaluating the peak currents (triplicate

experiments).
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Figure 3.8. Bar chart of the peak currents obtained for different solvent mixtures. All

solvents are at 20%(v/v) final concentrations. Data are compared to buffer only.

All solvents were added at 20%(v/v) final concentration. Several combinations
were analyzed, and in all cases no significant decrease in peak currents was
observed in the halogenated/non—halogenated solvent mixture compared to
halogenated alcohol only (Figure 3.8).

Although FeMC6*a@GCE is not capable of distinguishing between differently
halogenated alcohols, it can efficiently discriminate between halogenated and
non—halogenated solvents without interferences on the peak current intensity,
also when mixed together.

Based on these results, FeMC6*a@GCE proves to be the first selective
electrochemical sensor for halogenated alcohols. The proposed method allows

for cheap and easy determination of such compounds, in contrast with expensive
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methods as a GC-MS detection of similar compounds reported by [Brendan, M.

M. and Cort, A. (2000)].

3.2.3 Operational principles in FeMC6*a@GCE sensor for
halogenated alcohols
The CV analysis performed in the presence and absence of halogenated alcohols
arouse two important questions regarding the operational principles of
FeMC6*a@GCE. i) the lack of reversibility of FeMC6*a; ii) the halogenated

alcohol effect on peak currents.

3.23.1 Oxygen reduction reactions catalyzed by

FeMC6*a@GCE
The lack of reversibility upon FeMC6*a reduction might be due to oxygen
reduction reaction (ORRs). Porphyrins and heme proteins are widely reported
for their ability to carry out ORR [Huang, X. and Groves, J. T. (2018)]. All the
CVs obtained for FeMC6*a@GCE in the presence of air in different solvent
systems show the presence of a non—reversible peak in the —0.3 to -0.4 V (vs
Ag/AgCl) region. These electrochemical features are comparable with those
reported in literature [Ghatak, S. et al. (2019)] suggesting a O, activation
mechanism undergoing the reduction of Fe’"MC6*a to its Fe’" species.
Differential pulse voltammetry (DPV) analysis with 20%(v/v) of TFE in 100
mM phosphate buffer was carried out in Ar—saturated and air saturated buffers

sequentially, using the same electrode. DPV is shown in figure 3.9.
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Figure 3.9. DPV in argon saturated (a) and air saturated (b) buffers. Data were collected

20%(v/v) TFE.

FeMC6*a@GCE shows almost symmetric reversible oxidation and reduction
peaks at 0.220 V (vs Ag/AgCl) in Ar saturated buffer (Figure 3.9a). In air

saturated buffer the reversibility is nearly lost (Figure 3.9b), with a decrease of
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the intensity of the oxidation peak and an increase in the reduction peak,
strongly suggesting chemical oxidation steps.

A further evidence was given by investigation over the electrochemical behavior
of FeMCo6*a@GCE at different O, saturation of the buffer solution. CV in
20%(v/v) of TFE in 100 mM phosphate buffer were acquired with different

concentrations of O,. The superimposition of CV is shown in Figure 3.10.
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Figure 3.10. CVs in oxygen depleted (black line) and air saturated (red line) and oxygen
saturated (blue line) buffers. CVs were recorded in 20%(v/v) TFE.

As illustrated in Figure 3.10 a dramatic increase in currents is observed in Oy—
saturated buffer (~35 pA) compared to O,—depleted buffer (~5 pA), whereas
air—saturated buffer lies in the middle (~20 pA). By comparing with literature,
these experiments provide enough data to address a concentration—dependent
electrocatalytic ORR [Dey, A. et al. (2019)].

Although the DPV and CV experiments confirm a ORR mechanism undergoing
the reduction of FeMC6%*a, further efforts were devoted to obtain more detailed
information regarding the mechanism undergoing FeMC6*a—catalyzed ORR. To
this aim, steady state Tafel slope analysis [Shinagawa, T. et al. (2015)] was
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carried out. Tafel analysis allows for quantitative measurement of potential-
dependent kinetics, by correlating the electric current to the applied potential
[Fang, Y.-H. and Liu, Z.-P. (2014); Pizarro, A. et al. (2018)]. The measurements
were made in 100 mM phosphate buffer pH 6.5 with 20%(v/v) TFE and without
TFE for comparison. Steady state currents were acquired for FeMCo6*a
immobilized onto conductive porous carbon paper to increase the surface area.
Figure 3.11 shows the In(I) vs potential. The linear fitting of the data points

allowed to derive the Tafel slopes.
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Figure 3.11. Tafel plots obtained from steady—state currents in 100 mM phosphate buffer

pH 6.5 (a) and 100 mM phosphate buffer pH 6.5 with 20%(v/v) TFE.
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In both cases a wide linear range was observed in the In(I)-E plot. The slopes
obtained with TFE were ~30 mV/decade and ~40 mV/decade, with and without
TFE, respectively. These values were compared to those reported in literature by
[Fletcher, S. (2009)]. A ~30 mV/decade slope might indicate a mechanism
involving two sequential electron step, followed by a chemical rate—limiting
step. In contrast, the interpretation of a ~40 mV/decade Tafel slope was
inconclusive as no direct interpretation can be made. Possibly, this value might
arise from multiple mechanism simultaneously occurring.

Even though the ORR mechanism could not be precisely determined, sufficient
evidences were collected to prove that the non-reversible behavior of
FeMC6*a@GCE arises from an intrinsic ORR activity, in which, the reduction
of the catalyst by the electrode is followed by one chemical reoxidation or
sequential reduction—oxidation steps, using O, as substrate. Further experiments

will be devoted to fully understand the ORR catalyzed by FeMC6*a.

3.2.3.2 Effect of halogenated alcohols on FeMC6*a@GCE
peak currents

TFE is widely known as folding cosolvent, as it destabilizes hydrophobic
interactions while promoting the formation of hydrogen bonds between close
residues in the peptide chain [Hamada, D. et al. (2000); Povey, J. F. et al.
(2007)]. X-ray scattering demonstrated that fluorinated alcohols are able to
arrange as micelle-like clusters in water, with dimensions related to the
percentage of fluorinated alcohol in solution [Hong, D.-P. et al. (1999);
Reiersen, H. and Rees, A. R. (2000)]. Due to the ability of TFE to interact with
water molecules, a “push and pull” mechanism might explain the TFE-assisted
folding [Reiersen, H. and Rees, A. R. (2000); Vitale, R. et al. (2015)]. At low
TFE percentages (0-10%) a “pull phase” takes place, in which amino acid side
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chains are surrounded both by non-fully stabilized TFE clusters and water
molecules. At higher percentages (until 50%), clusters become larger and more
stabile so that TFE molecules can directly interact with amino acid hydrophobic
side chains, thus providing a matrix assisted driving force for folding (push
phase). Molecular dynamics simulations provided by [Roccatano, D. et al.
(2002)] confirmed that TFE clusters assist with the folding, by promoting the
formation of local peptide interactions, thus originating an ordered secondary
structure.

Previous catalytic studies on FeMC6*a highlighted a relationship between the
catalytic activity and the presence of fluorinated alcohols. As mentioned in a
recent paper [Caserta, G. et al. (2018)], the helical content (measured as 0,,)
and vy (as rate of reaction in ABTS oxidation) are strictly dependent. More
specifically, an increase in the TFE concentration increases the helical content,
thus structuring the peptides into a helix-heme—helix sandwich and enhancing
the catalytic properties of FeMC6*a.

A similar enhancement of the catalytic activity might be provided also by
halogenated alcohols in ORR. To prove this, far—UV circular dichroism (CD)
spectra were acquired by using different solvents (TFE, HFIP, water, methanol,
ethanol, isopropanol) 20%(v/v) in 100 mM phosphate buffer pH 6.5 and 0,2,
values were acquired. Then, the 6,5, were plotted as function of peak currents in
the same solvent conditions (Figure 3.12). Due to TCE and DMSO absorbance
in the far UV region, acquisition of the CD spectra was not possible for these

solvents.
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Figure 3.12. Plot of 0, as function of peak currents.

Non-halogenated solvents show low values both in current and 05, and are
clustered in the low—left end of the plot, being low both in currents and 0,,,,
while TFE and HFIP occupy middle-high—right end of the plot.

These data strongly suggest a tight correlation between helical content and ORR
electrocatalytic activity: similarly to ABTS oxidation, the increase in helical
content leads to an increase in the catalytic activity of FeMC6*a. Therefore, the
increase in observed peak currents upon folding—alcohols addition could be
explained either by an increased amount of active catalyst involved in the ORR
or more likely by an enhancement of the catalytic properties of the enzyme,
leading to higher turnover number in ORR. In both cases, a greater number of
electrons are withdrawn from the electrode, thus causing increase in peak

currents.
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3.2.4 Analytical performances of FeMC6*a@GCE
To evaluate the analytical performances of the FeMC6*a@GCE electrochemical
sensor the peak currents at different concentrations of TFE, HFIP and TCE
extracted by CV were plotted as function of solvent percentage %(v/v) and

reported in Figure 3.13a-b-c.
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Figure 3.13a. Calibration curve obtained reporting peak currents obtained at 2%(v/v)

steps of TFE as function of %(v/v) TFE.
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Figure 3.13b. Calibration curve obtained reporting peak currents obtained at 2%(v/v)

steps of HFIP as function of %(v/v) HFIP.
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Figure 3.13c. Calibration curve obtained reporting peak currents obtained at 2%(v/v)

steps of TCE as function of %(v/v) TCE.
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All calibration curves were acquired in triplicate and good linearity correlation
was achieved for all solvents investigated. As shown in the calibration curves,
the cathodic peak current of the FeMCo6*a@GCE is linearly proportional to
halogenated alcohols concentration over the range of 6-22 % (v/v) for TFE, 0—
12 % (v/v) for HFIP and 0—10 % (v/v) for TCE. TFE shows a lag phase in the 0—
6 % (v/v), whereas both TFE and HFIP show a plateau at 22%(v/v) and
12%(v/v), respectively. TCE was not investigated at higher %(v/v) due to the

miscibility in water.
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3.3 Conclusions and future perspectives

With this work, we demonstrated that FeMC6*a can be efficiently used for
bioelectrochemical purposes. When immobilized onto electroconductive
surfaces it shows an oxygen dependent non-reversible behavior. Steady state
current experiments confirmed the ORR pathway, but the mechanism involved
still remains to be clarified. Further efforts will also be devoted to achieve a
thorough overview over the mechanism undergoing the ORR properties of
FeMC6*a.

The proposed sensor is, to the best of our knowledge, the first sensor in which
the operational principle relies on the use of an enzyme with a positive switched
amperometric detection of organic solvents mixtures in water. Moreover, this is
the first sensor for determination of TFE, HFIP and TCE in solution. The easy
preparation and set—up of the electrode allows for future applications of
FeMC6*a@GCE in solvent sensing, miniaturization and integration in more
compact and inexpensive systems such as screen printed graphite electrodes.
Furthermore, the extremely high sensitivity of FeMC6*a@GCE towards
dioxygen can be exploited for future application as O, sensor in aqueous

environment.
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3.4 Materials and methods

Nafion polymer 5 %(w/v) solution in aliphatic alcohols, TFE, HFIP and TCE,
ethanol, methanol, isopropanol, dimethylsulfoxide were purchased from Sigma-—
Aldrich (USA). Disodium hydrogen phosphate monohydrate and sodium
dihydrogen phosphate were purchased from Merck (Darmstadt, Germany).
Phosphate buffer solution was prepared by mixing Na,HPO, and NaH,PO,
stock solution. All chemicals were of analytical grade and used without any
further treatment. Deionized water from a Milli-Q System was used throughout.
All electrodes used in this work were purchased from BASi (West Lafayette,
Indiana, USA).

All electrochemical measurements were performed with a CompactStat
potentiostat (Ivium, Netherlands) at room temperature with a conventional
three—electrode system comprising a platinum wire as the counter electrode, a
glassy carbon working electrode, and a silver/silver chloride (Ag/AgCl)
electrode as the reference. Alternatively, carbon paper (AvCarb GDS2230CV)
was used as working electrode (1 cm” area). Measurements were performed at a
scan speed of 50 mV/s. DPV measurements were carried out in a —0.8-0.4 V (vs
Ag/AgCl) potential window, with a pulse time of 20 ms, pulse amplitude of 20
mV, and scan rate of 20 mV/s. Steady-state currents were acquired by
registering currents at fixed potential for 10 minutes, at 0.02 V intervals. IVIUM
software (Ivium, Netherlands) was used for electrochemical data analysis and
peak current extraction. Data were analyzed with Origin Lab (8.0 version).

CD spectra were obtained at 25°C on a Jasco J-815 dichrograph. Data were
collected from 260 to 190 nm (0.2 nm intervals, 20 nm min' scan speed,] nm
bandwidth, at 16 s response). Cuvette path length of 1.0 cm was used. CD
intensities are reported as molar ellipticity per residue (kdeg cm” dmol™ res™),
calculated by dividing the total molar ellipticity by the number of amino acids in

the molecule. All spectra were collected at 2.0 10°° M sample concentration, in
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10 mM phosphate buffer (pH 6.5), with different solvents, all at 20% (v/v)

concentrations. All data were blank subtracted.

3.4.1 Electrochemical measurements

Prior to coating, GCEs were polished with 0.05 ym alumina and sonicated in
deionized water three times. They were then treated in 6% aqueous hydrochloric
acid for 10 min, followed by rinsing and sonication in water and acetone
successively. A Nafion—-FeMC6*a mixture was prepared by mixing 10 pL of 5
% (w/v) Nafion solution in aliphatic alcohols with 4 pL. of FeMC6*a aqueous
stock solution with 0.1 % (v/v) TFA (1.5¢10° M). From the resulting mixture, 7
puL were withdrawn and casted onto a polished and dried GCE. The Nafion—
FeMC6*a layer was allowed to dry and cure for 30 minutes at room temperature.
Finally, prior use, the electrode surface was flushed with highly pure N, for 2
minutes to finalize drying process.

Immobilization of FeMC6*a onto carbon paper was performed by dropcasting
20 pL of FeMC6*a/Nafion solution (6 uL of FeMC6*a 1.5+10° M and 14 pL of
Nafion 5%(w/v)).

Air, N, or O, saturated buffers were prepared by bubbling the gas in the buffer

for at least 1 h prior measurements.
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4.1 Introduction

4.1.1 Biocatalysis as a smart tool for sustainability
The current demand of sustainable green methodologies, and the variety of
chemical transformations promoted by biocatalysts, make enzymes important
tools for emerging industries [Kirk, O. et al. (2002)].

The application of enzymes has great potential into a variety of fields, including
pharmaceutical industry and biofuel production, environmental monitoring,
disease diagnostics, wastewater treatment and dye bleaching (Table 4.1)
[Koeller, K. M. et al. (2001)].

With respect to sustainability and process efficiency, the use of biocatalysts
offers numerous benefit over traditional chemical processes. Biodegradability,
high reaction selectivity and high catalytic rates under relatively mild conditions
and aqueous environment are the main advantages of enzymatic catalysis.
However, the reduced stability of biocatalysts in hard conditions and often their
short lifetime, hinders practical applications. In fact, enzyme activity is strictly
related to the experimental conditions (pH, temperature, solvent) which makes
them extremely sensitive to even small changes. Furthermore, they are not easily
separated from the reaction mixture; thus leading to high catalysts consumption,
time and cost of the analysis and make them non-—viable for in continuous
processes [Kim, J. et al. (2006)].

To overcome the drawbacks associated with enzyme applications,
optimization of a biocatalytic process is often required. Optimization relates not
only to enzyme functionality and operational stability, but also to the potential
application in large—scale processes. Therefore, latest research has been carried
out to facilitate practical applications of biocatalysts by using immobilization

procedures [Zdarta, J. et al. (2018)].
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Table 4.1. Industrial application of enzyme catalysis adapted from [Koeller, K. M. et al.
(2001)].

Sector Enzymes Applications

Nitrile hydratase,
Pharmaceuticals transaminase,

monoamine oxidase,

lipase, penicillin acylase

Synthesis of intermediates for
production of active
pharmaceutical ingredients

Conversion of starch to

. Trypsin, amylase, lucose, production of high
Food Processing ypsif, amy & p g
glucose isomerase, fructose corn syrup, production
papain, pectinase of prebiotics, debittering of
fruit juice
Detergent Protease, lipase, amylase, Stain removal, removal of fats
cellulase . .
and oils, color retention,
Livase. cellulase Production of fatty acid methyl
Biofuels pase, wase, esters, decomposition of

xylanase lignocellulotic material for

bioethanol production

Removal of lignin for
improved bleaching,
improvement in fiber
properties

Lipase, cellulase,

Paper and Pulp xylanase

4.1.2 Gold nanoparticles: interesting matrix for enzyme
immobilization

Compared to the classical immobilization matrices, the use of AuNPs for
enzyme immobilization provides important advantages. AuNPs are nanometric
structures of atomic gold in the size-range of 1-100 nm. As all nanomaterials,
the nanometric size massively increases the surface area to volume ratio, thus
enabling high loading of catalyst while minimizing amount of matrix used. This
particular feature makes the use of AuNPs cost—effective. Furthermore, AuNPs

can be easily synthesized in different sizes with narrow distribution and can be
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conjugated to proteins without the use of surfactants and toxic reagents [Daniel,
M. C. et al. (2004); Ansari, S. A. et al. (2012)].

Gold nanoparticles employment in catalytic processes allows for easy
purification of reaction products, thus leading to many operational and practical
benefits. For instance, the centrifugation is a simple and efficient method for
separating AuNPs from the reaction mixture, that make them an attractive tool
for large—scale enzymatic immobilization. Furthermore, thanks to their inert
nature, stability, non—cytotoxicity and biocompatibility these particles are
currently being investigated for biological and biomedical applications and for

the development of drug delivery systems [Khan, A. et al. 2014)].

4.1.3 Physico—chemical properties of AuNPs

It is well known that the reduction of a solid material to dimension of
nanometers, drastically changes its properties respect to the macroscopic state.
Indeed, the physico—chemical features of gold nanoparticles are very different
from those of the corresponding bulk material [Schmidt, G. et al. (1992); Liu, Y.
et al. (2014)].

AuNPs show peculiar optical properties, such as an intense color that
can shift from red to blue/purple and arises from the localized surface plasmon
resonance (LSPR) phenomenon (Figure 4.1). LSPR originates from the coherent
oscillation of the conduction band electrons of metallic nanoparticles and the
incident light absorption. These resonances are known as surface plasmons and
are indeed a small particle effect, since they are absent in the individual atoms as

well as in the bulk [Link, S. et al. (1999)].
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Figure 4.1. Schematic plasmon oscillation for a sphere, and UV—-Vis absorption.

A useful feature of the SPRB is the dependence of its position and width on
the particle size and stability of colloidal suspension. It is well ascertained,
that a red shift and a widening in SPRB occurs upon increasing nanoparticles
dimension. For instance, it has been reported that the SPRB maximum shifts
from =518 nm up to 565 nm, when the particle sizes increase from 9 to = 100
nm (Figure 4.2) [Peng, S. et al. (2010)]. This effect is due to different light—
matter interaction, arising when the particle size approaches or moves away
from the wavelength of light, and it has been described by [Kreibig, U. et al.
(1995)].
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Figure 4.2. Relation between size and SPRB position. Adapted from

www.chembam.com.

As change in particle dimension causes variation in SPRB absorbance, it is
possible to determine the size of gold nanoparticles directly from UV—Vis
spectrum. Accurate theoretical calculation for the determination of gold
nanoparticles diameter can be obtained using the ratio of absorbance of AuNPs
at the SPRB (maximum) to the absorbance at 450 nm of AuNPs (Table 4.2)
[Haiss, W. et al. (2007)].

The LSPR phenomenon depends not only on the wave frequency and
structural parameters (shape, size, and chemical nature) of nanoparticles but also
on the distance between nanoparticles. Therefore, aggregation of AuNPs induces
variations in absorption spectra accompanied by significant color changes of
solutions. Specifically, the aggregation is reflected by a broadening and an
increase in the SPRB bandwidth, and a shift to longer wavelengths (700—-1100
nm region) [Liz—Marzan, L. M. (2006); Miller, M. and Lazarides, A. A. (2005)].
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Table 4.2. AuNPs diameter obtained using the ratio of absorbance of SPRB and 450 nm
adapted from [Haiss, W. et al. (2007)].

d d d
Aspr/A450 (nm) Aspr/A450 (nm) Aspr/A450 (nm)

1.10 3 1.56 12 1.96 40
1.19 4 1.61 14 2.00 45
1.27 5 1.65 16 2.03 50
1.33 6 1.69 18 2.07 55
1.38 7 1.73 20 2.10 60
1.42 8 1.80 25 2.12 65
1.46 9 1.86 30 2.15 70
1.50 10 1.92 35 2.17 75

Colloidal stability is influenced by a high salt concentration. It has been
reported that the UV—Vis spectrum of citrate—capped 40 nm gold nanoparticles
shows significant aggregation of the particles when the salt concentration
increases over 20 mM [Han, X. et al. (2011)]. The AuNPs optical resonance is
sensitive on slight changes in the environment they are suspended in. Indeed,
the plasmonic absorbance band depends on: temperature presence of passivating
ligand, dielectric constant of the medium and refractive index of the medium
[Link, S. et al. (2000); Horikoshi, S. et al. (2013); Peceros, K. E. et al (2005)].
SPRB is a versatile signal for studying chemisorption, redox reaction,
biosensing, as the nature of the protecting organic shell (passivating layer) plays
an important role in the determination of SPRB properties. Changes in the
thickness of the passivating layer results in different SPRB shift as reported by
[Mulvaney, P. (1996)]. The presence of a stabilizing ligand onto nanoparticles
surface, and increases in the passivating shell thickness usually causes red shift

in the SPRB maximum absorption [Ghosh, S. K. et al. (2004)].
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4.1.4 AuNPs: functionalization and bioconjugation
The chemical features of gold make AuNPs surface chemistry particularly
interesting. Surface functionalization of AuNPs with small molecules and
biomolecules can be performed in an easy and straightforward manner, paving
the way for a plethora of applications for AuNPs in different fields [Elahi, N. et
al. (2018)]. Furthermore, the addition of ligands covering the gold surface
enhances the stability of the colloid, preventing aggregation [Zeng, S. et al.
(2011)]. The functionalization of AuNPs can be achieved either during their
synthesis, by adding a suitable ligand, or after synthesis [Walper, S. A. et al.
(2015)].

AuNPs can be coated with a variety of groups by “ligand exchange”’
reactions. The rate of this reaction depends on several factors, such as the chain
length, steric hindrance and affinity of the ligand to the gold. Many ligands have
been investigated as anchor groups for adsorption onto AuNPs surfaces. The
most commonly used are thiols, disulfides, carboxylates, thioethers, phosphines
and amines. Among them, thiol groups show to be proper passivating material,
thanks to the soft character of sulfur enabling strong bond with the soft metal.
Indeed, with a strength of 197 kJ/mol, the sulphur—gold bond is considered to
ensure stability to nanoparticles coating layer [Di Felice, R. et al. (2004)].

The passivation with organic layer is also useful to modulate the optical,
chemical and catalytic properties of the gold core. For instance, AuNPs
functionalized with long alkylthiol chains are dispersable only in poorly polar
organic solvents, while the coating with carboxyl functionalized alkylthiolates
enhances dispersability in polar solvents, such as water [Porter, L. A. et al.
(1998)].

The presence of different molecules on the surface can be useful for chemical
reactivity of gold nanoparticles. The absorption onto AuNPs of reactive

bifunctional ligands allows gold colloids conjugation with a wide variety of
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molecules and biomolecules. These conjugated systems offer the possibility of
obtaining innovative materials with new capabilities both for basic studies and
practical application [Abad, J. M. et al. (2005)].

AuNPs surface can be coated with peptides, enzymes, antibodies, DNA and used
in biotechnology and biosensing [Jia, J. et al. (2002)]. Ahirwal et al. reported the
use of AuNPs functionalized with to an antibody (Abl) through a spacer, for the
electrochemical immunoassay on Au electrode [Ahirwal G. K. and Mitra C. K.
(2010)]. AuNPs have been also used for glucose sensing, heavy metal ions
detection and for many other applications. In particular, a huge number of
enzyme-based biosensors based on HRP—conjugated AuNPs have been reported.
Surprisingly, some of these conjugates exhibit an enhanced catalytic activity
over HRP itself [Garcia—Galan, C. et al (2011)]. Further examples involve the
electrochemical application of HRP entrapped onto layers of AuNPs—thionine—
chitosan absorbed on a glassy carbon electrode (GCE), which was applied as
signal amplification system, for the electrochemical biosensing of
tetrahydrocannabinol [Lu, D. and Pang, G. A. (2016)]. Similarly, HRP was
encapsulated in nanogold hollow spheres and used for signal amplification in the
electrochemical detection of hepatitis C virus [Tang, D. et al. (2011)]. In a recent
work, the activity of HRP adsorbed onto AuNPs of different sizes was
investigated. Interestingly, the catalytic performances of the enzyme were found
to be dependent on the hydrodynamic size of the AuNPs, as the k., of the
AuNPs—-HRP conjugates decreases with the increase in the size of the AuNPs
[Tadepalli, S. et al. (2017)].

However, it must be pointed out that commonly used methods for enzymes
conjugation are difficult to control, and conjugation mainly lead to random
adsorption and orientation of molecules, yielding catalytic active sites with
different accessibility. In this view, an optimized strategy should be based on

specific interactions between the biological molecule and functionalized
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nanoparticles surface, thus producing proper protein anchoring in a suitable
orientation for catalysis. For this purpose, significant efforts in selective protein
immobilization field are still required.

Recent advances in organic chemistry have led to the development of some
efficient site—specific biomolecules conjugation protocols [Agarwal, P. and
Bertozzi, C. R. (2015)]. Among current labeling methods available,
bioorthogonal chemistry is emerging as an alternative for NPs functionalization
offering the advantage of an intimate control over the site and type of bond

formation [Sletten, E. M. et al. (2009)].

4.1.5 Click chemistry: an efficient method for enzymes
conjugation and immobilization

Biomolecule labeling and bioconjugation strategies present significant
challenges for any ligation methodology since they require reaction procedures
that can be performed under physiological conditions, with a reasonable time—
scale, involving low toxicity reagents while still ensuring retention of biological
function. Among them, Click Chemistry strategies fit the required reactivity,
selectivity and biocompatibility criteria. The concept of 'Click chemistry' was
first termed in 2001 by Sharpless and co—workers [Kolb, H. C. et al. (2001)], and
refers to simple organic reactions carried out under mild conditions (neutral pH,
aqueous medium, room temperature) with high yields [Rostovtsev, V. V. et al.
(2002)]. Several types of chemical transformations have been grouped under the
definition of ‘click reactions’ over the years [Palomo, J. M. (2012)], including:
cycloadditions; nucleophilic substitution chemistry, ring—opening reactions of
epoxides or aziridine; formation of ureas, thioureas, aromatic heterocycles,
hydrazones, and amides; additions to carbon—carbon multiple bonds, such as
epoxidation, dihydroxylation, and sulfenyl halide addition, but also Michael

additions [Sletten, E. M. et al. (2009)]. Interesting examples are provided by
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“tetrazine ligation” [Blackman, M. L. et al. (2008)], the Staudinger ligation
[Schilling, C. I. et al. (2011)], “thiol-ene reaction” [Bhat, T. et al. (2015)] shown
in Scheme 4.1. The first is the reaction of a trans—cyclooctene and an s—tetrazine
in an inverse—demand Diels Alder reaction followed by a retro—Diels Alder
reaction with nitrogen elimination. The reaction proceeds extremely fast with a
second order rate constant of 22000 M 's '(in 9:1 methanol/water) allowing
modifications of biomolecules at extremely low concentrations (Scheme 4.1a).
The azide—Staudinger ligation represents the reaction between an azide and an
ortho—methylbenzoate phosphine and was described for the first time in 1919 by
Hermann Staudinger (Scheme 4.1b). This reaction yields an amide bond, upon
intramolecular rearrangement from a imminophosphorane intermediate. Thiol—-
ene reaction instead, involves efficient reactions of thiols with reactive carbon—
carbon double bonds. Thiol-ene chemistry has proved to be an extremely
efficient method for the formation of sulfur—carbon bonds in both small-
molecule and polymer chemistry. It proceeds either by radical-mediated reaction

pathway or following Michael addition mechanism (Scheme 4.1c).
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Scheme 4.1. Click reactions examples: a) tetrazine ligation b) Staudinger reaction c)

thiol-ene reaction.

This group of quick and quantitative chemical reactions, are capable of
producing a wide variety of functional and organic synthetic molecules,
independently from solvent and pH. Click reactions, indeed, work well in water
and buffers, as well as in organic medium like dimethylsulfoxide,
dimethylformamide, acetonitrile and alcohols, in the pH range 4-11.

In particular, a set of click transformations, labelled as “Bioorthogonal
reactions”, has recently gathered great attention. Although endowed with all the
attributes of click reactions, “Bioorthogonal chemistry” identify pairs of
functional groups that rapidly and selectively react with each other. By contrast
to the ‘classical’ bioconjugation and biolabeling techniques, bioorthogonal
transformations provide a well-defined point of attachment between surfaces

and molecules or between two molecules, thanks to the high reactions
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selectivity. In this view, bioorthogonal chemistry is well-suited for biological or
biomedical purpose, as reactions take place only between click reagents without
crossreactivity with the plethora of reactive groups existing in living system and
leaving no toxic byproducts behind [Devaraj, N. K. (2018)].

To overcome intrinsic toxicity of the copper(l)—catalyzed [3+2] alkyne azide
cycloaddition (Scheme 4.2a) (CuAAC), Bertozzi's group has developed new
copper—free AAC strategies, through the employment of alkynes in a strained
geometry, as occurs in a cyclooctyne—based ring system [Sletten, E. M. et al.
(2009)]. This strain—promoted AAC variant, namely SPAAC, proceeds with the
same mechanism but in the absence of copper(I) catalyst, due to the lower

activation barrier compared to that of traditional AAC (Scheme 4.2b).

a) CuAAC
Cu(ll)
ascorbic acid R,
- —_—
R1—N3 + _—R2 HQO rt R1—N/§(
’ ‘N’/N
b)

1 _N_
— R\N \N

RN, @ SPAAC _
H,0, r.t.
Scheme 4.2. (a) Cu—catalyzed Alkynes Azides cycloaddition (b) Strain—promoted
Alkynes Azides cycloaddition.
SPAAC has been exploited as a biocompatible bioorthogonal strategy for the
fluorogenic labeling of proteins and is currently used in many chemical
applications. Promising studies show that Huisgen 1,3—dipolar cycloaddition and
thereby variation, area precious tool in biomolecules coupling technology,

thanks to robustness of the linkage and the preservation of biochemical

properties of immobilized substrates.
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The absence of metal catalysts makes these reactions suitable for dynamic in
vivo imaging [Jewett, J. C. et al (2010)], drug discovery [Moses, J. E. and
Moorhouse A. D. (2007)], for the functionalization of various surfaces [Kuzmin,
A. et al. (2010)], biomolecules modification [Mamidyala, S. K. et al. (2010)] and
enzyme bioconjugation [Buhl, M. et al. (2015)].

For instance, promising studies has been reported towards the successful
conjugation of HRP to AuNPs by means of click chemistry. In particular,
alkyne—-HRP was clicked onto azide functionalized AuNPs in the presence of
Cu(I) under mild condition (pH 7, 25°C). The enzyme—AuNPs conjugates show
catalytic activity in oxidation of ABTS by H,0,. The finding that HRP retains its
catalytic activity upon conjugation with AuNPs, demonstrates the feasibility of
the click chemistry as biomolecule conjugation protocol, and offers new
perspectives in the development of nanobioprobes and biosensors (Scheme 4.3)

[Zhang, M. X. et al. (2010)].

Scheme 4.3. Conjugation of horseradish peroxidase (HRP) via click chemistry. Adapted
with permission from [Zhang, M. X. et al. (2010)]. Copyright (2010) American

Chemical Society

The large applicability of immobilized enzyme has led us to explore the
performances of mimochromes onto AuNPs for further applications in industry
and biosensing. AuNPs were chosen as matrix for their straightforward synthesis
and easy conjugation. Furthermore, the simplicity in conjugation of
mimochromes, exposing only one lysine residue, allows to produce site—

selectively derivatized analogues, ready to be tethered to surfaces in an oriented
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manner. Previous investigation using a different mimochrome analogue MC6-
S6G already proved that miniaturized enzymes could be efficiently conjugated
onto gold nanoparticles by direct chemisorption approach, while partially
retaining the peroxidase activity [Zambrano, G. et al. (2018)]. In this work,
totally synthetic nano—bioconjugates were obtained by means of click chemistry
functionalization. Finally, the herein synthesized nanobioconjugate was

thoroughly characterized with regards to catalytic performances.
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4.2 Results and discussion

4.2.1 Strain promoted alkyne—azide cycloaddition approach
With the aim to produce Mimochrome@AuNPs conjugates with high catalytic
performances, the use of innovative bioorthogonal conjugation methodology,

such as strain promoted alkyne—azide cycloaddition (SPAAC) (Scheme 4.4) was

applied.
o N,,N\N, R2
N N
R1 ‘R1

Scheme 4.4. Schematic representation of SPAAC reaction

The functionalization was carried out as follows. First, FeMCo6*a was
functionalized with the bifunctional linker dibenzoazacyclooctyne—PEG(4)-N—
hydroxysuccinimide (DIBAC-PEG(4)-NHS). Then, the linker-modified
enzyme was immobilized onto azide—modified AuNPs, and the conjugate was
characterized by different techniques such as TEM, UV-Vis and CD
spectroscopy (Figure 4.3).

Finally, catalytic assays were performed to determine the kinetic parameters of
the immobilized enzyme and compared to those obtained for the linker—modified

and unmodified enzyme freely diffusing in solution.
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Figure 4.3. Overview on Mimochrome@AuNPs synthesis and characterization

4.2.2 Site—specific modification of FeMC6*a analogue with
DIBAC-PEG(4)-NHS
Selective enzyme modification was achieved via chemoselective lysine acylation
using NHS active ester [Nanda, J. S. and Lorsch, J. R. (2014)]. Specifically,
FeMCo6*a, was labeled with DIBAC-PEG(4)-NHS, that, in addition to NHS
group, has a long spacer chain (PEG(4)) and a reactive group for click reaction
(DIBAC) (Scheme 4.5).
The presence of four PEG units ensures a =20 A average distance between the
enzyme and the AuNP surface, providing high conformational freedom to the
enzyme. The distance between the enzyme and the surface can possibly create a
solution—like environment, preserving FeMC6*a catalytic activity and reducing
the possibility of AuNPs coalescence. The linker bears a DIBAC moiety as
terminal group, free to react with N;—moiety, displayed onto AuNPs, in the

SPAAC reaction.
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Scheme 4.5. FeMC6*a modification using DIBAC—containing linker.

As FeMCé6*a bears only one amino group (Lysll TD) free to react, the
conjugation of DIBAC-PEG(4)-NHS produced a site—selective product. The
chromatographic analysis of the reaction mixture (Figure 4.4) showed the
depletion of FeMC6*a (R= 25.6 min) and the appearance of a new peak at R,
30.9 min.
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Figure 4.4. HPLC analysis of FeMC6*a—PEG(4)-DIBAC synthesis monitored at 0 min

and overnight from the addition of click reagent (detected at A=387 nm).

The UV-Vis profile of the product is consistent with FeMC6*a—PEG(4)—
DIBAC, as the -characteristic absorption bands of both iron—porphyrin
(A=387nm) and DIBAC (A=310 nm) are present in the reaction product (Figure
4.5). The excess of DIBAC-PEG(4)-NHS was removed by three sequential
precipitation cycles in methyl-tert—buthyl ether and redissolution in DMF. The
product was finally resuspended in H,O with 0.1% (v/v) TFA and lyophilized.
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Figure 4.5. UV-Vis profile of FeMC6*a—PEG(4)-DIBAC.

4.2.3 Synthesis of N3-AuNPs
Citrate—stabilized AuNPs were obtained following the Turkevich method
[Turkevich, J. et al. (1951)].
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Figure 4.6. Characteristic SPRB of citrate—AuNPs.
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The UV-Vis spectrum of the solution, after cooling, showed a characteristic
SPRB maximum at 520 nm (Figure 4.6). As reported in the literature [Haiss, W.
et al. (2007)], the ratio of the absorbance at the SPR band (Agspr) to the
absorbance at 450 nm (Ass0) provides an indication of the AuNPs diameter.
From the UV—Vis spectrum, the Agpr/A4so ratio was calculated to be 1.63, thus
suggesting the formation of AuNPs with a diameter of ca. 15 nm (See Table
4.2).

By ligand exchange reaction, a self-assembled monolayer (SAM) of thiols on
AuNPs was grafted by adding a mixture of bifunctional linkers, namely lipoic
acid and its derivative LipN; (in a 9:1 molar ratio, respectively) (Figure 4.7a).
This allowed for obtaining azide—terminated AuNPs (N;—AuNPs). The azide
moiety on LipN; was used for enzyme conjugation via click chemistry [Kanaras,
A. G. et al. (2002)] onto AuNPs, while the carboxylic groups of lipoic acid
ensured the formation of negative charges on the surface, providing stability to
the colloidal solution and avoiding AuNPs aggregation [Zhang, M. X. et al.
(2010)].

Prior to ligand exchange reaction, the pH of citrate—stabilized AuNPs suspension
was adjusted to 11 with a freshly prepared NaOH aqueous solution. Then, a 9:1
molar ratio mixture of lipoic and lipN; ligands was prepared in DMSO and
added to the citrate stabilized AuNPs under stirring (0.4094 equivalents of
ligands with respect to Au). Upon addition of the mixture, a shift in the SPRB of
the gold nanoparticles, from 520 nm to 523 nm, was observed (Figure 4.7b, red

line), confirming the effective ligand exchange reaction.
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Figure 4.7.a) linkers structures b) UV—Vis spectra of citrate—stabilized AuNPs (black)
and lipoic/lipoic azide (9:1) stabilized AuNPs (red).

The functionalized N;—AuNPs were purified by centrifugation and resuspension

in equal volume of fresh NaOH (pH=11).

Quantitation of the azide groups on N;—AuNPs was carried out by UV—Vis
spectroscopy, using DIBAC-PEG(4)-COOH as probe. Briefly, DIBAC-PEG(4)-
COOH (86 uM) was added to the N;—AuNPs suspension. After incubation, the
residual amount of DIBAC-PEG(4)-COOH in soluzion was estimated by UV-

Vis.
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Figure 4.8. UV—Vis spectra of DIBAC in NaOH solution (black) and DIBAC in AuNPs

supernatant (red).

The amount of DIBAC linked onto AuNPs surface was estimated to be 9.03
puM. From the concentration ratio of bound DIBAC and N;—AuNPs, the number

of azide groups exposed per AuNPs was estimated as 1580.

4.2.4 Synthesis of Lip@PEG(4)-FeMC6*a and its catalytic
characterization
In order to assess whether the chemical modification of FeMC6*a with PEG(4)—
DIBAC moiety and subsequent click reaction with LipN;3 influenced the
catalytic performances of the enzyme, the SPAAC reaction with LipN; was
carried out in solution (Figure 4.9).

The SPAAC reaction was performed in DMF under stirring, using 4
equivalents of LipN; with respect to modified enzyme. The reaction was
followed through (Figure 4.10).

After synthesis and RP-HPLC purification, the catalytic activity of
Lip@PEG(4)-FeMC6*a was investigated for oxidation of ABTS, using H,0O, as

the oxidizing substrate.
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Kinetic experiments were performed using fixed concentration of the enzyme
(20nM) in 50 mM phosphate buffer (pH 6.5) 50% TFE (v/v), conditions in which
FeMCo6*a exhibits the highest catalytic performances [Caserta, G. et al. (2018)]
(Figure 4.9). Fitting of the data points gave the catalytic parameters reported in
Table 4.5.
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Figure 4.9. Kinetic studies for the oxidation of ABTS by (a) the free enzyme; (b) the
site—specific modified enzyme. The graph shows the initial rates (vy) (mM/s) of

ABTS"" formation at various concentration of H,0,.

Table 4.5. Catalytic parameters for FeMC6*a and FeMC6*a—PEG(4)@Lip.

~1 kcat/ Km

Km [mM] HZOZ kcat (S ) (mM_l S_l)
FeMC6*a (1.1£0.2):10*>  (2.30+0.15)-10° 22
FeMC6*a-PEG(4)@Lip (1.10£0.03)'10*  (2.70+0.02)-10° 25

FeMCé6*a and Lip@PEG(4)-FeMC6*a showed similar K,, and k. values,
therefore suggesting that the chemical modification of the enzyme did not alter

its catalytic performances.
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4.2.5 FeMC6*a@AuNPs synthesis

In order to couple the enzyme to AuNPs, N;—AuNPs were then allowed to react
with FeMC6*a—-PEG(4)-DIBAC. The SPAAC reaction was performed by
adding a solution of FeMC6*a—PEG(4)-DIBAC in DMF to the N;—AuNPs
aqueous pH 11 suspension, under vigorous stirring until no further shifts in
plasmon resonance band were observed. More specifically, 1500 equivalents of
FeMC6*a—PEG(4)-DIBAC, with respect to AuNPs, were added.
FeMCo6*a@AuNPs were purified from the excess of free enzyme through cycles
of centrifugation and resuspension. After each cycle, the supernatants containing
the unbound enzyme were discarded and the pellet containing the conjugate was
re—suspended in an equal volume of NaOH pH 11, in order to preserve stability
of the colloidal solution.

The UV—Vis analysis of the mixture showed a 5 nm SPRB shift (Figure 4.10).
Compared to N3;—AuNPs (SPRB,;,,x=523 nm), the purified conjugate shows a
maximum absorption of SPRB at 528 nm, which confirms the conjugation of
FeMC6*a. Furthermore, the weak absorption band around 390 nm, consistent
with heme absorption band (Figure 4.12, black line), provides a direct evidence

of the successful FeMC6*a conjugation to AuNPs.
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Figure 4.10. UV—Vis spectra of lipoic/lipN; (9:1) stabilized AuNPs (red) and

FeMC6*a@AuNPs (black).
An excess of the enzyme can be adsorbed onto AuNPs surface through non—
covalent interactions (ionic, hydrophobic, etc.), therefore FeMCo6*a@AuNPs
were finally washed with NaOH solution (pH=11) with 50 %(v/v) 2,2,2—
trifluoroethanol (TFE) [Zambrano, G. et al. (2018)]. Finally, after centrifugation,
the pellet was re—suspended in NaOH pH=11, vyielding purified
FeMC6*a@AuNPs.

4.2.6 Characterization of FeMCé6*a@AuNPs
conjugate
The morphology and size distribution of the nanoparticles were assessed by
TEM analysis. Figure 4.11 shows TEM images with sharp high contrast due to

AuNPs protein surrounding.
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Figure 4.11. TEM images: (a—b) N3;—AuNPs; (c—d) FeMC6*a@AuNPs conjugate. The

samples were stained with Uranyless”™ before observation.

The mean particle size and standard deviation were determined from
nanoparticles statistic measurements using ImagelJ software. The resulting citrate
AuNPs had an average core diameter of 14.6+2.0 nm with a good

monodispersity based on TEM analysis (Figure 4.12).
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Figure 4.12. Histogram and gaussian fit (red line) of the experimentally measured

AuNPs diameters based on TEM analysis.

Upon Uranyless® staining, a protein corona appeared around the gold core as a
bright halo. The protein corona thickness was measured using Imagel software,

with an average thickness of 3.3+0.3 nm.

4.5 nm

Figure 4.13. Model structure of Lip@PEG(4)-FeMC6*a
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The protein corona thickness was rationalized by estimating the length of
Lip@PEG(4)-FeMC6*a from its model structure. Figure 4.13 shows a 4.5 nm
distance from the dithiolane moiety of Lip to FeMCo6*a. Although no exact
match between measured protein corona (3.320.3 nm) and Lip@PEG(4)-
FeMC6*a length from model structure (4.5 nm) was found, the data suggest with
good confidence that FeMC6*a arranges itself as a single layer over the AuNP
surface, in contrast with what observed for MIMO@LA @AuNPs [Zambrano, G.
et al. (2018)].

Quantitative determination of iron and gold content in the colloidal suspension
was used to estimate experimentally the numer of FeMC6*a/AuNP. To this
purpose, inductively coupled plasma—mass spectrometry (ICP-MS) analysis was
carried out and the results obtained were used to determine the FeMC6*a/AuNP
ratio. The concentrations of Au and Fe, obtained by ICP mass are show in Table

4.6.

Table 4.6. Concentration of Fe and Au calculated by ICP-MS.

[Fe] (uM)  [Au] (uM)

N3;—AuNPs / 539.68

FeMCo6*a@AuNPs 0.91 373.95

As expected, in the N;—AuNPs sample no relevant amounts of iron were
detected. The total amount of Fe in the FeMC6*a@AuNPs sample was found to
be 0.91 uM, corresponding to a 0.91 pM FeMC6*a concentration.

Given the average diameter of AuNPs and the concentration of gold and iron,
the number of FeMC6%*a per AuNP was calculated.

By considering r = 7.3 nm, as derived from TEM analysis, AuNPs concentration

in FeMC6*a—AuNPs was assessed, using Equation 1 and Equation 2 by dividing
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the gold atoms/volume unit (N,,; measured by ICP-MS) for the number of gold
atoms composing one AuNP (N™"y.p). The concentration of AuNPs was

estimated to be 3.60 nM.

Pgola
NAL o = —mr3 —222 A: (Equation 1)
AuNP 3 AWgOld
N
[AuNPs] = Aui; (Equation 2)
AuNP

Therefore, the ratio between concentration of FeMC6*a and concentration of
AuNPs gave the average number of bound FeMC6*a per AuNP (Equation 3),

which was estimated to 253 (Table 4.7).

FeMC6 * a]
FeMC6 * a _[—. ;
/AuNP_ [AuNPs] (Equation 3)

Table 4.7. Concentration of Fe and Au calculated by ICP-MS.
[Fe] [AuNPs] FeMC6*a/AuNP

(M) (nM)
N;-AuNPs / 5.70 /
FeMC6*a@AuNPs 091  3.60 253

The maximum number (N,,) of FeMC6*a units that can be loaded onto AuNP

were calculated from Equation 4 as reported by [Mattoussi, H. et al. (2000)]:

R omptex = Riunp
Nax = 0.65 x —2=% Y= (Equation 4)

protein

where R ompier 18 the AuNP—protein complex radius, Rnp (7.3 nm, as observed
by TEM) is the gold nanoparticle radius including Lipoic-DIBAC-PEG(4) linker

and Lysl1 side chain (estimated as 3.6 nm from the model structure shown in
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Figure 4.13), and R, is the radius of the protein. The ratio is corrected by
0.65 as filling factor for hard sphere. Rompiex comprises the sum of Ry,vp and the
diameter of the MIMO protein. Analogously as reported in [Zambrano, G. et al.
(2018)], the radius of gyration (Rs) [Lobanov, M.Y. et al. (2008)] was used to
calculate an average diameter of FeMCé6*a (2 x Rs=1.8 nm), by taking into
account all possible orientations. This calculation afforded an N,,, of =670
FeMC6*a/AuNP. The experimental data (253 FeMC6*a/AuNP) are in good
agreement with the calculated N,,, of FeMC6*a that can be displayed on the
AuNPs surface.

4.2.7 Conformational analysis of FeMC6*a@AuNPs
A conformational analysis was carried out to assess whether immobilization of
FeMC6*a onto AuNPs affects its folding ability. CD spectra were collected at
25°C, from 260 to 195 nm, in 10 mM phosphate buffer (pH 6.5) 50% TFE (v/v),
and mean residue ellipticities [0] were reported as function of wavelength
(Figure 4.14). CD spectrum of immobilized FeMC6*a confirms that helical
structure is well preserved upon immobilization.
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Figure 4.14. CD spectra of FeMC6*a@AuNPs.
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4.2.8 Catalytic characterization of FeMC6*a@AuNPs

The activity of FeMCo6*a@AuNPs conjugate was assayed for oxidation of
ABTS, using H,O, as the oxidizing substrate. To optimize the experimental
condition for catalytic activity, the effects of 2,2,2—trifluoroechanol (TFE)
concentration and pH on catalytic activity [Caserta, G. et al. (2018)] were firstly
investigated using the following experimental conditions: 5 mM ABTS, 10 mM
H,0; at FeMC6%*a concentration of 27.3 nM (based on ICP—MS measurments).
Kinetic experiments at 50 %(v/v) TFE were performed in the pH range of 4.5 to
9.8 using 50 mM acetate, phosphate and carbonate buffer, respectively,
recording the absorbance at 660 nm. Initial rates, determined by the slope of the
progress curve at t=0, were plotted as function of pH. A bell-shaped curve was
obtained reporting vy (mM/s) as function of pH and the maximum v, value is
reached between pH 6 and 6.5 (Figure 4.15), similarly to freely diffusing
FeMC6*a [Caserta, G. et al. (2018)].
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Figure 4.15. Initial rate of ABTS oxidation vs pH (pH range 4.5-9.8) for
FeMC6*a@AuNPs.
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TFE dependence of catalytic activity was explored at three different

concentrations. Kinetic assays were performed in phosphate buffer 50 mM

(pH=6) at 0%, 30%, 50%(v/v) TFE.

Table 4.8. Initial rate of ABTS Oxidation as function of %(v/v) TFE.
TFE FeMC6*a@AuNPs

%((v/v) vo (mM/s)
50 2.2:107*
30 6.2:107
0 1.0-10°

Experimental data confirm that the best performances for FeMC6*a@AuNPs are
achieved at 50%(v/v) TFE, analogously to what observed in the freely diffusing
state (Table 4.8).

Lastly, catalytic parameters such as k., and K., for H,O, and ABTS were
determined. Catalytic assays were performed at fixed concentration of enzyme,
in optimized experimental conditions (50mM phosphate buffer pH 6.5 and 50
%(v/v) TFE). Initial rates of reaction were determined by kinetic curves acquired
at various concentrations of H,O, in the 0—-500 mM range, and ABTS in the 0—
10 mM range. Catalytic parameters were determined by fitting v, values (Figure
4.16) with a two—substrates Michaelis—Menten equation (Section 4.4.12,
Equation 4.6) using the concentration of FeMCé6*a calculated by ICP-MS

analysis (27.3 nM final concentration in the assay solution).
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Figure 4.16. Kinetic studies for the oxidation of ABTS by FeMC6*a@AuNPs conjugate.

The graph shows the initial rates (vy) (mM/s) of ABTS'" formation at various
concentration of ABTS (left) and H,O, (right).

Table 4.9 reports the k., (turnover frequency) and K,, kinetic constants for the

ABTS oxidation, for both the immobilized and freely diffusing enzyme modified

by the linker.

Table 4.9. Catalytic parameters for FeMC6*a freely diffusing and immobilized onto

AuNPs.
K H202 K ABTS k . k /K ABTS k /K H202
m m cal catl m catl m
(mM)  (mM) (s (mM ™' s (mM ™' s
10° 102 10 107
*
FeMC6*a ¢, | 4.4+0.5 583 64+8 1342
FeMC6*a 0.193+
@AUNDs 0005 2162004 110£0.03  0.570:0001  0.5090.003

Analysis of the data reveals a decrease in the catalytic performances of

FeMC6*a upon immobilization. In particular, a decrease k., value along with an
p p g

ABTS

increase in the K, values was observed when comparing the suspension of
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FeMC6*a@AuNPs to the freely diffusing enzyme.

The catalytic performances obtained for FeMC6*a@AuNPs were compared to
those obtained for a previous AuNPs nano-bioconjugate, reported by [Zambrano,
G. et al. (2018)]. The two studies used different analogues belonging to
mimochrome family, and, as consequence, the performances of the two nano-
bioconjugates were compared based on the ratio between catalytic efficiencies in

freely-diffusing state and after immobilization.

Table 4.9. Comparison of the catalytic performances for ABTS oxidation for FeMC6*a
and MIMO freely diffusing and immobilized onto AuNPs. ' [Zambrano, G. et al. (2018)]

kcat/ KmABTS k t/ K ABTS Ratio
1 ca, m
(mM s ) (mM s (freely diffusing/
freely diffusing immobilized immobilized)
FeMC6*a 64+8210° 570+1 112
MIMO' 3473+814 11.5 302

Although, in both cases the catalytic performances in ABTS oxidation are
decreased upon immobilization, the comparison confirms the positive impact of
the new immobilization strategy. In detail, the extent of decrease in
performances in the bio-orthogonal conjugation protocol is less severe, being
112-fold compared to the 302-fold decrease in performances when the direct
chemisorption approach is used. This comparison might suggest that distance
from the AuNP surface is crucial for the preservation of the catalytic
performances, both for accessibility of substrates and for higher conformational
freedom of the enzyme, upon immobilization, however further experiments are

required to ascertain this behavior.
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4.3 Conclusions and future perspectives

The wide variety of applications of immobilized enzymes has led to the
development of innovative strategies for biocatalysts loading onto solid
matrices. In most cases, these processes cause loss of enzymatic activity
resulting in decrease in catalytic performances. In this context, the current work
has been focused on the functional and kinetic characterization of novel AuNPs—
based nano—bioconjugates, resulting from immobilization of an artificial heme
peroxidase onto AuNPs surface via strain promoted click chemistry approach.
This work successfully demonstrated that the site—specific modification of
mimochromes can be carried out. The presence of the properly designed Lys11
(TD) allows the derivatization of FeMC6*a with linkers. The -catalytic
investigation on Lip@PEG(4)-FeMC6*a confirms a successful derivatization
without loss of catalytic performances. Moreover, the TEM data of
FeMC6*a@AuNPs confirms that the stability and dispersity of the AuNPs
suspension was not altered by the FeMC6*a coating layer.

FeMCo6*a@AuNPs was assayed towards oxidation of ABTS. Although it
exhibits worse performances compared to the freely diffusing forms, a
significant catalytic activity was still detected.

Two main factors may affect the catalytic performances of AuNPs—embedded
enzyme: i) influence of the bioconjugate sizes on the substrates diffusion
kinetics and ii) enzyme accumulation and overcrowding of the enzyme onto
AuNPs. More specifically, the activity of the catalyst can be affected by the poor
accessibility of substrates and/or by inhibition of enzyme during catalysis for
steric hindrance. Further efforts will be devoted to fully understand and
overcome the issues related with the decrease of catalytic performances.
However, in comparison with previous mimochrome@AuNPs conjugates, with

the proposed method a better preservation of the catalytic performances was
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obtained, suggesting that distance between the enzyme and the AuNP surface is
crucial for the catalytic activity. The overall results represent an improvement in
the obtainment of catalytically active mimochrome@AuNPs nano-bioconjugates

and pave the way to future applications in diagnostic and biosensing.
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4.4 Materials and methods

All solvents, used in the synthesis and purification (water, acetonitrile, TFA,
DMF, TFE, acetic acid and ether), were anhydrous and HPLC grade, and were
supplied by Romil (Cambridge, UK). Solvents with a higher degree of purity
were used in the preparation of solutions for UV—Vis investigations (Ups grade).
Trisodium citrate dihydrate as well as HAuCly solution (30% (w/w)), ABTS and
lipoic acid were purchased from Sigma Aldrich (Taufkirchen, Germany).
Phosphate salts (monobasic and dibasic) for buffers preparation, Uranyless®
staining solution and H,O, (30%, (v/v)) were provided by Fluka. All buffer
solutions were made by using water with a HPLC purity grade (Romil); N,N—
diisopropyletylamine was obtained from Applied Biosystem. HATU was aquired
from NovaBiochem, and the click reagent DIBAC-PEG(4)-NHS from Jena

Bioscience. All reagents were used without further purification.

HPLC and LC-MS analysis were performed using a Shimadzu LC-10ADvp
system equipped with an SPDM10Avp diode—array detector. ESI-MS spectra
were recorded on a Shimadzu LC-MS-2010EV system with ESI interface and
Shimadzu LC-MS solution Workstation software for data processing.
Preliminary purifications and desalting are performed by flash chromatography
(ISOLERA ISO-1SW Biotage with diode array detector). Purifications were
accomplished by preparative RP-HPLC with Shimadzu LC-8A connected to a
SPD-20A Shimadzu UV-Vis spectrophotometric detector.

ESI-IT/TOF spectra were recorded on a Shimadzu LCMS—IT-TOF system with
ESI interface and Shimadzu LC-MS solution Workstation software for the data.
All analyses were performed with a Vydac C18 column (2.1 mm x 100
mm;Sum), eluted with an H,O 0.05 % trifluoroacetic acid, TFA, (eluent A) and
CH;CN 0.05 % TFA (eluent B) linear gradient, from 10 to 95% (solvent B), over
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37 minutes, at 0.2 mL min~' flow rate. The optimized MS parameters were
selected as followed: CDL (curved desolvation line) temperature 250°C; the
block temperature 250 °C; the probe temperature 250 °C; detectorgain 1.6kV;
probe voltage +4.5kV; CDL voltage —15V. Nitrogen served as nebulizer gas
(flow rate: 1.5 L min™").

The UV—Vis analysis and kinetic experiments were recorded with a Cary 60
spectrophotometer (Varian, Palo Alto, CA, USA), equipped with a thermostatic
cell compartment, using quartz cuvettes with 0.1 cm, 0.01 cm and 1 cm path
lengths. Wavelength scans were performed at 25°C from 200 to 800 nm, with a
600 nm min" scan speed. All data was blank subtracted.

Circular Dichroism measurements were performed using a J-815
spectropolarimeter equipped with a thermostated cell holder (JASCO, Easton,
MD, USA). CD spectra were collected using quartz cuvettes with 1 cm path
lengths. at 25°C, from 260 to 200 nm with a 20 nm™' scan speed. A quartz cell of
1 cm path length was used in all measurements. Nanoparticles and their
derivatives were purified by centrifugation cycles through Sigma Refrigerated
Centrifuge 2K 15 with 12148—H or 12141-H rotors.

Electron microscopy characterization. Transmission electron microscopy (TEM)
images have been obtained in bright field mode using a TEM TECNAI G2
20ST. Copper grid with carbon film (Agar Scientific Ltd., product S160, 200
mesh) were used.

Iron and gold content of bioconjugates was quantified by ICP-MS analysis,
using Aurora Bruker M90 instrumentation (Bremen, Germany). Aqua regia
digestion procedure (90°C, 45 min.) was adopted for organic component and
gold degradation.

All the molecular graphics pictures were generated with PyMOL software
(DeLano Scientific Ltd), and ChemDraw Ultra 12. Data analysis was made with
Origin Pro 9.0 software (Origin Lab Corporation, Northampton, MA, USA),
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Imagel software (National Institutes of Health, available free of charge at Web
site rsb.info.nih.gov/ij/) and Kaleidagraph software (version 4.1.1, Synergy
Software, Reading, PA, USA).

4.4.1 Synthesis of N—(3—azidopropyl)-5—(1,2—dithiolan—-3—yl)—
pentanamide

The synthetic strategy consisted in two steps:

1) Synthesis of 3—azidopropanamine

2) Coupling reaction between 3—azidopropanamine and o—lipoic acid.
3—azidopropanamine was synthetized starting from 1,3—diazidopropane by hemi
reduction with triphenylphosphine (Staudinger reduction), following the
protocol developed by [Srinivasan, R. et al. (2009)]. The reaction was carried
out in biphasic media in order to obtain the desired product, avoiding double

reduction byproduct (Figure 4.17).

AcOEt / Et,0 (1:1)
HCl

Figure 4.17. Staudinger reduction in biphasic media.

The procedure consisted into the addition of small portions of PPh; to 1,3—
diazidopropane in a biphasic mixture made of ethyl acetate/diethyl ether 1:1
(v/v) and 5%(v/v) aqueous hydrochloric acid. In detail, 1,3—diazidopropane (1.5
mmol) was dissolved in Et;O:EtOAc (1:1) (2mL) and the aqueous phase (5%
HCl) (1.6 mL) was added wunder stirring. Then, small portions of
triphenylphosphine (1 mmol) were added over 1 h. The reaction was kept for 1 h
at 0°C and then left while stirring for 24 h at room temperature. The reaction
was monitored via TLC using cyclohexane as eluent. Afterwards, the reaction

mixture was transferred to a separatory funnel, the organic layer was discarded
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and the aqueous layer was extracted twice with DCM (2 mL). The resulting
aqueous phase was carefully basified with 6 M NaOH and then extracted with
DCM (3 x 2 mL). The organic fractions were pulled together and dried over
Na,S0O,. Finally, the excess of solvent was evaporated to dryness, to yield pure
3— azidopropanamine (quantitative yield).

Coupling between 3—azidopropanamine and o—lipoic acid was achieved
by using HATU as activating agent (Figure 4.18). A coupling reaction was
carried out by condensing carboxylic group of o—lipoic acid and the amine group
of 3-azidopropanamine. The first step of this condensation reaction is the
activation of the carboxyl moiety, since the carboxyl acid is not sufficiently
reactive and need to be transformed in an active ester. The reaction was
performed wusing HATU  (1-[Bis(dimethylamino)methylene]-1H-1,2,3—
triazole[4,5-b]pyridinium 3—oxid hexafluorophosphate) as activating agent. The

reaction was performed in basic conditions as HATU reacts with the carboxylate

species.
O
(0]
+ NS/\/\NHZ o N/\/\N3
OH HATU s
s-S DIPEA
Lipoic acid 3-azidopropanamine LipN3

Figure 4.18. N—(3—azidopropyl)-5—(1,2—dithiolan—3—yl)pentanamide formation via
coupling with HATU reaction.

The coupling reaction was carried out by dissolving 4 mg of 3-
azidopropanamine (1 eq) and 4.2 mg of o— lipoic acid (2 eq) in 1.5 mL of DMF.
The solution was basified to pH = 9 with DIPEA and then 8.3 mg of HATU (1.1
eq) were added. Reaction mixture was left under stirring for 1 h and then RP—

HPLC-MS analysis was performed to identify the products. The mobile phase
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was made up of H,O 0.1%(v/v) trifluoroacetic acid (TFA) (solvent A) and
CH;CN 0.1%(v/v) TFA (solvent B) linear gradient, from 5%(v/v) to 95%(v/v)
(solvent B) over 56 min, ata 1 mL-min' flowrate. A Vydac C8 column (4.6 mm
150 mm; 5 pum), was used in the LC-MS analysis. The mass spectrum
corresponds to the mass of (3—azidopropyl)-5—(1,2—dithiolan—3—yl)pentanamide
as it showed the presence of main peak at m/z 289.05 (Figure 4.19). This value is
in agreement with the expected mass value (theoretical mass: 288 Da). The
reaction mixture was purified by preparative RP-HPLC on a C8 column. The
collected fractions were analyzed through analytical RP—HPLC, to confirm the
purity of the product. The desired product exhibits absorption at A=333 nm,
typical of disulfide containing compounds (Figure 4.20).
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Figure 4.20. HPLC analysis of pure LipN; (detected at 333 nm).

4.4.2 Synthesis of FeMC6*a—PEG(4)-DIBAC
The coupling reaction between FeMC6*a and DIBAC-PEG(4)-NHS was
performed under stirring in anhydrous DMF as solvent, using 3 equivalents of
DIBAC-PEG(4)-NHS (2.77:10°° mol, 20ul of a stock solution 100 mg/ml in
DMF) with respect to FeMC6%*a (9.25:10”" mol, 3.20 mg dissolved in 320ul in
DMF) in presence of DIPEA (1leq., 1.77 ul, pH= 9). The reaction was left
overnight at room temperature and was monitored by RP-HPLC using a C18
column (GRACE Vydac 218TP C18 5p) eluted with H,O 0.1% TFA (v/&)
(solvent A) and acetonitrile 0.1% TFA (solvent B) in a linear gradient from 10
%(v/v) to 50%(v/v) of B in 30 min, with a flow rate of 1.0 mL min "

The RP-HPLC chromatogram confirmed the formation of the desired
product, through retention time shift. The excess of unreacted DIBAC-PEG(4)—
NHS was removed by three cycle of precipitation with methyl-tert—buthyl ether
(MTBE). For each cycle, the reaction mixture (323ul) was slowly added to 1.5
mL of MTBE solution, that was kept at 0°C for 10 minutes. The mixture was
then centrifuged at 4000 rpm, for 3 min. MTBE was removed and the procedure
was repeated two more times, finally residual MTBE was removed by gentle N,

flow. RP—HPLC analysis of the product confirms the purity of the product.
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4.4.3 Synthesis of FeMC6*a—PEG(4)@Lip
Click reaction was performed between free FeMC6*a—PEG(4)-DIBAC and

LipN; in DMF using 2.5 eq of LipN; (300ul of a stock solution 4.6 mM in
DMSO) respect to FeMC6*a—PEG(4)-DIBAC.

(\,/\A)LN/\/\N’N°N
s-$ A
o0
OWPEGH)'O\/\H/\
o o I

Figure 4.21. Molecular structure of Lip@PEG(4)-FeMC6*a.

The reaction was followed through RP-HPLC. RP-HPLC and mass analysis
confirmed the formation of the desired product Lip@PEG(4)-FeMC6*a (Figure
4.21) (experimental m/z [M+3H]/3: 1438.6, [M+4H ]/4: 1079.2 , [M+5H"/5:
863.6 were consistent with theoretical average mass (4313.7). (Figure 4.22)
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Figure 4.22. Mass spectrum of Lip@PEG(4)-FeMC6*a.
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FeMC6*a—PEG(4)@Lip was purified by preparative RP-HPLC using using a
Vydac C18 column (250mm x1cm) eluted from 0%(v/v) to 50%(v/v) over 50
minutes with a flow rate of 4.7 mL/min. A RP-HPLC analysis of the collected

fractions confirmed the purity of the product.

4.4.4 Catalytic assay of site specific modified enzyme

All catalytic assays were performed at room temperature and under magnetic
stirring, using quartz cuvettes with 1 cm path lengths. The experiments were
followed using a Varian Cary 60 spectrophotometer, and ABTS as substrate. The
change in absorbance of the ABTS®" cation radical was followed at 660 nm (&40
= 1.40-10* M cm™). Al reagents concentration was pre—determined
spectrophotometrically by Lambert—Beer equation; using molar extinction
coefficients at the maximum absorption wavelength (FeMC6%*a, €357 = 117000
M em™'in 0.1% TFA) (ABTS, €34 = 36600 M cm™) (H,0,, €40= 39.4 M
cm_l). A known volume of oxidant (H,O,) was added to the mixture while
stirring. The acquisitions were carried out in the first 10 minutes of reaction. All
the reactions were carried out using SmM ABTS in phosphate buffer (50 mM,
pH 6.5), in the presence of 50%(v/v) TFE. Initial rates were calculated by
varying concentration of H,O,in the 0-500 mM range, and converted from
Absge/min to mM/s through the & value of ABTS*" (14400 M_lcm_l). The
experimental data were fitted through single—substrate Michaelis—Menten
(EQUATION 4.1) and K, values for H,O,was calculated.

V= % (EQUATION 4.1)
This equation was inserted in Kaleidagraph software in the form of EQUATION
4.2
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mimy

y= m (EQUATION 4.2)

4.4.5 Synthesis and functionalization of AulNPs

Citrate—stabilized gold nanoparticles (AuNPs) were prepared by Turkevich
method. An aqueous solution of HAuCl, (1 mM, 25.5 mL) was brought to boil,
and then kept at reflux under stirring for 10 min. Once the gold solution was
vigorously refluxing, an aqueous solution of pre—heated sodium citrate (39 mM,
2.54 mL) was added quickly. The solution remained clear for about 10s and then
the color of the solution turned ruby-red, indicating the formation of gold
nanoparticles. The suspension was allowed to heat for additional 30 min with
vigorous stirring. The suspension was then allowed to cool to room temperature.
And characterized by UV—Vis spectroscopy. The UV—Vis spectra of the initial
solution were recorded at 25°C using quartz cuvettes with a path length of 0.1
cm. Wavelength scans were performed from 800 to 200 nm, with a 600 nm min™'
scan speed. The UV—Vis spectra showed a sharp and characteristic plasmon
absorption maximum around 520 nm. The functionalized AuNPs were stored in

the dark at 4°C until further use.

4.4.5 Synthesis of N3-AuNPs
The synthesis of N;—AuNPs was carried out following a slightly modified
method reported in [Zambrano, G. et al. (2018)]. For the ligand exchange
reaction, 0.4094 equivalents of ligands with respect to Au were added to the
AuNPs solution. The ligand mixture was prepared in a 9:1 molar ratio of o—
lipoic acid: LipN; in DMSO. To 40 mL of AuNPs suspension (1 mM Au,
assuming that all tetrachloroauric acid is converted to AuNPs), 1.64¢10”° moles
of ligands (1.48+10° mol of a—lipoic acid and 1.64+10"° mol of LipN3) dissolved

in 5.8 mL of DMSO were added. The concentration of ligands in the stock
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solution was measured individually prior mixing using €3,,=124.36 M's. The
progress of reaction was ascertained by UV—Vis and after 3h from ligands
addition. After 3h, the reaction mixture was centrifuged and resuspended in an
equal volume of NaOH pH 11, yielding purified N;—AuNPs. The number of
azide moieties displayed onto the AuNPs surface was estimated using DIBAC-
PEG(4)-COOH as probe. Briefly, to a suspension of N3—~AuNPs at 5.70 - 10° M
concentration estimated from inductively coupled plasma mass spectrometry
(ICP-MS) (See paragraph 4.2.2.6) in NaOH pH=11, DIBAC-PEG(4)-COOH
(final concentration 86 uM) was added, and the mixture was incubated for 3
hours. Then, the solution was centrifuged at 10,000 rpm for 10 min at 4 °C, and
the supernatant analyzed by UV—Vis spectroscopy. The amount of DIBAC-
PEG(4)-COOH immobilized onto the AuNPs was determined by subtracting the
unbound DIBAC-PEG(4)-COOH present in the supernatant from the total
amount of reagent used, using as reference a DIBAC-PEG(4)-COOH standard
solution (86 uM) (Figure 4.8).

4.4.6 Synthesis of FeMC6*a@AuNPs nanobioconjugate
Conjugation of FeMC6*a to AuNPs was achieved by SPAAC reaction. To 5 mL
of this stock solution (AuNPs concentration =5.27 nM), 191pug of FeMC6*a—
DIBAC, (4.74:10"* mol) were added. The solution was incubated for 3h at room
temperature in the dark, and the progress of the reaction was followed by UV—
Vis analysis, evaluating the shift in the SPRB. UV—Vis spectra were recorded at
25°C using quartz cuvettes with a path length of 0.1 cm. Wavelength scans were
performed from 200 to 800 nm, with a 600 nm min 'scan speed. The UV-Vis
spectra showed a sharp and characteristic plasmon absorption maximum at 530
nm, with a SPRB shift of 7 nm confirmed that conjugation occurred. To remove

the excess of catalyst, the solution was centrifuged at 7500 rpm for 40 min at 10
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°C. The supernatant was discarded and the remaining pellet was re—dispersed in
a NaOH solution (pH 11). For each centrifugation cycle, , catalytic activity of
the supernatant was tested by UV—Vis spectroscopy (from the 5™ centrifugation
cycle) to evaluate the residual amount of enzyme. Catalytic activity was assayed
in a 50 mM phosphate buffer pH 6.5, 50% TFE (v/v), using a 5 mM ABTS and
10 mM H,0,. The kinetic curves were recorded under stirring (25°C) at A=660

nm for 10min in a quartz cell with a 1 cm optical path length.

4.47 Trasmission electron microscopy analysis
The samples for TEM analysis were prepared by loading 5 pL drop for
60seconds of Citrate AuNPs, N3>—AuNPs, or FeMC6*a—AuNPs solutions onto
carbon—coated copper grid (200 mesh) using cold loading station. Protein shell
of FeMC6*a—AuNPs conjugates was visualized upon negative staining with
Uranyless” solution. The samples were washed using H,O Ups (35ul drop, 3
times,10s) and stained using Uranyless solution (35ul drop, 3 times, 10s). Last
wash was performed with H,O (35ul drop, 10s) and letting grids to air—dry at
room temperature overnight. At least 150 independent measurements were taken
at different locations of the TEM grid. By the experimental data the value of the

mean radius of the AuNPs was obtained.

4.4.8 Circular dichroism of FeMC6*a@AuNPs
The samples for CD analysis were prepared by diluting FeMCo6*a@AuNPs
suspension 1:3 with phosphate buffer pH 6.5 50mM 50%(v/v) TFE and using
quartz cuvettes with 1 cm path lengths. Mean residue ellipticities [0] were
calculated using the equation:

[9] _ eobs
T 10°1Cn (EQUATION 4.3)
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in which 0, is the ellipticity measured in millidegrees, 1 is the path length of the
cell in centimeters, C is the concentration in moles per liter, and n is the number

of residues in the enzyme (23 residues).

4.4.9 Catalytic assays of FeMC6*a@AuNPs conjugate
All catalytic assays were performed at room temperature under magnetic
stirring, using quartz cuvettes with 1 cm path lengths and using enzyme
concentration 27.3 nM. All the catalytic experiments were followed using a
Varian Cary 60 spectrophotometer, by using ABTS as substrate. The change in
absorbance of the ABTS™" cation radical was followed at 660 nm (€660 = 1.44-10*
M~ cm™). Substrate and hydrogen peroxide stock solutions were freshly
prepared, and their initial concentration was determined by UV—Vis
spectroscopy (ABTS, &40 = 36600 M cm™) (H,0,, €240= 39.4 M cm™"). A
known volume of oxidant (H,O,) was added to the mixture under stirring. The
acquisitions were carried out in the first 10 minutes of reaction. Optimal
experimental conditions were determined at SmM ABTS, 10 mM H,0, by
varying TFE percentage (0%, 30%, 50% (v/v)) in phosphate buffer 50 mM pH
6.5, or by varing pH: 4.5, 5.5 (acetate buffer), 6.5, 6, 7.5, 8.5 (phosphate buffer),
9.8 (carbonate buffer) at 50% (v/v) TFE. Kinetic parameters were determined by
varying H,O; concentration at fixed ABTS concentrations, and viceversa. All the
reactions were carried out in phosphate buffer (50 mM, pH 6.5), in the presence
of 50% TFE (v/v). Initial rates were calculated by varying concentration of H,O,
in the 0500 mM range, and ABTS in the 0—10 mM range. Initial rates were
converted from Absgso/min to mM/s through the €459 value of ABTS*' (14400 M~
'em™). The experimental data were first fitted through single—substrate

Michaelis—Menten (EQUATION 4.4):
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— Vmax[S]
K,, + [S] (EQUATION4.4)

This equation was inserted in Kaleidagraph software in the form:

mimy

y= —m1 +my (EQUATION 4.5)

In this first step Ky, values for H;O, and ABTS were calculated. The two set

ofdata were then fitted using a two—substrates Michaelis—Menten equation:

[E]o
1 + Ky . Kma) (EQUATION 4.6)
kcat kcat [A] kcat [B]

Where: [E]y is the enzyme concentration, which is supposed to be constant and
not inactivated at the initial time(ty); k..-is the catalytic constant and denotes the
maximum number of enzymatic reactions catalyzed per second; [A] and [B]
represent the H,O, and ABTS concentrations, respectively; K,(a) and K.,(b) are
the Michaelis—Menten constants for H,O, and ABTS, respectively; the
Michaelis—Menten constant is the substrate concentration at which reaction rate
is half of V.« and representsthe enzyme apparent affinity for the substrate. The
analysis of the experimental kinetic data by Michaelis—Menten fitting provides
the following catalytic parameters:k.,, Ky, for H,O, and ABTS,

from which it’s possible to calculate k../K;, that is the measure of the catalytic
efficiency for both HO, and ABTS.

At fixed concentration of [A] (H,O, in the experiment), previous equation

becomes:
[Elo" kcae Km ()
y=——7—"K, =1+
K Kim ) [A] (EQUATION 4.7; 4.8)
+ —_—
47 keatlBI

195



Chapter 4

whereas at a fixed concentration of [B] (ABTS in the experiment) two—

substrates Michaelis—Menten equation becomes:

. K
_ _[Elo"kear Ko = 14 ") (EQUATION 4.9;
’ Ky + 2@ 5] 4.10)
B KearlA] '

For each set of data, EQUATION 4.11 on Kaleidagraph can be used:

mylE
= _molElo (EQUATION 4.11)
mymg + ms

Where:

K,

m(a)
1+
i 11
my = [ ]01 my = k . ) ms
ca
s 4.14)
[B]

kcat

(EQUATION 4.12; 4.13;

Each set of data was fitted again with EQUATION 4.6 that gave two values for
ms; therefore, K,, for each substrate was expressed as a function of ms and k..

In the final step, each set of data was fitted with the following:

([Elo- my)
m&m, (EQUATION 4.15)

1+

For each set of data, EQUATION 4.15 gave two coincident values for m;, thus
giving the k., value of ABTS oxidation for FeMC6*a—AuNPs. Considering the
two values of ms, calculated in the previous step, and the k., value, the two K,

for H,O, and ABTS were calculated.
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The research project reported in this PhD thesis has been focused on the catalytic
evaluation and applications of recently developed miniaturized enzyme,
FeMCo6*a. Previous investigations over the performances of this enzyme
highlighted its higher catalytic efficiency in ABTS oxidation, compared to
natural HRP. The enhanced performances within a miniaturized scaffold (3.5
kDa) have encouraged us to expand its action range and seek for practical
applications.

As natural peroxidases, FeMC6*a demonstrated to be endowed with high
versatility in catalysis, being able to catalyze different reactions in either freely
diffusing or when immobilized on different surfaces.

FeMCo6*a confirmed itself as top performing catalyst in oxidative
dehalogenation reactions using 2,4,6—trichlorophenol as model substrate. By
comparing the catalytic performances with those obtained for other natural and
de novo or engineered peroxidases, FeMC6*a holds the best performances ever
observed for 2,4,6—trichlorophenol conversion to 2,6—benzoquinone possessing
1500—fold and 20-fold higher catalytic efficiency based on 24,6—
trichlorophenol, compared to HRP and F43Y/H64D myoglobin, respectively.
Preliminary investigations over catalysis in the presence of humic acids showed
that FeMC6*a is able to deplete 2,4,6—trichlorophenol from solution, paving the
way for future applications in bioremediation.

Further efforts were devoted to the investigation over the electrochemical
behavior of FeMC6*a when immobilized onto glassy carbon -electrodes.
FeMC6*a showed a non-reversible behavior, which was then confirmed as
oxygen reduction reaction activity (ORR). Experiments in the presence of
halogenated alcohols (such as 2,2,2—trifluoroethanol, 2,2,2—trichloroethanol and
1,1,1,3,3,3-hexafluoroisopropanol) showed that the ORR is strictly dependent
on the addition of these solvents. By measuring the helix content (by means of

0,2,) obtained in the presence of different halogenated and non-halogenated
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solvents, a clear relationship between 05, and peak currents appeared, strongly
suggesting a direct effect of folding on the ORR activity. These results
encouraged for the development of the first folding—activated sensor for
halogenated alcohols based on a synthetic enzyme, able to operate also in
complex solvent mixtures. The easy setup of the sensor allows for
miniaturization and integration in compact devices for FeMC6*a practical on—
field application in halogenated alcohols sensing.

Furthermore, the presence of a single free lysine residue in mimochrome
scaffold allows for site—selective immobilization. In particular, FeMC6*a was
efficiently immobilized onto gold nanoparticles. The immobilization was
achieved by means of strain promoted alkyne—azide cycloaddition linkage which
afforded functional nano—bioconjugates. The conformational analysis of the
nano—bioconjugate demonstrated that FeMC6%*a retains its helical structure upon
immobilization and morphological analysis confirmed that the dispersity of gold
nanoparticles was not harmed by the enzyme coating layer. Although the
catalytic performances were influenced by immobilization, these results
confirmed that mimochrome scaffold can be easily tethered on gold surfaces
retaining part of the peroxidase activity.

The overall results show that FeMC6*a recapitulates the activity of natural
peroxidases and resembles, or in some cases overcomes them, in performances
and possible uses.

The present work confirms the feasibility of practical applications of synthetic
heme protein models afforded by miniaturization in the fields of bioremediation,

sensing and nanomaterials.
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6.1 HPs oxidation: Total Turnover Number (TTN)

Along with the results reported in Chapter 2, the exceedingly high activity of
FeMC6*a in TCP conversion has led us to explore its activity towards a large set
of HPs, varying both in halogen and degree of substitution.

The reaction progress for the oxidation of different HPs was monitored by GC—
MS analysis, using chlorobenzene as internal standard. The degree of
conversion, based on substrate consumption, and the corresponding TTN

measured after 30 minutes are reported in Table 6.1.

Table 6.1. Conversion (%) and TTN for different HPs measured after 30 minutes

Substrate Conversion (%) TTN
4—fluorophenol® 93 371
4—chlorophenol® 76 303
4—bromophenol® 66 266
4—iodophenol® 52 206
2—chlorophenol® 73 293
2,4—dichlorophenol”  >99 2590
2,4,6-trifluorophenol®  >99 3942
2,4,6-trichlorophenol® >99 3960
pentafluorophenol” 46 185
pentachlorophenol® 36 142

In all cases, chlorobenzene was used as internal standard. * Reaction conditions:
[FeMC6*a] = 6.25 « 10° M; [HP] = 2.5 mM; [H,0,] = 2.5 mM; phosphate buffer (50
mM) at pH 6.5 with 50 %(v/v) TFE. ° Reaction conditions: [FeMC6*a] = 6.25 « 10 M;
[HP] = 0.25 mM; [H,0,] = 0.25 mM; phosphate buffer (50 mM) at pH 6.5 with 50
%(v/v) TFE.

All HPs show promising TTN values, although lower for pentasubstituted
phenols. Interestingly, the highest turnover numbers are observed for ortho and
para— di— or tri— substituted phenols. This behavior can be rationalized either
owing to different affinities of HPs versus the catalyst, or as a consequence of
different electronic properties of the substrates. Particularly, the electron—

donating effect by resonance (mesomeric effect) by ortho— and para—subtituted
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halogen atoms contribute to the stabilization of the putative carbocationic
intermediate (Species (2) from Chapter 2, Figure 2.4) formed along reaction. A
negative effect is instead observed when halogen substitution is in meta—
position, as in this case only a pure inductive effect by the halogen atoms occurs.
Another possible explanation can rely in the difference in halogen and symmetry
of the molecule, which might also affect the affinity of the substrate for the
enzyme. Future efforts will be devoted to elucidate the differences in affinity of

HPs towards FeMC6*a.

6.1.1 Methods

Reaction progress was monitored by GC-MS, using chlorobenzene as internal
standard. At different times, an aliquot of the reaction mixture (100 pl) was
diluted with an equal volume of H,O 0.1%(v/v) TFA and extracted with
dichloromethane (200 pl).

The degree of conversion at different reaction times was determined based on
substrate consumption, using Equation 1:
(), (o)

A
(Tie)

where Ay and Ajgy are peak areas of the substrate and the internal standard,

Conversion (%) = £ -100 (Equation 1)

0
respectively, in the GC-MS TIC chromatogram. The subscript 0 indicates the

trace acquired prior to addition of peroxide, while the subscript x is a specific

time during reaction.
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6.2 Synthesis of mimochrome@AuNPs nano—bioconjugate using a

direct chemisorption approach

Along with the results reported in Chapter 4, the activity of mimochrome was
investigated when immobilized onto AuNPs by direct chemisorption. The phases
of this study are reported in figure 6.1. This section was adapted with permission

from [Zambrano, G. et al. (2018)]

6.2.1 Synthesis of thiolated mimochrome

In this study, a previous analogue belonging to mimochrome family was used,
MC6 S6G, which will be referred as MIMO. The sequence of MIMO is reported
in figure 6.1.

NH;

Leu!#

Thr'?

Ile!?

Lys!! NH:
Ar g 10 AI'g 10
Lys® —N (0] 0 Neé—Lys’®
Gln?® Gln?®
Ser’ Ser’
His® Gly?®
Leu? Leu?
Gln* Gln*
Gln? Gln®
Glu? Glu?
Asp! Asp!
Ac Ac

Figure 6.1. Schematic representation depicting MIMO chemical structure. The
Lys11 residue conjugated to LA is highlighted in red. Adapted with permission from
[Zambrano, G. et al. (2018)]
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MIMO was synthesized analogously to FeMC6*a (reported in Chapter 1,
paragraph 1.2), following a previously developed procedure [Nastri, F. et al.
(2011); Vitale, R. et al. (2015)]. After metal insertion and purification using
reverse phase—high performance liquid chromatography (RP-HPLC), it was
conjugated to lipoic acid (LA) as reported in Figure 6.2.

DIEA/DMF

MIMO MIMO@LA

Figure 6.2. Synthesis of MIMO@LA

The presence of a single Lys residue (Lys 11 TD peptide) in one of the two
peptide chains, exposed to the solvent, allows for site—selective conjugation
of MIMO to activated carboxyl groups. To this aim, LA carboxylic group
was activated as N-hydroxysuccinimidyl ester (LA-NHS) and coupled to
MIMO via stable amide bond formation. The progress of reaction and
identity of the product were ascertained by RP-HPLC and ESI-MS (Figure
6.3a-b).
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Figure 6.3. (a) LC-MS chromatogram of pure MIMO@LA. (b) ESI-MS spectrum
of the peak at tg=25.6 min.

The chromatographic profile confirms a nearly complete conversion of
MIMO in MIMO@LA and mass analysis confirmed the formation of the
desired product (experimental m/z [M+3H]*" 1237.4; [M+4H]"" 928.40 were
consistent with the theoretical mass 3709.53 Da).

The reaction product was purified by RP—-HPLC, thus yielding MIMO@LA
(yield 34%).
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6.2.2 Synthesis of MIMO@LA @AuNPs
Citrate stabilized AuNPs were prepared in situ accordingly to Turkevich
method [Turkevich, J. et al. (1951)]. Briefly a 1 mM solution of
tetrachloroauric acid (HAuCls) was brought to reflux and 10 minutes after
vigorously boiling trisodium citrate (3.9 mM final concentration), was added
to the mixture. Within 30 seconds from trisodium citrate addition, a color
shift from pale yellow to a dark red was observed.
After cooling, citrate—stabilized AuNPs were functionalized with
MIMO@LA and LA by ligand exchange reaction.
In order to avoid overcrowding of MIMO on the AuNPs surface, a mixture
of LA and MIMO@LA in dimethylsulfoxide (DMSO) (with a 6:1
LA:MIMO@LA ratio) was added to AuNPs—citrate in water (pH 11). The
mixture was left under vigorous stirring for three hours and purified by
repeated cycles of centrifugation and resuspension in NaOH pH 11, until no
catalytic activity was observed in the supernatants. To the resulting purified
MIMO@LA@AuNPs, UV-Vis spectrum was acquired and compared to that

acquired before ligand exchange reaction (Figure 6.4).
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Figure 6.4. UV-Vis spectra before (red line) and after (blue line) LA-MIMO@LA

addition

Figure 6.5 reports the superposition of the visible spectra of citrate—
stabilized AuNPs (red line) and of the MIMO@LA@AuNPs bioconjugate
(blue line). Citrate—stabilized AuNPs showed the characteristic Surface
Plasmon Resonance (SPR) band with a maximum at 522 nm. The
conjugation of MIMO@LA to AuNPs caused a red—shift of the SPRB from
522 to 529 nm without broadening of the band [Templeton, A.C. et al.
(2000)], confirming that the MIMO coating layer did not alter the dispersity
of AuNPs.

6.2.3 TEM and ICP-MS analysis

The morphology and size distribution of the nanoparticles were assessed by
means of Transmission Electron Microscopy (TEM) analysis. The samples
for TEM studies were prepared by evaporation of a drop of nanoparticle
solution on carbon films supported on standard copper grids, and using a

uranyl acetate staining solution [De Carlo, S. and Harris, J. R. (2011)].
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Figure 6.5. TEM images of (a) citrate stabilized AuNPs and (b)
MIMO@LA@AuNPs

Figure 6.5 reports images acquired via Transmission Electron Microscopy
(TEM) of citrate—stabilized AuNPs (Figure 6.5a) and MIMO@LA@AuNPs
(Figure 6.5b).

The citrate— stabilized AuNPs appeared uniform in size and shape, with an
average diameter of 16.0 = 0.5 nm, as assessed by statistical analysis (data
not shown). Figure 6.6b shows that, upon modification with MIMO@LA,
the size of the AuNPs gold core is retained and that MIMO surrounds the
gold surface as confirmed by the bright halo layer around the AuNPs [De
Carlo, S. and Harris, J. R. (2011)]. An average diameter of 28.0 £ 0.5 nm
was measured for the MIMO@LA@AuNPs conjugate, implying a protein
shell thickness of 5.0 £ 0.5 nm.

The control over biomolecules loading is an essential feature in the
development of an immobilization procedure, thus the degree of enzyme
immobilization was prior assessed through the quantitative determination of

iron content in the colloidal suspension. Quantification of the amount of
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MIMO loaded per AuNP, was performed as described in Chapter 4,
paragraph 4.2.2.6.

This allowed for the determination of the average number of MIMO@LA
per AuNP. The concentration of MIMO from ICP-MS was determined as 10
uM, yielding a [MIMO]/[AuNPs] ratio of 21200 MIMO/AuNP.

6.2.4 Calculation of the maximum theoretical number (/NVyax)
of MIMO/AuNP
The Npax of MIMO that can be loaded onto AuNP were calculated from
Equation 2 as reported by [Mattoussi, H. et al. (2000)]:

3 3

Rcomplex - RAuNP .
3 )
protein

Npax = 0.65 X (Equation 2)

where R ompiex 1S the AuNP—protein complex radius, R 4vp (8 nm, as observed
by TEM) is the gold nanoparticle radius including LA and Lys11 side chain
(estimated as 2 nm in all-trans conformation), and R,z is the radius of the
protein. The ratio is corrected by 0.65 as filling factor for hard sphere.
R compiex comprises the sum of R 4,np and the diameter of the MIMO protein.

As observed in model structures MIMO molecule has a cylindrical shape,
with dimensions of 1.6 nm in diameter and 2.6 nm in length, allowing for
different orientation on AuNPs surface. Radius of gyration (R) was used to
calculate an average diameter of MIMO, by taking into account all possible
randomly oriented cylinder molecules with respect to the AuNP [Lobanov,
M.Y. et al. (2008)]. Rg for MIMO was calculated (see section 4.4.13), and
the value of 2 X R; (1.8 nm) was used for MIMO diameter in the calculation

of Rcomplex-
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This calculation afforded an N,,, of =570 MIMO/AuNP, which is nearly
half of that measured by ICP-MS analysis (z1200 MIMO/AuNP).
Furthermore, the calculated MIMO diameter (1.8 nm) is almost half of
protein shell thickness measured by TEM (5.0 = 0.5 nm). Thus, these
analyses suggest the formation of a MIMO double layer around each AuNP.

6.2.5 Catalytic characterization of MIMO@LA @AuNPs

A thorough catalytic characterization = was  performed onto
MIMO@LA@AuNPs conjugate and the kinetic parameters of the enzyme in
ABTS oxidation were determined by varying H,O, concentration using fixed
concentrations of ABTS and vice versa. The initial rates of ABTS oxidation
(vo) were plotted as a function of both substrate concentrations and fitted
with a two substrate Michaelis—Menten equation (as reported in Section
4.4.12; Equation 4.6). Figure 6.6 shows that upon immobilization, the
enzyme activity followed a typical Michaelis—Menten kinetics, as observed

for the freely diffusing enzyme (Figure 6.7).
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Figure = 6.6.  Two-substrate ~ Michaelis—Menten = plot  obtained  for
MIMO@LA @AuNPs
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Figure 6.7. Two—substrate Michaelis-Menten plot obtained for freely diffusing
MIMO

The kinetic parameters were then derived from the fitting and are shown in

table 6.2.

Table 6.2 Comparison of kinetic parameters acquired for MIMO@LA@AuNPs and
freely diffusing MIMO

Enzyme K ABTS kcat kcat/KmABTS

(10° M) (s (mM's™)
MIMO@LA@AuNPs 14.7+0.1 1.7+0.1 11.0£0.7
MIMO 1242 468 +27 3743 + 814

The analysis of the catalytic parameters confirms that peroxidase activity is

retained upon immobilization, with only a small variation on the K,"®™

value. However, once grafted on AuNPs, MIMO performances are strongly

ABTS
values.

influenced showing lower k., and kc./ Ky
This finding is not new, as reduced catalytic performances were also

reported for other enzymes, such as HRP [Ménnel, M. J. et al. (2017); Ni, Y.
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et al. (2013); Tadepalli, S. et al. (2017)]. Also, the enzyme multilayer can
strongly affect the catalytic performances of the inner layers by the poor
accessibility of substrates and/or by inhibition of enzyme conformational
changes during catalysis due to steric hindrance [Lata, J. P. et al. (2015)].

To address this issue, a different batch of MIMO@LA@AuNPs was
prepared and finally washed with NaOH pH 11 with 50 %(v/v) TFE in order
to remove non—covalently bound MIMO from AuNPs surface. TFE shows
remarkable solvation properties for MIMO, as confirmed by subsequent
ICP-MS analysis, which gave a conjugation ratio of =470 MIMO/AuNP,
close to the theoretical maximum of =570 MIMO/AuNP. The catalytic
characterization was repeated on the TFE-washed MIMO@LA@AuNP and
interestingly, performances were enhanced compared to those prepared

without TFE washing step (Table 6.3).

Table 6.3 Kinetic parameters of TFE washed MIMO@LA@AuNPs compared to
freely diffusing and non—-washed MIMO@LA@AuNPs

Enzyme K ABTS kcat kcat/ KmABTS

(10° M) s (mM's™)
MIMO@LA@AuNPs 14.7+0.1 17401 11407
MIMO@LA@AuNPs 25546 152+2  59.6+20
wash TFE
MIMO 12.5+2 468 £27 3743 +814

The TFE washing step positively impacted the k. value, as it is 10—fold
increased compared to MIMO@LA @AuNPs without TFE washing and only
30—fold decreased compared to the freely diffusing MIMO. These data
strongly suggest that multilayer formation negatively influences catalyst
performances. Nevertheless, other factors inducing reduced -catalytic

performances should also be taken into account such as the AuNP diameter,
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length of the linker and overcrowding on the AuNP surface, which might
affect the catalyst active structure and limit diffusion of the substrates to the

active site.

6.3 Methods
6.3.1 Synthesis of MIMO@LA

MIMO@LA was synthesized by adding lipoic acid activated as NHS ester to
a solution of MIMO in anhydrous dimethylformammide (DMF), adjusted to
pH =9 with DIEA. More specifically, 15.0 mg of MIMO (3.88 umol, 1.29
mM) were allowed to react with 10 equivalents (11.7 mg, 38.8 umol, 12.9
mM) of N-hydroxysuccinimidyl lipoate in DMF (3.0 mL), in the presence of
4 equivalents of DIEA, for 16 hours. After completion, MIMO@LA was
purified by RP-HPLC, and purity and the identity of the product was
determined by RP-HPLC-ESI-MS. The chromatographic profile of the
reaction product showed the presence of a main peak at retention time 25.6
min. ESI-MS mass analysis confirmed the identity of the desired
MIMO@LA (experimental mass 3709.2 Da, theoretical mass 3709.53 Da),
obtained with a 34.0% yield.

6.3.2 Synthesis of MIMO@LA@AuNPs
Conjugation of MIMO to AuNPs was obtained by direct chemisorption of
MIMO@LA onto citrate—AuNPs following the procedure reported by
[Onoda, A. et al. (2010)]. Prior addition of MIMO@LA, the pH of the stock
citrate—AuNPs suspension was adjusted to 11 with the dropwise addition of
1 M NaOH. To 2.8 mL of this stock solution (AuNPs concentration = 8§ nM),
a mixture of MIMO@LA (0.600 mg, 1.62 x 10—4 mmol, in 400 pL) and LA
(0.204 mg, 9.93 x 10—4 mmol, in 13.6 pL of 15 mg/mL solution) in DMSO
(LA:MIMO@LA ratio 6:1) was added. The solution was incubated at room
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temperature in the dark, and the proceeding of the reaction was followed by
UV—Vis analysis, evaluating the shift in the SPR band upon MIMO@LA
conjugation. After 3 h, the solution was centrifuged at 12,000 rpm for 25
min at 4°C. The excess MIMO@LA and lipoic acid was removed by
centrifugation cycles, in which the supernatant was decanted and the
remaining pellet was re—dispersed in fresh NaOH solution (pH 11). This
procedure was repeated three times to obtain purified MIMO@LA @AuNPs.
The pellet was then resuspended in NaOH solution (pH 11), and promptly

used for subsequent experiments.

6.3.3 R calculation
The radius of gyration (Rg) for MIMO molecule was calculated on the

model structure, by using the following equation:

N

1 — —\2

Ro = |5 ) (F=%)
=1

where x i is the position of the atom 7 in the model structure, x is the position
of the centroid of the molecule, and N is the total number of non—hydrogen
atoms. Calculation afforded a value of 9.03 A (0.903 nm) for MIMO R

value.
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