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Siamo chimici, cioé cacciatori: nostre sono “le due esperienze della
vita adulta” di cui parlava Pavese, il successo e I'insuccesso, uccidere la
balena bianca o sfasciare la nave; non ci si deve arrendere alla materia

incomprensibile, non ci si deve sedere. Siamo qui per questo, per
sbagliare e correggerci, per incassare colpi e renderli. Non ci si deve mai
sentire disarmati: la natura € immensa e complessa, ma non é
impermeabile all'intelligenza; devi girarle intorno, pungere, sondare,
cercare il varco o fartelo.

Primo Levi, 1] Sistema Periodico, Nichel, 1975.
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Summary

Copper proteins are involved in several key biological processes, such
as electron-transfer, dioxygen binding and activation, pigmentation,
methane monooxygenation, and denitrification. The copper’s ubiquity is
mostly related to its abundance on the earth crust, the two accessible
oxidation states, and its coordinative promiscuity. It is, in fact, found in a
range of coordination environments, which are classified by their
spectroscopic properties. Moreover, the protein matrix strictly controls
selectivity and catalytic efficiency of the copper center by primary and
outer sphere interactions. The most abundant copper sites are the so-
called Type 1, 2, and 3. While the subtle interplay of bonding and non-
bonding interactions has been exhaustively explored for simpler and
closed-shell Type 1 proteins, Type 2 and 3 remain more elusive in their
structure-function correlations.

Among several approaches to study natural metalloenzymes, such as
protein engineering and site-directed mutagenesis, de novo protein
design represents a valuable strategy to transplant the target metal-
binding-site in a simpler and possibly more stable small-sized scaffolds.
This generally allows for direct evaluation of metal-protein interactions
by a bottom-up approach, in which structural determinants for metal-
binding are engineered from scratch. In this thesis, three copper-binding
designed proteins are showcased: (i) DR1, a four-helical bundle hosting a
Type 3 copper site; (ii) miniLPMO, a quite unnatural homodimeric four-
helical bundle hosting a Type 2 copper site; (iii) dHisB, a heterodimeric
three-helical bundle hosting a Type 2 copper site.



Summary

DR1 (Due Rame, in Italian) is a newly designed protein that mimics
polyphenol oxidases and contains a di-copper site. The first and second
di-metal coordination spheres were hierarchically engineered in order to
nest the di-copper site into a simpler scaffold made of a four-helix bundle.
DR1 recapitulates the Type 3 copper site, supporting several copper
redox states and being active in the Oz-dependent oxidation of catechols
to o-quinones, according to spectroscopic, thermodynamic, and functional
analysis. Most importantly, DR1 is endowed with substrate recognition
thanks to the careful design of the binding pocket residues, as confirmed
by Hammett analysis and computational studies on substituted
catechols. Moreover, deeper spectroscopic characterization prompted us
to propose a kinetic model for dioxygen activation for this synthetic
enzyme, which involves hydrogen peroxide as an intermediate.

In parallel, the de novo design of a peptide-based model inspired by
lytic polysaccharide monooxygenase (LPMO) proteins was undertaken.
Motivated by the elusive nature of the histidine brace copper-binding
site, as found in LPMO proteins, the design process was performed on
two different scaffolds of increasing complexity. MiniLPMO is a C-r
symmetric de novo designed miniprotein that homodimerizes to form a
bisecting four-helix bundle, as confirmed by CD analysis. MiniLPMO
binds copper with a histidine brace-like motif, as assessed by UV-Visible
absorption and continuous wave/pulsed EPR spectroscopy and shows
oxidase activity towards the model substrate 4-nitropheyl-p-D-
glucopyranoside. In a second approach, symmetry was released and a
heterodimeric construct was designed, featuring a helix-loop-helix (os
motif) that specifically recognizes a helical peptide (o chain), generating

a heterodimeric three-helix bundle, called dHisB (designed Histidine
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Summary

Brace). The design process led to a single histidine brace site hosted on
the N-terminal side of the a chain, facing toward the loop of the a2 motif
that exerts secondary shell interactions. The desired folding and
heterodimerization were assessed by size-exclusion chromatography, CD
spectroscopy and direct quantification of peptide content by reversed-
phase HPLC. Using a combination of continuous wave EPR and UV-
Visible absorption spectroscopy over a range of pH values, it has been
shown that the active site of dHisB can exist in different protonation
states. These small models recapitulate the spectroscopic fingerprint of
natural LPMOs, confirming the power of the design strategy.
Interestingly, dHisB is able to cycle between both copper oxidation states
under mild conditions and bind exogenous ligands like sodium azide.
Finally, Oz-activation has been shown by the Amplex Red assay with 3-
fold apparent enhancement with respect to free copper in aqueous
solution.

Remarkably, the three models allowed a very fine spectroscopic
characterization, not always attainable with natural proteins. The Type
2 copper-containing miniproteins allowed unraveling for the first time, to
the best of our knowledge, the specific contribution to the EPR spectrum
of the different protonation states of the histidine brace center over a
wide range of pH (from pH 2 to 13). Noteworthy, all the designed models
activate O2 or H2O2 in a similarly way to their natural counterparts.
These simple models represent a milestone in the development of
synthetic metalloenzymes for the degradation and conversion of biomass

into second-generation fuels.



1. Introduction

Keywords: Copper <+ Metalloenzymes <+ Oxidative

Chemistry ¢+ Protein Design * Biomimetics

1.1 Copper in biological systems

Metals are omnipresent in biology, from microorganisms to superior
animals and plants.! They are essential for numerous biological
processes, which include enzymatic catalysis, oxygen transport and
activation, and electron transfer. Life relies on accumulation, transport
and use of many different metal ions: iron, zinc, copper, molybdenum,
cobalt, chromium, vanadium and nickel, in order of decreasing
abundance.?’ Such d-block elements are commonly bound to cofactors,
such as porphyrins and cobalamines, or to proteins in which residues
with N, O and S-containing sidechains are arranged to form metal-
binding sites. Copper, investigated within this work, has a rich
bioinorganic chemistry, second only to iron in its complexity, and can be
found in metalloproteins with widely different functions from all
biological domains.3! The emergence of copper metalloproteins seems to
be related to the great oxidation event that accompanied the evolution
and proliferation of early cyanobacteria, and the subsequent rapid
increase of oxygen concentration in the atmosphere.l Whereas early
redox biochemistry was performed mostly through iron cofactors, the
accumulation of oxygen led to increased availability of copper ions,
among others, and consequently to the development of entirely new
bioinorganic pathways. Nowadays, copper is an essential cofactor for

-4-



1. Introduction

several protein activities, including electron transfer (ET) and catalysis.
The first coordination sphere and the second coordination
sphere/interactions are tuned inside the complex protein matrix to
control these functions. In this context, copper proteins perform various
functions. The active sites of most representative natural copper-binding

proteins are depicted in figure 1.1.
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Figure 1.1. Structures of active sites from a variety of typical naturally occurring copper-
binding proteins. a) T1Cu of azurin from Pseudomonas aeruginosa (PDB ID: 4azu). b)
Cua site of the cupredoxin domain from 7hermus thermophilus cytochrome bad oxidase
(PDB ID: 2cua). ¢) Substrate-bound (O2) T3Cu site of laccase from Melanocarpus
albomyces (PDB ID: 1gw0). d) Substrate-bound (nitrite) T2Cu site of Alcaligenes
xylosoxidans nitrite reductase (PDB ID: 2xwz). e) Cu, site of the Pseudomonas stutzeri
N2OR (PDB ID: 3sbr). Atom coloring: N (blue); C (cyan); O (red); S (yellow); Cu (copper).
Adapted with permission from reference.[s! Copyright 2022 American Chemical Society.



1. Introduction

Cu proteins may act as electron transfer proteins using either type 1
Cu (T1Cu) center (Figure 1.1a) or copper A (Cua) center (Figure 1.1b).
T1Cu proteins are also known as blue copper proteins because of their
intense blue color due to a strong ligand-to-metal charge transfer
(LMCT) absorption band around 600 nm. In all these proteins, a central
Cu?* is coordinated by three equatorial residues (two histidine (His) and
one cysteine (Cys)), with a trigonal geometry (Figure 1.1).16/ Additional
weakly bound axial ligands are observed. In plastocyanin and
stellacyanin, the fourth ligands are a methionine (Met) sulfur atom and a
glutamine (Gln) side chain amide oxygen atom, respectively. In azurin,
the fourth ligand is a glycine backbone carbonyl oxygen, which
coordinates Cu?*. A Met residue also exists in the Cu?* coordination
environment in azurin, but at a longer distance.

The involvement of T1Cu proteins in electron transfer processes
entails reducing Cu?* to Cu*, which prefers the tetrahedral coordination
(when four-coordinate). From a functional point of view, the trigonal
coordination observed for the Cu?* ion represents a compromise between
the stereochemical and electronic needs of Cu* and Cu?*. T1Cu proteins
are a unique example where the protein structure determines the
coordination geometry of the metal ion, forcing it toward unusual
geometries. This entatic (or strained) state enhances the proteins'
reactivity.”

In contrast, the Cua center is more complex,®9 consisting of a
spatially near, electronically delocalized dicopper core that is connected
by two Cys residues, one His, and one variable axial ligand on each side
(Figure 1.1b). The geometry of Cua is more rigid compared to T1Cu, and

its reorganization energy for the Cul5t-Cul®/Cu?t-Cu?* redox pair is

-6-



1. Introduction

comparable to that of T1Cu. Cua sites are often associated with
metalloenzymes having catalytically active sites, such as heme-copper
oxidase (HCO), nitrous oxide reductase (N2OR), and non-heme nitric
oxide reductase.

Other than electron transfer proteins, copper-proteins are also
enzymes involved in oxidative chemistry, harboring Type 2 Copper
(T2Cu), Type 3 Copper (T3Cu) and Cu, centers.

In T2Cu proteins, copper is usually coordinated by nitrogen and
oxygen-based ligands (mostly His and tyrosine (Tyr) residues) in a
distorted square planar or square pyramidal geometry (Figure 1.1d) with
an empty site allowing for the binding of small oxidants molecules such
as molecular dioxygen or superoxide.l'®) This copper center is commonly
found in oxidoreductases such as amine oxidase, galactose oxidase, Cu-
7Zn superoxide dismutase, nitrite reductase, and lytic polysaccharide
monooxygenases (LPMOs). Among these enzymes, LPMOs host a
peculiar T2Cu center, and it will be discussed in more detail later.
Beyond the first coordination sphere, the secondary coordination sphere
and long-range interactions play an essential role in T2Cu enzymes, as
they not only tune the copper center, but also stabilize and/or activate
substrates via hydrophobic interactions or hydrogen bonds, or they
directly contribute to the stabilization of highly reactive species in the
catalytic mechanism.!?

Type 3 Copper (T3Cu) proteins (Figure 1.1c) contain coupled
binuclear sites and they are found in oxygen carrier proteins such as
hemocyanin (Hc) and oxidase and oxygenase enzymes such as catechol
oxidase (CO) and tyrosinase (TYR), respectively.'!l In T3Cu proteins,

each copper ion is bound in a nearly planar trigonal geometry by three

-7-



1. Introduction

His residues. T3Cu centers are EPR (Electron Paramagnetic Resonance)
silent because of strong antiferromagnetic coupling between the two Cu2+
atoms with S = 1/2 caused by different bridging ligands.

The Cuz copper site (Figure 1.1e) is only found in N2O reductase and
is a tetranuclear copper sulfide cluster in which the copper ions are
coordinated by seven His and a bridging inorganic sulfur atom.[12 The Cu
ions form a distorted tetrahedron with one copper bonded to a single His

and to an undetermined oxygen species.

1.2 Dioxygen activation in copper metalloenzymes

One of the fundamental processes in biological, synthetic, and
industrial systems is the reductive activation of molecular dioxygen (O2).

The ground state of Oz is a spin triplet (S = 1). The spin selection rule
prohibits its reaction with an organic substrate, which is almost
universally assumed to be in a spin singlet ground state, to produce spin
singlet products. In order to enable the triplet-state Oz to react with a
singlet-state substrate and provide singlet-state products, oxidoreductase
manage the change in the spin state (intersystem crossing), thanks to
cofactors, capable of Oz activation.!'314 Among such cofactors, transition
metals (and particularly copper) are prevalent because spin-orbit
coupling at the metal ion considerably enhances the intersystem crossing
between distinct spin states, allowing for the simple and quick activation
of Oqz. In addition to their ability to allow intersystem crossing, first-row
transition metals can also be involved in one or more electron redox
processes involving the substrate and/or Oz as redox partners.

Copper oxidoreductase enzymes catalyze the oxidation of substrates

by Oz (or its reduced forms, e.g., superoxide). These enzymes use the
- 8 -



1. Introduction

oxidizing power of Oz in order to accept electrons and protons as part of a
process that is frequently coupled to the incorporation of either one or
both of the O atoms from Oz into an oxidized product.

These enzymes are involved in several key biological processes, such
as electron-transfer, dioxygen binding and activation, pigmentation,
methane monooxygenation, and denitrification. They are able to generate
a wide spectrum of Os-derived species (Figure 1.2). The formation of
these so-called reactive oxygen species (ROS) is the mechanism

underlying the enzyme promoted oxidative reaction.

Superoxidase Dismutase

e~ _ 2H%*,e” H*, e™ ) H*, e~
0, 05 H,0, H,0 +0'H ———— 2H,0

Mononuclear Oxidases

Figure 1.2. Aqueous reduction of Oz and pertinent intermediates. Copper-containing
enzymes that perform parts of this reduction are shown.

Given the limited set of ligands in the active site of these enzymes
and the limited number of Oz2-derived species, the environment beyond
the first coordination sphere must play a key part in conferring and
adjusting their remarkable catalytic features, allowing active sites with
otherwise comparable primary coordination sphere to accomplish a broad

array of biological tasks.

1.3 Natural Copper Oxidoreductase

Among natural copper oxidoreductase, LPMOs and polyphenol
oxidases (PPOs) are of considerable importance for their unique network

of interactions beyond the first coordination sphere, which finely tunes
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1. Introduction

their activity. LPMOs and PPOs contain a peculiar type 2 copper center
and a type 3 copper site, respectively.

Often these sites are found within the same protein matrix, making
their isolation and consequent structural and functional investigation
quite difficult. These proteins include the multicopper oxidase (MCO)
proteins and the particulate methane monooxygenase (pMMO) proteins.
These classes of copper oxidoreductases will be discussed in the following
paragraphs, as they are of particular interest for the purpose of this

Ph.D. thesis.

1.3.1 Type 2 Copper Proteins: the elusive nature of the histidine brace copper-

binding site

A class of recently discovered copper oxidoreductases, LPMOs, has
attracted growing attention thanks to their ability to degrade woody
biomass, a crucial preliminary step in the production of biofuels.[1?
LPMOs are a superfamily of copper-dependent enzymes, whose putative
homologs are found in all domains of life except for archaea, responsible
for oxidative cleavage of glycosidic bonds in recalcitrant polysaccharides,
such as cellulose, hemicellulose, chitin, amylose, amylopectin. The first
LPMO was discovered in 2010 as CBP21 (Carbohydrate Binding Protein
21) in Serratia marcescens and was identified as a protein boosting the
degradation of chitin and promoting the activity of chitinases.¢! Since
then, numerous other members of the LPMO family have been identified
primarily in fungi and bacteria. Currently, the most widely used
classification is the one adopted by the CAZy (Carbohydrate Active
Enzymes) database, in which LPMOs are divided into seven AA

(Auxiliary Activity) families based on phylogenetic relationships and
- 10 -



1. Introduction

substrate specificity: AA9, AA10, AA11, AA13, AA14, AA15, AA16 and
AA17.07 Five of these families are only found in fungi (AA9, AA11, AA13,
AA14 and AA16), AA10 are found mainly in bacteria while AA15 and
AA17 have been identified in eukaryotes, and other organisms.
Interestingly, some putative chitin-active LPMOs belonging to family
AA10 have been discovered in viruses, where they seem to facilitate
insect infection, by degrading the chitin-rich exoskeleton of these
animals;[8 recently, the AA17 family was discovered to be involved in
plant infection.!'9) LPMOs belonging to different families have specificity
towards preferred polysaccharide substrates and can perform oxidations
with different regioselectivity, for example type I and type II AA9 oxidize
only C-1 and C-4 in cellulose, respectively, while type III can oxidize both
positions.

All LPMOs share a common structure formed by a core B-sandwich
(Figure 1.4a), like immunoglobulins, that contains the two copper-
binding His, one of which is the N-terminal residue, and a Tyr in axial
position (figure 1.4b). In addition to the copper-binding catalytic domain,
various carbohydrate or polysaccharide binding modules (CBM, WSC and
GbpA) can be present, appended to the C-terminus, which are involved in

binding and specificity towards the substrate.20-22!

-11-



1. Introduction

His86

Tyr175

Figure 1.3. X-ray structure of a typical LPMO and its active site. a) The crystal structure
and b) zoom of the active site of AA9 LPMO from the fungus 7Thermoascus aurantiacus
(PDB ID: 2yet) The crystal structure is displayed in cartoon representation. The active
site residues are shown as sticks with pink colored carbon atoms. The copper atom is
shown as a golden sphere and water molecules coordinated by the copper atom are shown
as red colored spheres. Adapted with permission from reference.l23 Copyright 2019, The
Authors.

The active site present in LPMOs, formally a T2Cu center, is unique
among copper proteins and it is the hearth of the displayed activity. Two
His residues (a His terminal and a His internal) coordinate the copper
through three nitrogen atoms (two from imidazole side chains and one
from the amino terminus) creating a T-shaped geometry and forming a
metal site named by Walton P.H. Histidine Brace (HB).12425] Due to their
high susceptibility to photoreduction, several crystal structures feature a

combination of Cu* and Cu?*.2627 The 3-coordinate geometry of the HB
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appears to be typical for the enzyme in its reduced form, while the Cu2+
species tends to attract more exogenous ligands (typically water or
chloride ions).2829 The aromatic residue below the copper, phenylalanine
(Phe) or Tyr (Tyr175 in Figure 1.3), is highly conserved among the LPMO
families. The precise function of these residues is unknown, although it is
supposed to play a role in preserving the active site T-shaped
geometry.39 Further, such aromatic residue may represent a component
of a charge-transfer process, known as “hole-hopping”,’3!! comprising a
pathway of conserved Tyr and tryptophan (Trp) residues, that can
prevent inactivation of the protein active site during uncoupled
turnover.32!

Fungal LPMOs exhibit a post-translational modification, where the
Ne of Hisl is methylated. The reason for this modification was unclear
until a few weeks ago. In fact, LPMOs function without such
modification, and theoretical calculations showed that it does not affect
the oxidative mechanism.3 Only recently, a preprint article appeared
online, where the authors demonstrated that the methylation on His1 is
necessary to stabilize a putative histidyl radical, involved in an oxidation
repair mechanism.3

The HB active site, however simple in its coordination, still has
unsolved questions. The different activity shown by the various LPMOs
is certainly dictated by other interactions, involving the second
coordination sphere.

The AA10s is unusual in showing a conserved alanine (Ala) residue
occupying a position above the HB in the second coordination sphere. The

role of this residue has been attributed to blocking ligation in the axial
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position, thus orientating the binding and reactivity of dioxygen or
hydrogen peroxide in the empty equatorial position of Cu*.[26!

The LPMO crystal structures have revealed that secondary sphere
residues establish H-bonding networks with buffer and solvent molecules
in the active site.l243536] ITn the MPMO3*, a glutamine residue in the
second coordination sphere (Gln167) is important for the stabilization
through H-bond of high oxidation state copper-oxygen species during the
catalytic cycle and it increases the ligand donor strength of Tyr169 to the
copper via a hydrogen-bonding interaction (Figure 1.4). Further, a
His161 is involved in a proton transfer process,?” and Thr74 forms a H-
bond with the N-terminal amino group of Hisl. This last interaction
makes the N-terminal amino ligand more nucleophilic and could stabilize

highly reactive copper-oxygen species. 38!

Figure 1.4. MPMO3* active site displaying primary (M-Me-H1, H75, Y169) and
secondary (T74, H161, Q167) sphere residues with mesh electron density map contoured
to 1.5 0. H161 and Q167 are positioned to H-bond with ligands in the solvent-facing
equatorial position. Q167 H-bonds with the axial Tyr ligand. T74 H-bonds with the N-
terminal amino group of H1 and forms a bond with an axial solvent ligand when present.

Hydrogen-bonding distances are shown in Angstroms. Adapted with permission from
reference.!38 Copyright 2017 American Chemical Society.
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Recently, Vu and coworkers inferred modulation of the redox state of
copper and stabilization of copper-oxygen species by the distal
hydrophobic loop in AA13.[39

The copper atom is present as Cu?* in the resting state, and the
enzyme is activated by reduction to Cu*; however, several aspects of the
catalytic cycle are still unclear. It is known that LPMOs activate Oz or
H>0: to break the glycosidic bonds of polysaccharides by hydroxylation of
either the C1-H or C4-H bonds, followed by the removal of the scissile
glycosidic link and production of aldonic acids or 4-keto sugars at

oxidized chain ends, respectively (Scheme 1).

Scheme 1. General reaction for O2-dependent activity of LPMOs toward oxidation of a
polysaccharide substrate at C1 and C4. The formation of a lactone happens as a result of
oxidation at C1, and it then becomes hydrated to turn into a reducing-end aldonic acid.
On the other hand, oxidation at C4 leads to the formation of a ketoaldose at the non-
reducing end. Adapted with permission from reference.0) Copyright 2015 Elsevier Ltd.
All rights reserved.

OH (1 OH
RO 0} Ho OR
HO 0 0
oH 4
4 OH
Cu:LPMO Cu:LPMO Cu:LPMO Cu:LPMO
+H,0 +0,+2H" +2e” +0, +2H" + 2e” +H,0
OH OH OH OH
9] HO 0 HO
Rﬁmo + Hoﬁ\OR RngH + o= d QR
OH OH
OH OH

Reducing-end lactone
Non-reducing end

H,0 ’ ketoaldose

Reducing-end aldonic acid

Trends in Biotechnology
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The nature of the co-substrate (O2 or H202) used by LPMOs is still
quite controversial. Based on the higher rates of substrate oxidation by
H20:2 as compared to the identical reaction carried out using Oz as the
oxidant, several authors support the idea that H2O2 is the main LPMO
co-substrate.[41-46] The H20: activation is performed similarly to heme
peroxidases!“” or to the mononuclear nonheme iron enzyme HppE.«48
However, the LPMO pathway seems to be different from these canonical
peroxygenases because they need an external reducing agent to get
activated. Other authors reported that Oz is the main LPMO co-substrate
because they found a similar rate of oligosaccharide release, when
fungal secretomes were used to break down polysaccharides with both
H202 and 02.149 Paradisi et al.!3?! and Bissaro et al.*!! showed that H202
can cause a significant amount of damage to proteins. In some cases, the
production of the oxidized oligosaccharide is higher over time when the
reaction is fueled by Oz instead of H202, even though the initial rate is
lower. Ambiguities regarding multiple aspects of LPMO functioning also
extend to the mechanistic details of the catalytic cycle. A particularly
debated point is the identity of the key intermediates, especially the
reactive intermediate responsible for hydrogen atom abstraction (HAA)
from the substrate, a difficult step that requires C-H bond cleavage.
Initially, the intermediate involved in HAA was thought to be a Cu?*-O2~
, but subsequently DFT computations seem to suggest that this species is
converted to the hydroperoxo-species Cu2t-OOH, which is itself incapable
of HAA.BY QM/MM calculations showed that the O2 and H20: oxidative
pathways are linked and share a common intermediate Cu*-H:20:2
(Scheme 2). This reactive intermediate produces a copper-oxyl (Cu2+-O’),

which reacts with the substrate to oxidize it.[5152] Most of the recent
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computational work done on LPMOs also points toward a copper-oxyl as
key reactive intermediate among both catalytic cycles that rely on O2 and
H202; however, the details of possible electron transfer mechanisms are
still being understood.[5354 There is also evidence supporting a possible
mechanism of oxygen activation coupled to substrate binding.[55 In the
absence of the substrate, the Ogzpathway produces the Cu*H:0:
intermediate. This intermediate breaks apart to give the free enzyme
and H20:2 in solution, which explains why H202 is produced when the

substrate is absent.[56:57

Scheme 2. Different possible pathways for LPMO catalytic mechanism depending on
cosubstrate identity and protonation events. Adapted with permission from reference.40!
Copyright 2020 American Chemical Society.
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As mentioned, enzyme activation requires the reduction of Cu2* to
Cu* and many possible electron donors could be involved in a biological
context. LPMOs have reduction potentials that range between 155 and

370 mV.[26303658-601 This relatively low potential could explain why
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different chemical, biological, and light-based reductants can reduce the
LPMO active site.

In vitro studies usually employ reducing agents such as ascorbic acid
(Asc), Cys and gallic acid (GA), however, these are unlikely candidates
for in vivo reduction.[4052) Studies performed on some fungal LPMOs
seem to suggest cellobiose dehydrogenase (CDH) as a biologically
relevant electron-donor, however not all fungi expressing LPMO also
possess genes encoding for CDH.[61) A protein that could be involved is
pyrroloquinoline-quinone (PQQ)-dependent pyranose
dehydrogenases, 6263 another sugar-oxidizing metalloenzyme, but in both
cases the detailed electron transfer mechanism to LPMOs has yet to be
determined. Moreover, light-based natural reductants seem to be
involved in electron transfer reactions.64-66! From this brief introduction
on LPMOs, it is clear that many aspects remain to be clarified, such as
the role of the first coordination sphere residues, identity of co-substrate
and biological reducing agent, exact catalytic mechanism, function of His
methylation, outer sphere interactions and structural basis for substrate

selectivity.

1.3.2 Type 3 Copper Proteins: altering the enzymatic activity by tuning outer

shell interactions

T3Cu copper proteins contain a binuclear copper site, which binds
and, eventually, activates molecular oxygen. The main components of
this class are Hcs,67 COsl68 and TYRs.[9 COs and TYRs, together with
Aurone Synthase (AUS),[™ are classified as PPOs.I"! In the active site,
each copper ion is bound in a nearly planar trigonal geometry by three

His residues, provided by an antiparallel o-helix pair with the
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consequent formation of a not common crossed four-helix bundle (Figure

1.5).[72-74]

- H243

Qe M@

Figure 1.5. Active site structures of a) metTYR from walnut leaves (Juglans regia, PDB
ID: 5ce9)69 with the two copper ions bridged by a hydroxide anion; b) oxy-Hc from
Octopus (PDB ID 1js8)13! with the peroxide bridging the two copper ions in a pn2 : n2
coordination mode. The copper ions are depicted as brown spheres, the coordinating His
residues as sticks and the bridging ligands as red spheres. The protein is shown as green
cartoon. The thioether cross links between His108 and Cys91, and His2562 and Cys2560,
are also shown. Adapted with permission from reference.[’8! Copyright 2022 Wiley-VCH
GmbH.

Hcs are large multimeric proteins freely dissolved in the hemolymph
of many invertebrates, such as arthropods and mollusks.l”” While Hc
reversibly binds and transports the molecular oxygen, TYR and CO
perform  monophenolase/diphenolase and  diphenolase activity,

respectively (Scheme 3).

Scheme 3. Reaction catalyzed by CO and TYR. Adapted with permission from
reference.l’8l Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

monophenolase diphenolase
activity OH activity ¢}
monophenol ortho-diphenol ortho-quinone

Catechol oxidases (COs; EC 1.10.3.1)

Tyrosinases (TYRs; EC 1.14.18.1)
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The metal cofactor can be found in different oxidation states, which
have been extensively characterized both in structurel’®7 and
spectroscopic features,8>-8! and they are involved in the dioxygen
binding/activation. The dicupreous deoxy form consists of two Cu* ions
with no bridging ligands, the dicupric met form has two Cu?* bridged by
one or two hydroxylates, whereas the oxy form is bridged by the
characteristic side-on (u-n21?2) peroxo anion. The Cu---Cu distance ranges
between 3.5 — 4.6 Al"569 and in both met and oxy form copper ions are
antiferromagnetically coupled (S = 0) via the superexchange pathway
offered by the bridging ligands. Despite being EPR silent, this peroxo
core has been characterized by several techniques. Indeed, this core gives
rise to the peculiar spectroscopic features of T3Cu proteins:

The absorption electronic spectra display LMCT transitions at
about 340 nm (¢ ~ 20 mM1cm) and around 600 nm (¢ ~ 1 mM-
lem1)B187 even though some variability on these values are
observed among different family of T3Cu proteins;84:88:89]

The Resonance Raman spectra, upon irradiation of the visible
band, result in the enhancement of a sharp band around 750 cm'?
assignable to the symmetric stretching of the O-O bond;[90-92]
EXAFS analysis highlights the presence of a rather unique outer
shell feature at ~3.7 A corresponding to the Cu---Cu interaction
with a low Debye—Waller factor. (93!

In HCs, the peroxo core serves as dioxygen transporter, and these
proteins control the deoxy/oxy form equilibrium by subtle allosteric
regulations/®49! that lead to controlled dioxygen-release, similarly to
hemoglobins.!! The side-on Cu20: core is also able to perform very

demanding hydroxylations as in TYRs, by activating aromatic C-H
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bonds, or just to oxidize aromatic substrates as in catechol oxidases,
without the release of appreciable hydrogen peroxide as a byproduct.

The mechanism proposed for the monophenolase and diphenolase
activity of TYR is shown in Scheme 4. Both monophenolase and
diphenolase activity (the latter being valid also for CO), with the key
intermediates, are shown. Native TYR occurs mainly in the met-form,®7
in which a hydroxyl ion is bound to the copper ions, and is able to bind
and to oxidize only catechols, with the concomitant reduction of copper
ions and the formation of the deoxy state. The deoxyTYR binds the
molecular oxygen to generate the Cuz(1-n2n?2) peroxo core and, therefore,
the oxy~form. The oxy~TYR can bind both monophenols and catechols: if
monophenol is bound, it is first converted to o-diphenol and,
subsequently, to the corresponding quinone; otherwise, the oxyTYR
oxidizes two equivalents of catechol to the o-quinone; in both cases, the

deoxy form is reformed.
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Scheme 4. Monophenolase and diphenolase catalytic cycle of TYR. Adapted with
permission from reference.8! Copyright 2011 The Royal Society of Chemistry.
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Even though He, CO and TYR host the same cofactor, the tuning of
their activity is a shiny example of how nature has evolved these
enzymes to perform different activities. The main differences rely on the
residues beyond the first coordination sphere.

It is generally accepted that the inaccessibility of the T3Cu center to
potential substrates is one of the primary causes of the lack of enzymatic
activity in He.[74

A more intriguing scenario concerns the difference in activity between
CO and TYR. Initially, a bulky amino acid that limits substrate access to
the active site was identified in the pioneering crystal structure of the
CO from Ipomoea batatas®. This residue was referred to as a “blocker

residue” since it was thought to be essential for regulating mono-
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diphenolase selectivity.[8%100-1031 However, the first crystal structure of a
plant TYR (from Juglans regia)®® reveled the presence of the blocker
residue in a similar position observed in plant COs (z6CO and vvCO),
bringing the idea that the differentiation between mono- and diphenolase
activity is independent on the degree of restriction at the active site. This
suggested that other factors, such as second shell interactions, play an
important role in enzymatic specificity. Rompel and coworkers/6
demonstrated, through the X-ray structures of j”ZTYR and of a bacterial
TYR (from Bacillus megaterium) with Tyr bound to the active site, the
importance of residues lining the active site for the tuning of enzymatic
activity. Analysis of the X-ray structure of jF-TYR revealed a hydrophobic
leucine (Leu) residue lining the substrate access (Figure 1.6a), whereas
plant COs possesses, at the same position, positively charged arginine or
lysine residues, both capable of stabilizing acidic substrate
functionalities. Kinetic studies demonstrated faster turnover for
monophenols lacking a carboxylate group. This was attributed to the
Leu244 residue, which stabilizes hydrophobic moieties. In contrast, the
bmTYR structure has an arginine residue at the corresponding position,
able to make hydrogen bonds with substrates that contain a carboxylic
group, as revealed in the Tyr- and L-DOPA-bound structures.!103
Furthermore, it was shown that the bulky residue Phe260, in conjunction
with His243, forms a gate leading into the active site through which the

substrate can only pass in the proper orientation.
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|
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Figure 1.6. a) Superimposition of Tyr from the »bmTYR + Tyr structure (PDB ID: 4p6r)
with j”TYR. The copper ions from j#ZTYR are depicted as brown spheres and the
superimposed zinc ions from bmTYR + Tyr are depicted as silver spheres. Leu244 is
located within the second shell of the active site, and it is in close proximity to the
carboxylic tail of Tyr. Substrates possessing a hydrophobic tail instead of a carboxylic
moiety are able to interact (hydrophobically) with Leu244 and are thus stabilized (as
indicated by the kinetic data in the ref. [69). b) Gate formed by His243 and Phe260.
Adapted with permission from reference.l69 Copyright 2015 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA.

Furthermore, substrate deprotonation is a required step for
monophenolase reaction. In TYR, a glutamate and asparagine (Asn)
residues bind a conserved water molecule (Scheme 5).[1041 As a result, the
conserved water molecule becomes basic enough to extract the proton
from the phenolic substrates upon coordination to the active site. In CO,
only the glutamate is located at the binding site, and it is unable to lower
the pKa of the water molecule. In this case only diphenolase activity is

possible, which does not depend on a deprotonation step.
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Scheme 5. Deprotonation of a phenolic substrate in the TYR cycle. Adapted with
permission from reference.l'04 Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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It is evident from these findings that Nature, during evolution,
altered outer sphere interactions to modulate substrate access and tune
enzymatic activity. Therefore, it is hypothesized that the electrostatic
environment, conformation, and nature of second-shell residues at the
entrance of the mono-/diphenolase active site might be the determinant
of mono-/diphenolase activity. However, it is not completely clear which
molecular constraints specify the T3 copper core toward mono- and/or

diphenolase activity and a specific selectivity.
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1.3.3 Multicopper Oxidases and Particulate Methane Monooxygenases: different

copper centers inside the same protein

The MCOs are a family of enzymes that combines the oxidation of
four substrate equivalents by one electron with the reduction of oxygen to
water by four electrons.[105 At least four Cu atoms, split across T1Cu,
T2Cu, and T3Cu centers (Figure 1.7), make up the catalytic motif in
these proteins. The trinuclear center (TNC) responsible for oxygen

reduction is formed by the combination of T2Cu T3Cu sites.[106!

<« 134

\

T2 (normal) Cu

' 2H,0
$ _

- %
. ~~ T3 Cu

Site of substrate \ (coupled binuclear)
oxidation Trinuclear cluster: site of
oxygen reduction

Figure 1.7. The catalytic core of MCOs. Green spheres represent copper ions. Figure
generated from the crystal structure of ascorbate oxidase (PDB ID: laoz). Adapted with
permission from reference.[10” Copyright 2007 American Chemical Society.

MCOs are found in a variety of living organisms. They are involved in
the formation of lignin in plants (plant laccases),!'%8 pigment formation,
lignin degradation,[1%? detoxification processes in fungi (fungal
laccases),[119 iron metabolism in yeast (Fet3p)1'! and mammals (hCp
and hephaestin), copper homeostasis in bacteria (CueO),[112l and

manganese oxidation by bacterial spores.[113!
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In the reaction mechanism of MCOs, the main electron transfer (ET)
steps are the (i) substrate reducing the T1Cu site, (ii) ET from the T1Cu
site to the trinuclear cluster, and (iii) the trinuclear cluster reducing
0:.[1141 Thus, the T1Cu site's main task is to transfer electrons from the
substrate to the trinuclear Cu cluster site, which is about 13 A away. The
coordination sphere of the T1Cu site always has two His ligands and one
Cys, providing MCOs their typical blue color. Interestingly, although
having essentially similar copper active sites for catalysis, MCOs have a
wide range of substrates and catalytic rates. Moreover, it is still unclear
the specific function played by each of the three copper ions of the
trinuclear cluster.

Given the coordinative promiscuity of copper in these enzymes,
studies to explain the differences in activity have been conducted at
individual copper sites.

The investigations have mostly focused on type 2 depleted (T2D) form
of laccase,!'1% the influence of second coordination sphere residues near
the trinuclear cluster,'16117 and computational analyses of the dioxygen
reduction mechanism. Like other binuclear T3Cu enzymes, T2D laccase
only retains a single binuclear T3Cu site at the trinuclear cluster.
Although it has been demonstrated that the T3Cu site in Hc can
reversibly bind di-oxygen in the form of peroxide,!18 the reduced site in
laccase does not interact with di-oxygen.[115l Studies have also focused on
the role of the D94 (located on the edge of the trinuclear cluster) and
E487 residues (located near the T3Cu site) in the second coordination
sphere. It has been shown that D94 is necessary for the trinuclear cluster
to react with Oz, and E487 donates a proton during the reductive

cleavage of the O-O bond.
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Solomon and coworkers performed an experimental evaluation of the
unique functions of each copper center in O2 reactivity by deliberately
perturbing the trinuclear cluster in MCOs using mutagenesis.[119 The
three copper ions in the cluster are coordinated by eight His residues. To
produce an altered, but stable and intact trinuclear cluster, each His
residue was mutated to Gln. Three of the eight mutants contain the
entire trinuclear cluster and were isolated in their type 1 depleted (T1D)
forms to remove the strong spectroscopical features of the T1Cu center.
This represents a valuable study to isolate the different types of copper
centers within MCOs, without spectral overlap between the 3 different
copper centers.

The catalytic promiscuity of MCOs is also given by the modulation of
the reduction potential of the T1Cu site. All MCOs require effective
electron transport from T1Cu to the active site, which is tightly coupled
to the T1Cu redox potential. A fine-tuning of the redox potential of the
T1Cu center can alter the catalytic activity of MCOs.[120.121]

In Bacillus subtilis laccase, changing the axial T1Cu ligand from Met
to Leu or Phe resulted in a 100 mV increase in reduction potential, which
lowered laccase activity by 24-fold in the Leu mutant and nearly
completely in the Phe mutant.[?2l Changing the native axial Phe of
Thapsia villosa laccase to Met decreased the T1Cu potential by 100
mV.1123] This mutation raised kcr and Km while shifting the optimum pH
value to a more basic value. Kamitaka and coworkers reported that the
M467Q mutation in Myrothecium verrucaria bilirubin oxidase reduced
the T1Cu formal potential by 230 mV while enhancing the kinetics of the

electrocatalytic oxygen reduction process./124
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Another class of proteins that host different copper active sites are
the pMMOs. Soluble methane monooxygenase (sMMO), which requires
iron, and pMMO, which requires copper, catalyze the conversion of
methane to methanol.125.126l While the structure and spectroscopy of the
diiron metal active site in SMMO are well-established, the copper sites in
pMMO are not completely characterized.

pMMO 1is an integral-membrane enzyme, whose purification is a
challenging task, being a membrane protein. 1271291 Tt is composed of
three subunits, PmoA, PmoB, and PmoC, arranged in a 300 kDa asfsys
complex. Based on the crystal structures of various pMMO, it has been
determined that two copper centers, one situated in PmoB (Cug) and one
located in PmoC (Cuc), have the potential to serve as active sites (Figure

1.8).

His133

/Y\G Cug

-, @ | HIS

Figure 1.8. A single protomer from the crystal structure of Me. sp. str. Rockwell pMMO
(PDB ID: 4phz). PmoA is depicted in gold, PmoB in purple, PmoC in teal, and an
unidentified helix is gray. The two copper ions are depicted as spheres and to the right
are expanded to show the putative coordinating residues. Adapted with permission from
reference.l130) Copyright 2021 American Chemical Society.
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The Cus first coordination sphere is composed of three imidazole
nitrogens from His29, His133 and His135 and one amino terminal
nitrogen from His29.

Although in the past this site has been modeled as both mononuclear
and binuclear,[131-134 it has now been confirmed to be a mononuclear
site.[135.136] Cup nuclearity, coordination environment and redox state (2+)
are also supported by Continuous Wave-Electron Paramagnetic
Resonance (CW-EPR), ENDOR (Electron Nuclear Double Resonance)
spectroscopy and XAS (X-ray Absorption Spectroscopy).[137.138] However,
given the no-conserved His residues in all pMMOs,[139 the saturated
equatorial coordination, and the oxidation state (2+) present even in vivo,
it is not plausible that Cus is the binding site of Oz and methane.

Crystallography has also shown that the enzyme has a Cuc metal-
binding site in the subunit PmoC whose ligand set, includes Asp129.
His133 and His146, are the same in all types of methanotrophs.[139 The
copper in Cuc is present as Cu(I) in vivo14? and in the presence of Asc as
reductant,!’3” making it reasonable to assume that it represents the
active site for dioxygen activation and methane binding.

Over the year, bioinorganic chemists performed a thorough
spectroscopic investigation of the Cu sites, in order to dissect the main
features responsible for pMMO activity. The catalytic mechanism is still
difficult to interpret, nevertheless, it is supposed that the species

responsible for the oxidation of methane is copper-oxyl species, as

hypothesized for LPMOs.[141]
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1.4 Nesting copper active sites into de novo designed proteins

As discussed in the previous paragraphs, numerous natural copper
oxygenases/oxidases have been structurally characterized. Consequently,
most of our understanding of enzyme mechanisms is derived from these
studies. Significant advances have been made in this respect. However,
the different modes through which copper enzymes catalyze specific
reactions with high efficiency remain still elusive. Dissecting the specific
contribution of several elements, such as first and outer coordination
sphere ligands, through a fine structural, spectroscopic, and functional
characterization of multi-site metalloenzymes represent a complicated
and challenging task.

The design of artificial metalloenzymes, made up of robust scaffolds,
easy to produce in good yield, may help in understanding the catalytic
properties of the parent natural enzymes.

Three different strategies are usually applied for developing artificial
metalloenzymes: (i) providing a metal-binding site to a native and stable
protein, lacking a metal center; (ii) changing an existing metal-binding
site in a native metalloenzyme to generate a non-native reactivity; and
(iii) building a metal-binding site into a de novo designed protein
scaffold. This last strategy is used in this Ph.D. thesis, and it will be

discussed in more detail.

1.4.1 Protein design of helical bundles

Proteins are versatile biomolecules adapted to perform countless
functions indispensable to life in all its forms. The structure of a protein,

encoded in its amino acid sequence, has been carefully sculpted by
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evolution and is the basis for its ability to perform catalysis, signaling,
transport, scaffolding or any other required function. Because the three-
dimensional structure of a protein is completely specified by its sequence,
gaining a sufficiently detailed understanding of the sequence/structure
relationship would enable predicting the native structure, thereby
solving what is known as the “protein folding problem”.[142] Protein
designl143l is the opposite endeavor, namely given a three-dimensional
structure required for a desired function, to find the sequence encoding
for it, and is therefore also called “inverse folding problem”.l'44 De novo
design refers to the construction of new proteins from first principles,
unrelated to any sequence found in nature, and encompasses both
computational design methodologies and sequence-based approaches,
like binary patterning.[145146] The totality of all proteins of all organisms
that exist and have existed is known as the “protein universe”, and it
represents only a very small fraction of all possible sequences, which is
enormous even for relatively short polypeptides.l47 The still unexplored
regions of the sequence space can be sampled through de novo design, to
obtain the optimal sequences for entirely new structures. Since proteins
adopt the structure that corresponds to the energy minimum, an
accurate model to calculate the energy associated with each conformation
is necessary for both design and structure prediction, together with a
conformation sampling method. Possible strategies in de novo design
have evolved during the last decades parallel to both technological
advancements and to the understanding of the biophysical principles
underlying protein folding. The first examples of de novo design, from the
1970s to 1980s, were done manually using model-building and physical

models.[148.149] T ater efforts, between the late 1980s and early 2000s, were
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guided by physicochemical principles and were based on equations
defining backbone geometry and sidechain repacking algorithms.[150.151]
Starting from the 2000s, progress in bioinformatics and rapid increase in
PDB entry number have allowed the rise of fragment-based and
bioinformatically informed computational protein design. These
advancements have led to the first computationally designed structure
(@3D)152  and fold (Top7),153 in 1999 and 2003 respectively,
demonstrating the feasibility of protein design from scratch. Almost half
of all existing proteins bear metal-binding sites with either a structural
or functional role, such as transport, catalysis, electron transfer and
dioxygen binding. Metalloprotein design!'3* is a natural extension of
protein design methodologies and can be implemented by grafting a
metal site onto an existing scaffold or by designing de novo a new
structure satisfying precise spatial requirements for the coordinating
residues (commonly His, Glu, Asp, Met and Cys). Second-shell hydrogen
bonds can be introduced with first-shell residues to further increase the
rigidity and binding affinity of the newly formed metal site. Among
possible scaffolds for metalloprotein de novo design, coiled coil helical
bundles play a prominent role. a-Helical bundles have been extensively
studied and parametric equations can be used to design both right-
handed and left-hended coiled coils.!'55 The sequence requirements for a
a-helical coiled coil can be stated in terms of heptad repeats
“abedefz’,[156.157 a5 a consequence of the structural features of the a-helix
and of the relative position of the helices forming the bundle (Figure 1.9).
Positions a and d form the interior of the bundle and are occupied by
hydrophobic residues, positions b, ¢ and fpoint towards the exterior and

are generally occupied by polar residues, while positions e and g are
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located at the interface between subunits and are usually polar, but their
identity depends on the context.[!58 It was shown that it is possible to
design self-assembling a-helical coiled coils from scratch simply by
designing the sequence according to the aforementioned rules.!156
However, the stoichiometry and topology of the bundle can be highly
dependent on specific packing and polar interaction between

Subunits' [159,160]

Figure 1.9. Crystal structures and helical wheel diagrams for: a) two-helix bundle protein
GCN4 (PDB ID: 2zta); b) three-helix bundle (PDB ID: 1gecm); ¢) four-helix bundle (PDB
ID: 1gcl); d) end on views of de novo designed penta-, hexa-, hepta-, and octameric
bundles (PDB ID: 4pnd, 4h8o, 5ez8, 6g67). Adapted with permission from reference.l143]
Copyright Cambridge University Press 2020.

The reliable parametrization and simple design rules available for a-
helical coiled coils have made them popular scaffolds for de novo
metalloprotein design. Pecoraro and coworkers, starting form coil-Ser

peptide,!161 designed a homotrimeric three-helix bundle bearing a
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trigonal 3-Cys site that binds Hg2?* ions with high affinity and
thermodynamic stability.[162163] By substituting the apolar a position in
different points of the bundle, it was also possible to engineer an
appropriate coordination environment for the binding of various metal
ions such as Zn2?*, Cd2*, Pb2*, As3* and Bi3+.[164-174] The structural stability
offered by the formation of a 3-Cys mercury site was later exploited to
build a three-helix bundle bearing both the (Cys)sHg?* site and a
catalytically active (His)sZn2* capable of CO: hydration.'75 The zinc-
based active site that was designed has also been relocated into a3D (a
73-residue single-chain three-helical bundle anti-parallel protein
discussed earlier) by changing three of the core Leu residues into His
residues.[176177 The same scaffold has been modified to nest a
tetrathiolate environment able to bind iron(' and, recently,
molybdenum.[17 The trimeric coiled coils can be used not only for
catalysis. Peacock and coworkers have used them successfully to make
magnetic resonance imaging probes with good relaxivity[180181 and
Pecoraro, Ivancich and coworkers to bind heme cofactor.[182!

Four helix bundles are another topology that has been successfully
adapted to the introduction of metal-binding sites. Lombardi, DeGrado
and coworkers designed the DF (Due Ferri, in Italian) de novo family
(Figure 1.10), a series of minimal proteins possessing a GlusHise-diiron
site within a four-helix bundle, by using parametric equations to
generate the folded structure and algorithmic protocols for packing.[183!
The first model, DF1, showed remarkable agreement between the
designed and experimentally determined structure and the position of
the coordinating residues was largely preorganized as demonstrated by

the almost identical apo and holo form structures.['®* Whereas the
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original DF1 was a Cz-symmetric homodimer, subsequent modifications
led to related structures formed by a single chain (DFsc)8! and four
chains (DFtet).[186] Construction of the tetrameric bundle DFtet was the
first example of a Monte Carlo algorithm that implemented both positive
and negative design computations and enabled the creation of two-
component A:Bz and three-component AaApB:z heterotetrameric
bundles!87 that assembled with high selectivity and affinity to form the
desired structure. In DF protein scaffolds, a range of catalytic and
binding activities have been generated By altering the surrounding
environment of the diiron site, it was feasible to construct DF analogs
that catalyze the O:-dependent oxidation of dihydro-quinones!’®8 and
amino phenols(!89 at comparable rates to the alternative oxidase enzyme.
Additionally, by asymmetrically incorporating an extra His ligand (as
well as additional second- and third-shell hydrogen bonding groups), the
DF protein was modified to catalyze aniline hydroxylase, resembling a
family of non-heme enzymes.[190-1921 Moreover, the radical semiquinone
anion, which is ordinarily unstable in aqueous solution, was stabilized
using the DFsc scaffold.[193)

A tetranuclear Zn?* cluster was also introduced into a DF protein by
placing four bridging Asp and four terminal His inside the bundle, as
well as replacing some apolar residues inside the bundle with polar ones

to build a well-defined hydrogen bonded network around the metal

site.[194,195]
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= Metal-ligand bond = === Hydrogen bond

4DH1, axial view.

(f)

)

3,
DF1: DFsc: DF e

Two chains One single chain Four chains

Figure 1.10. DF protein family. a) and b) DF1 protein metal-binding site and d) crystal
structure (PDB ID: lec5); ¢) 4DH1 tetrazinc cluster site (PDB ID: 5wll); e) single chain
and f) tetrameric variants created from DF1. Adapted with permission from reference.[143!
Copyright Cambridge University Press 2020.

Over the years the four-helix bundles have been engineered to bind
small molecules, such as metalloporphyrins,!196-198) or to perform natural

functions such as allostery.[199
1.4.2 De novo design of copper proteins

Copper proteins have been chosen as candidates for protein design to
test our understanding of metalloprotein structure and function.
However, it is worth mentioning that some first examples of de novo

designed copper proteins are the copper-dependent electron transfer
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protein. An early example of de novo copper proteins was reported by
Tanaka and coworkers. They inserted a T1Cu and a Cua center within a
native-like single-stranded four-helix bundle, called AM2C, to take
benefit from the intrinsic asymmetry of the construct.200-2021 Later,
Pecoraro and coworkers designed cupredoxins using rational design
inside a three-helix bundle and were able to replicate all mononuclear
cupredoxin classes within the same scaffold.[203-206!

More intriguing is the case of de novo designed T2Cu proteins. The
first examples of a structural T2Cu center in a de novo designed three-
stranded coiled coil containing a (His)s binding site was reported by
Ghadiri and Case.207 A 19-residues peptide sequence with a 2,2’-
bipyridyl (bpy) moiety connected at the N terminus and a His residue at
the C terminus was used to build the construct. The bpy group was
treated with Ru?* to produce a fac[Ru(bpyPep)sl? unit that connects the
N termini of three helices. This construct led to the formation of a
completely folded homotrimeric three-helix bundle with a (His)s
coordination environment available for copper-binding.

Other examples of structural T2Cu sites inside a de novo designed
scaffold are offered by Tanaka and coworkers inside the peptide family of
isoleucine zipper (IZ)28] and inside a single chain four-helix bundle. (209

Although these systems recapitulate the T2Cu center spectroscopic
fingerprints, they were not studied for redox catalytic behavior (e.g.,
oxidation of organic substrate). In the design of catalytic active T2Cu
proteins, the scaffold should: (i) be flexible to change the coordination
environment according to changes in the oxidation state of the copper

ion; (ii) enable the activation of Oz (or its derivative) without ROS
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formation and copper-binding deactivation; (iii) enable the access for the

substrate to the metal site for the catalysis.
1.4.3 De novo design of catalytic copper proteins

As it was discussed earlier, copper oxidoreductases contain mainly
mononuclear T2Cu or binuclear T3Cu (or both). Differently from
mononuclear T2Cu sites, which have been widely constructed in a variety
of de novo scaffolds, the T3 di-nuclear sites have been mainly studied in
natural proteins and small inorganic complexes.210211 Very recently,
Song and coworkers installed a di-copper site at the Cs-symmetric
interface of the hexameric acetyltransferase, using the unnatural
bipyridyl-alanine as a tight chelating residue.?12 The first example of a
de novo designed T3Cu protein, published at beginning of 2023, has
been developed within this thesis, and will be discussed in the following
chapter. The following paragraph describes some outstanding examples
of catalytic active T2Cu de novo designed copper proteins, in order to
highlight the progress made in the field.

As a model for the catalytic center of nitrite reductase (NiR),
Pecoraro, Tegoni and coworkers reported the insertion of a catalytic
T2Cu site within a de novo-designed three-helix bundle.23l In algae,
fungi and bacteria, the nitrite reductase (NiR) enzyme facilitates the one-
electron reduction of nitrite (NOsz-) to nitric oxide (NO). This protein
hosts a T1Cu electron transfer site and a T2Cu center, where nitrite is
reduced.2!4 As discussed earlier, de novo metalloprotein design allows
scientists to dissect a complicated system like Cu-NiR and analyze its
cofactor individually. In the crystal structure of Hg2*-Zn2+-TRIL9CL23H

(a de novo designed model for Carbonic Anhydrase),['7 the Zn2+(His)s
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binding site superimposes very well with the T2Cu center of native
CuNiR. For this reason, to characterize Cu* and Cu2* binding, a simpler
scaffold (TRIL23H), missing the heavy metal-binding Cys3 site, was
developed (Figure 1.11).

A

Ny

Figure 1.11. a) Model representation of de novo copper protein Cu-(TRIL23H)s based on
the structure of Hg2*s[Zn2*Nn(H20)](CSLOCL23H)s* (PDB ID: 3pbj). b) View of the Zn2*-
(H20)(His); site along the pseudo-three-fold axis of Hg2*s[Zn2*x(H20)l(CSLICL23H)s*
(cyan), overlapped on the T2Cu2+*(H20)(His)s site in R. sphaeroides NiR (PDB ID: 2dy2,
backbone depicted as green cartoon and side chain as pink sticks). Zinc is depicted as
grey sphere, copper as orange sphere, water-bond on zinc as green sphere, water-bond on
copper as red sphere. ¢) Side view of the same superposition in b). Adapted with
permission from reference.215 Copyright 2018 American Chemical Society.

TRIL23H bounds Cu* and Cu2* with affinity in the range of pM and
nM, respectively. The X-ray absorption near edge structure (XANES)
analysis of the 1s to 4p transition study of Cu*-TRIL23H was compatible
with a three-coordinate Cu* complex, and the extended X-ray absorption
fine structure (EXAFS) analysis verified His binding through outer-shell

scattering consistent with imidazole ligation. Cu2*-TRIL23H was studied
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by UV-Vis and EPR spectroscopy, confirming a Cu?*-Hiss site with one or
two bound water molecules.

Interestingly, when Cu*-TRIL23H is mixed with nitrite, NO gas
production is observed (trapped as [Fe(NO)(EDTA)]?). Moreover, in the
presence of excess Asc, the system acts as a catalyst for nitrite reduction
for at least 5 turnovers. Lastly, FT-IR spectral analysis did not detect
N:20, a common side product observed with small molecule models of
CuNiR.

This scaffold was the first de novo T2Cu protein that was stable,
functional, and water-soluble, but with catalytic constants still far from
those reported for the natural CuNiR.[213]

Making functional a T2Cu center inside a de novo designed scaffold,
the modulation of the catalytic activity was studied by changing the
identity of the residues beyond the first coordination sphere. The
modulation of the negative charge around the T2Cu center leads to: (i) a
decrease of 2 orders in Cu* affinity, (ii) a 100 mV reduction in the redox
potential and (iii) a 3.5-fold increase in the CuNiR activity.26! Cu-
TRIL23H includes Leu residues both above and below the copper-binding
site; hence, water access is restricted. By altering these Leu packing
layers to smaller Ala, larger Ile or H-bonding Asp residues, the
importance of second sphere residues was proved to be a key in the
modulation of the catalytic activity.217

Next, methylated His residues were used to enforce His binding by
either the §- or e-nitrogen (using N. or Ns methylated His, respectively).
It was found that Ns methylated His residues together with a Leu to Ala
mutations in the second coordination sphere boost the CuNiR activity.[218l

This work is an outstanding illustration of design methods made possible
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by de novo scaffolds that are more difficult to implement into native
systems.

Pecoraro, Policar and coworkers designed binding sites for Cu-only
Superoxide Dismutase (SOD) into a single chain three-helical bundle
scaffold. The asymmetry offered by this scaffold allowed to investigate
how changing the identity of the fourth ligand affected the enzyme
reactivity and the redox potential. They tested three-His (Hs), four-His
(H4), His2Asp binding plane with a third His outside this plane (H:DH) or
a Hiss binding plane with an Asp outside the plane (HsD). From this
study, it appears that a fourth ligand from the scaffold is not required for
Cu-only SOD activity, but may be employed to modulate the copper redox
potential.[219]

Copper de novo designed proteins have recently been investigated for
their potential to activate O-O and O-H bonds. Chakraborty and
coworkers recently investigated this idea by including a Cu(His)s site
within a homotrimeric three-helix bundle,?20 very similar to the design
of the CuNiR described by the Pecoraro group,13 albeit with a different
peptide sequence and the Cu(His)s located closer to the N-terminus of the
scaffold. Adding H20: to ArCuP (Articial Copper Peptide), a putative
copper oxygen species is formed, even if several residues within 5-28 A of
the copper active site were oxidized as hydroxyl radicals were generated

in the process (Figure 1.12).[220]
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Figure 1.12. a) Structure of ArCuP (PDB ID: 7133) highlighting the oxidizable residues on
one helix as detected by LC-MS/MS. Proposed copper-oxygen species showing b)
unoxidized His residues or c) proposed oxidative damage to the first coordination sphere
during catalysis. Adapted with permission from reference.220! Copyright 2021 American
Chemical Society.

ArCuP is electrochemically active in the C-H bond activation of
various organic substrates, using H202 as a co-substrate. Furthermore,
modifications of the residues of the second coordination sphere lead to a
modulation of the catalytic activity.22

Finally, in addition to a helical bundle, Korendovych and coworkers
used catalytic Cu-bond amyloid peptides to study the Oz activation by a
T2Cu center. EPR spectroscopy confirmed the presence of a T2Cu center
and one peptide showed a 1-fold increase in activity toward 2,6-
dimethoxyphenol (DMP) oxidation with respect to blank reaction (Figure
1.13).12221

-43-



1. Introduction

OH
Cull - ﬁ,[ 2 % 2 e 0oL
Y e 5
(' '.; \ r(
v DMP

Cull Cu'

b o)
v ST —
-~ -
O
N

-

£
O‘ %‘

e 1

= N
oS

—7
-

b b3
(o} 0
2
o-{)-pro
P Y
(o} o}
© \ /
Cu' Cu'

Figure 1.13. Oxidation of DMP catalyzed by copper-bound amyloid peptides. Adapted
with permission from reference.l?22 Copyright 2016 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Catalytic amyloids have the potential to act as heterogeneous
catalysts, which is one of their many advantages. A Cu-bond amyloid
peptide was studied for the hydrolysis of paraoxon, a common
organophosphate insecticide that persists in the environment for long
periods of time due to its poor background hydrolysis. The authors used a
0.22 um syringe filter to capture Cu-bond amyloid peptide. Despite the
reduced activity after being deposited on the filter, multiple passes of the

substrate solution can be done to promote paraoxon hydrolysis.[223]
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Copper metalloproteins play important roles in a variety of biological
processes. Although there have been significant advancements in various
fields, the mechanisms by which copper-enzymes efficiently and
specifically activate dioxygen are still not fully understood. The first
coordination sphere of many natural copper-enzymes, as well as the
outer shell interactions, are located within complex and intricate protein
structures, adding complexity to their study. As previously highlighted,
many copper metalloproteins contain multiple copper-cofactors that may
produce overlapping spectroscopic signals, making it challenging to
specifically examine the different contribute of each cofactor.

The goal of this Ph.D. thesis is to develop artificial copper-containing
metalloenzymes by using de novo design strategies. This represents an
outstanding challenge, as this task requires a suitable protein scaffold
apt to fulfill three essential functions: (i) adapt to changes in the
coordination environment as a result of the copper ion oxidation state; (ii)
facilitate the activation of O2/H202 without the formation of ROS and (iii)
enable the substrate to access the active site.

Along these lines, Type 3 and Type 2 copper sites were engineered
into helical bundles. Indeed, as outlined in the previous chapter, three-
and four-stranded helical bundles are particularly suitable to host metal
centers. For the Type 3 copper center, the aim of this project was to prove
the feasibility of reshaping the first and second coordination sphere of
the previously developed di-iron containing DF1 model, to obtain a
functional protein (DR1) housing a 6-His di-copper binding site, endowed

with substrate selectivity, a key feature of natural enzymes.
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For T2Cu, the goal was to assess if the coordination behaviors and
catalytic features of the LPMO active site, namely the HB, naturally
housed on the surface of B-sandwich structures, can be implanted in
completely different folds, as simple helical bundle scaffolds. To this end,
the de novo design of four-stranded (miniLPMO) and three- stranded
(dHisB) helical bundles was exploited.

All the results highlight the power of de novo design to afford protein
scaffolds suitable for the development of artificial copper
metalloenzymes, which could have significant implications in different
fields, by providing new tools for the synthesis of complex molecules and
the production of high-value chemicals in a sustainable and

environmentally friendly way.
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2. Engineering a Type 3
Copper site into a De Novo

Designed Scaffold

Key words: Artificial Metalloenzymes ° Polyphenol
Oxidases °* Protein Design ° Substrate Selectivity * T3
di-Copper site

2.1 Results and Discussion

2.1.1 DR1 Design

To build the T3 site into the four-helix bundle scaffold, the symmetric
crystal structure of di-Zn2*-DF1 (PDB ID: lec5) was used.! The DF1
scaffold consists of two non-covalently linked helix-loop-helix motifs (o),
with the first coordination sphere ligands of the di-nuclear GlusHis: site
buried within the protein (Figure 2.1a). The entire design procedure was
carried out while maintaining the C2 symmetry of DF1. The first step
was aimed at identifying suitable positions to host the coordinating His
triad for each Cu ion. Potential locations were the a and d positions, with
the Co atoms placed within 7 A of the Zn2* ions and facing inwards the
bundle.? In addition to locations 10, 36, and 39, which correspond to the
coordinating residues of the DF1 di-nuclear site, position 32' (numbers
with primes indicate symmetry-related residues in the symmetric dimer)

appeared to be the only appropriate candidate (Figure 2.1b). Next, the X-
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ray structure of di-Zn2*-DF1 was superimposed with the structures of
several T3 copper proteins (Figure 2.1b and Table 2.1). To limit the
number of potential permutations, His39 was maintained as the initial
member of the His triad at the original di-metal location. Then, the
optimal place for His mutation was established among Glu10, Glu36, and
T1le32' by repeatedly superimposing His39 onto each His residue in the
natural proteins. His10, His32', and His39 were determined to be the
optimal triad in terms of ligand distance and coordination geometry.
Glu10/10' and Ile32/32' were therefore changed to His. Notably, in 3His-
DFsc, a single-chain variant of DFs, Ile was replaced with His in a
similar position in order to reprogram the reactivity from oxidation of
activated quinols to N-oxygenation of anilines.®! In order to prevent
competition for Cu binding, Glu36/36' were changed to Ala, creating a
6His di-copper-binding site in the homodimeric structure (Figure 2.1c).

Subsequently, hydrogen-bonded networks were introduced, as they
are crucial for stabilizing metal sites in de novo designed proteins.[45 As
already exploited in DF1, His39 was successfully stabilized by its N-
terminal interaction with Asp35' (Figure 2.1a). Additionally, this Asp
interacts with Lys38 via a salt bridge (Figure 2.1d). Ile14Glu and
Ile40Lys mutations were required for His10 second shell interaction. By
interacting with His Neg, Lys and Glu sidechains form a salt-bridge that
may prevent the formation of unwanted side chain/main chain H-bonds
(Figure 2.1e). Finally, similar to 3His-DFs, by swapping Leu43His,
Leu3Asn, and Leu47Glu, His32' was stabilized by an H-bond network
spanning nearly the whole length of the bundle (Figure 2.1f).
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Figure 2.1. a) Active site structure of di-Zn*-DF1 (PDB ID: lecb). b) Superposition of DF1
metal-binding site, with focus on the a and d residues within 7 A from one Zn2* ion, with
one coordinating His triad from several T3 copper proteins (PDB IDs: see Table 2.1). Side
chains and the metal ion of DF1 are represented as sticks and spheres, respectively. The
triad sidechains and the copper ion of the natural proteins are represented as lines. c)
DR1 T3 di-copper site. d) H-bond network of His39. e) H-bond network of His10. f) H-
bond network of His32. In all panels, the two symmetry-related o2 motifs are represented
as cartoons in different colors (cyan and green) for clarity of display. The Zn?* ions are
reported as grey spheres.

Table 2.1. T3 copper proteins selected for the superimposition with DF1.

PDB Protein Organism Form
4yd9 Hce T. pacificus Oxy
1js8 He E. dofleini Oxy
1111 He L. polyphemus  Met
1bt2 CO I batatas Met
2p3x PPO V. vinifera Met

2y9w PPO A. bisporus Met

5ce9 TYR J. regia Met
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2.1.2 Shaping active site accessibility and design validation

After designing the putative 6His di-copper metal-binding site, the
hydrophobic core repacking, loop definition, and active site accessibility
were evaluated, in order to balance protein stability and function.®
Indeed, the primary and secondary sphere mutations required for the T3
copper site design into the DF1 scaffold, impose a substantial
thermodynamic costl®) and necessitated the insertion of stabilizing
substitutions at distant sites, namely in the hydrophobic core and loop
region.[”8! Reconstruction of the homodimer hydrophobic core was
performed by RosettaScripts repackaging cyclel®19 resulted in the
following mutations: Leu7lle, LeullGlu, Tyrl7Leu, and Leu33lle. The
idealized or—ar—p interhelical loop (Thr24-His25-Asn26) was
subsequently preferred over the DF1 loop sequence (Val24-Lys25-Leu26).
As previously found in DF3 and more recently in DFP3,[11.12] the selected
loop sequence possesses a network of H-bonded sidechain/mainchain
interactions and enhances the bundle's stability/flexibility.

Residues at positions 9/9' and 13/13', corresponding to the g and d
positions of the oo motif, influence the shape and accessibility of the
active site cavity in DF proteins.[13141 In DF1, all Leu residues at these
sites afforded exceptional protein stability, but entirely restricted
substrate access to the di-metallic site. By changing the channel-lining
residues from Leu to Ala to Gly, the hydration and reactivity of the di-
metal core were significantly enhanced.['3-16/ Thus, a comprehensive
screening of the best pair in positions 9 and 13 by Molecular Dynamics

(MD) was performed.
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Cu?* was replaced with Zn2* for the MD simulation, as the MD
parameterization of zinc is particularly reliable in the CHARMM
forcefield.['” In addition, zinc substitution does not significantly alter the
orientation of the first coordination sphere in DF scaffolds or natural
PPOs.[781418] The “non-bonded method” was used to characterize zinc-
protein interactions to allow for molecular flexibility. To bypass the
limitations of this method, caused by the lack of charged residues in the
first coordination sphere, a sulfate anion was used as a bridging ligand to
control the relative positioning of the zinc ions.[9

DF3, which is catalytically active and presents the combination
9G13G, was used as an internal reference. To ensure that the structural
and dynamic properties derived from the simulations are free from initial
non-equilibrium effects, the following analyses do not include the
equilibration time of each trajectory, unless otherwise stated.
Specifically, 9L13A, 9L13G, 9A13A, 9A13G, 9G13A and 9G13G
combinations were screened.

In detail, the calculation of Solvent Accessible Surface Area (SASA)
around the access channel (from residue 8 to 15 of Chain A and B) was
primarily analyzed to determine the best set of mutations. Table 2.2
reports the mean values and the deviation of the SASA along the
production for all the analogs and DF3. Two distributions of the SASA
were observed. 9L13A and 9L13G analogs showed a more hydrated
interface, with a SASA higher than 1050 A2. All the other mutants had a
SASA of ~960 Az, with only 9G13A showing a slight outlier behavior.
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Table 2.2. Solvent Accessible Surface Area (SASA) calculated for DF3 and for the
screened combinations at positions 9 and 13.

DF3 9L13A 9A13A 9A13G 9G13A 9G13G 9L13G

SASA (A2) 1071+43 1064+42 963+47 942+48 992+62 953+42 1097 +45

Thus, the subsequent analysis was carried out just on these two
analogs, by evaluating their global folding and dynamic properties. The
Root Mean Square Deviation (RMSD) computed on Ca atoms and Radius
of gyration (Ry), calculated along the trajectories, are reported in Figure
2.2a and 2.2b, respectively. No differences were observed for the RMSD
of the Ca atom (Figure 2.2a) and R values (Figure 2.2b) among 9L13G
(12.9 + 0.1 A) and 9L13A and DF3 (13.1 + 0.1 A and 12.9 + 0.1 A,
respectively).

a)z.o— b)15—

9L13G 9L13G

+4—9L13A 4—9L13A
——DF3 ——DF3

00ft—r—T—T—T"—T"—T 11 — T T T
4 6 4 6 10
Time (ns) Time (ns)

Figure 2.2. Time dependence of a) RMSD computed on Ca atoms and b) Radius of
gyration (Rg). 9L13G, 9L13GA and DF3 are shown in yellow, green, and pink,
respectively.

However, the root mean square fluctuation (RMSF) per residue at the
Ca atom of 9L13G analog clearly differed from those of 9L13A and DF3
(Figure 2.3a, Figure 2.3¢ and Figure 2.3e, respectively). More specifically,

the C-terminus of the helix2 showed a very high flexibility, including
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residues involved in the H-bond network of the coordinating His32.
Analyzing the trajectory, this behavior was caused by a kink in the
helix2 with an o-helix to random transition in its terminus (Figure 2.3b)
and justified the slightly lower Rg observed for the 9L13G analog (Figure
2.2b, in yellow). This conformational transition was not observed when
position 13 was occupied by the helix-inducer Ala residue (Figure 2.3d).
These results confirmed the thermodynamic toll of the Ala-to-Gly
substitution on the four-helix bundle, reflecting the decreasing secondary
structure propensity and hydrophobic driving force as observed from
DF1-L13A to DF1-L13G.[¢! With respect to DF3, the effect of Gly at
position 13 in the helix 1 is more pronounced in the newly designed
protein housing the T3 copper site, because of the numerous
substitutions along the sequence. Indeed, DF3 did preserve its global
folding in the same explored time, even though the presence of all Gly
residues at positions 9 and 13 (Figure 2.3e).[%11 Thus, all the above
analyses suggested that adopting Leu at position 9 and Ala at position 13
would be the most favorable combinations of channel-lining residues to
preserve global folding, without giving up a solvent accessible interface

for the substrate binding.
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Figure 2.3. a) 9L13G analog RMSF computed on Ca atoms as a function of the residue
position b) Final structure of 9L13G analog at the end of the trajectory. View of the inter-
chain helix1-helix1 interface on the left and of the intra-chain helix1-helix2 interface on
the right. ¢) 9L13A analog RMSF computed on Ca atoms as a function of the residue
position. d) Final structure of 9L13A analog at the end of the trajectory. View of the inter-
chain helix1-helix1 interface on the left and of the intra-chain helix1-helix2 interface on
the right. e) DF3 RMSF computed on Ca atoms as a function of the residue position. f)
Final structure of DF3 at the end of the trajectory. View of the inter-chain helix1-helix1
interface on the left and of the intra-chain helix1-helix2 interface on the right. Backbone,
coordinating and channel-lining residues and the metal ions were represented as
cartoons, sticks and spheres, respectively.
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Finally, the 9L13A analog was further analyzed by cluster analysis.

The trajectory was divided into 2-ps timeframes, generating a dataset of
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5000 structures. The cluster analysis considered an RMSD value,
calculated on the protein Ca atoms, of 0.075. This led to the formation of
51 clusters, with the first 10 clusters containing more than 92 % of the
total number of structures in the trajectory (Table 2.3). The centroid of

the first cluster (% abundance of 43.74) is reported in Figure 2.4.

Table 2.3. Structure abundance of the 10 clusters of 9L13A molecular simulation
trajectory.

Abundance

Cluster (no. of structures) % Abundance

1 2187 43.74
2 804 16.08
3 448 8.96
4 336 6.72
5 230 4.6
6 196 3.92
7 136 2.72
8 110 2.2
9 82 1.64
10 72 1.44
Sum 4601 92.02
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Figure 2.4. Centroid structure of the most abundant cluster determined on DRI1
trajectory by cluster analysis (See Table 2.3).

To further validate the design protocol, in collaboration with the
University of Milan (prof. Luca De Gioia) a DFT geometry optimization
was performed, replacing zinc and sulfate with copper in the DR1 MD
relaxed model (see Experimental Section for further details). A p-hydroxo
di-copper cluster (metform), together with the two His triads side-
chains and other residues shaping the catalytic pocket, were modeled in
the DFT calculation (Figure 2.5a). The substitution of Zn2* with Cu2?* and
the addition of one hydroxide ion in the bridging position led to a
shortening, upon geometry optimization, of the metal-metal distance by =
1 A This indicates a significant flexibility of the coordination
environment, which is a fundamental feature for the catalytic activity of

T3 sites. The overall architecture of the optimized active site closely
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resembles the one observed for PPOs met-forms (Figure 2.4b, 2.5¢, 2.5d
and Table 2.4): both Cu2* ions retain the coordination of the two His
triads and of the bridging OH. The final DR1 a2 sequence with all the
mutations with respect to DF1 and DF3 is reported in Figure 2.5e.

a) b)
; YS i
¢
c d
) ) 25—
— <L 7
< >
< © 2.0
Q (]
g 5,
S ® 1.5—
2 N
=1 j(l_:J 1.0
®)
1 Z 7
8 5 0.5
(@] -
- 0.0
Natural TYR and CO DRI Natural DRI
e) proteins (met-form) DFT model proteins ~ DFT model
Helix 1 Helix 2
abcdefgabcdefgabcdefg fgabcdefgabcdefgabcdef

DFl DYLRELLKLELQLIKQYREALEYVKLPVLAKILEDEEKHIEWLETILG
DF3 DYLRELLKGELQGIKQYREALEYTHNPVLAKILEDEEKHIEWLETILG
DRI DYNREL I KLHEQAEKQLREALEYTHNPVLAKHIEDAEKHKEWHETIEG

Figure 2.5. a) Details of the di-Cu2*-DR1 active site as obtained by DFT calculations. His
coordinating residues and Ala and Leu, shaping the access cavity, are illustrated. b)
Superposition of the DFT optimized structure of di-Cu2*-DR1 active site with the di-
nuclear site of several T3 copper proteins (PDB IDs: see Table 2.4). The two symmetry-
related oz motifs are represented as cartoons in different colors (cyan and green) for
clarity of display. The Cu?* ions are reported as brown spheres. ¢) Average Cu-Cu
distance as observed in natural proteins (in red), average Cu-Cu distance as observed in
the metform of TYR and CO (in green) and Cu-Cu distance as derived from DFT
geometry optimization of di-Cuz-DR1 active site (in blue). d) Average Cu-N distance as
observed in natural proteins (in red), average Cu-N distance (N§ for His 10/10’ and His
39/39’, Ne for His 32/32") as derived from DFT geometry optimization of di-Cu2*-DR1
active site (in blue). e) Peptide sequence alignment of DR1 o2 motif with DF1 and DF3.
For all the sequences, coordinating residues are reported in cyan and underlined,
residues lining the access site in magenta, and loop residues in red. Other DR1
substitutions with respect to DF1/DF3 are highlighted in orange.
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Table 2.4. RMSD between T3 copper proteins and the final QM-minimized di-Cu2*-DR1
model.

PDB RMSD (A)=

4yd9 0.94
1js8 0.93
1111 0.76
1bt2 1.08

2p3x 1.15

2y9w 0.99
5ce9 1.13

20Only the coordinating N atoms of His residues and copper ions were considered for the superimposition.

2.1.3 DR1 Folding, Copper Binding and Thermodynamic Stability

Using Fmoc methods, apo-DR1 was chemically synthesized, purified
by Reversed-Phase High-Performance Liquid Chromatography (RP-
HPLC), and identified by ESI MS (observed mass: 5858.97 + 0.01 Da,
theoretical mass: 5858.96 Da).

Size exclusion chromatography (SEC) analysis revealed that DR1
assumes the designed homodimeric structure in both the apo and holo
forms (Figure 2.6a). The elution peak corresponds to a molecular weight
of approximately 14.7 kDa (see Experimental Section), in good agreement
with that expected for the a2 homodimer (= 12 kDa), and with that of
DF1 used as standard (Figure 2.6b).

-69-



2. Engineering a Type 3 Copper site into a De Novo
Designed Scaffold

a) b)
12.5 12.5 =
S i —apO-DR1 g J —:zg-gs:
—— ._ 2+_ -
<100 4 di-Cu DR12:10.0_
E £
E75— £ 75
o [
g g 1
2 50— > 50—
£ 254 g 2.5
0.0 0.0
| L L L 1 L L L 1
1 .2 ,3 .4 5 o 1 2 3 4 5
Time (min) Time (min)

Figure 2.6. a) Analytical gel filtration chromatograms, recorded at 280 nm, of 100 uM
DR1 (in 50 mM sodium phosphate, 300 mM NaCl pH 6.8) in the absence (red line) and in
the presence (blue line) of 150 uM CuSOs. b) Analytical gel filtration chromatograms,
recorded at 280 nm, of 100 uM DR1 (red line) and 20 uM DF1 (black line) (in 50 mM
sodium phosphate, 300 mM NaCl pH 6.8).

Circular dichroism (CD) analysis gave insights into DR1 folding upon
copper-binding. The CD spectra of apo-DR1 at pH 7.5 (Figure 2.7a, red
line) display double minima at 209 and 222 nm typical of a a-helix
conformation. Cu?* addition to apo-DR1 increased the mean residue
ellipticity (MRE) at 209 and 222 nm, indicating an increase in helical
content (Figure 2.7a, blue line). This finding demonstrated that the
binding of the metal ion to DR1 increases its global folding, as was
previously shown for a number of DF family members.[1120] Cu2* titration
by CD (Figure 2.7b), following the change of the MRE at 222 nm, allowed
to determine the stoichiometry of the interaction. The data were fit to a
generic P + nM <PM. equilibrium,® considering DR1 as a dimer. As

expected, a protein-to-metal ratio of 1:2 was obtained (n = 1.91 + 0.05).
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Figure 2.7. a) Ultraviolet CD spectra of DR1 (100 uM in 10 mM HEPES 300 mM Na2SO4
pH 7.5) in the absence (red line) and in the presence (blue line) of 100 uM CuSOa.. b)
Ultraviolet CD spectra changes upon the addition of Cu2?* to DR1. Inset: the fraction
bound, as calculated at 222 nm, is plotted against copper:protein ratio. The dashed red
line represents the fit of the data to a binding isotherm with a 2:1 (metal:peptide)

stoichiometry.

Isothermal Titration Calorimetry (ITC) was utilized to determine the
thermodynamic underpinning for the copper binding to the protein.
Figure 2.8 depicts the binding isotherm obtained from the integration of
the raw ITC data (Figure 2.8a) after titrating a solution containing 25
uM DR1 with 400 uM CuSO4. Data fitting by the independent binding
model confirmed the expected binding stoichiometry of 2 Cu2* ions per
DR1 dimer, and gave a dissociation constant Ka value of (5 £ 2) uM
(Figure 2.8b). The thermodynamic profile of the process at 298.15 K
revealed a small contribution of binding enthalpy, AH; is -2.5 + 0.3 kd
mol’!, equivalent to the energy of one hydrogen bond (Figure 2.8b, inset).
As a result, the binding process is entropically driven (-TAS=-27 + 1 kJ
mol!), as observed in other de novo designed copper proteins.2! The
enthalpic gain related to the formation of His-copper bonds slightly

exceeds the thermodynamic cost of breaking the already established
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favorable interactions both in the apo-protein and in the hydrated metal
ion. However, the overall rearrangements probably give the entropic

boost to the binding, likely releasing a relevant amount of water

molecules.
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Figure 2.8. a) ITC raw data obtained from the titration of apo-DR1 with CuSO4 in 10mM
HEPES, 300 mM Na2SO4 pH 7.5 buffer solution. b) Integrated ITC data (black squares)
as a function of the copper ions and di-DR1 concentration ratio. The dashed red line is the
best fit of experimental data using the independent site binding model. Inset:

Thermodynamic signature of the binding process: AH, in red, TAS, in green and AG; in
blue.

2.1.4 Spectroscopic Characterization of the Di-Copper Center

The UV-Vis spectrum of di-Cu?+-DR1 (Figure 2.9a) is characterized
by an absorption band centered at 621 nm. The observed molar
extinction coefficient (¢) for the di-copper site is 100 M'! cm'! , which can
be attributed to a weak d-d transition typical of tetragonal Cu?*, as
reported in the met-form of Hcs, 22 CO23 and TYR.24 Di-Cu2*-DR1 shows
an axial EPR spectrum (Figure 2.9b), typical of Cu?* in tetragonal

geometry.25l 40 + 10 % of total copper was determined to be EPR-active
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(see Experimental Section for details). This reveals that DR1 contains a

significant fraction of antiferromagnetically coupled EPR-silent T3 sites.
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Figure 2.9. a) Visible absorption spectra of apo-DR1 (red line) and di-Cu2+-DR1 (blue
line), at 50 uM concentration, (e is shown for di-copper site). b) X-band CW-EPR spectrum
of di-Cu?*-DR1, with 30% of glycerol as a glassing agent, at 300 M copper concentration.
The spectrum was recorded at 77 K. All the samples are in 10 mM HEPES 300 mM
Na2S04 pH 7.5.

Interestingly, upon O:2 exposure of the di-Cu*-DR1, the fraction of
EPR-active Cu?* species was reduced by 40 % (figure 2.10). These results
suggest that Oz binding to the site may change the Cu-Cu distance,

hence favoring antiferromagnetic coupling between cupric ions.
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Figure 2.10. X-band CW-EPR spectra of di-Cu2*-DR1 (blue line), upon reduction with
hydroxylamine (black line), and subsequent exposure to air (cyan line). The integrated
intensity of each spectrum (I), normalized to the intensity of the spectrum of di-Cu2+-DR1
is reported. After re-oxidation, a loss of = 40% of the initial intensity is observed.

2.1.5 Di-Copper-DR1 Diphenolase Activity: DTBC oxidation

Once DR1's capacity to bind copper and recapitulate the T3 site was
established, its diphenolase activity was evaluated. The addition of the
model substrate 3,5-di-tert-butylcatechol (DTBC) to a solution of di-Cu?2*-
DR1 induced the formation of two bands near 410 nm and 660 nm in the
UV spectrum (Figure 2.11a). The band at 410 nm was unambiguously
assigned to 3,5-di-tert-butyl-o-benzoquinone (DTBQ) (see Experimental
Section), but the band at 660 nm is unrelated to the product and can be
provisionally attributed to the red-shifted Cu2* d-d transitions upon
quinone binding (see infra). NMR analysis of the reaction mixture ruled
out the presence of any byproducts, as only DTBQ was detected (see
Experimental Section). A complete conversion of DTBC to DTBQ was
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observed over 60 min (Figure 2.11b). No increase in DTBQ production
was detected over the background when the reaction was carried out
with apo-DR1, di-Zn%*-DR1, or in sole buffer, demonstrating that the
catalysis occurs at the DR1 di-copper site (see Experimental Section).

In order to get insight into the role of oxygen in the catalytic
mechanism, the reaction was also conducted in anaerobic conditions
(Figure 2.11c). After DTBC was added to di-Cu?*-DR1, 1 equivalent
(relative to the catalyst) of DTBQ was rapidly produced (Figure 2.11d
white symbols). Then, no rise in product formation was detected until

aerobic conditions were restored (Figure 2.11d black symbols).
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Figure 2.11. a) UV-Vis absorption spectra recorded every 10 minutes upon addition of 250
pM DTBC to 50 uM di-Cu?+-DR1 in 10 mM HEPES 300 mM Na2SOs4, pH 7.5. b) DTBQ
formation kinetic under aerobic conditions. ¢) UV-Vis absorption spectra recorded every
10 minutes upon addition of 250 pM DTBQ to 50 pM met-DR1 in 10 mM HEPES 300 mM
Na2SO0s, pH 7.5 in anaerobic conditions (dashed lines) and after the restoration of aerobic
condition (solid lines). d) DTBQ formation kinetic under anaerobic conditions (white
symbol) and after the restoration of aerobic condition (black symbol). All spectra are
subtracted for the protein background.

This finding suggests, similarly to natural proteins, a mechanism in
which di-Cu?*-DR1 reacts with DTBC thus producing one equivalent of
the corresponding quinone with concomitant reduction of the met

-76-



2. Engineering a Type 3 Copper site into a De Novo
Designed Scaffold

enzyme to the di-cupreous state. This hypothesis is consistent with the
reduction of the EPR-active species upon the addition of DTBC to di-
Cu2*-DR1 under anaerobic conditions (Figure 2.12).

= di-Cu?*-DR1
——di-Cu?*-DR1 + 5 eq. DTBC

| LA DL DL DL DL DL |
240 260 280 300 320 340 360
Magnetic field (mT)

Figure 2.12. X-band CW-EPR spectra of di-Cu2*-DR1 (blue line) and after the addition of
5 equivalents of DTBC (black line). The spectra were recorded at 77 K.

To complete the cycle, the addition of molecular oxygen re-oxidizes

the di-copper core, allowing DTBC to be rapidly transformed again into o-

quinone.
2.1.6 DTBQ interaction within the active site

As previously shown for several model compounds,2627 binding of
DTBQ to the di-copper site may occur upon oxidation of DTBC. UV-Vis
absorption spectroscopy and saturation transfer difference (STD) NMR
measurements demonstrated the binding of DTBQ to di-Cu?-DR1. The
addition of DTBQ to the protein resulted in the gradual development of
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the band at 660 nm (Figure 2.13a), which had previously been detected
with di-Cu2*-DR1-catalyzed DTBC oxidation (Figure 2.11).
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Figure 2.18. a) UV-Visible spectra recorded at a different time upon addition of DTBQ to
di-Cu?+-DR1 (final concentration 150 pM and 100 pM, respectively) in 10 mM HEPES 300
mM Na2SOs, pH 7.5. All spectra are subtracted for the protein background. b) Structural
formula of DTBQ with the relative degrees of saturation of the individual protons
normalized to Hb proton. ¢) upper STD-NMR spectrum of 10 pM di-Cu2*-DR1 with 100
uM DTBQ (saturation time 5s); lower 1D 'H NMR reference spectrum of DTBQ.

Using a 10-fold DTBQ excess relative to the protein, the STD

spectrum displayed narrow and well-defined lines (Figure 2.13c).
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Significant STD effects were detected for all the protons of DTBQ,
conclusively proving its binding to di-Cu2*-DR1. The strongest STD effect
was seen for proton Hs whose value was set to 100%. All other proton
intensities were expressed relative to the Hp signal (Figure 2.13b and see
Experimental Section for details). Similar saturation transfers (= 70%)
were observed between the t-butyl protons tBu. and tBuds. H. had the
lowest interaction with di-Cu?*-DR1, with STD of ~ 40%. These data
revealed proton Hj to point towards the di-copper site within the protein
core, t-butyl groups to interact with the hydrophobic sidechain at the
substrate-binding site, and proton H. to be more solvent-exposed. From
this structure, the DTBQ oxygen atoms would point toward the protein

core.

2.1.7 Di-Cu®*-DR1 kinetic parameters and substrate recognition by Hammett

analysis

Next, the catalytic parameters for the oxidation of DTBC were
determined. Di-Cu?+-DR1 followed Michaelis-Menten kinetics (Figure
2.14a and Table 2.5) in the presence of ambient oxygen, with K» and kcas
values of 0.70 + 0.06 mM and 65 + 3 min’!, respectively (kead Km = (9.2 +
0.4) 10* M''min’!). Kinetic investigations using differently substituted di-
phenols, such as 4-tertbutylcatechol (4-TBC) and catechol, revealed
interesting di-Cu2*-DR1 behaviors (Figure 2.14b, 2.14c and Table 2.5).
Though the removal of one substrate tertbutyl (tBu) group has a
negligible effect on Kn value (K. for 4-tertbutylcatechol: 0.82 + 0.08
mM), further lowering substrate steric hindrance, by removal of both tBu
groups, determines a huge effect on K value (K. for catechol: 39 + 5

mM). The observed decrease in catechol affinity with respect to DTBC
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suggests that the active site preferentially interacts with more
hydrophobic substrates, thanks to the aliphatic residues lining the active

site access channel (Figure 2.5a).
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Figure 2.14. Diphenolase activity of di-Cu2*-DR1. Initial rate dependence towards a)
DTBC concentration; b) 4-TBC concentration; c) Catechol concentration. Reaction
conditions were: 30 uM met-DR1 in 10 mM HEPES, 300 mM Na2SO4 pH 7.5, 20% DMF.
The substrates’ concentration varies from 0.125 mM to 0.725 mM for DTBC, from 0.125
mM to 3.2 mM for 4-TBC, and from 3.2 mM to 42 mM for catechol. Data were fitted
according to Michaelis Menten equation (dashed red line).
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Table 2.5. Kinetic parameters for the differently substituted catechols in the oxidation
catalyzed by di-Cu2+-DR1.

Km (In.M) kcat (min-l) kcaJ Km (M-l min-l)

DTBC 0.70+0.06 65+3 9.2+0.4 104

4-TBC 0.82+0.08 22.6+1.2 2.7+0.2 104

Catechol 39+5 73+5 1.89+0.14 103

To further validate the substrate recognition capabilities of di-Cu2*-
DR1, DTBC, 4-TBC, catechol, and 4-chlorocatechol were utilized in a
Hammett analysis. Compared to catechol as a reference substrate, the
apparent catalytic reaction rate (TOF) was found to increase with the
electron-releasing effect of the substituents, whereas -electron-
withdrawing groups gave smaller TOF values (Figure 2.15a). Using the
Hammett parameter op, the correlation between reaction kinetic and
linear free energy relationship-based electronic  substituent
characteristics was investigated. It was found that the Hammett plot
(log(TOF) vs op parameters)i28l deviates from linearity (R2 = 0.87).
(Figure 2.15a). This suggested that other factors, such as the steric
effects of the substituents, also play an important role in catalytic
activity, thanks to the constraints exerted by the protein matrix
surrounding the active site. To assess the relationship between steric and
electronic effects and the reaction kinetics of the various catechol
substrates, the op” parameters were modified using the ov Charton steric
parameters.’?8 The modified parameter was determined to be ¢’ = 6™ - ov.
The correlation between log(TOF) and o is linear (R?2 = 0.99) with a
negative slope (p = -1.6) (Figure 2.15b). A similar p value was observed in

natural T3 copper proteins!2939 and in several synthetic complexes, 3! for
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which a positively charged transition state has been invoked in the rate-
determining step. The good correlation found by correcting the op
parameter by steric volume is clear evidence of the direct interaction of
the protein matrix with substrates. This result further supports that the
presence of tBu groups on the substrates determines favorable
interactions within the active site, thus increasing the catalytic rate and

lowering K, values.
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Figure 2.15. a) Hammett plot of values of log(TOF) for oxidation of catechol substrates as
a function of op," and b) as a function of 0 = 0" - ov. The points are experimental points,
measured for compounds of the structures shown adjacent to those points. Di-Cu2*-DR1
concentration was 30 uM in 10 mM HEPES, 300 mM Na2SO4, 20% DMF, pH 7.5 and
substrate concentration was fixed at 550 pM. The data points were fitted with a linear
function (dashed red line). Error bars were obtained from three independent
measurements.

2.1.8 di-Cu?*-DR1 substrate recognition by DFT calculations

To describe the interaction of substrates within the DR1 pocket, DFT
calculations were undertaken (see Experimental Section for details on
the utilized di-Cu2*-DR1 cluster model). In agreement with EPR results,
the di-copper site is in its ground state anti-ferromagnetically coupled

met-form (preferred over triplet solution by 1.8 kcal/mol at the B3LYP-
- 82 -



2. Engineering a Type 3 Copper site into a De Novo
Designed Scaffold

D4 level). Differently substituted catechol substrates were tested to
better rationalize, on a stereo-electronic basis, the effect of tBu groups on
binding affinities. Figure 2.16 depicts the optimized structures of three
distinct adducts resulting from the binding of DTBC, 4-TBC, and
catechol to the di-copper site.

Figure 2.16. a) Front-view of the DFT-optimized adducts of DR1 pocket with DTBC (in
purple), 4-TBC (in pink) and catechol (in orange) and b) top-view of catalytic pocket with
the bound catechols, highlighting (as spheres) the hydrophobic side chains mostly
involved in substrate recognition.

Due to its structure and steric limitations, the DR1 cavity directs
catechol substrates towards a particular binding mode, which most likely

involves a single Cu core (Figure 2.16a and Figure 2.17).
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Figure 2.17. Interaction models of 4-TBC with di-Cu2*-DR1 pocket. a) Top-view of the
binding cavity; b) and c) substrates orientations impeded by steric clashes with the
protein matrix (indicated by a red dotted circle); d) substrate orientation considered in
QM calculations, that ensures the lower number of unfavorable contacts with the pocket.
According to the accessible binding poses, it is highly unlikely for the substrate to
interact with both metal centers (b) or perpendicularly with respect to the Cu-Cu bond
(c), excluding some of the mechanisms previously proposed for COs. 3233

Since the exact mechanism for substrate binding for natural CO has
not been unambiguously determined, two alternative routes were
envisioned and simulated (in the absence of molecular oxygen and
starting from the mono-hydroxide me#form, as proposed by Krebs)34: a)
entailing the binding of singly-deprotonated substrates, assuming first
deprotonation to be assisted, for instance, by nearby water molecules and

b) in which deprotonation is assisted by the bridging hydroxide anion. In
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any case, the same energetic trend is observed, thus it is reasonable to
see a similar result independently from the mechanism. Such trend
reflects the different number of tBu groups in the substrate, which affect
the stereoelectronic features of the binding process. Besides forming
more hydrophobic contacts with the pocket, the presence of tBu
substituents also increases the reducing power of the substrate, further
triggering its binding. Indeed, the latter is predicted to be accompanied
by a significant negative charge transfer from the substrate to the di-
copper center, which has been quantified through a NBO population
analysis at the B3LYP-D4 level of theory (considering binding
mechanism a) the CT values, in electrons, are: 1.06 for DTBC, 0.97 for 4-
TBC and 0.90 for catechol).
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Figure 2.18. Relative binding energies (kcal/mol, BP86-D4 level) for the tested substrates
to the met-form. a) route involving the binding of single-deprotonated substrates and
assuming the first deprotonation to be assisted by nearby water molecules and b) in
which deprotonation is assisted by the bridging hydroxide anion.
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The calculated relative binding energies (Figure 2.18) clearly
demonstrated that the affinity decreases in the order DTBC > 4-TBC >
catechol, confirming the experimental result that bulky hydrophobic
groups promote substrate binding. The observed trend is the same
regardless of the envisaged binding mechanism. The removal of one tBu
group, going from DTBC to 4-TBC, decreases affinity by = 4.5 kcal mol?,
while a further tBu substitution with a hydrogen atom causes an
additional affinity loss of = 8 kcal mol.

Such differences can be explained in terms of both steric and
electronic factors. One tBu (position 4 for 4-TBC and 5 for DTBC) forms
favorable dispersive contacts with residues L9/L9 and A13/A13’, while
the second tBu in DTBC (position 3) can also interact with the L17 side
chain (Figure 2.16b), further stabilizing the binding adduct. The lack of
these favorable hydrophobic interactions in catechol recognition explains
its lower affinity for DR1, confirming the crucial role of positions 9 and
13 in substrate binding. Furthermore, the extent of charge transfer from
the bound substrate to the di-copper site is larger for DTBC and 4-TBC
rather than for catechol, reflecting a stronger binding for electron-rich

(and thus more reducing) substrates.
2.1.9 Mechanistic studies of dioxygen activation

As described in paragraph 2.1.5, di-Cu?*-DR1-displays diphenolase
activity towards catechol substrates wusing molecular oxygen as
cosubstrate. As previously reported for other small synthetic dicopper
complexes, 26351 two possible pathways have been proposed for O:
reduction and subsequent catechol oxidation catalyzed by di-copper sites.

The first common initiation step is the reduction of the copper ions with
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the concomitant oxidation of one equivalent of catechol to quinone
(Scheme 1, black line). The deoxy~form may then react with dioxygen to
generate the Cuz02 core (oxy-form). This intermediate may, in turn,
oxidize another equivalent of catechol with the formation of the metform
resting state (Scheme 1, blue line). In the alternative pathway, the
oxidation of deoxy-form is mediated by dioxygen with the concomitant
formation of H202, and without the oxidation of another equivalent of

catechol (Scheme 1, red line).

Scheme 1. Two possible pathways for dicopper center catalyzed oxidation of DTBC: the
mechanism indicated by the blue line involves the formation of the Cuz20z core (oxy~form);
the mechanism indicated by the red line involves the metform regeneration upon
hydrogen peroxide production.
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In order to gain mechanistic information, stopped-flow absorption

spectroscopy was used to analyze the kinetic of 3,5-di-tert-butylcatechol

(DTBC) oxidation. The product formation was followed at 415 nm.
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All the progress curves (Figure 2.19a) showed an initial burst phase,
upon the addition of the DTBC to me#DR1 (formerly called di-Cu2*-DR1),
followed by a severe slowdown in the conversion. For this reason, a
kinetic model based on two steps to describe this behavior was proposed
(Scheme 2): 1) the equilibrium among me#DR1 and DTBC with deoxy-
DR1 (formerly called di-Cu*-DR1) and DTBQ, described by k. and %» as
kinetics constants for the direct and inverse reactions, respectively; ii)
the recycling oxidation of the enzyme from the deoxy to the met-form by
molecular oxygen, with a catalase-like equilibrium, described by 4. and

kaq as kinetics constants for the direct and inverse reactions, respectively.

Scheme 2. Kinetic model of DTBC oxidation by met-DR1.
kq
_)
1) met — DR1 + DTBC = deoxy — DR1 + DTBQ

kp
k¢
%

2) deoxy — DR1 + 0, = met — DR1 + H,0,

kq

In the Experimental Section, the mathematical description for
Scheme 2 1is reported. This model successfully reproduced the
experimental data (Figure 2.19b) in the range of concentration explored
and the following kinetic constants were obtained: %k, = (4.9 + 0.3) x 102
Mis kp=1(2.5+0.9) x 10* M'ls'!, kc=(0.84 + 0.09) x 102 M''s’, ko= (0.5 +
0.3) x 103 M'ls’l. Moreover, the equilibrium constant K (k./k» calculated
from the model was in complete agreement with that determined in an
anaerobic experiment, confirming the model robustness (see

Experimental Section).
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Figure 2.19. a) Stopped-Flow progress curves of DTBQ formation as measured at 415 nm
and at different concentrations of DTBC. b) Graphical representation of the simulated
curve (dashed orange line) superimposed on the progress curve acquired (solid blue line)
by stopped-flow techniques at 725 uM of DTBC. The me#DR1 concentration was 30 uM in
10 mM HEPES, 300 mM NazSO4, 20% DMF, pH 7.5.

To get insights into the involvement of H20: in the catalytic
mechanism, an Amplex Red biochemical assay!®®’ to monitor the H202
production was performed. H:20: concentration was determined at
different reaction times (1, 10, 20, 30, 40 and 50 min) (Figure 2.20a). This
analysis pointed out that, after one minute of reaction, a discrete amount
of H20: can be observed (23 pM, approximately half the concentration of
met-DR1 and 1/10 of DTBC concentration), and this amount is consumed
to background levels within 30 minutes. Subsequently, stopped-flow
analysis in the presence of catalase was carried out for a longer
timeframe (3 minutes) (Figure 2.20b). Interestingly, the presence of
catalase had an influence on the produced amount of quinone only on a
longer timescale, specifically after the first minute of reaction progress.
According to these data, it can be hypothesized that H202 is formed in a

sub-stoichiometric amount during the first turnover and that it does not
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accumulate over time nor reaches a significant steady-state

concentration.
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Figure 2.20. a) Hydrogen peroxide formation detected by Amplex Red ultrassay over time
in presence of 50 uM me#DR1, 250 uM DTBC in 20 mM HEPES, 300 mM Na2SO4 (black
squares). b) Stopped-Flow kinetic curve of quinone formation as measured at 400 nm in
the absence (black line) and in the presence (red line) of 100 U/mL catalase. The met-DR1
concentration was 30 pM in 10 mM HEPES 300 mM Na2SO4 20% DMF pH 7.5.

It should be noted that the H202 could be either produced by off-track
two-electrons reduction side reaction, or by the partial release of peroxo
anion from the oxyform. To try to detect the formation of the putative di-
Cu?*-DR1-oxygen species, met-DR1 (Figure 2.21, blue line) was fully
reduced by hydroxylamine addition under nitrogen atmosphere. The
reduction was confirmed by the disappearance of the d-d band at 621 nm
typical of the deoxy-form of DR1 (Figure 2.21, black line).

Upon air exposure at room temperature, the deoxy~DR1 solution
slowly developed a persistent dark green color. After 72 hours, the UV-
Vis absorption spectrum showed three new spectral features at 300 nm,
398 nm and 600 nm (Figure 2.21, cyan line). In particular, the strong 300
nm band may be assigned to the n*; (022) — d(x2 — y2) (Cu) charge
transfer (CT) band. Further, the presence of a band at ~ 400 nm has been
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already observed in the studies reported by Stack et al. on oxyTYR
model compounds. In this analysis, UV spectroscopy supported by DFT
calculation suggested that this band is expected for methyl-imidazole

complexes and corresponds to a n* (imidazole) — d(xy) (Cu) CT band.[3!

1.0
met-DR1
08 e leoxy-DR1
' deoxy-DR1 + O,

QO -
<

0.4

0.2 +

0.0 -

300 400 500 600 700 800
Wavelength (nm)

Figure 2.21. UV-Visible absorption spectra of 300 uM mezDR1 (blue line), 300 uM deoxy~
DR1 in anaerobic conditions (black line) and after the restoration of aerobic conditions
(cyan line). All spectra are acquired in 20 mM HEPES 300 mM Na2SO4 pH 7.5.

To better identify the nature of the intermediate DR1-oxygen
complex, Raman spectroscopy was employed. Unfortunately, the region
from about 600 to 800 cm™ where the vibrations involving the oxygen-
oxygen bond are observed, is featureless. This finding suggests that, if
present, the intermediate di-Cu?*-DR1-oxygen complex would be at a
concentration below the detection limits of resonance Raman
spectroscopy.

To shed light on the intermediates formed during catalysis, azide-

binding experiments were performed on met-DR1. Indeed, azide is a
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spectroscopic analog of peroxide, the natural substrate of T3 proteins,
due to the striking similarity between their highest occupied orbitals.
According to Solomon’s classification!®” about endogenous ligands of
dicopper site of type 3 copper proteins, azide belongs to group 2 ligands.
While group 1 ligands (F-, Cl', Br, CHsCO2) provide a ~ 3 A copper-
copper distance that would sustain an endogenous protein bridge (and
hence no EPR signal via antiferromagnetic coupling), group 2 ligands
(N3, SCN’) can coordinate dicopper site to produce a > 5 A copper-copper
distance and destroy the endogenous bridge (producing an EPR
detectable binuclear cupric site). Moreover, sodium azide, upon
coordination to Cu(II), produces a complex with a moderate absorption in
the near ultraviolet-visible region, due to N3 to Cu(II) charge transfer
transition, whose relation with the azide coordination mode has been
deeply analyzed.!38-40]

Addition of sodium azide to a solution of metDR1 at pH 7.5 produces
changes in both EPR and UV-Vis absorption spectra (Figure 2.22a and
2.22b). The UV-Vis absorption spectrum of metDR1 + N3 shows a large,
asymmetric band with a maximum at 380 nm and a shoulder around 450
nm (Figure 2.22a). The data were fitted with a multiple peak gaussian
fitting, giving rise to two peaks at 370 nm (2000 M'lcm) and 420 nm
(1000 M'lem™?) (Fig 2.22a, dashed lines in green and orange, respectively).
These bands should correspond to the components of the n*; (N3) — dx2-
y2 (Cu) CT band, split in two by the (: symmetry of the system, with a p-
1,3 hapticity. The energies and the absorption coefficients agree with
model compounds of copper dimers with a single u-1,3 azide bridge and
the natural dicopper proteins.[38 Moreover, N3~ binding had an influence

also on the d-d transition of metDR1, causing a shift of ~ 70 nm (from
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621 nm to 690 nm), as observed in the natural T3 copper proteins
Limulus He.[24

The EPR spectrum (figure 2.22b), upon azide addition, shows a signal
with increased intensity, related to the formation of an EPR-detectable

complex.

a) b)
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Figure 2.22. a) UV-Visible absorption spectra of 50 uM met-DR1 and 50 uM met-DR1 plus
0.8 M NaNs, in blue and red, respectively. The gaussian component of the red line
spectrum is shown with dashed orange and dashed green lines. ¢) X-band CW-EPR
spectra of 50 pM metDR1 (blue line) and upon addition of 0.8 M NaNs. After NaNs
addition and enhancement of = 90% of the initial intensity is observed. All spectra are
acquired in 20 mM HEPES 300 mM NazSO4 pH 7.5.

These findings demonstrate that metDR1 is able to bind and interact
with exogenous ligands and suggest that the copper ions within the site
may be involved in the formation of high-valent copper-oxygen
intermediate during the catalytic cycle.

A detailed spectroscopic study, together with a deep analysis of the
optimized experimental conditions to ascertain the presence of the DR1-
oxygen complex, thus unraveling the catalytic mechanism of catechol

oxidation, are under course.
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2.2 Experimental Section

2.2.1 Design

Sequence design of DR1 was accomplished with Accelrys Discovery
Studio software.[l! The total symmetric di-Zn2+-DF1 (PDB ID: lech)
crystal structure coordinates were relaxed with an adopted basis
Newton-Raphson minimization cycle till convergence (gradient < 0.1 kcal
mol! A1). Two distance restraints between zinc and His N§ coordinating
atom were adopted during all the minimization cycles to keep the
crystallographic geometry of the metal-binding site. Di-ZnZ*-DF1
molecule was typed with all-atom Discovery Studio implementation of
CHARMM force field,“? a simplified Generalized Born method was
adopted for solvation energies and forces,3! long-range contributions
were accounted with a 1.4 nm spherical cut-off with an exponential
switching starting from 1.2 nm. From this minimized structured, all the
subsequent mutations were introduced. The superposition of the
designed model with the crystallographic structures of T3 copper
proteins was performed with Pymol software (DeLano Scientific 1td). For
the repacking of the hydrophobic core, RosettaScripts (v. 2016.32.58837)
protocol was implemented.[®19) The backbone, loop and active site
sidechains were kept restrained in this phase of design not allowing the
replacement of key residues and selecting amino acids depending on the
environment (solvent accessible surface area, SASA) with a protocol of

layer design.
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2.2.2 Molecular Dynamics Simulation

All MD simulations were performed using NAMD2engine, with the
CHARMM36 force field. Each designed structure was hydrated within a
pre-equilibrated octahedral box with an entry edge distance of 10 A with
the CHARMM-GUI interface.44 TIP3P water parameterization was used
to describe the water molecules and the charge neutralized by potassium
ions placed with the Monte Carlo method. The periodic electrostatic
interactions were computed using particle mesh Ewald summation with
a grid spacing smaller than 1 A. The system has been first minimized by
10000 conjugate gradient steps and then equilibrated by using a linear
temperature gradient, which heated up the system from 0 to 310.15 K in
5 ns. A constant temperature of 310.15 K was imposed by using Langevin
dynamics with a damping coefficient of 1.0 ps. Constant pressure of 1
atm was maintained with Langevin piston dynamics, a 200-fs decay
period, and 50-fs time constant. Free MD were performed up to 10 ns
with a 2-fs integration time step using the RATTLE algorithm applied to
all bonds.2! All the mutations at the positions 9 and 13, to generate the
different substrate-access analogues, were performed on the final model
of the previous step of design. The first model of the NMR bundle was
used as starting coordinates for DF3 MD simulation (PDB ID: 2kik). The
zinc-protein interactions were described with the ‘non-bonded method’ to
allow DR1 molecular flexibility. However, to overcome the limits of this
method due to the absence of charged residues in the first coordination
sphere, a sulfate anion was used as bridging ligand to implicitly
constraint the position of the zinc ions. The trajectories were analyzed by

the VMD molecular visualization suite.
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A cluster analysis was performed to the molecular simulation
trajectory of the final DR1 analogue. The GROMOS clustering
algorithm,!45! implemented in g_cluster, was used to determine cluster
memberships with a 0.75 A RMSD as calculated on the Ca atoms. The
centroid of the cluster was considered the structure with the greatest

number of neighbors.
2.2.3 DFT calculations

Calculations have been carried out within the Density Functional
Theory (DFT) framework, using the TURBOMOLE 4.1 suite of
programs.46l The pure exchange-correlation functional BP8614748 has
been adopted, in conjunction with an SVPM9 basis set for geometry
optimizations and with a TZVPBY for subsequent single point
calculations (at BP86/SVP optimized geometries) for a more accurate
estimation of binding energies. The Resolution-of-Identity (RI) technique
allowed to speed up geometry optimizations.’!! The Broken-Symmetry
(BS) approximation has been used to model antiferromagnetic couplings,
when needed.5? In the case of met-form, the antiferromagnetic nature of
the di-copper center was probed by performing single point calculations
at the B3LYP/TZVP levell4853l on BP86/SVP-optimized structures. The
same approach was used to perform Natural Bond Orbital (NBO)
analysis. D4 corrections®* were added to geometry optimizations for an
accurate treatment of dispersive forces. The hydrophobic environment
within the protein active site has been modelled by setting a continuum
dielectric with & = 4, according to the COSMO approach.555¢] Binding
energies were calculated by neglecting the entropic contribution, since it

can be reasonably approximated to a constant when considering the
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binding of congeneric molecules. For this reason, relative binding

energies are discussed rather than absolute ones.

Figure 2.23. QM-cluster model used for DFT calculations. The model was built from the
MD-relaxed DR1 structures, by including 18 symmetry-related residues, for a total of 252
atoms (excluding copper ions and substrates). Besides the Cu?+ coordination spheres
composed by the two His triads, other residues have been added, that sterically define the
pocket which accommodates the substrate. This would allow to rationalize the effect of
both cavity shape and physico-chemical property on both binding modes and affinities.
Only sidechains that are exposed at the cavity surface (i.e., that are supposed to interact
with catechols) have been considered, while the others (K8, K&, E11, E11’, Q18 and Q18)
have been properly truncated. Alpha carbons (indicated by the * symbol) have been kept
frozen to their initial position, to avoid artifacts arising from the absence of the explicit
surrounding protein matrix.

2.2.4 Synthesis

The 48-mer peptide was synthesized by automatic solid-phase
synthesis using an ABI 433A peptide synthesizer (Applied Biosystem,
Foster City, CA, USA) with 0.25 mmol Fmoc-protocols on a 0.1 mmol
scale. The N- and C-termini were acetylated and amidated, respectively.
The resin used was the acid labile H-PAL ChemMatrix with a

substitution of 0.31 mmol/g.
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The following protected amino acids were used: Fmoc-Gly-OH, Fmoc-
Glu(OtBuw)-OH, Fmoc-Ile-OH, Fmoc-Thr(tBu)-OH, Fmoc-His(Trt)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Ala-OH, Fmoc-Asp(OtBw)-
OH, Fmoc-Leu-OH, Fmoc-Val- OH, Fmoc-Pro-OH, Fmoc-Asn(Trt)-OH,
Fmoc-Tyr(tBu)-OH, Fmoc-Arg(Pbf)-OH and Fmoc- GIn(Trt)-OH.

Peptide chain assembly. Standard synthetic protocols were used for
deprotection, activation, coupling and capping cycles.l®l Deprotection,
coupling and capping steps were repeated with each subsequent amino
acid, until the chain assembly was completed. The N-terminal amino
group was acetylated with Ac20/HOBt/DIEA solution in NMP. After
synthesis completion, the resin was washed four times with DCM, NMP,
isopropanol and methanol, and finally dried.

Cleavage and deprotection. The peptide cleavage from the resin, with
concomitant side chain deprotection, was carried out using a solution of
95% TFA, 2.5% TIS, 2.5% H20 (v/v/v 40 mL). The reaction was carried
out for one hour at 0 ° C and one hour at room temperature, under a
slight magnetic stirring. The resin was filtered, and the solution was
collected under vacuum in a glass flask, then the resin was washed again
with undiluted TFA. The solution was concentrated to small volume and
the crude peptide was precipitated immediately, by adding 5 volumes of
cold diethyl ether respect to the peptide solution. After centrifugation,
the supernatant was removed, and the precipitate was washed twice
with three volumes of cold diethyl ether. The peptide was dried to remove
diethyl ether, re-dissolved in water and lyophilized.

Peptide analysis and purification. The identity of the crude peptide
was analyzed by analytical RP-HPLC, performed with a Shimadzu LC-
10ADvp equipped with a SPDM10Avp diode-array detector. ESI-IT/TOF
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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 on a Vydac C4 column (2.1 mm x 100
mm; 5um), eluted with an H20 0.05 % trifluoroacetic acid, TFA, (eluent
A) and CH3CN 0.05 % TFA (eluent B) linear gradient, from 10 to 95%
(solvent B), over 18.5 minutes, at 0.2 mL min! flow rate. The optimized
MS parameters were selected as followed: CDL (curved desolvation line)
temperature 250 °C; block temperature 250 °C; probe temperature 250
°C; detector gain 1.6kV; probe voltage +4.5kV; CDL voltage -15V.
Nitrogen served as nebulizer gas (flow rate: 1.5 L min}).

Purifications were accomplished by preparative RP-HPLC with
Shimadzu LC-8A connected to an SPD-20A Shimadzu UV-Vis
spectrophotometric detector. Chromatographic column Vydac C4 (22 mm
x 250 cm; 10 pm) was used at a flow rate of 23 mL min’!, with a linear
gradient of eluent B from 10 to 80 % over 30 min, appropriately scaled
up. The peak identity was verified by LC-MS. The pooled fractions,
containing the desired products, were lyophilized. The peptide
homogeneity was assessed by analytical HPLC and by ESI-IT-TOF mass

spectrometry.
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Figure 2.24. a) RP-HPLC chromatogram (210 nm trace) of pure DR1; b) ESI-TOF
spectrum of pure DR1. The signal at m/z = 1466.25 Th corresponds to the [M+4H*]4* ion
(theoretical isotopic m/z: 1466.25 Th); the signal at m/z = 1173.20 Th corresponds to the
[M+5H*]5* ion (theoretical isotopic m/z: 1173.20 Th); the signal at m/z = 977.84 Th
corresponds to the [M+6H*]6* ion (theoretical isotopic m/z: 977.83 Th); the signal at m/z =
838.38 Th corresponds to the [M+7H*]7 ion (theoretical isotopic m/z: 838.29 Th); the
signal at m/z = 733.37 Th corresponds to the [M+8H*]8* ion (theoretical isotopic m/z:
733.63 Th). ¢) Spectrum deconvolution gave (5858.97 + 0.01) Da (theoretical isotopic
mass: 5858.96 Da).
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2.3.5 Gel Filtration Chromatography

Analytical gel filtration chromatography of DR1 (100 pM), (apo-form
and in the presence of 1.5 equivalents CuSOs, was performed on a
Shimadzu LC-10ADvp, equipped with a SPDMI10Avp diode-array
detector. An analytical Yarra SEC-2000 column was equilibrated and
eluted with a degassed solution, containing 50 mM sodium phosphate
(pH 6.8) and 300 mM NaCl, at a flow rate of 0.35 ml min!. The
absorbance at 280 nm was monitored. DF1 (20 uM) was also analyzed in
the same experimental conditions, as standard. The injection volumes
were 2 pL and 20 pL for DR1 and DF1 solutions, respectively.

SEC experiments were performed to obtain the apparent molecular
weight (MW) of DR1 and DF1. Firstly, the calibration curve using the GE
Low Molecular Weight (LMW) calibration kit was determined,
calculating the partition coefficient Kav in function of log (MW). In

particular, the partition coefficient Kay is:
_ Ve — Vo
av — VC _ VO

K

where Vo is the column void volume (2.02 mL, retention volume of
Blue Dextran 2000 in Figure 2.25a), V. is the elution volume of the
protein or the standards and V. is the geometric column volume (4.08
mL). The aprotinin (4.42 mL, elution volume) was retained by the
column, since eluted after V., instead ovalbumin peak (3.00 mL, elution
volume) was not well resolved. For these reasons, these proteins were
excluded for the calibration curve. Finally, the apparent MW for DF1 and
DR1 was determined, compatible with a dimeric oligomerization state

(Figure 2.25b and Table 2.6).
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Figure 2.25. a) Analytical Gel Filtration chromatogram of the Blue Dextran 2000 (blue
line) and of the LMW standards (orange line). b) Calibration curve (dashed red line) with
standards proteins: Ribonuclease A, Carbonic Anhydrase and Conalbumin (in orange).
DR1 and DF1 are displayed at the calculate log MW (in red and black, respectively).

Table 2.6. DR1 and DF1 gel filtration parameters, as obtained from standard samples
and calibration curve (Figure 2.25b).

Protein Ve(mL) K. MW (kDa)
Ribonuclease A 3.55 0.74 13.7
Carbonic Anhydrase 3.24 0.59 29
Conalbumin 2.86 0.41 75
DR1 3.52 0.70 14.7
DF1 3.46 0.72 16.8

2.2.6 CD Spectroscopy

CD measurements were performed using a J-815 spectropolarimeter

equipped with a thermostated cell holder (JASCO, Easton, MD, USA).
CD spectra were collected at 25°C, from 260 to 190 nm at 0.2 nm
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intervals with a 20 nm min-1 scan speed, at 1 nm bandwidth and at 16 s
response. Cells of 0.1 mm path length were used in all measurements.

Metal ion titrations were carried out by adding small aliquots of
freshly prepared aqueous stock solutions of copper sulfate to the protein
solution (50 pM di-DR1, in 10 mM HEPES, 300 mM Na2SO. buffer at pH
7.5), in a 1 mm quartz cell. Samples were allowed to incubate for 5 min
before each measurement. DR1 binds Cu?* in the expected 2:1
metal:protein ratio, with binding constant in the micromolar range. The
equation for the CD data fitting was obtained by considering the
following equilibrium for metal-binding:

P+nM = PM,

Data were fitted as previously described.!®!
2.2.7 Isothermal Titration Calorimetry

ITC experiments were performed on a Nano ITC-III (TA Instrument)
with a cell volume of 0.961 mL. Calorimetric titrations were carried out
at 25 °C, by injecting 10 pL aliquots of a 400 pM CuSOs4 into a 25 pM of
di-DR1 dimer solution for a total of 25 injections. Both the metal and
peptide were dissolved in 10 mM HEPES, 300 mM Na2SO4 pH 7.5 buffer.
Control experiments were performed by injecting copper into the buffer,
to obtain the heat effects associated to dilution of each sample. The
calorimetric enthalpy for injection was calculated, after correction for the
dilution heat, by integration of the area under the peaks of ITC raw data
and normalized per mol of injectant. The binding isotherm was fitted by
using the model equation for independent binding site in the
NanoAnalyze software (TA Instruments). The molar Gibbs energy and

the molar entropy change were calculated from the classical relations:
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AGo = —-RT In(Kv); -TAS, = AG, — AHy. The thermodynamic parameters
were calculated from three independent titration experiments:

n=(1.82+0.14); Ka= (5 + 2) nM.
2.2.8 UV-Vis absorption spectroscopy

UV-Vis absorption spectra were recorded with a Cary Varian 60
Spectrophotometer, equipped with a thermostatic cell compartment
(Varian, Palo Alto, CA, USA), using a quartz cuvette with 1 cm path
length. Wavelength scans were performed at 25°C from 200 to 800 nm,
with a 600 nm min? scan speed.

Both apo-protein and copper stock solutions were freshly prepared in
H20 milliQ. The stock solutions of CuSOs were prepared at 10 mM
concentration. The initial DRI1 concentration was determined
spectrophotometrically by using essonm = 7550 M'lcm (per monomer).
The addition of equimolar amount of CuSOs respect the apo-protein
(monomer) into the buffer with apo-protein was performed slowly to
avoid the precipitation of Cu?* hydroxides. The formation of a d-d
transition band at = 621 nm (= 100 Mcm™ for dicopper site) has been
used to test the correct insertion of copper into protein.

Stock solution of 50 mM NH:20H was prepared by dissolving the solid
HCI salt in 10 mM HEPES 300 mM Na2SO4 pH 7.5 as buffer. After the
degassing of 300 uM di-DR1 solution (in 10 HEPES 300 mM Na2SO4 pH
7.5 as buffer) under a gentle flux of nitrogen for 60 minutes, 1 equivalent
of CuSO4+ was added and after three minutes 5 equivalents of NH2OH.
Afterwards aerobic conditions were restored. After 72 hours, the solution
was acidified to pH = 2 with concentrated H2SO4. The met- and deoxy~

form spectrum was obtained by subtracting apo-DR1 spectrum to the one
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recorded before and after the addition of NH20H, respectively. The
spectrum of the oxyform was obtained by subtracting the spectrum
obtained after acidification to the spectrum recorded 72 hours after air
exposure.

Stock solution of 5 M NaNs was prepared by dissolving the solid in 10
mM HEPES 300 mM NazSO4 pH 7.5 as buffer and the pH of this solution
was adjusted with H2SO4. Sodium azide was added to metDR1 solution
in 10 mM HEPES 300 mM Na2SOs pH 7.5 as buffer to a final
concentration of 50 puM met-DR1 and 0.8 M NaNs.

2.2.9 EPR spectroscopy

CW-EPR experiments were performed on a Bruker EMX spectrometer
(microwave frequency 9.44 GHz) equipped with a cylindrical cavity. All
the spectra were recorded at 77 K and a microwave power of 0.68 mW, a
modulation amplitude of 0.5 mT and a modulation frequency of 100 KHz.
A 50 pM di-Cu2*-DR1 solution, in 20 mM HEPES (pH 7.5), 300 mM
Na2SOs4 buffer was lyophilized and subsequently redissolved with 30% of
glycerol, used as glassing agent, to a final copper concentration of 300
M.

To determine the absolute amount of EPR active Cu2?* of DRI, a
calibration curve was built. CuSO4 standard solutions (50 uM, 100 pM,
200 pM and 500 pM) were prepared by dissolving copper sulfate in
water-glycerol (30%) mixture. Upon performing baseline correction, the
spectra were double-integrated from 250 to 350 mT and a standard curve
correlating the EPR intensity with copper concentration was then
generated (Figure 2.26). The EPR spectra of different DR1 concentrations

were recorded using the same experimental conditions. Each experiment
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was repeated twice. The copper spin concentration measured against
copper sulphate standards was then inferred on the basis of the EPR

signal intensity and the standard curve.
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Figure 2.26. a) X-band CW-EPR spectra of CuSOs calibration curve solutions. b)
Calibration curve of known title solutions of CuSOs4.

Reduction with hydroxylamine or DTBC was performed in anaerobic
conditions, by adding 5 equivalents of reductant to the di-Cu2*-DR1
solution. Catalyst re-oxidation was obtained by 18 h air exposure of the
reduced samples.

Azide binding experiment was performed adding 38 pL of 5 M NaN3
solution (in 10 mM HEPES 300 mM Na2SO4 pH 7.5) to 200 pL solution of
50 uM met-DR1 solution, obtaining a solution of 42 uM me#DR1 and 0.8
M Nz

2.2.10 Products identification

A UV-vis spectrum of DTBQ commercially available reference sample
(250 uM DTBQ in 10 mM HEPES 300 mM Na2SO4 pH 7.5) was recorded
for comparison. The spectrum is characterized by a maximum at 410 nm

(Figure 2.27).
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Figure 2.27. UV-Vis absorption spectrum of 250 pM DTBQ in 10 mM HEPES 300 mM
Na2SO4 pH 7.5.

Product identity of the di-Cu?*-DR1 catalyzed DTBC oxidation was
confirmed by NMR analysis. To this end, the reaction mixture containing
50 uM di-Cu2*-DR1 solution (0.600 mL, 10 mM HEPES 300 mM Na32SO.)
and 5 equivalents of DTBC (stock solution 50 mM in methanol) was
allowed to react for 1 hour. Afterward, the reaction was stopped by
acidification and the mixture was extracted with 0.750 mL. CDC13. NMR
spectrum of an authentic DTBQ sample in CDCI3 was also collected for
comparison. Figure 2.28 reports the HSQC spectra of the extracted
sample (a) and of the reference DTBQ (b), respectively. The general
shape of the HSQC spectrum of the reaction sample extracted in CDCI3
is similar to that observed in the authentic DTBQ. The two spectra show
the same resonances, thus allowing to unequivocally identify DTBQ as
the reaction product and excluding the presence of any side-reaction

product.
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Figure 2.28. 'H-13C HSQC spectra of (a) DTBQ extracted in CDCls and of (b) pure DTBQ.
Black circles delimit DTQB signals (aliphatic and aromatic region), green and blue circles
demarcate solvent residual peak (CDCls) and traces of CH3OH, respectively. The DTBQ
molecular structure, with protons labelled with red letters, is also shown (red contour).

1H NMR (CDCIs, 600 MHz): 6=1.23 (tBuc, s); §=1.28 (tBua, s); §=6.22 (Hp, d, J = 2.3 Hz);
§=6.94 (Ha, d, J = 2.3 Ha).

2.2.11 Catalytic assays

Initial screening of the catalytic activity was performed in 10 mM
HEPES 300 mM Na2SO4 pH 7.5 buffered solutions, at 25 °C and under
magnetic stirring. Both protein and substrate stock solutions were
freshly prepared. Stock solutions of DTBC were prepared by dissolving
the solid in methanol to a final concentration of 50 mM. The catalytic
assay was initialized by adding 5 equivalents of DTBC to 600 pL (in
quartz cuvette with 1 cm path length) of 50 pM di-Cu2*-DR1. Control
catalytic assays were performed using 100 pM apo-DR1 or 50 pM di-Zn2*-
DR1 or the buffer solution (Figure 2.29).
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Figure 2.29. a) DTBQ formation kinetics in the presence of di-Cu2*-DR1 (black symbols),
di-Zn2+-DR1 (red symbols), apo-DR1 (blue symbols) and only buffer (green symbols).

Stopped-flow kinetics were performed by using an SX20 stopped-flow
spectrophotometer (Applied Photophysics) in single mixing mode, with a
Xe Arc lamp, PEEK tubing, and a Fisher Scientific Isotemp 3016
water/ethanol bath for controlling temperature. Kinetic data were
acquired for 60 s (10000 points per acquisition with external trigger). All
kinetic measurements were performed at 25 °C in a 20 pL. chamber with
10 mm path length. The instrument was blanked before each acquisition.
The kinetic experiments were carried out in buffered solution containing
10 mM HEPES, 300 mM Na2S0s4, 20% DMF, pH 7.5. Addition of DMF as
cosolvent was required to ensure substrate solubility at saturating
concentrations. The di-Cu?*-DR1 concentration in all catalytic assays was
fixed at 30 pM. Stock solution of substrates were prepared by dissolving
the solid in DMF at 50 mM concentration and then diluting with buffer

in the concentration range 0.250 mM - 1.45 mM for DTBC; 0.250 mM -
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6.4 mM for 4-TBC; from 6.4 mM - 84 mM for catechol. Each point was
collected at least 3 times. For the Hammett analysis the concentration of
all the substrates was fixed at 0.556 mM. The ¢ at the maximum
wavelength, reported in the following, were taken from the literaturel”57
or experimentally calculated: 1040 Mlecm™ at A=415 nm for 3,5-di-tert
butyl-o-benzoquinone, 1200 Mlcm?® at A =400 nm for 4-tert-butyl-o-
benzoquinone, 1623 Mlcm™ at A =410 nm for o-benzoquinone, 1160 M-
lem? at A =415 nm for 4-chloro-o-benzoquinone. The values for the
Hammett (0,) and Charton (ov) parameters were taken from
literature.28! The data processing was performed with OriginPro 9.6.5
software. Initial rates of substrate oxidation were plotted as a function of
substrate concentration and data points fitted according to the Michaelis-
Menten equation, using OriginPro 9.6.5 software. From the data fitting
with the Michaelis-Menten equation kc:s and Ky were calculated:

 VinalS]
YT K+ 18]

Catalytic assays in presence of catalase (100 U/mL) and di-Cu?+-DR1
(30 uM) and 4-TBC (3.2 mM) in 10 mM HEPES, 300 mM Na2S04, 20%
DMF, pH 7.5, were followed by stopped-flow spectroscopy.

2.2.12 Nuclear Magnetic Resonance spectroscopy

NMR experiments were carried out on a Bruker Avance 600-MHz
equipped with a cryo probe at 298 K. Data acquisition and processing
were analyzed using TOPSPIN 2.1 software (Bruker). For reaction
product identification, NMR samples were dissolved in CDCI3 1H NMR
spectra were registered by using 16 k data points. Heteronuclear single-

quantum coherence (HSQC) experiments were performed in the 'H-
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detection mode by single-quantum coherence with proton decoupling in
the 13C domain, using sensitivity improvement, in phase-sensitive mode
with echo/antiecho gradient selection, and multiplicity editing during the
selection step.’?® The experiments were performed using data points of
2048x300 points and setting one- bond heteronuclear coupling value to
145 Hz.

The NMR sample for Saturation Transfer Difference experiments
(STD-NMR) contained 10 pM di-Cu2*-DR1 in deuterated phosphate
buffer (25 mM phosphate buffer, pD = 6.4) and DTBQ at a concentration
of 100 pM (10-fold excess of ligand over protein). Time dependence of the
saturation transfer was investigated using an optimized saturation times
ranging from 0.2 to 5.0 s. The monoexponential function used to fit the
data is defined as:

STD(tgar) = STDpay - (1 — e~ Ksat'sat)

Where STD(tsar) is the STD intensity at a given saturation time,
STDmax is the equilibrium STD intensity, and ksat 1s the rate constant of
saturation transfer. The values of STDmax and ksat are calculated by least-
square fitting to the data.

The epitope map of DTBQ binding to di-Cu?*-DR1 was obtained by
STD-NMR experiments. The term “binding epitope”® is used in the
STD-NMR to refer to the hydrogens of the ligand that are closer to the
protein upon binding. Figure 2.30 shows the STD amplification factor as
a function of saturation time, using a 10-fold excess of DTBQ over

protein.
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Figure 2.30. a) STD Amplification Factor as a function of saturation time. b) Binding
epitope of DTBQ for its interaction with di-Cu2+-DR1, determined from STDmax
normalized values reported in Table 2.7.

Table 2.7. Values of STDmax and ksat obtained by least-square fitting of the build-up
curves in Figure 2.30.

8 (ppm) STDmax Keat (s1) STDo STDmax normalized
H. 6.95 1.90+0.05 0.77+0.05 1.45+0.10 0.41 £ 0.02
Hs 6.15 46+02 0.46+0.04 21+02 1.00 = 0.06
tBus 1.10 3.03+0.02 1.55+0.04 4.71+0.13 0.66 +0.03
tBuc 1.20 3.22+0.02 1.33+£0.02 4.29+0.07 0.70 £0.03

2.2.13 Amplex Red assay

Reaction conditions were the 50 uM met-DR1, 250 uM DTBC, 20 mM
HEPES, 300 mM Na2SOs, pH 7.5.

Amplex Red reagent has been purchased from Thermo Fisher
scientific New York, US), and aliquoted at -20 °C in DMSO at 10 mM
concentration according to the supplier’s specifications. H202
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determination has been performed by adapting the supplier’s protocol to
fully minimize the DTBC interference by means of a TECAN Spark plate
reader (Tecan Trading AG, Switzerland) using a 96-well plate (Greiner
non-binding PS Microplate, 96 Well, solid F-bottom (flat), chimney well
with black sides). To 98 pL of working solution (50 pM Amplex Red, 0.1
U/mL HRP in 50 mM sodium phosphate buffer), 2 uL of either the
standard or the reaction mixture were added and rapidly mixed for 1
minute. Fluorescence was monitored after 20 minutes from the addition.
Standard solutions were prepared by consecutive dilutions of 100 pM
H:202 solutions in 20 mM HEPES pH 7.5, 300 mM Na2SO4, and a
calibration curve was built (Figure 2.31). To this aim, a 3% (w/w) H20:
stock solution was used, whose concentration was spectrophotometrically

determined (e240nm = 43.6 M'lcm'?).
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Figure 2.31. Calibration curve for H202 for Amplex Red assay.
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2.2.14 Kinetic simulation of progress curves

Berkeley Madonna 9.1.19 software was employed for the curve fitting
and simulations of the kinetic data. A fourth order Runge-Kutta method,
with tolerance set at 1x10'°, was used to perform curve fitting. The
kinetic constants obtained are the average of the kinetic constants
calculated from the fitting of the data to each substrate concentration.
The following kinetic model was tested.

kq

_)

met —DR1 +C - deoxy —DR1 +Q

kp
k¢
%

deoxy — DR1 + 0, = met — DR1 + H,0,

kq

Where C is the catechol (DTBC) and Q the corresponding quinone
(DTBQ). The system of ordinary differential equations (ODEs) is as

follows:

d[deoxy — DR1]

T = kg[met — DR1][C] — k,[deoxy — DR1][Q] — k.[deoxy — DR1][0,]

+ ky[met — DR1][H,0,]

% = —kg[met — DR1][C] + kj[deoxy — DR1][Q]
% = ky[met — DR1][C] — k;,[deoxy — DR1][Q]
d[dOtZ] = —kc[deoxy — DR1][0,] + ky[met — DR1][H,0,]
% = kc[deoxy — DR1][0,] — kg[met — DR1][H,0,]

With boundary conditions:
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met-DR1] = 3.0 - 10> (M) - [deoxy~DR1]
deoxy"DR1] =0 att=10(s)

Cl = att=0(s)
Ql= att=0(s)
020 =2.5-10* (M) att=0(s)

[
[
[
[
[
[

H:02] =0 at t =0 (s)

Where x is the concentration of DTBC substrate utilized: 125 pM, 200
pM, 330 uM, 550 pM, 725 pM.

The calculated equilibrium constant Kca of the first equation of the

proposed kinetic model is:

ka

metDR1 + DTBC = deoxyDR1 + DTBQ Keal = 32 = 1961072
E b

The equilibrium constant Kex, was also calculated experimentally
with the following anaerobic experiment.

The DTBC oxidation catalyzed by met-DR1 was followed in anaerobic
conditions by UV-Vis absorption spectroscopy in 10 mM HEPES, 300 mM
Na2S04, 20% DMF, pH 7.5. After one hour aerobic conditions were
restored (Figure 2.32).
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Figure 2.32. a) UV-Visible absorption spectra recorded every 10 minutes upon addition of
250 uM DTBQ to 50 uM met-DR1 in 10 mM HEPES, 300 mM Na2SO4, 20% DMF, pH 7.5
in anaerobic conditions (dashed lines) and after the restoration of aerobic conditions (solid
lines). b) DTBQ formation kinetic in anaerobic conditions (white symbol) and after the
restoration of aerobic conditions (black symbol).

Table 2.8. Experimental equilibrium values of concentration for the first reaction in the
proposed kinetic model.

D;{Z‘IM) ]ﬁﬁ? = deoxyDR1GM) DTBQ M)
Initial conditions 50 250 0 0
Variation -13 -13 +13 +13
Equilibrium conditions 37 237 13 13

From the knowledge of initial concentrations (Table 2.8) and the ¢ of
DTBQ, under experimental conditions, it was possible to estimate the
experimental equilibrium constant Kexp of the reaction. The Kexp is 1.9 *

102, in perfect agreement with Kea ((1.96 + 0.14)+ 102).
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2.3 Conclusions

The first part of this PhD thesis has been devoted to the design,
characterization and catalytic studies of DR1 (Due Rame 1, in Italian),
an artificial metalloenzyme housing a Type 3 copper site endowed with
catechol oxidase activity. To tackle this challenge, we reshaped the DF1
scaffold, an artificial diiron-protein previously developed. Starting from
this protein, the first and second coordination spheres were
hierarchically modified, in order to accommodate the different dimetal
cofactor, as well as the residues lining the active site entrance, in order
to modulate substrate binding. Spectroscopic, thermodynamic, and
functional analysis demonstrated that DR1 resembles the T3 copper site,
supporting different copper oxidation states and being active in the O2-
dependent oxidation of catechols to o-quinones. Hammett analysis and
computational studies on substituted catechols show that DRI1's
substrate recognition is a result of fine design of the residues lining the
substrate access site. Finally, a catalytic model was proposed and the
significance of the reoxidation process in catalysis was emphasized. The
results of this work demonstrate the feasibility of inserting a functional
T3Cu site and tunes its activity into a de novo designed four-helix bundle
protein. All this was possible thanks to the deep understanding of the
simple, versatile, and structurally stable DF framework.

In conclusion, DR1 is a promising candidate for further redesign
aimed at improving the catalytic properties and closing the step with the

natural proteins.
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Histidine Brace

In this chapter, divided into two subsections, the de novo design,
spectroscopic and functional characterization of two HB-containing
metalloenzymes is reported. In particular, section A focus on miniLPMO,

and section B focus on dHisB.
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3A. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

3A.1 Results and Discussion

3A.1.1 Design strategy of miniLPMO

MiniLLPMO is an engineered homodimeric small protein composed of
two peptide monomers that self-associate to host 2 HB metal-binding
sites per homodimer. The design started from the NMR solution
structure of 2D (PDB ID: 1qp6).[12! 02D is a four-helix bundle formed by
two 3b5-residue peptides, which dimerizes in an unusual “bisecting”
topology (Figure 3A.1a).l3-5 The HB site of the natural AA10 LPMO from
Teredinibacter turnerae (PDB ID: 6rw7)¢! was chosen as reference.

To install the metal-binding site into the best position of the a2D
template, all possible backbone-dependent rotamers for the internal His
(His107 of the natural LPMO) were superimposed on the a2D residues
within 10 A of the N-terminus. Ile 22 in a2D was determined to be the
best position by placing the terminal His residue of HB very close to the
original second residue on the N-terminal helix (Figure 3A.1b),
consequently requiring only the removal of the first residue from 2D
and minimal backbone rearrangement for the HB construction. Next, a
backbone geometry optimization for terminal His position using the
MASTER (Method of Accelerated Search for Tertiary Ensemble
Representatives) software was performed. The best fragments obtained
from the MASTER search (figure 3A.lc), ranked according to their
RMSD from the query structure, were then individually examined and
one of the best search results was implanted into a2D to reconstruct the
N-terminal helix while ensuring optimal backbone geometry for the HB

site.
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Further, the following reasons led us to reconstruct the loop:
four-helix bundles with bisecting topology are very sensitive to
loop residues composition, as the, demonstrated by Ala 31 to Pro
mutation in the ROP protein;[?
the removal of the two initial residues from a2D causes the loop to
be more exposed to the solvent respect to starting structure;
the loop region is close enough to the HB metal-binding site to
inevitably exert an influence, both in terms of steric hindrance
and primary/secondary coordination spheres.

The loop region was reconstructed by using MASTER to fill the gap in

a query structure formed by two helix segments taken from the monomer
of a2D. The best matches (Figure 3A.1d) were mostly similar in backbone
geometry, and one match seemed particularly appropriate thanks to the
presence of a Gln residue in position 16. Such residue is close enough to
the metal site, thus resembling GIn167 side chain often found in the
second coordination sphere of natural LPMO (M/PMO3*).18 This residue,
sometimes replaced by a Glu in different strains, appears to be
implicated in hydrogen bonding either to dioxygen or hydrogen peroxide
molecules during the catalytic cycle, and is probably also important for

specific interactions with the substrate polysaccharide.!®!
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Figure 8A.1. a) a2D NMR structure (PDB ID: 1qp6, structure 3 of NMR bundle). b)
Superposition of the best HB backbone-dependent rotamer (depicted as cyan sticks and
copper as orange sphere) on the 02D structure. ¢) 02D N-terminal segment reconstruction
by structural search. Only the five highest ranked matches are shown as cartoon. d) Loop
redesign in a2D by structural search. Only the nine highest ranking matches are shown
as cartoon. In all panels the cartoons are colored from blue (N terminal) to red (C
terminal).

Finally, the backbone coordinates obtained by implanting the HB site,
shortening and rebuilding the N-terminal helix and reconstructing the
loop, were employed as starting point for computational design through
the ROSETTA software suite. As a further validation method for the

designed structure, MD simulations were performed on the lowest energy
-124 -



3A. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

sequences, as quantified by the Ref2015 score function in ROSETTA.
Cu?* was replaced with Zn2* for the MD simulation, as the MD
parameterization of zinc is relatively more reliable in the CHARMMS36m
forcefield. In addition, zinc substitution in natural LPMOs does not
significantly alter the orientation of the first coordination sphere.[1% The
“non-bonded approach” was used to characterize zinc-protein interactions
to allow for molecular flexibility.

Coordination sphere analysis of homodimers during MD simulations
suggested that long sidechain coordinating residues (as Glu and Gln)
should be avoided in position 16 and 19. Indeed, shorter sidechain
residues were preferred, able to form hydrogen bond with water in the
first coordination sphere as found in natural LPMO, but simultaneously
avoiding unwanted coordination to the metal. Asn in position 16 and Asp
in position 19 were chosen and the final model of miniLPMO was
obtained (Figure 3A.2a and 3A.2b). This sequence (Figure 3A.2c) was

subsequently synthesized and characterized.
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a)
c)
Helix 1 Helix 2
a b cde f gab cde f a b cde f gabcde fg
1 2 3 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
a2D G EVEETLEZ KT KT FIZ KETULWIZEKSGPRRGETIETETLH I KTI KT FHETLTITIKG
miniLPMO H ERAWRDTFIKS GIAAGNEA ADU HI KRTFVETETFTINAVNG

Figure 3A.2. a) Zn2*-miniLPMO minimized model with two HB per homodimer. b) zoom
of the HB active site in Zn2*-miniLPMO model (depicted as cyan sticks, zinc as grey
sphere and water molecules as red spheres). ¢) Peptide sequence alignment of miniLPMO
with a2D. For miniLPMO sequence, coordinating residues are reported in cyan.

3A.1.2 miniLPMO folding and oligomerization state

MiniLPMO monomeric sequence was synthesized by solid-phase
peptide synthesis and purified to homogeneity by RP-HPLC (see
Experimental Section for details).

CD spectroscopy was adopted to verify the helical global folding of
miniLPMO at pH 7.5. At 10 pM miniLPMO concentration (Figure 3A.3a,
blue line), the CD spectrum reveals a low helical content, being
characterized by a deep minimum at A = 201 nm and a MRE of 3.8 kdeg
cm? res’* dmol!. By increasing the miniLPMO concentration at 300 uM,
the CD spectrum (Figure 3A.3a, orange line) changed, resembling a more

regular conformation, as indicated by: (i) shift of the Amin from 201 nm to
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205 nm, (ii) shift of Ao towards higher wavelengths, (iii) increase in the
MRE at 222 nm. These data assume an oligomerization process, as
observed in the formation of other de novo designed coiled coils.[1!! To this
end, the oligomerization process stoichiometry and the thermodynamic
driving force were evaluated. Fitting of the concentration dependence of
the MRE at 222 nm (Figure 3A.3b), with a simple n-oligomerization
model, gave a stoichiometry of (2.03 + 0.11) and a Kuiss of (7 £ 2) pM,
similar to a2D, the template scaffold of miniLLPMO.[!

Even though miniLPMO is poorly folded, these findings demonstrate

the correct oligomerization state, as predicted by design.

a)~ b) —
)w_ ) S 7.0 - .
9 , =10 uM miniLPMO e ]
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i 9w o
g o —— ¢
= o 4.2 ‘
N
E 4 § 1 #
[e)) 2.8 — o
(@)] [0} o
(0] o 7 N
£ 84 X 1.4 -
w E L
%-12 T T T & 0.0 —-rrrmmy—rrmmy—rrrmey—rrrmy—-rrmn
200 220 240 260 B 107 10° 10° 10 10° 102
Wavelength (nm) S CriniLemo (M)

Figure 3A.3. a) Comparison of ultraviolet CD spectra of miniLPMO at 10 uM (blue line)
and 300 uM (orange line) in 2 mM HEPES pH 7.5. b) Dependence of the MRE at 222 nm
as a function of miniLPMO concentration in 2 mM HEPES at pH 7.5. The dashed red line
represents the best fit for the oligomerization equation from monomer to dimer.

3A.1.3 miniLPMO copper binding

The binding of copper to miniLPMO has been characterized using
EPR and UV-Vis absorption spectroscopy. The designed first

coordination sphere of copper in the miniLPMO model contains
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numerous ligating atoms with ionisable protons (e.g., His, NHz, OHs). To
evaluate their pKa values, a pH titration in the range 2.0-11.0 (in 0.5 pH
unit increments) was performed and followed by EPR and UV-Visible
absorption spectroscopy. Different samples of Cu2t-miniLPMO in a mixed
buffer solution containing 15 mM MES, 15 mM HEPES, 15 mM CHES,
30% glycerol (for EPR measurements) were prepared. These buffers were
chosen because of their weak interaction with metal ions and when used
in combination, they can buffer a broad pH range. To adjust the pH of
the solutions, diluted NaOH or H2SO4 solutions were added. The X-band
CW-EPR spectra of the sample were obtained at each pH by rapidly
cooling the sample to 77 K.

Copper-miniLPMO complex formation was found to be highly pH-
dependent, as expected. Figure 3A.4a and 3A.4b show the EPR and
visible absorption spectra recorded at different pHs, in the range pH 2.0-
11.0.

Raising the pH from 2.0 to 11.0, it is observed a qualitatively change
in the EPR spectra over the pH range (Figure 3A.4a), with all species
displaying a spectral envelope consistent with a prominent d(x2 — y2)
Single Occupied Molecular Orbital (SOMO), indicating that the copper
ion at all pHs has a ligand field dominated by o-donation in its equatorial
plane. Across the pH four different species are observed as they can be
simulated with single set of spin Hamiltonian parameters (Table 3A.1).
The EPR spectra at pH 2.0, 4.5, 7.0, and 11.0 were simulated with a
single set of spin Hamiltonian parameters. Spectra taken at other pH
values can be satisfactory simulated by a weighted combination of these
spectra. The contribution of each spectrum was determined through least

square fitting of the experimental and calculated spectra (see
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Experimental Section for details), resulting in the determination of the
speciation distribution curves and the pKas (Figure 3A.4c). Similar
procedure was performed for UV-Vis absorption data (Figure 3A.4d and
Figure 3A.4e)

The EPR and Visible absorption spectra recorded at pH 2.0 have the
fingerprint of tetragonal aqua ion copper1? (Figure 3A.4a and 3A.4b,
dark green line in bold, and Table 3A.1) and herein referred as species 1.
The first deprotonation event with subsequent coordination of copper to
miniLPMO occurs after pH 3.0 and a dominant species is observed at pH
4.5 (Figure 3A.4a and 3A.4b, green line in bold). The pKas for this species
obtained by EPR (Figure 3A.4c) and visible absorption spectroscopy
(Figure 3A.4d) are very similar (4.0 and 4.3, respectively) and both
involve two protons. This deprotonation event could be assigned to the
deprotonation of two His residues, as the pKa is in good agreement with
His pKa values in LPMOs.!13! For this species, herein referred as species
2, the EPR spectrum is simulated with a single set of g5 and As values (g3
= 2.268; |As| = 535 MHz and Table 3A.1) characteristic of a 2N20
coordination sphere. Moreover, the visible absorption spectra show a d-d
transition band, whose Amax and e (Table 3A.1) are in good agreement
with a Cu(His): center with bound waters.[!4

As the pH rises, a further deprotonation event happens and a new
species is formed (Figure 3A.4a and Figure 3A.4b, yellow line in bold).
The pKaz value (5.5 as estimated in figure 3A.4c) could suggest that the
amine nitrogen is included in the coordination sphere. Precipitation and
scattering phenomena made precise assignment for this species and
calculation of pKa and stoichiometry by visible absorption spectroscopy

complicated, although a good simulation of the experimental EPR
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spectrum of this species was obtained with g3 and As values (g5 = 2.251;
| As| = 550 MHz and Table 3A.1) typical for a 3N10 coordination sphere
and more in particular in good agreement with natural LPMOs’ g
values.[®15 Starting from pH 8.5, the Cu2*-miniLPMO complex becomes
again soluble and a new species is fully formed at pH 11.0 (Figure 3A.4a
and Figure 3A.4b, red line in bold). The formation of this species is
accompanied by dramatic changes in the low field region of the EPR
spectrum and a blue-shift in the d-d transition energy. A good simulation
of the experimental EPR spectrum was obtained with the combination of
a very large As value (625 MHz) and a low g5 value (2.169), typical for a
3N10 or 4N coordination sphere (Table 3A.1). Considering the gs value
as a measure for the relative strengths of the ligand field in the
equatorial plane of the copper, it is evident that the ligand field
dramatically rises when going from species 2 to 4 (g3 from 2.268 to 2.169).
This finding is also confirmed by the high-energy shift of the d-d
transition band. The pKa of this process is 8.6, calculated by EPR and
visible absorption spectroscopy (Figure 3A.4c and 3A.4e, respectively),
and by visible absorption interpretation data it involves two-protons. The
pKa can be tentatively assigned to the deprotonation of the amine
terminal to azanide (-NH) species,['? of amide (backbone) or of a water
molecule bounded on the copper ion. Based on these data, the formation
of a species 4 with an azanide/amide and a hydroxide molecule in the

first coordination sphere can be inferred.
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Figure 3A.4. a) Frozen solution X-band CW-EPR spectra (77 K) of Cu2-miniLPMO (0.3
mM) and b) visible absorption spectra of Cu2t-miniLPMO (0.2 mM) between pH 2.0 and
11.0. Both EPR and Visible absorption spectra were recorded every 0.5 pH unit. The
buffer chosen was the mixed solution of MES, HEPES and CHES (15 mM each. ¢)
Speciation distribution curves of the different 4 species calculated by EPR spectroscopy.
d) Speciation distribution curves for species 2 and e) for Species 4 calculated by visible
absorption spectroscopy. The dashed lines represent the best fit for a classic acid-base
equilibrium, considering for both a two-proton event.
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Table 3A.1. Spin Hamiltonian parameters of the pH dependent species. Hyperfine tensor
principal values are given in units of MHz.

Hyperfine coupling Amax (nm)
gvalues constants (MHz) . d-d
Coordination .
electronic
mode from P-B L.
plotlié] trar.1s1t10n
Species g & e |A1] | A2 | A4s] (ein M-
lem?)
1 > 850
2.080 2.080 2.415 5 5 410 40
(pH
2.0)
2.055 2.055 2.268 60 60 535 2N20 650 (50)
~620
2.062 2.058 2.251 40 40 550 3NO1 (~60)
4 (pH (150)
11.0) 2.040 2.045 2.169 35 50 625 3N10/4N 505 (150

3A.1.4 N ENDOR and HYSCORE spectroscopy

The nitrogen superhyperfine coupling is too small to be detected by
standard CW-EPR experiment. This coupling can however be measured
using hyperfine spectroscopy. In particular, the strongly coupled 4N of
the imidazole ring (from His residues) are best obtained by means of
ENDOR spectroscopy, whereas remote “N of the imidazole ring (from
His residues) can be detected by HYSCORE (HYperfine Sublevel
CORrElation) spectroscopy. When combined, these methods provide a
detailed description of the copper coordination environment. N ENDOR

and HYSCORE spectra for species 2 (pH 4.5) and 4 (pH 11.0) were
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acquired. Unfortunately, due to low solubility and precipitation
phenomena, it was impossible to record the *“N ENDOR and HYSCORE
spectra for species 3 (pH 7.0).

The Q-band Davies N ENDOR spectrum of species 2 (Figure 3A.5a),
is well simulated with one kind of nitrogen with |A4| values, nuclear
quadropolar coupling (e2q@/h) and asymmetry parameter (1) typical of a
sp? nitrogen in equatorial position (Table 3A.2).[17-19]

Different results are obtained for species 4. The Q-band Davies N
ENDOR spectrum of the species 4 recorded at a magnetic field
corresponding to the gz component (1084 mT, Figure 3A.5¢) shows the
presence of two overlapping doublets separated by 2w and centered at
A/2. Orientationally selected experiments (data not shown) could be
simulated considering two different nitrogen nuclei, with different
hyperfine couplings (Table 38A.2). The presence of two different
coordinated nitrogen nuclei together with the change in the g values of
the EPR spectrum and the onset of g rhombicity, call for a change in the
coordination geometry at this pH.

The X-band HYSCORE spectrum (Figure 3A.5b) is characterized by
cross peaks in the (+,+) and (—,4) quadrant, arising from double quantum
transitions associated to remote !*N nuclei of the imidazole ring. No
difference is observed at the two pHs, confirming the imidazole
coordination at both pHs (Figure 3A.5d).

These findings confirm the completely different coordination
environment between species 2 and species 4 and make possible the
hypothesis of specie 3 with a HB-like coordination environment, even if

further investigations are needed to confirm this hypothesis.

-133 -



3A. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

a b

0.8
0.6
0.4

0.2

14
N,
0.2
10 2(0 ) 30 40
Var (MHz
c), d) s
—— pH=45
0.8 —— pH=11

: .0

0.2 _\
2
° L%
TN, N, =
2 4 6

v, [MHz]

-0.2 0
20 40 0
Var (MHz)

o

8

1 IMH=Z1

Figure 3A.5. a) Q-band Davies “N ENDOR spectra (20 K) recorded at 1167.9 mT and b)
X-band 2D HYSCORE spectra (30 K) recorded at 336.8 mT of species 2 (pH 4.5). ¢) Q-
band Davies 14N ENDOR spectra (20 K) recorded at 1084 mT and d) Superposition of X-
band 2D HYSCORE spectra (30 K) of species 2 (pH=4.5 red) and species 4 (pH 11.0, blue),
recorded at 336.8 mT. The simulations are displayed in red.

Table 3A.2. 14N Hyperfine and Nuclear Quadrupole Values calculated by N ENDOR and
HYSCORE spectroscopy of species 2 (pH 4.5) and 4 (pH 11.0). Hyperfine tensor principal
values and nuclear quadrupole coupling are given in units of MHz.

14N ENDOR HYSCORE
Species [AN|  [AN|  |A4sN|  e2qQMh n [AN] [AN] [AsN] e2qQMh 1
2 (pH 4.5) 36 36 45 2.2 0.2 1.6 1.6 2.5 15 1
28 28 37 2 1
4 (pH 11.0) 1.6 1.6 2.5 1.5 1
43 43 67 3.5 1
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3A.1.5 Hypothetical coordination geometries of the species across the pH

The obtained CW-EPR signals are characteristic for Cu2* monomeric
species with a single electron in d(x2-y2) orbital (gs >> g;> g > g») and
tetragonal-derived geometries.?) From the analysis of the CW-EPR
parameters derived from simulations (4 and g tensors), it appears that
miniLPMO mainly exists in 3 different species across the pH.

The g3 and As values of species 2 (pH 4.5) well fit within the range of
values predicted by a canonical Peisach-Blumberg plot for a 2N20
coordination environment. These finding are confirmed by *N ENDOR
analysis. A very likely scenario for species 2 is a tetragonal coordination
environment with a Jahn-Teller effect (Species 2, Figure 3A.6). Similar
results are expected for species 3 (pH 7.0) where the g5 and As
parameters suggest a 3N10 coordination environment and the inclusion
of amine in the copper first coordination sphere (Species 3, Figure 3A.6).

The hamiltonian spin parameters for species 4 (pH 11.0) are very
distinct from those obtained for the other species, which is especially
noticeable in the small value of g5. The low value suggests that the ligand
field around the copper in species 4 is very o-donating. Furthermore,
with an increasing rhombicity and e (= 150 M'lcm™), it is reasonable to
assume a more distorted planar geometry with a strong o-donating
nitrogen atom (confirmed by N ENDOR analysis) which can come from

the backbone amide or the azanide (Specie 4, Figure 3A.6).
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Figure 3A.6. Hypothetical protonation states and coordination geometries of species 2, 3
and 4.

3A.1.6 Hydrogen peroxide activation by Cu-miniLPMO

The LPMO-like reactivity of Cu?*-miniLPMO was preliminary
evaluated in the C-H bond activation, using 4-nitropheyl-p-D-
glucopyranoside (PNPG) as model substrate and hydrogen peroxide as
co-substrate (Scheme 3A.1). The formation of 4-nitrophenolate anion
(PNP) was monitored under basic conditions by spectrophotometry (Amax

=400 nm, €400nm = 18500 M'lcm1).121
Scheme 3A.1. Oxidative Cleavage of PNPG using H20:2 as oxidant.

OH OH o}
Tl o e, )
22 (@]
OH Q OH NO;

NO,

B_Dglﬁiéfgﬁigﬁlsi de O-gluconolactone 4-nitrophenolate
(PNPG) (PNP)

The initial rates and substrate conversion were found dependent on
species acting as catalyst (Figure 3A.7). While the coordination
environment of the species 2 and species 4 make the catalyst less active,
the coordination environment of the species 3 makes the catalyst more

active 1n this kind of reaction.
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This finding suggests that an oxidative cleavage of the substrate is
occurring. However, as formation of PNP may also occur upon hydrolytic
pathway, more detailed investigations are needed to pinpoint the
reaction mechanism and are currently under course.

Nevertheless, these catalytic data, together with the details gained
from spectroscopic analysis, strongly support the presence of a HB-like

motif at neutral pH.

20 — :
=== Species 2

. Species 3
15 —|=#=Species 4

10 =

Cenp (M)

0 20 40 60 80
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Figure 3A.7. PNP formation kinetics using different catalyst at different pH: Specie 2 (pH
4.5), Species 3 (pH 7.0), Species 4 (pH 11.0). The Cu2*-miniLPMO concentration was fixed
at 80 pM and PNPG concentration was fixed at 8 mM, in 15 mM MES, 15 mM HEPES,
15 mM CHES as buffer. The reaction was initiated by the addition of H202 to a final
concentration of 80 mM. At fixed time intervals (square symbols) an aliquot of the
solution was taken, diluted in 100 mM carbonate buffer pH 10.5 and PNP concentration
monitored at 400 nm.
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3A.2 Experimental Section

3A.2.1 Design

To determine which position would be most appropriate to the
inclusion of a HB site, all backbone-dependent rotamers of the internal
His in a natural LPMO site (PDB ID: 6rw7) were superimposed to all
residues whose Ca was within 10 A of the N-terminal nitrogen atom in
a2D. The superpositions were realized with the pair_fit function of the
PyMOL software. Reconstruction of the N-terminal segment to optimize
His1 position relative to the newly introduced HB metal-binding site was
performed with the MASTER software. Query structure was composed of
residues 4-8 from o2D in addition to the N-terminal His positioned by
HB rotamer superposition (HEELEK). PDS format file for the search was

generated with the createPDS application using the following command:

/home/computername/master-demo/master-vl.6/bin/createPDS

-—type query --pdb queryO0l.pdb --opdb query0l pds.pdb

The search was performed using the default database available from
the same source as the MASTER program, composed of about 17000 non
redundant single chain entries extracted from the PDB. RMSD was
computed over all backbone atoms and cutoff value for matches was fixed

to 0.5 A. The search was performed with the command:

master --query query0l.pds --targetList /MASTER DB/list
--rmsdCut 0.5 --structOut Query0l --outType match --
PbRMSD --topN 1000 --matchOut query0l.match --segOut

query(0l.seqg
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The query structure for loop reconstruction was composed of two five-
residue segments from a2D: residues 6-10 (LEKKF) and 22-26 IEELH).
A gap of eleven residues was left between the two segments to be filled
by MASTER, reconstructing the loop region. The PDS format file was
created with a command analogous to the one used for the N-terminal,

while the search was performed with the following command:

master --query loop5 11 5.pds --targetlList
/MASTER DB/list --rmsdCut 1.0 --structOut loop5 11 5 --
outType wgap -gaplen 'l1l-11' --bbRMSD --topN 1000 --
matchOut loop5 11 5.match --seqOut loop5 11 5.seqg

For both N-terminal and loop searches, the .seq files containing the
sequences of all matches and the corresponding RMSD values from the
query structure were analyzed to extract the frequency of different amino
acids for each position. These statistics were used during the design step
to inform the allowed residues for the loop region in all resfiles. In
specific resfiles the statistics obtained from the MASTER search match
were also used to inform the identity of allowed residues for N-terminal
segment (positions 2 — 6 of modified structure). The resulting modified
version of a2D, named a2D-C4, was used as the starting structure in the

Rosetta design protocol.
3A.2.2 Molecular Dynamics simulations

MD simulations on the best structure from all variants generated
subsequently were performed with the NAMD engine using the
CHARMMS36 force field. The input files for all simulations were created

using CHARMM-GUI. The structures were solvated in an octahedral
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water box with 10 A edge distance. Solvent was explicitly modelled, and
water molecules were described by TIP3P parametrization5. Chloride or
potassium atoms were placed with Monte Carlo method in order to
ensure electroneutrality. Long range electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) method with 1 A grid
spacing. The system was first minimized with 10000 conjugate gradient
steps. Subsequently, the temperature was linearly raised from 0 to 320 K
during 5 ns. The system was then equilibrated for 5 ns, and production
was conducted for 10 ns in short simulations or 80 ns in extended
simulations. Constant temperature was maintained through Langevin
dynamics with damping coefficient 1.0 ps?. Constant pressure was
imposed through Nose-Hoover Langevin piston with 50 fs piston period
and 25 fs oscillation decay time. Integration step was 2 fs and all
hydrogen bond length were fixed with the SHAKE method. VMD (Visual

Molecular Dynamics) was used to perform data analysis and elaboration.
3A.2.3 Synthesis

The 33-mer peptide miniLPMO was synthesized by automatic solid-
phase synthesis as previously reported in chapter 2. To preserve the N-
terminal free, it was not acetylated, whereas the C-terminal was instead
amidated. It was purified to homogeneity via RP-HPLC. Identity was
ascertained by high resolution ESI-MS. (Figure 3A.8)
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Figure 3A.8. RP-HPLC chromatogram (210 nm trace) of the pure miniLPMO; b) ESI-MS
spectrum of miniLPMO. The signal at m/z = 1257.75 Th corresponds to the [M+3H*]3+ ion
(theoretical average m/z: 1257.96 Th); the signal at m/z = 943.85 Th corresponds to the
[M+4H+*]4+ jon (theoretical average m/z: 943.72 Th); the signal at m/z = 754.96 Th
corresponds to the [M+5H*]5* ion (theoretical average m/z: 755.18 Th).

3A.2.4 CD Spectroscopy

CD measurements were performed using a J-815 spectropolarimeter
equipped with a thermostated cell holder (JASCO, Easton, MD, USA).
Spectra were collected at 25°C, from 260 to 190 nm at 0.2 nm intervals
with a 20 nm min! scan speed, at 1 nm bandwidth and at 16 s response.

Cells of 10, 1 and 0.1 mm path length were used depending on the
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concentration of the peptide and the buffer was 2 mM HEPES pH 7.5.
The experimental data of the concentration dependence, monitored by
MRE at 222 nm, were globally fitted to a monomer-dimer equilibrium as

previously described.!
3A.2.5 UV-Vis absorption spectroscopy

UV-Vis absorption spectra were recorded with a Cary Varian 60
Spectrophotometer, equipped with a thermostatic cell compartment
(Varian, Palo Alto, CA, USA), using a quartz cuvette with 1 cm path
length. Wavelength scans were performed at 25°C from 200 to 800 nm,
with a 600 nm min?! scan speed. Both apo-protein and copper stock
solutions were freshly prepared in H20 milliQ. The stock solutions of
CuS0O4 were prepared at 10 mM concentration starting from the solid
CuSO04°5H20. The initial miniLPMO concentration was determined
spectrophotometrically by using e2sonm = 5500 Mcm™.[22) The addition of
equimolar amount of CuSOs respect the apo-protein into the buffer
(MES, HEPES, CHES, 15 mM each) with apo-protein was performed
slowly to avoid the precipitation of Cu?* hydroxides.

Different samples of CuZ2*-miniLPMO (0.1 mM) in the mixed buffer
solution were prepared. Samples from pH 2.0 to 11.0 (in 0.5 pH unit
increments) were prepared by adding NaOH and H2SO4 solutions and a
pH meter was employed to determine the final pH. These solutions were
lyophilized and subsequently redissolved with H20 milliQ to a final

concentration of 0.2 mM.
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3A.2.6 CW EPR spectroscopy

EPR analysis was performed at the University of Torino, in
collaboration with prof. Mario Chiesa.

CW-EPR experiments were performed on a Bruker EMX spectrometer
at X band (~ 9.44 GHz) equipped with a cylindrical cavity. All the spectra
were recorded at 77 K and a microwave power of 0.68 mW, a modulation
amplitude of 0.5 mT and a modulation frequency of 100 KHz. Different
samples of Cu?+-miniLPMO (0.1 mM) in a mixed buffer solution
containing 15 mM MES, 15 mM HEPES, 15 mM CHES were prepared.
The same preparation was employed as performed with the UV-Vis
absorption spectroscopy. These solutions were lyophilized and
subsequently redissolved with 30% of glycerol, used as glassing agent, to
a final concentration of 0.3 mM. The samples at pH 4.5 and 11.0 were
also used for Davies 1“N ENDOR and HYSCORE spectroscopy.

The EPR spectra at pH 2.0, 4.5, 7.0, and 11.0 were simulated with a
single set of spin Hamiltonian parameters. Spectra taken at different pH
values could be satisfactory simulated through a weighted combination of
these spectra. All but the pH 11.0 spectrum contributions were
systematically varied between 0 and 1 while minimizing the residual
sum of squares between the experimental spectrum and the calculated
spectrum. The contribution of each spectrum was determined by
performing a stochastic search starting from a 1000 population size and
using a nonlinear gradient-based optimization algorithm using the
Microsoft Excel Solver tool. The pH 11.0 spectrum contribution was

calculated by imposing 1 as the sum of the weighted contributions.
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260 280 340 360

300 320
Field (mT)

Figure 3A.9. Frozen solution X-band CW-EPR spectra (77 K) of Cuz+-miniLPMO (0.3 mM)
in a mixed buffer of MES, HEPES and CHES (15 mM each) at pH 2.0 (dark green line),
pH 4.5 (green line), pH 7.0 (yellow line) and pH 11.0 (red line). The black traces are the
simulated spectra.
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Table 3A.3. EPR spin Hamiltonian parameters from simulations of X-band CW-Spectra
for the species studied in this work.

Species 1 Species 2 Species 4
(pH 2.0) (pH 4.5) (pH 11.0)
21 2.080 2.055 2.052 2.040
gvalues o) 2.080 2.055 2.058 2.045
g3 2.415 2.268 2.251 2.169
| A1l 5 60 40 35
Acu (MHz) | Az 5 60 40 50
| As| 410 535 550 625
ol 0.03 0.05 0.03 0.05
gstrains 2 0.03 0.05 0.03 0.07
2 0.02 0.05 0.06 0.04
| A1l 1 1 1 1
Acy strains (MHz) | Az | 1 1 1 1
| As| 1 10 1 10
Line widths 0.10.2 0.2 0.2 0.81.0 0.50.8

3A.2.7 Davies N ENDOR spectroscopy

Q-band Davies ENDOR measurements were recorded on a Bruker
Elexsys E580 spectrometer at 30 K and carried out using the following
pulse sequence: -T-i/2-t-11-t-echo. The experiments were done with mw

pulse lengths of 4 = 32 ns, #w2 = 16 ns, and an interpulse time t of 400 ns.
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p The RFpulse length was set to 14 ps and a resolution of 440 points was
adopted.

3A.2.8 HYSCORE spectroscopy

Six-pulse X-band HYSCORE experiments!?324 were carried out with
the pulse sequence
(2)x—t1—(mx— 11— 2)y—t1—()y— to—(11/2)y— 12— (1)y—2—echo, applying an
eight-step phase cycle in order to eliminate unwanted echoes. The # and
t time intervals were incremented in steps of 16 ns, starting from 100 ns
to 4900 ns. Pulse lengths tx2 = 16 ns and tz = 32 ns, and a 0.5 kHz shot
repetition rate, and equal m and = values equal to 136 ns. The time
traces of the HYSCORE spectra were baseline corrected with a third-
order polynomial, apodized with a Hamming window, and zero-filled.
After two-dimensional Fourier transformation, the absolute-value
spectra were calculated. Spectra recorded with different 1 = » values
(specified in the figure captions) were added to average out blind-spots.
All of the EPR, ENDOR, and HYSCORE simulations were performed
using the Easyspin software package,?’! running within the MathWorks
MATLAB environment.

3A.2.9 Catalytic assays

Activity assays were performed in total volume of 500 uL placed in
1.5 mL vials. The concentration of the Cu?-miniLPMO was fixed at 80
uM in 15 mM MES, 15 mM HEPES, 15 mM CHES and 8 mM of the
substrate PNPG. H20:2 stock solutions were prepared by diluting H2O2

(30%, v/v) in water, whose concentration was determined by UV- vis
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absorption spectroscopy (Amax = 240 nm; & = 39.4 M-lcm™). The reaction
was initiated by the addition of H202, under magnetic stirrer, to a final
concentration of 80 mM. The amount of PNP was determined at different
times by taking an aliquot of the reaction solution and diluting it in 100
mM carbonate buffer pH 10.5. Quantification was performed measuring

the absorbance at 400 nm (e= 18500 M'lcm™).
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3B.1 Results and Discussion

3B.1.1 Design strategy of dHisB

DHisB (designed Histidine Brace) is a heterodimeric small protein
composed of two distinct peptides engineered to self-associate into a
protein containing a HB metal-binding site. As the objective was a
heterodimer with a specific orientation of the two monomers, negative
design was employed to inhibit the formation of alternative topologies
and other oligomeric states.[1-3l

The design started from the high-resolution structure of coil-Ser (PDB
ID:1cos, Figure 3B.1a), an antiparallel de novo designed three-helix
bundle composed of three 29-residue monomers, widely used in the
literature for the construction of artificial metalloproteins,56 given its
high stability and tolerance to mutations. This peptide assembles in
aqueous solution in a noncooperative mechanism in which two random
coil monomers join into a helical dimer. After binding a third helix, this
helical dimer forms an antiparallel three-helix bundle. Based on these
results, it is reasonable to assume that an a2 helical harpin could host a
third helical peptide, in a similar fashion to the calcineurin binding
receptor, previously designed by Lombardi, DeGrado and co-workers.!”

Since coil-Ser is an antiparallel three-helix bundle, one end has two
N-termini (blue sphere in Figure 3B.1a) and one C-terminus (red sphere
in Figure 3B.1a). Thus, it was possible to join the N- and C-terminal
groups from chain A and chain C, respectively (in raspberry and in green
in Figure 3B.1a) through a loop and exploit the remaining N-terminal of
chain B (in cyan in Figure 3B.1a) to house the terminal His of HB site.
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C A E

Figure 3B.1. a) Coil-Ser X-ray crystal structure (PDB ID: 1cos). For clarity, the
homotrimer is shown with chain A in green, chain B in cyan and chain C in strawberry.
N-terminal are depicted as blue spheres and C-terminal as red spheres. b) Superposition
of loops, between chain A and chain C, generated by the structural search. c)
Superposition of the best HB backbone-dependent rotamer (depicted as violet sticks and
copper as brown sphere) on the coil-Ser structure modified with the newly loop (depicted
as yellow cartoon). The HB was originally taken from LPMO crystal structure (PDB ID:
6rw7).

The loop was constructed between the antiparallel pair of coil-Ser
helices A and C, performing a systematic search (MASTER)® to find the
best fragment linking N- and C-termini (chain A and C, respectively).
Query structures were built using residues 24-26 on chain C and
residues 2-5 on chain A as anchoring points for the search, while
allowing only fragments formed by less than 20 residues. From the
analysis of the matches, a single cluster was identified that consists of
four residue-long connections between the helices, which are
conformationally similar (Figure 3B.1b). Amino acid preferences for the
superimposed residues were recorded to inform the repacking routine

about allowed amino acid types during computational sequence design.

- 151 -



3. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

The member of this cluster with lowest RMSD was selected and grafted
onto the coil-Ser structure, completing the chimeric heterodimer
containing the HB site.

To find the best orientation for the metal-binding site, the HB site of
the natural AA10 LPMO from 7eredinibacter turnerae (PDB ID: 6rw7)
was chosen as reference. All possible backbone-dependent rotamers for
the internal His (His107 of the natural LPMO) of the HB site were
superimposed on residues within 10 A of the N-terminal of the free-
standing helix (chain B). During the iterative superposition process of
the internal His rotamers, the distances between the Coa-Co atoms of the
just modeled terminal His from the HB site and the first four residues of
chain B were calculated. All the superpositions resulting in a distance
within 2 A were considered as possible candidates for HB engineering,
with the terminal His of the HB site positioned in place of the residue
with the lowest Ca-Ca distance among the first four. This procedure
yielded a handful of viable positions for the HB site within the coil-Ser
scaffold, from which visual inspection was used to sort out the most
reasonable. This was found to be either Leu26 or Trp2 on chain C and A,
respectively, for the internal His of the HB site and Trp2 on chain B for
the terminal His, thus truncating only one residue of chain B. Insertion
of the internal His in position Trp2 (chain A), corresponding to an N3
position in Schellman oLp turn or Rose aLp turn was excluded because of
the low intrinsic propensity of this position to house a His residue,
whereas the C5 position (Leu26 on chain C) was preferred for the
significantly higher His propensity.[’ The preferred conformation of the
internal His in position 2 of chain A was confirmed later by preliminary

computational structure prediction using AlphaFold2-multimer-v1,10!
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which was followed by minimization using Amber. The results showed
that the imidazole ring of the internal His was positioned between
helices A and C, making it unable to coordinate the copper ion, whereas
internal His at position 26 of chain C preferred a conformation pointing
directly toward the N-terminal. It should be noted that the loop inserted
between helix A and C is neither a classical Schellman or Rose aLp turn
since the Pro31 is closer to a polyproline conformation than an o-helix.

Starting backbone coordinates for sequence design protocols that
accommodate the N-terminal His on the B-chain helix were generated by
grafting on the scaffold the top matching structural fragments from a
second MASTER search. This step was crucial to ensure optimal
backbone geometry for the HB site. Among the resulting fragments, only
short a-helical matches were considered and the lowest Caa RMSD match
was chosen to reconstruct the N-terminal region of chain B to host the
terminal His. This procedure resulted in the formation of two peptide
chains: a helix-loop helix motif (herein referred to as HLH), hosting the
internal His, and single chain (herein referred to as chain H), which
contains the N-terminal His.

Sequence design was firstly focused on residues at g and e positions,
rationally choosing those that stabilize only the antiparallel
heterodimeric topology by a “negative” design procedure, as previously
reported.1112] Interacting interfacial positions were allowed to be both
positively or negatively charged. A Monte Carlo search was implemented
to find the identity of the residues in these positions, while ensuring
destabilization of the competing topology. This resulted in a salt bridge
network at the interface between chain A/C and chain B (Figure 3B.2a),
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which was kept unaltered during sequence design protocol. Additionally,
the overall formal charge of the two monomers (+5 for chain A/C and -1
for chain B) was chosen to disfavor homooligomers and encourage the
assembly of the desired heterodimer through electrostatic
complementarity. Subsequently, this structure underwent a flexible
backbone sequence design process in order to build a complementary
apolar surface between chain A/C and B. Moreover, all other positions,
excluding hydrophobic core and charged interfacial residues were
allowed to be any of the 20 natural amino acids, except for Cys, Met and
His (in order to avoid undesired oxidization and/or alternative metal-
binding sites). The overall design protocol generated 250 sequences. The
top 10% lowest scoring sequences, as quantified by the Ref2015 score
function in ROSETTA, were subjected to a structure prediction round by
alphafold-multimer-vl. As a further validation method for the designed
structure, MD simulations were performed on the sequences that showed
the best agreement with the designed model (full-backbone RMSD < 1.5
A). Cuz* was replaced with Zn2* for the MD simulation, as the MD
parameterization of zinc is relatively accurate in the CHARMM36m
forcefield. In addition, zinc substitution in natural LPMOs does not

significantly alter the orientation of the first coordination sphere.!!3]
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) H1 (chain H)
;b\
H26 (chain HLH)
gabcdefgabcdefgabcdefgabcdefg
coil-Ser EWEALEKKLAALESKLQALEKKLEALEHG
dHisB (chain HLH ;_y) KWEALRKELAALEKKLRALEKKLKAHFKA
dHisB (chain HLH ;,,,) SPSP
dHisB (chain HLH 3;4_¢,) AAQKLEKELKALQEELKALKKELEALENG
dHisB (chain H) RKLEEELAALKQELEALKEKLQWEKEG

Figure 3B.2. a) dHisB final model. Chain HLH is depicted as pink cartoon, chain H is
depicted as limon green cartoon, Cp of positive- and negative charged residues forming
the salt bridge network between the two chains are reported in red and blue spheres. b)
zoom of the HB active site in dHisB c) Peptide sequence alignment of chain HLH and
chain H of dHisB with coil-Ser. For all the sequences, coordinating residues are reported
in orange, positive- and negative charged residues forming the salt bridge network
between the two chains are reported in red and blue, respectively.

The “non-bonded approach” was used to characterize zinc-protein
interactions as a more stringent test over molecular flexibility.

The effect of multiple point mutations was ascertained by inspection
of the MD trajectorie evolution. Trp residues, useful for spectroscopic
analysis, were introduced in position 2 of chain HLH (which is equivalent
to Trp2 position in coil-Ser), and in position 24 of chain B, which was

found to interfere little on the overall fold. Residues close to the HB site

- 155 -



3. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

(position 34 and 35 in chain HLH and 4 in chain H) were also mutated to
explore the effect on metal site stability. Larger hydrophobic residues at
position 34 and 35 of chain HLH (Val, Leu, Ile) were found to have a
detrimental effect on metal coordination geometry. Mutation of Leu to
Phe at position 4 of chain H (a d heptad position)415 was also found to
be destabilizing for the overall fold, as expected from known amino acid
occurrences in  three-helix bundles.['8!  Furthermore, reduced
conformational flexibility of the N-terminal region in chain H was
observed in the presence of an Arg residue at position 2, due to the
interaction with Glu residues in positions 4 and 5.

Conformational analysis of designed heterodimers during MD
simulations suggested that the Xxx-Pro-Ser-Pro motif (residues 30-33 in
chain HLH) would confer a higher degree of conformational rigidity to
the loop region. The identity of the first residue in the solvent-exposed
loop was restricted to Ser, a small hydrophilic residue, to avoid the
possibility of undesired metal coordination.

The structures of sequences containing these mutations were
predicted using Alphafold2-multimer and relaxed using the Amber
forcefield. Agreement to the desired structure, computed from backbone
atom RMSD, and prediction confidence were used to identify the best
sequences for chain HLH and chain H (Figure 3B.2c), which were

subsequently synthesized and characterized.
3B.1.2 DHisB folding and oligomerization state

H and HLH peptide were chemically synthesized using Fmoc
chemistry, then purified by RP-HPLC, and finally identified through ESI
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MS. To preserve the N-terminal free, H was not acetylated, whereas the
C-terminal was instead amidated.

The interaction between H and HLH and the stoichiometry was
evaluated by SEC, RP-HPLC and CD spectroscopy. The SEC reveled one
major peak when a 1:1 H:HLH solution was analyzed, both in absence
and in presence of copper (Figure 3B.3a). As control, the injections of only
H (Figure 3B.3b, green line) or only HLH (Figure 3B.3b, orange line)
show peaks with retention times different from 1:1 H:HLH mix. The
quantification of peptide content in 1:1 H:HLH mix solution by RP-HPLC
resulted in a (0.9 + 0.1) stoichiometry (see Experimental for details).
These findings demonstrate that the dHisB assumes the designed
heterodimeric structure both in apo and holo form, as predicted by the

design procedure.

a) b)
~90 7 e 1:1 H:HLH 50 — S
E() . e 1:1 H:HLH + CuSO, S 1 s H_H
£ 40 13.65 min E 40
£ =]
&30 7 £%97 14.45 min
N N © b
%‘20 - >20 -
c 7 (7] . :
"810‘ %10_13.O5m|n
—
- . c
0 L L D |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Volume (mL) Time (min)

Figure 3B.3. a) SEC chromatograms, recorded at 280 nm, of (a) mix 1:1 H:HLH (both 300
M) in the absence (red line) and in the presence (blue line) of 330 pM CuSO.4 and (b) 300
uM H (green line) or 300 uM HLH (orange line). The elution buffer was 50 mM HEPES,
150 mM NaCl, pH 7.0
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CD analysis gave further insights into the binding of H to HLH.
Double minima at 208 and 222 nm in the CD spectra of HLH are
characteristic of o-helical structure (Figure 3B.4a, dashed orange line).
In comparison to coil-Ser, which was proven by X-ray crystallography to
exist as a three-helix bundle, the MRE at 222 nm is slightly lower (31.7
kdeg cm? res’t dmol! for coil-Ser and 29.8 kdeg cm? res’! dmol! for HLH).
The CD spectrum of HLH matches with the predicted helix-loop-helix
pattern, in which about 94% of the residues adopt a helical conformation
and 6% adopt a loop conformation.

Spectrum of H, in the absence of HLH, is consistent with a poor
structured a-helix (Figure 3B.4a, dashed green line). Upon addition of H
to 1 equivalent of HLH, H predominantly adopts a o-helix structure
(with MREs220m from 14.3 to 28.1 kdeg cm?2? res! dmol?!), with an
ellipticity magnitude corresponding to about 3—4 helix turns (Figure
3B.4a, solid green line).

Interestingly, the sum of the spectra of H and HLH (Figure 3B.4b,
dashed red line) differs from the spectra of the heterodimeric complex
(Figure 3B.4b, solid red line). This characteristic demonstrates that there
is a positive interaction between the two chains, resulting in a globally
better folded structure. All these findings confirm the correct

oligomerization state of the newly heterodimeric construct dHisB.
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Figure 3B.4. a) Ultraviolet CD spectra of 20 uM H (dashed green line), 20 yM HLH
(dashed orange line), difference spectrum resulting from subtraction of 20 pM 1:1 H:HLH
complex, from that determined for 20 uM HLH alone (solid green line). b) Ultraviolet CD
spectra of sum spectra of H and HLH (dashed red line) and 20 uM 1:1 complex of H with
HLH (solid red line). The CD signals are expressed as MRE, using n (number of residues):
28 for H free, 62 for HLH free and 90 for 1:1 H:HLH complex). All the ultraviolet CD
spectra were recorded in 2 mM HEPES pH 7.0.

3B.1.3 DHisB copper binding and spectroscopic analysis

Copper binding to dHisB was assessed by CW-EPR and UV-Visible
absorption spectroscopy.

The copper reconstitution was performed adding 1.3 equivalent of
copper to the 1:1 mix H:HLH, followed bySEC purification (see
Experimental Section for details), from which any uncoordinated metal
ions were separated from the purified Cu?*-dHisB complex.

The first coordination sphere of copper in the Cu2?*-dHisB complex
contains numerous ligating atoms with ionizable protons (e.g., His, NHo,
OHs) whose pKa are unknown. To evaluate the pKa of ionizable protons,

a pH titration in the range 2.0-13.0 was performed.
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Different samples of Cu?*-dHisB were prepared in a mixed buffer
solution containing 10 mM MES, 10 mM HEPES, 10 mM CHES, and 10
mM CAPS. These buffers were selected because of their weak
coordination propensity; moreover, when they are employed in tandem,
they can buffer a wide pH range. To raise and lower the pH of the
solutions, diluted solutions of NaOH and H2SO. were added. Using a
calibrated pH meter, the pH of the final solution at room temperature
was measured by preparing 23 samples ranging from pH 2.0 to pH 13.0
in 0.5 pH unit increments. Fast cooling to 150 K was used to collect the
X-band CW-EPR spectrum of the sample at each pH.

The spectra recorded at pH 2.0 and 2.5 show the characteristic
tetragonal aqua ion copper EPR signal (Figure 3B.16a). The first
deprotonation event with subsequent coordination of copper to dHisB
occurs at pH 3.0.

Raising the pH from 3.0 to 13.0, a change in the EPR spectra is
observed over the pH range (Figure 3B.5a), with all species displaying a
spectral envelope consistent with a prominent d(x2 — y2) SOMO,
indicating that the copper ion at all pHs has a ligand field dominated by
o-donation in its equatorial plane.

At pH 3.0, as seen by a single set of copper hyperfine split peaks at
low field (g5 = 2.283, | 43| = 520 MHz and Table 3B.1), one species is
shown to dominate the spectrum (Figure 3B.5a, violet line in bold). When
the pH is raised, a new set of peaks appears in the low field region (g3 =
2.249, | As| = 550 MHz and Table 3.1), indicative of the appearance of a
second unique species, the concentration of which is maximum at pH 5.5
(Figure 3B.5a, blue line in bold). A further increase in pH causes the

development of a new set of peaks in the low field region (g5 = 2.246,
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| As| = 550 MHz and Table 3B.1), indicating a third unique species. At a
pH of 8.5, this third species is the dominating form (Figure 3B.5a, green
line in bold). Dramatic changes in the peaks appear in the low field
region (gs = 2.177, | As| = 614 MHz and Table 3B.1) when the pH rises to
13.0 and together with a notable "overshoot" feature at high field, a
fourth different species is formed (Figure 3B.5a, red line in bold).

The EPR spectra were convoluted by combining those at pH 3.0, 5.5,
8.5, and 13.0. The contribution of each spectrum was determined through
least square fitting of the experimental and calculated spectra, resulting
in the determination of the speciation distribution curves and the pKas
(Figure 3B.5b). After the first deprotonation event and the copper
binding to dHisB, the EPR spectrum at pH 3.0 is simulated with a single
set of gz and As values characteristic of a 1N3O coordination sphere
(Species 1 in Figure 3B.5¢ and Table 3B.1). When the pH value increases,
another loss of a proton occurs and a complex with g3 and A4s values
characteristic of 2N20 coordination sphere is formed (Species 2 in Figure
3B.5c and Table 3B.1). Incidentally, two deprotonation processes must be
involved under acidic conditions, a first pKa below 3.0, which could not
be precisely evaluated, and a second deprotonation step centered at pH
4.0. These values are in good agreement with His pKa values in LPMOs
around 3.5.17 As the pH rises, a further deprotonation event happens
and a new species is formed. The pKas values suggests that the amine
nitrogen is included in the coordination sphere (Species 3 in Figure
3B.5¢). Indeed, a good simulation of the experimental EPR spectrum of
this species was obtained with g3 and As values in good agreement with

the values predicted for a 3N10 coordination sphere. A further increase
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in pH sees the emergence of a species with peculiar g5 and A4s values.
This species has pKas = 10.5 and is fully formed at pH 13.0. The pKas
and the spin hamiltonian values suggests the deprotonation of an amide
from backbone or the double deprotonation of an amine to azanide
species (Species 4 in Figure 3B.5c¢) as already observed in LPMOs.[18.19 A
good simulation of the experimental EPR spectrum was obtained with
the inclusion of three nitrogen atom in the spin Hamiltonin and with the
combination of a very large As value and a low gz value (Table 3B.1),
typical for a 3N10 or 4N coordination sphere.

Moreover, within the pH titration range, the species are in a condition
of reversible equilibrium, as they can revert to each of the observed
states, confirming the stability of Cu?*-dHisB over a wide range of pH,

without any leaching of Cu2* ion (Figure 3B.16b).
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Figure 3B.5. a) Frozen solution X-band CW-EPR spectra (150 K) of Cu2+-dHisB (0.4 mM)
in a mixed buffer of MES, CHES, HEPES and CAPS (10 mM each) between pH 3.0 and
13.0, recorded every 0.5 pH unit. b) Speciation distribution curves of the different 4
species. ¢) Hypothetical protonation states of species 1 (pH 3.0), 2 (pH 5.5), 3 (pH 8.5) and

4 (pH 13.0).
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Table 3B.1. Spin Hamiltonian parameters of the pH dependent species. Hyperfine tensor
principal values are given in units of MHz.

Hyperfine coupling ..
gvalues constants (MHz) b2 Coordination
©0) mode from P-B
. lot
Species g1 2 23 | A1 | | Az | | As | plo
1
2.061 2.063 2.283 40 40 520 0.1 1N30O
(pH 3.0)
2
2.051 2.066 2.249 48 48 550 0.2 2N20
(pH 5.5)
2.048 2.062 2.246 52 52 550 0.2 3N10
iép(}-)l 2.032 2.055 2.177 55 60 614 0.7 3N10/4N

In all the simulations, the g values follow the pattern of gs>> g > g1 >
e, which is evidence of a SOMO with a significant amount of d(x? — y2)
character. The differences between g1 and g values, which apply to all
species, point to the presence of some degree of d(z2) mixing. The
conventional perturbative EPR formulas,2°) which yield the molecular
orbital coefficients for the SOMO, a and b, is specified in Equation (3B.1)
and may be used to calculate the degree of mixing, denoted by b2 (Table
3B.1).

¥ (SOMO) = ays(dy2_y2) + b(d,2) Equation 3B.1

Due to the minimal degrees of observed mixing, it is possible to
assume that the ligand field around the copper in each of these species is
close to axial four-fold symmetry. However, as various coordinating

atoms may have identical ligand field characteristics, this is not always
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indicative of a four-fold axial symmetry in the identity of the ligands. For
species 4, a more mixing is evident. This species may exhibit a slightly
more distorted geometry respect a square planar geometry.

With access to the d—d electronic transition energies, it is feasible to
obtain more information about the nature of the ligand field (Figure
3B.6a). For comparison, visible absorption spectra at two different pH of
BIAA10) (Figure 3B.6b), a natural LPMO, were recorded at University of
York. BKAA10) does not contain a Tyr in the copper-first coordination
sphere, and it is a good standard for the mimic Cu2*-dHisB.

Table 3B.2 reports the energy and the molar absorption coefficient for
the d-d electronic transition energies for Cu2t-dHisB. The value of the
natural BXAA10) LPMOare also for comparison. The visible absorption
spectra of species 1 at pH 3.0 (Figure 3B.6a, violet line) and species 2 at
pH 5.5 (figure 3B.6a, blue line) are similar and both show a d-d
transition band characteristic of tetragonal Cu?*, whose Amax and ¢ are in
good agreement with a Cu(His) and Cu(His): with bound waters.21 A
blue shift is observed in the d-d transition band of the species 3 at pH 8.5
(Figure 3B.6a, green line), in perfect agreement with the values obtained
by the spectrum of BAAA10) (Figure 3B.6b, green line) at the same pH
and in general with other LPMOs.22) Notably, the copper spin
hamiltonian parameters of BXAA10) are close to those of the species 3.[19
Thus, taking together the copper spin hamiltonian values and visible
absorption data, species 3 is a good spectroscopic mimics of the HB-
containing natural proteins.

A more intriguing scenario supports species 4. Using gz value as a

measure for the relative strengths of the ligand field in the equatorial
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plane of the copper, it is clear that the ligand field rises dramatically
when going from species 3 to 4 (g3 from 2.246 to 2.177, Table 3B.1). Given
the low value, it can be claimed that the ligand field around the copper in
species 4 is extremely c-donating, resulting in a substantial separation
between the d(x2 — y2) and d(xy) orbital energies. A copper-azanide
interaction, which would result from the deprotonation of terminal amine
to yield an ‘NH ligating group, or a copper-deprotonated amide (from the
backbone) interaction may be predicted for such a strong c-donation.
This hypothesis is in line with the pKa value (10.5) that could be
assigned to the deprotonation of a coordinated amine moiety to -NH
species1923 or amide (backbone) deprotonation(2425! or both. A dramatic
blue shift is observed in d-d energy transition of the species 4 at pH 13.0
(figure 3B.6a, red line), providing support to this hypothesis and in
perfect agreement with the d-d energy transition of BAAA10) at the same
pH (Figure 3B.6b, red line). Furthermore, the 3-fold increase in the e
shows a less symmetric complex than species 1, 2 and 3, confirming the
high degree of mixing of d(z2) orbital to the SOMO respect the other

species across the pH.
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Figure 3B.6. a) Visible absorption spectra of species 1 (violet line), species 2 (blue line),
species 3 (green line) and species 4 (red line). The concentration of Cu2+-dHisB was fixed
at 0.4 mM in 10 mM MES, 10 mM HEPES, 10 mM CHES, 10 mM CAPS. b) Visible
absorption spectra of 0.2 mM BAAA10) at pH 8.5 (green line) and pH 13.0 (red line) in 50

mM phosphate buffer.

Table 3B.2. d-d electronic transition energies (Amax) and molar absorption coefficient (g)

for Cuz*-dHisB and BXAA10) at different pH.

Species Amax d-d electronic transition ¢ molar absorption coefficient
(nm) (Mlem™)
1 (pH 3.0) 670 30
2 (pH 5.5) 670 30
640 35
4 (pH 13.0) 515 110
BIAA10) 650 45
(pH 8.5)
BIAA10) 525 100
(pH 13.0)
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3B.1.4 Role of N-Terminal Amine in the copper binding

As further prove of the N-terminal amine involvement in the copper
coordination, the H chain acetylated on the N-terminal amine was
synthesized. Respect the species 3 of Cu2*-dHisB, an increase in g3 value
is observed for Cu2*-dHisB_Acetylated (from 2.246 to 2.259, Table 3B.3)
consistent with less strengths of the ligand field in the equatorial plane
of the copper, as the terminal amine is not anymore available for the
coordination. While the species 3 of Cu?*-dHis was not influenced by the
presence of chloride ions, the acetylated species was very sensitive to the
presence of chloride in solution. Addition of the chloride leads to the
formation of a distinctive superhyperfine coupling in the high field
region. To improve the spectral resolution of the narrow superhyperfine
lines, second-derivative analysis was performed (Figure 3B.7, black line).
The best simulation (Figure 3B.7, orange line) was obtained with the
inclusion of 2 nitrogen ligands with an isotropic coupling of about 37 and
39 MHz, and with a chloride ion with an isotropic coupling of about 48
MHz. The obtained values for nitrogen and chloride ligands are
compatible with the values from literature.[2627) Other investigations are
under course to further characterize the first coordination sphere .
However, these spectroscopic results strongly support that dHisB
coordinates Cu2* ion using also the N-terminal amine, thus forming the

HB motif and resembling natural LPMOs.
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Figure 8B.7. Experimental (black line) and simulation (orange line) of the second-

derivative X-band CW-EPR spectrum of a Cu2+-dHisB_Acetylated (0.2 mM) in 50 mM
HEPES, 250 mM NaCl, pH 7.0.

3B.1.5 dHisB reduction and Azide Binding

As described in the previous paragraph, Cu2t-dHisB recapitules the
spectroscopic features of natural LPMOs. Thus, it was tested its
reactivity towards Oz, as natural LPMOs. It is evident from literature
that LPMO function requires a reductant, and that various small
molecule reducing compounds, such as the widely utilized Asc, as well as
redox enzymes, such as CDH, can reduce LPMOs and trigger the O2/H202
activation.2829 To mimic the LPMO reactivity, Cu?*-dHisB should be
able to cycle between Cu?* and Cu* under mild conditions. To test the
possible reduction of Cu2*-dHisB to Cu*-dHisB by a reducing agent, EPR

spectroscopy was employed as this technique is diagnostic of Cu?*.

- 169 -



3. Mimicking the Histidine Brace motif in De Novo

Designed Proteins

The Cut-dHisB was obtained from a degassed solution of Cu2*-dHisB
(whose EPR spectrum was previously recorded, Figure 3B.8, blue line)
and subsequently transferred to a glovebox, where it was reduced by
addition of 2 equivalents of Asc. The EPR spectra was mostly silent
(Figure 3B.8, black line), confirming copper reduction. When exposed to
air, Cu* complex oxidizes again to the cupric form, as assessed by EPR

spectrum (Figure 3B.8, cyan line).

A\

e CU%*-dHisB
e Cu*-dHisB
Cu*-dHisB + O,
L D D D
260 280 300 320 340 360
Field (mT)

Figure 8B.8. X-band CW-EPR spectra of Cu2+-dHisB (blue line), upon reduction with Asc
(black line), and subsequent exposure to air (cyan line). The initial concentration of Cu2*-
dHisB is 0.4 mM in 10 mM MES, 10 mM HEPES, 10 mM CHES, 10 mM CAPS pH 7.0.
After re-oxidation no loss of the initial intensity is observed.

Generation of copper-oxygen species, upon molecular oxygen
exposition of Cu*-complexes is well-documented in synthetic systems in
organic solvents and at low temperature.l3) No clearly differences are
observed in the EPR spectrum of Cut-dHisB upon air exposition respect

the EPR spectrum before Asc addition. Therefore, the formation of a
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putative copper-oxygen species, if present, exists below the detection
limits of EPR spectroscopy.

Next, to demonstrate copper ion accessibility to exogenous ligands,
sodium azide was employed as a spectroscopic probe. Azide is a
spectroscopic analogue of superoxide (and more in general of dioxygen
species), due to the striking similarity between their highest occupied
orbitals. Anions, like azide, that bind to Cu?* typically can cause changes
in the EPR spectra, providing helpful indications for empirical
spectroscopic/structural correlations. These changes are typically
accompanied by LMCT transitions that appear in the visible or near-UV
regions. As already studied in natural copper proteins3! and model
compounds,3? the stereochemistry and the overall charge of the copper-
complex and the coordination position occupied by the azide (equatorial
vs axial) play significant roles in determining the spectroscopic features
of the azide complexes and, more generally, the intrinsic affinity of azide
for a given copper center.

Addition of sodium azide to a solution of Cu2*-dHisB at pH 7 produces
changes in both EPR and UV-Vis absorption spectra (Figure 3B.9). In the
former, addition of a 2100-fold excess of azide gives a shift in g3 from
2.246 to 2.242 and As from 550 MHz to 510 MHz (Table 3B.3) with no
change in the spectral envelope (Figure 3B.9a). In the UV-Vis absorption
spectra (Figure 3B.9b), a single moderate-intense band (¢ * 1300 M 1cm™)
appears at 373 nm, ascribable to an azide to copper LMCT. The g3 and As
values and the UV-Vis spectroscopic data demonstrate that Cu2*-dHisB
can bind small molecule, mimics of dioxygen species. By comparison with

literature data, the azide should occupy the axial position in the first
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coordination sphere of copper.’3?! This finding is corroborated by a small
increase in the molar absorption coefficient of the d—d transition
absorption, with a small red-shift in the Amax, that can be interpreted by
assuming a change in Cu2* geometry from square planar to square
pyramidal, and by a low azide binding constant ((40 + 4) M1, inset Figure
3B.9b).

a) b)o,e -

0.4 -
2]
o) 4
< 00 02 04 06 08 1.0
02 Chans (M)
— CU%*-dHisB .
Cu?*-dHisB + 2100 eq. NaN,
'I'I'I'I'I'IO'O_
260 280 300 320 340 360 300 400 500 600 700 800
Field (mT) Wavelength (nm)

Figure 3B.9. Azide binding to Cu2+-dHisB. a) X-band CW-EPR spectra of Cu2+-dHisB
(blue line), and after addition of 2100 equivalents of NaNs (orange line). b) Titration of
Cu2+-dHisB with NaN3s followed by UV-Vis absorption spectroscopy (0 equivalents blue
line, 100 equivalents violet line, 500 equivalents pink line, 1000 equivalents green line,
2100 equivalents orange line). Inset shows the plot of the absorbance at 373 nm as
function of NaNs concentration. The absorbance is corrected for the protein background.
The black squares are the experimental data, which have been fitted with a single
binding model (dashed red line). Cu?*-dHisB concentration in all experiments was 0.42
mM in 10 mM MES, 10 mM HEPES, 10 mM CHES, 10 mM CAPS pH 7.0.

3B.1.6 Dioxygen activation by Cu-dHisB

Decoding the LPMOs’ activity is a difficult task. The polymeric
structure of natural LPMO substrates and the wide range of released
products make the assessment of the activity difficult. LPMO and a
polymeric substrate are typically incubated under established assay

conditions for a specific period (generally days), after which the results
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are quantified using a calibrated HPLC technique. Low molecular weight
cleavage products are the only reaction products detectable by HPLC
because they are soluble in both the reaction buffer and the HPLC
eluent. LPMOs use O2 or H202 as cosubstrate for monooxygenases or
peroxygenase reaction, respectively. A reductant provides the electrons
necessary for a monooxygenase reaction to take place, or for the in situ
production of H20:2 that is later utilized in a peroxygenase reaction, thus
driving the LPMO reaction. It is widely recognized that in the absence of
substrate, hydrogen peroxide can be generated as a result of the oxidase
activity of LPMOs; this is commonly referred to as the “uncoupled
reaction”.22! The monitoring of enzyme-dependent H202 production can
be utilized to identify active LPMOs, in a fast and inexpensive LPMO
assay.

The Horseradish Peroxidase (HRP)/Amplex Red test is an extensively
used fast quantitative method for detecting H202 in living organisms, 33!
cell cultures,34 cell extracts,’3) and other enzymatic processes.[3¢! Kittl
and coworkers used this assay for this first time to monitoring the H2O2
production in presence of O: and a reductant catalyzed by LPMO.22!
Using Amplex red conversion to resorufin in the presence of HRP, the
assay provides an indirect measurement of peroxide concentration. The
HRP/Amplex Red method is based on the single-electron oxidation of
Amplex Red by HRP, which is H202-dependent. The resulting Amplex
Red radicals are unstable, and two of them undergo a dismutation
reaction that result in the regeneration of one Amplex Red molecule and
the production of the highly absorbent (Amax = 570 nm) and highly

fluorescent (Aex = 570 nm, Aem = 585 nm) reporter molecule, resorufin
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(Figure 3B.10). Therefore, the generation of resorufin is 1:1 proportional
to the amount of H202 present in the reaction. However, possible side-
reactions, as the Amplex Red radical reduction by reductant (side-
reaction I in figure 3B.10) or direct reductant peroxidation, catalyzed by

HRP (side-reaction II in figure 3B.10), may interfere with this method.

side-reaction |
reductanti

HO o OH HO o o
SO = OO
N H,0, N

@ ® oA
Amplex O)\ QZ/Lreductant .

Red

“LPMO

(d) resorufin (c) o%"\
(abs/em: 571/585 nm)

side-reaction Il

oxidized

reductant 7z reductant

Figure 3B.10. Schematic illustration of the HRP/Amplex Red assay conducted in the
presence of LPMO and a reducing agent, with the two possible side-reactions. Adapted
with permission from reference.3” Copyright 2023 Elsevier Inc.

To gain insight into the Oz-activation activity of Cu?*-dHisB, H20:
production was measured in situ in presence of different reductants. The
progress curves show that the apparent H2O: production rate is high
with Asc, making it the most efficient reductant for Cu2*-dHisB (Figure
3B.11a). Next, the H202 production rate by Cu2*-dHisB, in the presence
of Asc, was compared with CuSOas (Figure 3B.11b). In this case, the

concentration of H20:2 generated was evaluated using a calibration curve
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(Figure 3B.18), in which standard solutions of H20: were reacted with
HRP and Amplex Red solution. Standard solutions for H20:
quantification were supplemented with the reductant to consider
potential side-reactions, as discussed earlier. The apparent H20:2
production rate, calculate from the linear parts of the progress curves in
Figure 3.11b, resulted (2.8 £ 0.1)- 10-2 st and (8.9 + 0.1) - 103 s for Cu2*-
dHisB and CuSOs, respectively. Surprisingly, Cu?*-dHisB shows a higher
apparent H202 production respect to CuSOs and comparable to that of
natural LPMOs.[37
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Figure 3B.11. a) Progress curved, monitored at 570 nm, showing the accumulation of
resorufin molecule. Reactions were performed with 1 pM Cu?*-dHisB and 25 uM of either
Asc (violet), Cys (blue), GSH (cyan), TCEP (green), FA (yellow) and GA (red). b) H20:
accumulation in a reaction containing 25 uM Asc and buffer (black) or 1 pM CuSOs (light
green) or 1 uM Cu2*-dHisB (violet). All the reaction were performed combining two
solutions in a 1:1 ratio. The first solution contained 2 pM Cu2*-dHisB or 2 pM CuSOy4 in
50 mM HEPES, 150 mM NaCl, pH 7.0 while the second solution contained 10 U/mL HRP
and 100 uM Amplex Red in 20 mM phosphate, 150 mM NaCl pH 7.0. The reaction was
initiated by the addition of reductant to a final concentration of 25 pM.

To explain these different apparent rates in HoOz-production between
Cu?*-dHis and free copper, different reactions should be taken into

account. The first reaction is the reduction of Cu?* to Cu* (Equation
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3B.2), followed by binding of O2 to Cu* to form a superoxide complex,
[CuOq]* (Equation 3B.3). H202 can be directly formed by two-electron
reduction of O without release of ROS into solution (Equation 3B.4).
Alternatively, [CuO2]* could dissociate into Cu2* and Oz anion. H:0:
could be formed in a reaction between Os and the reductant (Equation
3B.5) or through O2 dismutation (Equation 3B.6), eventually catalyzed
by Cu2t.

Cu?** + e~ - Cut Equation 3B.2

Cu* + 0, - [CuO,]* Equation 3B.3

[CuO,]* + e +2HY - Cu?* + H,0, Equation 3B.4

07 + RedH, — H,0, + Red* Equation 3B.5
Cu?*

0; + 2H* — 0,+ H,0, Equation 3B.6

A very likely scenario could be the dismutation of Oz catalyzed by
Cu?*-dHisB, as already observed in other copper de novo designed
proteins, containing a Cu(Nitrogen)s center.8! As a further possibility,
the first coordination sphere ligands may be redox active, facilitating
electron transfer to the superoxide in the [CuO:]* complex, similar to a

mechanism recently reported by Walton and coworkers.!39
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3B.2 Experimental Section

3B.2.1 Design

A procedure analogous to the one use for miniLPMO design, reported

in the experimental section of chapter 3A, was also implemented for

dHisB.
3B.2.2 Molecular Dynamics simulations

All MD simulations were performed at 330 K, without any explicitly
defined geometric constraint on the metal site, with N-term of chain A
acetylated, C-term of chain A amidated and C-term of chain B amidated.
Coordinates were written to .ded file every 5000 integration steps (10 ps).
Octahedral box was built with 9 A edge distance from the center. First
coordination sphere was saturated with three H2O molecules in all cases.
RMSD and Rg were calculated on all backbone atoms. All the other
details for the MD simulations have been described in the experimental

section of chapter 3A.
3B.2.3 Synthesis

The 28-mer peptide H, the acetylated H, and the 62-mer peptide HLH
were synthesized by automatic solid-phase synthesis as previously
reported in chapter 2. Only for the peptide H, to preserve the N-terminal
free, H it was not acetylated, whereas the C-terminal was instead
amidated. It was purified to homogeneity via RP-HPLC. Identity was
ascertained by high resolution ESI-MS (Figure 3B.12, 3B.13, 3B.14).
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Figure 3B.12. RP-HPLC chromatogram (210 nm trace) of the pure H; b) ESI-MS
spectrum of pure H. The signal at m/z = 1125.90 Th corresponds to the [M+3H*]3+ ion
(theoretical average m/z: 1125.95 Th); the signal at m/z = 845.05 Th corresponds to the
[M+4H*]4+ ion (theoretical average m/z: 844.72 Th); the signal at m/z = 675.94 Th
corresponds to the [M+5H*]5* ion (theoretical average m/z: 675.97 Th).
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Figure 3B.13. RP-HPLC chromatogram (210 nm trace) of the pure HLH; b) ESI-MS
spectrum of pure HLH. The signal at m/z = 1185.00 Th corresponds to the [M+6H*]6+ ion
(theoretical average m/z: 1185.19 Th); the signal at m/z = 1015.96 Th corresponds to the
[M+7H*]7 ion (theoretical average m/z: 1016.02 Th); the signal at m/z = 888.99 Th
corresponds to the [M+8H*]8+ ion (theoretical average m/z: 889.14 Th); the signal at m/z =
790.50 Th corresponds to the [M+9H*]%* ion (theoretical average m/z: 790.46 Th); the
signal at m/z = 711.31 Th corresponds to the [M+10H*]10+ ion (theoretical average m/z:
711.52 Th). Spectrum deconvolution gave (7105 + 1.0) Da (theoretical average mass:
7105.10 Da).
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Figure 3B.14. RP-HPLC chromatogram (210 nm trace) of the pure H_Acetylated; b) ESI-
MS spectrum of pure H_Acetylated. The signal at m/z = 1139.90 Th corresponds to the
[M+3H*]3+ ion (theoretical average m/z: 1139.96 Th); the signal at m/z = 855.40 Th
corresponds to the [M+4H*]4+ ion (theoretical average m/z: 855.22 Th); the signal at m/z =
684.36 Th corresponds to the [M+5H"*]5* ion (theoretical average m/z: 684.38 Th).

3B.2.4 Size-

exclusion chromatography

Analytical SEC was carried out on an AKTA pure (GE) fitted with a

Superdex 75

10/300 and eluted at 6°C with 50 mM HEPES, 150 mM
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NaCl, pH 7.0 at a 0.2 mL/min flow rate. The dHisB complex was formed
combining two solutions in a 1:1 ratio. The first solution contained 600
puM H while the second solution contained 600 uM HLH. To this mixed
solution (300 uM H + 300 uM HLH), 330 pM of CuSO4 was added to
obtain the holo form.

Molecular weight of the sample was determined based on a
calibration curve obtained with standards (Figure 3B.15a). The GE Low
Molecular Weight (LMW) calibration kit, containing Conalbumin (75
kDa), Ovalbumin (44 kDa), Carbonic anhydrase (29 kDa), Ribonuclease A
(13.7 kDa) and Aprotinin (6.5 kDa), all at a concentration of 1 mg/ml, was
used for calibration.

A value of = 14 kDa was found for the molecular weight, compatible
with the formation of a dimer. To ascertain the correct oligomerization
state (dimer), the following analysis was performed to calculate the
molar ratio between H and HLH. 500 pL of mix solution containing 1.2
mM H, 1.2 mM HLH and 1.5 mM ZnSO4 was injected into Superdex 75
16/600 SEC column. An aliquot of the main SEC peak was acidified and
10 uLi of this solution were injected into a reversed-phase Vydac C4
column. The concentration of peptide H was then -calculated by
integrating the peak and comparing the area to a previously acquired
external standard calibration curve (Figure 3B.15b). The HLH peptide
concentration may be then easily extrapolated by subtracting the H
peptide contribution to the 280 nm absorbance of the acidified SEC
fraction (e2sonm H = 5500 M'lem'’; e280nm HLH = 5500 M'lcm). The
registered absorbance was 0.61, and the HPLC-derived H peptide
concentration of 52 uM led to a H/HLH molar ratio of 0.9 + 0.1.
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Figure 3B.15. a) Calibration curve, acquired with analytic SEC, with standard proteins:
Conalbumin (75 kDa), Ovalbumin (44 kDa), Carbonic anhydrase (29 kDa), Ribonuclease
A (13.7 kDa) and Aprotinin (6.5 kDa). b) Calibration curve, acquired with RP-HPLC, with
different concentration of H peptide.

3B.2.5 CD spectroscopy

CD measurements were performed using a J-815 spectropolarimeter
equipped with a thermostated cell holder (JASCO, Easton, MD, USA).
CD spectra were collected at 25°C, from 260 to 190 nm at 0.2 nm
intervals with a 20 nm min-1 scan speed, at 2.5 nm band width and at 16
s response. A quartz cell of 1 mm path length was used. MRE were

calculated using the equation:

eobs
MRE_lOlCn

in which O.bs 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 of the peptide (28 for H, 62 for HLH and
90 for H-HLH dimer). The difference CD spectrum of 20 pM H bound was
obtained from the subtraction of 20 pM 1:1 complex of H with HLH
spectrum, from that determined for 20 uM HLH alone.
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3B.2.6 Copper reconstitution

H, acetylated H, HLH and copper stock solutions were freshly
prepared in H2O milliQ. The stock solutions of CuSO4 were prepared at
10 mM concentration starting from the solid CuSOs+5H20. For H,
acetylated H and HLH, the concentration was determined
spectrophotometrically by using e2sonm = 5500 Mlcm.1401 500 uL of a
solution containing 1.0 mM H (or acetylated H), 1.0 mM HLH, 1.3 mM
CuS04 was prepared in 50 mM HEPES, 150 mM NaCl. The pH of this
solution was adjusted to pH 7.0 adding small amount of NaOH. After 30
minutes of incubation at room temperature, excess copper was removed
by HiLoad SEC. HiLoad SEC was carried out on an AKTA pure (GE)
fitted with a Superdex 75 16/600 and eluted at 6 °C with 50 mM HEPES,
150 mM NaCl, pH 7.0 at 1 mL min' flow rate. The eluted fractions
corresponding to the main SEC peak were then concentrated with a 3
kDa MWCO VivaSpin centrifuge concentrator and stored at -80 °C, prior

further experiments.
3B.2.7 CW-EPR spectroscopy

EPR analysis was performed at University of York (UK) under the
supervision of prof. Paul Walton.

X-band CW-EPR spectra of copper loaded dHisB samples in frozen
solution were acquired on a Bruker micro EMX spectrometer operating
at = 9.30 GHz and 150 K, with a modulation amplitude of 4 G and
microwave power of 10.02 mW. EPR spectra were collected at different

pH values. The buffer of the Cu?*-dHisB stock solution was exchanged
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with a mixed buffer solution composed of 10 mM MES, 10 mM HEPES,
10 mM CHES, 10 mM CAPS with a 3 kDa MWCO VivaSpin centrifuge
concentrator. The stock solution of Cu?*-dHisB was divided into 23
independent aliquots (each at 0.4 mM Cu2*-dHisB) and each was brought
to the desired pH value by the addition of concentrated solutions of
NaOH and H2SOs. The pH of the each resulting solution at room
temperature was determined using a calibrated FisherbrandTM
AccumetTM AE150 Benchtop pH Meter, from which 21 samples from pH
2.0 to 13.0 were prepared in 0.5 pH unit steps. At each pH, the sample
was rapidly cooled to 150 K and its X-band CW-EPR spectrum collected.
The spectra at pH 2.0 and 2.5 show the characteristic signal of tetragonal
aqua ion copper (Figure 3B.16a). To verify that dHisB in complex with
copper is stable over a wide range of pH, EPR spectra were collected on
sample starting at pH 7.0 and then raising to pH 13.0, and then
recollected on the same sample at a pH 7.0 again, indeed restoring the

previous species. (Figure 3B.16b).

a) —H20 b) PH 7.0
pH 2.5 e H 7.0 from pH 13.0

LI L L U L D L L
260 280 300 320 340 360 260 280 _ 300 320 340 360
Field (mT) Field (mT)

Figure 3B.16. a) Frozen solution X-band CW-EPR spectra (150 K) of Cu2*-dHisB (0.4 mM)
in a mixed buffer of MES, CHES, HEPES and CAPS (10 mM each) at pH 2.0 (black line)
and pH 2.5 (grey line). The EPR spectra show the characteristic signal of tetragonal aqua
ion copper. b) Frozen solution X-band CW-EPR spectra (150 K) of Cu2+-dHisB (0.4 mM) in
a mixed buffer of MES, CHES, HEPES and CAPS (10 mM each) at pH 7.0 (orange line)
and pH 7.0 coming from pH 13.0 (green line).
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For azide binding experiments, a stock solution of 5 M NaNs3 was
prepared by dissolving the solid in 10 mM MES, 10 mM HEPES, 10 mM
CHES, 10 mM CAPS and the pH of this solution was adjusted to 7.0 with
H2SO4. From the 5 M NaNs solution stock, 5 different diluted stocks were
prepared in order to add the same volume to 5 independent Cu?*-dHisB
solutions. In this was the Cu2*-dHisB concentration is fixed (0.42 mM)
and the concentration of sodium azide is changed (0 mM, 42 mM, 210
mM, 420 mM, 882 mM).

For reduction experiments, the reduced Cu* state of dHisB was
generated by reaction of the complex with 2 equivalents of Asc inside a
N2 atmosphere glovebox. The excess of Asc was then removed via buffer
exchange with a 3 kDa MWCO VivaSpin centrifuge concentrator. All of
the solutions used inside the N2 atmosphere glovebox were degassed by
freeze—pump—thawing on a Schlenk line (water and buffer) or by purging
the solution with N2 for 30 min (dHisB). dHisB re-oxidation was obtained
by = 24 h air exposure of the reduced sample.

Each CW-EPR spectra were obtained by subtracting the spectrum of
Cu-dHisB with blank (only buffer). The simulations of CW-EPR spectra
were performed using the Easyspin software package,!) running within
the MathWorks MATLAB environment.

The EPR spectra at pH 3.0, 5.5, 8.5, and 13.0 were simulated with a
single set of spin Hamiltonian parameters. Spectra taken at different pH
values could be satisfactory simulated through a weighted combination of
these spectra. All but the pH 13.0 spectrum contributions were
systematically varied between 0 and 1 while minimizing the residual

sum of squares between the experimental spectrum and the calculated
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spectrum. The contribution of each spectrum was determined by
performing a stochastic search starting from a 1000 population size and
using a nonlinear gradient-based optimization algorithm using the
Microsoft Excel Solver tool. The pH 13.0 spectrum contribution was

calculated by imposing 1 as the sum of the weighted contributions.

pH 3.0 pH 5.5 pH 8.5 emm==pH 13.0
— Simulation

Ll I T I T I T I T I T
260 280 300 320 340 360
Field (mT)

Figure 3B.17. Frozen solution X-band CW-EPR spectra (150 K) of Cu2+-dHisB (0.4 mM) in
a mixed buffer of MES, CHES, HEPES and CAPS (10 mM each) at pH 3.0 (violet line),
pH 5.5 (blue line), pH 8.5 (green line) and pH 13.0 (red line). The black traces are the
simulated spectra.
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Table 3B.3. EPR spin Hamiltonian parameters from simulations of X-band CW-EPR
spectra for the species studied in this work.

) ) . dHisB
Spelcles Spezc1es Species + 9100 dHisB
4 eq. Acetylated
oH oH NaNs
H
3.0) 5.5) GH13.0 P (pH 7.0
7.0)
21 2.061 2.051 2.048 2.032 2.048 2.048
g
@ 2.063 2.066 2.062 2.055 2.062 2.052
values
2 2.283 2.249 2.246 2.177 2.242 2.259
| A1l 40 48 52 55 52 48
Acu
| As | 40 48 52 60 52 58
(MHz)
| As | 520 550 550 614 510 550
g 0.03 0.04 0.04 0.001 0.04 /
g
@ 0.03 0.04 0.04 0.001 0.04 /
strains
2 0.05 0.05 0.04 0.001 0.04 /
| A1l 1 1 1 10 1 7
Aca\ztﬁ:;ns | As | 1 1 1 10 1 7
| As| 1 1 1 100 1 7
SHF
Ax / / / 30 41 50 / 37 39 48 (C1)
isotropic
(MHz)
wIi‘(lirt‘}els 0808 0103 0808 0909 0808 0.70.7
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3B.2.8 UV-Vis absorption spectroscopy

UV-Vis absorption spectra were recorded with a Shimadzu UV-1800
UV/Visible Scanning Spectrophotometer, using a quartz cuvette with 1
cm path length. Wavelength scans were performed at 25°C from 200 to
800 nm, with a 600 nm min! scan speed. The same solutions used for
EPR analysis were employed for UV-Vis absorption analysis. The UV-Vis
spectra of BKAA10), expressed and purified at University of York, in 50
mM phosphate buffer were recorded at pH 8.5 and pH 13.0.

For azide binding experiments, the same solutions used for EPR
analysis were employed for UV-Vis absorption analysis. This analysis
allowed to evaluate the binding constant for equilibrium:

(Cu2z+-dHisB)-H20 + N3 5 (Cu?*-dHisB)-Ns + H20

Data were fitted according to the following equation:

A _ KaAoo[N’aT] + AO
ST (14 KuIN3D)

where K. is the association constant, A« is the absorption of the
complex at infinite concentration of N3 and Ao is the absorption of the

starting aqua-complex.
3B.2.9 Amplex Red assay

The oxygen reactivity of Cu2t-dHisB was measured by HRP/Amplex
Red assay in 96-well plates (total volume of 100 pL) using a Perkin
Elmer EnSpire Multimode plate reader and monitoring wavelength at
570 nm. All the reaction were performed combining two solutions in a 1:1
ratio. The first solution contained 2 pM Cu2*-dHisB or 2 uM CuSO4 in 50
mM HEPES, 150 mM NaCl, pH 7.0 while the second solution contained
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10 U/mL HRP and 100 uM Amplex Red in 20 mM phosphate, 150 mM
NaCl pH 7.0. The reaction was initiated by the addition of Asc to a final
concentration of 25 pM. The reactions were performed in triplicate. To
calculate the amount of H20:2 production, a calibration curve (Figure
3B.18) was obtained using standard samples of H:02, prepared in the
same buffer solution used for the experiment (with the addition of 25 pM
Asc), at concentrations of 0 pM, 1 uM, 5 uM, 10 pM and 20 uM. H20:
stock solutions were prepared by diluting H20: (30%, v/v) in water,
whose concentration was determined by UV- vis absorption spectroscopy

Amax = 240 nm; £ = 39.4 M-cm™).
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0.09 —
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5
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Figure 3B.18. Calibration curve for H2O2 for Amplex Red assay.
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3.3. Conclusions

This part of the thesis has been devoted to the design, spectroscopic
and catalytic characterization of miniLPMO and dHisB, as models of
LPMOs. As starting scaffold, the use of proteins structurally close to the
natural enzyme was avoided, considering that all natural LPMOs share a
core formed by a B-sandwich that includes the metal-binding residues in
its surface. Scaffold selection was therefore steered towards proteins with
helical secondary structure. Scaffolds with high a-helical content are
particularly convenient because they tend to have a lower propensity to
form insoluble oligomers. Another restriction imposed on the
hypothetical scaffold concerns the length of the polypeptide chain that
was limited to about 50 amino acids or less, for avoiding synthetic
problems and low yield.

Both de novo designed protein scaffolds, for miniLPMO a quite
unnatural homodimeric four-helix bundle and for dHisB a heterodimeric
three-helix bundle, were found able to host an HB copper-binding site. To
the best of our knowledge, these models represent the first de novo
designed proteins containing the HB copper-binding site

The correct oligomerization state and folding for both proteins were
confirmed by CD spectroscopy and SEC analysis. Unlike naturally
occurring proteins, these models allowed for a detailed spectroscopic
characterization over a wide pH range. CW/pulsed-EPR and UV-Vis
absorption spectroscopy demonstrated that the copper binding site of
both proteins can exist in different protonation states. Based on the
available data, the species at neutral pH are proposed to have the same

first coordination sphere of natural LPMOs for both models.
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More interestingly, the two models not only recapitulate the
spectroscopic signature of the natural counterparts but were also found
to activate both H20:2 and O:. Next steps will be devoted to more

complete catalytic studies for both models.
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4. Conclusions and Perspectives

This PhD thesis demonstrates the feasibility of de novo designed
helical bundles to engineer T2Cu and T3Cu catalytically active copper
binding sites and obtaining exceptional replicas of natural
metalloproteins.

Engineering artificial metalloenzymes housing di-nuclear metal
binding sites is not a trivial task. Differently from metalloenzymes
containing well-defined prosthetic group, the architecture of these sites is
much more intricate as it results from a defined geometry of the first
shell ligands, usually also arranged in a bridging fashion connecting the
two metal ions. As in T3Cu PPO the di-copper site cycles between
different functional oxidation states, the protein scaffold must be able to
host the site and tolerate these variations.

Common structural motif of the T2Cu active site of LPMOs and
pMMOs, which both catalyzes the oxidation of exceedingly strong C-H
bond, is the HB copper-binding site. The presence of this peculiar metal-
binding motif raised questions concerning its role. Therefore, the
development of mimics, which reproduce the HB and are sufficient stable
for structural and functional studies, is also a challenging task.

The results on the three model developed successfully demonstrate
the reliability of the approach used in this thesis. The newly designed
protein DR1 appropriately hosts the T3 copper site and exhibits
diphenolase activity. Careful design of the residues lining the substrate
access endows DR1 with substrate recognition, as demonstrated by
Hammett analysis and computational studies. This finding 1is

particularly meaningful because such modulated catalytic activity
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represents a hallmark of natural enzymatic activity. Further
spectroscopic characterization led us to propose a simple but highly
informative kinetic model for dioxygen activation of this synthetic
enzyme, highlighting hydrogen peroxide as an intermediate.

For LPMO model proteins the de novo design procedure started with
the selection of appropriate protein scaffolds, suitable to the introduction
of HB metal-binding site. Besides satisfying the structural requirements
for the HB site, potential candidates were also selected for generally
desirable features in an artificial protein, such as water solubility and
conformational stability. Thus, secondary structures lacking pB-sheet
segments or highly unordered regions were preferred, in order to
minimize aggregation and subsequent precipitation.

Along this line, both the scaffolds selected for miniLPMO and dHisB
are based on o-helices. For miniLPMO, a HB binding site was designed
into a quite unnatural de novo designed four-helix bundle. In the latter,
dHisB, the HB binding site has been hosted into a “designable” de novo
designed three-helix bundle. For both models an in-depth spectroscopic
analysis was performed through the combination of different
spectroscopic techniques. Spectroscopic and functional characterization
revealed these simple models can recapitulate the HB features.

. In conclusion, this PhD thesis set a new bar, by implanting specific
outer shell interactions and peculiar copper binding sites in non-native,
versatile, and stable scaffolds. In the endeavor to develop synthetic
metalloenzymes for the degradation and conversion of biomass into
second-generation fuels, these simple models represent a significant step

forward.
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5. List of Abbreviations

AA: Auxiliary Activity

Amplex Red: 10-acetyl-3,7-dihydroxyphenoxazine
Asc: Ascorbic acid

AUS: Aurone Synthase

bmTYR: Tyrosinase from Bacillus megaterium
Bpy: 2,2'-Bipyridine

CAPS: 3-(Cyclohexylamino)propane-1-sulfonic acid
CAZy: Carbohydrate-Active Enzymes

CBM: Carbohydrate-Binding Module

CBP21: Carbohydrate Binding Protein 21

CD: Circular Dichroism

CDH: Cellobiose Dehydrogenase

CHES: 2-(Cyclohexylamino)ethane-1-sulfonic acid
CO: Catechol Oxidase

CT: Charge Transfer

CuA: Copper A

CuZ: Copper Z

CW-EPR: Continuous Wave-Electron Paramagnetic Resonance
DF: Due Ferri

DFT: Density Functional Theory

dHisB: designed Histidine Brace

DMP: 2,6-dimethoxyphenol

DR1: Due Rame

DTBC: 3,5-di-tert-butylcatechol

ENDOR: Electron Nuclear Double Resonance
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5. List of Abbreviations

EPR: Electron Paramagnetic Resonance

ET: Electron Transfer

EXAFS: X-ray Absorption Fine Structure

FA: Ferulic acid

FT-IR: Fourier-Transform Infrared Spectroscopy

GA: Gallic acid

GSH: L-Glutathione

HAA: Hydrogen Atom Abstraction

HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
blpyridinium 3-oxide hexafluorophosphate

HB: Histidine Brace

Hc: Hemocyanin

HCO: Heme-Copper Oxidase

HCTU: O-(1H-6-Chlorobenzotriazole-1-y1)-1,1,3,3-
tetramethyluronium hexafluorophosphate

HEPES: 2-[4-(2-Hydroxyethyl)piperazin-1-yllethane-1-sulfonic acid
HPLC: High-Performance Liquid Chromatography

HppE: (S)-2-hydroxypropylphosphonic acid epoxidase enzyme
HRP: Horseradish Peroxidase

HYSCORE: Hyperfine Sublevel Correlation

ibCO: Catechol Oxidase from Ipomoea batatas

1Z: Isoleucine Zipper

jrTYR: Tyrosinase from Juglans regia

LMCT: Ligand-to-metal Charge Transfer

LPMO: Lytic Polysaccharide Monooxygenase

MASTER: Method of Accelerated Search for Tertiary Ensemble

Representatives
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5. List of Abbreviations

MCO: Multicopper Oxidase

MD: Molecular Dynamics

MES: 2-morpholin-4-ylethanesulfonic acid

MRE: Mean Residue Ellipticity

MtPMO3*: Lytic Polysaccharide Monooxygenase subtypecloned from
the filamentous ascomycete from Myceliophthora thermophila
N20R: Nitrous Oxide Reductase

NiR: Nitrite Reductase

PDB: Protein Data Bank

pMMO: particulate Methane Monooxygenase

PNP: 4-nitrophenolate anion

PNPG: 4-nitropheyl-8-D-glucopyranoside

PPO: Polyphenol Oxidase

PQQ: Pyrroloquinoline-quinone

QM/MM: Quantum Mechanics/Molecular Mechanics
RMSD: Root Mean Square Deviation

RMSEF: Root Mean Square Fluctuation

ROS: Reactive Oxygen Species

RP-HPLC: Reversed-Phase High-Performance Liquid
Chromatography

SASA: Solvent Accessible Surface Area

SEC: Size-Exclusion Chromatography

sMMO: soluble Methane Monooxygenase

SOD: Superoxide Dismutase

SOMO: Single Occupied Molecular Orbital

T1Cu: Type 1 Copper

T1D: Type 1 Depleted
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5. List of Abbreviations

T2Cu: Type 2 Copper

T2D: Type 2 Depleted

T3Cu: Type 3 Copper

TBC: 4-tert-butylcatechol

TCEP: Tris(2-carboxyethyl)phosphine
TFA: Trifluoroacetic acid

TNC: Trinuclear center

TYR: Tyrosinase

vvCO: Catechol Oxidase from Vitis vinifera
WSC: Wall Stress Component

XANES: X-ray Absorption Near Edge Structure
XAS: X-ray Absorption Spectroscopy
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