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Dedicated to Professor Vincenzo Pavone on the occasion of his retirement and in recognition of his remarkable contributions to
peptide chemistry and metalloprotein models.

Abstract: De novo metalloprotein design is a remarkable approach to shape protein scaffolds toward specific functions. Here, we report the
design and characterization of Due Rame 1 (DR1), a de novo designed protein housing a di-copper site and mimicking the Type 3 (T3) copper-
containing polyphenol oxidases (PPOs).

To achieve this goal, we hierarchically designed the first and the second di-metal coordination spheres to engineer the di-copper site into a
simple four-helix bundle scaffold. Spectroscopic, thermodynamic, and functional characterization revealed that DR1 recapitulates the T3 copper
site, supporting different copper redox states, and being active in the O,-dependent oxidation of catechols to o-quinones. Careful design of the
residues lining the substrate access site endows DR1 with substrate recognition, as revealed by Hammet analysis and computational studies
on substituted catechols. This study represents a premier example in the construction of a functional T3 copper site into a designed four helix
bundle protein.

Introduction

Impressive progress has been made in engineering metal binding sites in designed and native protein scaffolds, to afford artificial
metalloenzymes.['8! Protein scaffolds can be handled as macromolecular ligands to build metal ion binding sites within micro-
environments of increasing complexity to modulate their properties and afford a variety of activities.[’-° Recent results in this field reveal
that endless possibilities of artificial metalloenzymes can be obtained, not only exceeding the performances of their natural counterparts
but also showing innovative chemistry, unprecedented in nature.[®-14

The engineering of artificial metalloenzymes housing di-nuclear metal binding sites deserves special attention. Di-nuclear sites are
widely used throughout biology to catalyze hydrolytic and redox-active processes.[®'5-'8 Differently from metalloenzymes containing
well-defined prosthetic group such as hemes or iron-sulfur clusters, di-nuclear metal binding sites result from the interactions between
metal ions and residue side chains in a precise spatial distribution of donor atoms as first shell ligands.® The architecture of these sites
holds further level of complexity, as it frequently encompasses bridging first-shell ligands connecting the two metal ions.

Type 3 (T3) copper-containing proteins are an illustrative example of di-nuclear sites. They comprise two copper ions, at a distance
between 3.5 to 4.6 A ['8-20 gach ligated by three His residues. Each His triad is provided by an antiparallel a-helix pair, with consequent
formation of an uncommon crossed four-helix bundle, The di-cupreous deoxy form consists of two Cu* ions with no bridging ligands in
a trigonal planar geometry. The di-cupric met-form has two Cu?* bridged by one or two hydroxides or water molecules (Figure 1a),
whereas the oxy-form is bridged by the characteristic side-on (u-n?:n?) peroxo anion in the Cu,O, core, in a quasi-tetragonal or trigonal
bipyramidal geometries (Figure 1b).
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Figure 1 Active site structures of a) met-TYR from walnut leaves (Juglans regia, PDB ID: 5CE9,'® with the two copper ions bridged by a hydroxide anion; b)
oxyhemocyanin from Octopus (PDB ID 1JS8) with the peroxide bridging the two copper ions in a un*m? 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.

In hemocyanins, the T3 site functions as dioxygen transporter, whereas the side-on Cu,0; performs very demanding hydroxylation
reactions as in tyrosinases (TYR), or oxidation of aromatic substrates as in catechol oxidases (CO). TYR and CO, together with aurone
synthase (AUS), are generally classified as polyphenol oxidases (PPOs), and the identification of the molecular basis driving the T3
copper center toward mono- and/or diphenolase activity is still an unsolved puzzle.?"l

As very recently highlighted by Lu et al.,[ the design of artificial oxidative metalloenzymes housing copper centers represents a great
challenge, as it requires a protein scaffold able to: i) finely colocalize the two copper ions using two triads of histidine residues without



endogenous bridging ligands; ii) be flexible to change the coordination environment, depending on copper ions oxidation state; iii)
enable the activation of molecular oxygen without ROS formation; iv) enable the substrate access to the metal site for catalysis.

We have approached this challenge through de novo design strategy and herein we report the results on Due Rame 1 (DR1, two copper
in Italian), an artificial metalloenzyme housing a T3 copper site endowed with catechol oxidase activity. DR1 design started from DFs,
de novo designed metalloproteins we previously developed, inspired by the di-iron-oxo proteins.??-24 The first member of the DF family,
DF1, consists of an antiparallel four-helix bundle and binds two iron ions in a 4-Glu, 2-His coordination environment embedded into the
protein core.??— Scaffold stability allowed increasing levels of complexity, thus obtaining analogues with a variety of activities and
substrate/product specificity.?4-271

By using a combination of rational and computational design, we reshaped the first coordination sphere of DF1 active site to obtain a
6-His di-copper binding site. Second coordination sphere interactions were engineered through an extensive H-bond network involving
the His ligands. Finally, the active site cavity was sculpted to create a suitable channel for substrate access.

All the results demonstrated DR1 to behave as a well folded and stable four-helix bundle protein, able of replicating the T3 copper
binding site. Indeed, di-Cu?*-DR1 displays diphenolase activity, catalyzing the oxidation of catechols to the corresponding quinones.
Analysis of the kinetic parameters for differently substituted catechols revealed di-Cu?*-DR1 active site to preferentially interact with
more hydrophobic substrates. The combination of Hammett structure—activity analysis and density functional theory (DFT)
computations, to model the substrate interactions within the T3 copper site, provided evidence for a key role of the residues lining the
active site pocket in tuning di-Cu?*-DR1 substrate specificity.

Results and Discussion

Engineering a T3 copper center into the four-helix bundle scaffold: first and second coordination spheres

To build the T3 site into the four-helix bundle scaffold, we started from the symmetric crystal structure of di-Zn?*-DF1 (PDB ID 1EC5)./??
DF1 scaffold is comprised of two non-covalently associated helix-loop-helix motifs (a2), with the primary ligands of the di-nuclear
GlusHis; site buried in the protein interior (Figure 2a). All the design process was performed preserving the C, 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, pointing inwards the bundle, and having the Ca atoms located within 7 A from the Zn?* ions.!8! Besides positions 10,
36 and 39, which coincide with the coordinating residues of the DF1 di-nuclear site, position 32’ (humbers with prime refer to symmetry-
related residues in the symmetric dimer) appeared as the only suitable candidate (Figure 2b). Next, we superimposed the x-ray structure
of di-Zn?*-DF1 with the structures of several T3 copper proteins (Figure 2b and Table S1). To reduce the number of possible
permutations, we kept His39 of the original di-metal site as the first member of the His triad. Then, we determined the best position for
His mutation among Glu10, Glu36, 1le32’ by iteratively superimposing the His39 to each His residues of the natural proteins. After this
analysis, the best triad, in terms of ligand distance and coordination geometry, was His10, His32’, and His39. Therefore, Glu10/10’ and
1le32/32" were mutated to His. Notably, substitution of lle to His in a corresponding position was previously adopted in 3His-DFsc, a
single-chain version of DFs, in order to reprogram the reactivity from oxidation of activated quinols to the N-oxygenation of anilines.?”!
To avoid competition for Cu binding, Glu36/36’ were mutated to Ala, thus affording a 6His di-copper binding site in the homodimeric
structure (Figure 2c).

Subsequently, we introduced hydrogen-bonded networks, crucial for stabilizing metal sites in de novo designed proteins.?°39 As
successfully adopted in DF1 (Figure 2a), His39 was stabilized through the interaction of its Ne with Asp35’. This Asp is further involved
in a salt bridge interaction with Lys38 (Figure 2d). His10 second shell interaction required lle14Glu and lle40Lys substitutions. Lys and
Glu sidechains create a salt-bridge, which, by interacting with His Ne, may prevent the formation of undesired side chain/main chain H-
bonds (Figure 2e). Finally, similarly to 3His-DFsc, His32' was stabilized through an H-bond network, spanning almost the entire length
of the bundle, by Leu43His, Leu3Asn and Leu47Glu substitution. (Figure 2f).
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Figure 2. DR1 design. a) active site structure of di-Zn?*-DF1 (PDB ID: 1ec5). b) superposition of DF1 metal binding site, with focus of the a and d residues within 7
A from one Zn?* ion, with one coordinating His triad from several T3 copper proteins (PDB IDs: see Table S1). Side chains and the metal ion of DF1 are represented
as sticks and sphere, 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; g) Centroid structure of the most abundant cluster determined on DR1 trajectory by
cluster analysis (See Supporting Information and Table S3); h) details of the di-Cu?*-DR1 active site as obtained by DFT calculations. His coordinating residues and
Ala and Leu, shaping the access cavity, are illustrated; i) peptide sequence alignment of DR1 a2 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. In all panels, the two symmetry-related a2 motifs are represented as cartoons in different colors (cyan and green) for clarity of display.
The Zn?* ions are reported as grey spheres, the Cu?* ions as brown spheres.

Shaping active site accessibility and design validation Having designed the putative 6His di-copper metal-binding site,
we carefully evaluated the hydrophobic core repacking, the loop



definition, and the active site accessibility to face the tradeoff
between protein stability and function.*l The primary and
secondary sphere mutations, necessary for the T3 copper site
design, extract a large thermodynamic cost,B"! and required
stabilizing substitutions at positions distant from the active site,
both in the hydrophobic core and in the loop region.[252¢1

To rebuild the hydrophobic core of the homodimer, a
RosettaScripts repacking cyclel*% |ed to the following mutations:
Leu7lle, Leu11Glu, Tyr17Leu, Leu33lle (see Supporting
Information). Afterwards, the idealized ag—a,—f interhelical loop
(Thr24-His25-Asn26) was preferred over the DF1 loop sequence
(Val24-Lys25-Leu26). The selected loop sequence features a
network of H-bonded sidechain/mainchain interactions and
improves the stability/flexibility of the bundle, as previously
observed in DF3 and more recently in DFP3.[343%]

The shape and accessibility of the active site cavity in DF
proteinsi?>24 are mainly controlled by residues at positions 9/9’
and 13/13’, corresponding to g and d positions of the o, motif,
respectively. In DF1, decreasing the bulk of the channel-lining
residues, by Leu to Ala to Gly mutations, considerably improved
di-metal center hydration and reactivity.?32436371 Thus, we
performed a comprehensive screening of the best pair of residues
in positions 9 and 13 by Molecular Dynamics (MD) simulations
(see Supporting Information). Leu, Ala and Gly residues were
iteratively permutated starting from the most hydrophobic, but still
accessible,®83% Leu9Ala13 to the most flexible Gly9Gly13[2540],
To perform the MD simulation, copper(ll) was substituted with
zinc(ll), considering that MD parameterization of zinc is
particularly reliable in the CHARMM forcefield." Further, in both
DF scaffolds and natural PPOs, zinc substitution does not lead to
a significant variation of the orientation in the first coordination
Sphere_[24-26, https://www.nature.com/articles/ncomms5505] ~ The zinc-protein
interactions were described with the ‘non-bonded method’ to
allow 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 constraint the relative positioning of the zinc ions.*? The most
favorable combination was Leu9Ala13 both in terms of the
solvent-accessible surface area (SASA) at the access channel
and of the overall stability of the folding, as calculated from the
root mean square deviation (RMSD) of the C® atom with respect
to the starting model and the radius of gyration (Rg) (See
Supporting Information, Table S2, Figure S1 and Figure S2). The
calculated Rq (13.1 £ 0.1 A) and the interhelical SASA (1060 + 40
A?) are almost identical to DF3 (13.1 £ 0.1 A, 1071 £ 40 A?
respectively). In particular, the Ry value is consistent with those
observed for globular all-a proteins with less than 100 residues.*!
This supports that the overall four-helix bundle, represented in
Figure 2g by the centroid of most abundant cluster in the
simulation (see Supporting Information, Table S3), is conserved
and stable along the dynamics.

To further validate the design protocol, a DFT geometry
optimization was performed, replacing zinc and sulfate with
copper in the DR1 MD relaxed model (see Supporting Information
for further details). A p-hydroxo di-copper cluster (met-form),
together with the two His triads sidechains and other residues
shaping the catalytic pocket, were modeled in the DFT calculation
(Figure 2h and Figure S3). The substitution of zinc(ll) with
copper(ll) and the addition of one hydroxide ion in 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 catalytic activity of T3 sites. The overall architecture of the
optimized active site closely resemble the one observed for PPOs
met-forms (Figure 1a, Figure S4, Table S4): both copper(ll) ions
retain the coordination of the two His triads and of the bridging
OH- ligand, with a Cu-N (N2 for His 10/10’ and His 39/39’, Nt for
His 32/32’) distance of 2.138 + 0.113 A, a Cu-OH distance of
2.013+0.045 A, and a Cu-Cu distance of 3.914 A.

The final DR1 o sequence with all the mutations with respect to
DF1 and DF3 is reported in Figure 2i.

DR1 folding, copper binding and thermodynamic stability

Apo-DR1 was chemically synthesized by using Fmoc protocols,
purified by reversed-phase HPLC and identified by ESI MS
(observed mass: 5858.97 + 0.01 Da, theoretical mass: 5858.96
Da, Figure S5). Size exclusion chromatography analysis revealed
that DR1 assumes the designed homodimeric structure in both
the apo and holo forms (Figure 3a). The elution peak corresponds
to an apparent molecular weight of about 14.7 kDa, in good
agreement with that expected for the o, homodimer (212 kDa),
and with that of DF1 used as standard (Figure S6, Table S5).
Circular dichroism (CD) analysis gave insights into DR1 folding
upon copper-binding. CD spectrum of apo-DR1 at pH 7.5 (Figure
3b, red curve) exhibits double minima at 209 and 222 nm typical
of a a-helix structure. Addition of Cu?* to apo-DR1 led to an
increase in the mean residue ellipticity (MRE) at 209 and 222 nm,
indicating a further increase in the helical content (Figure 3b, blue
curve). This finding proved that the binding of the metal ion to DR1
improves its global folding, as already observed for several
members of the DF family.34#4 Cu?* titration by CD=Figure S7),
allowed to determine the stoichiometry of the interaction. Data
were fitted to a general P + nM <> PM, equilibrium,?! considering
DR1 as a dimer. A protein:metal ratio of 1:2 was obtained (n =
1.91 £ 0.05), as expected.

Isothermal Titration Calorimetry (ITC) was used to determine the
thermodynamic underpinnings of the copper binding to the
protein. Figure 3c reports the binding isotherm obtained from
integration of the raw ITC data (Figure S8), upon titrating a
solution of 25 yM DR1 with CuSO4 400 yM. Data fitting by the
independent binding model, confirmed the expected binding
stoichiometry of 2 Cu?* ions per DR1 dimer, and gave a
dissociation constant Ky value of 5 + 2 uM (Figure 3c).

The thermodynamic signature of the process at 298.15 K revealed
a modest binding enthalpy contribution, AHj is -2.5 + 0.3 kJmol,
comparable with the energy of a single hydrogen bond (Figure 3c,
inset). As a consequence, the binding process is entropically
driven (-TAS,= -27 + 1 kdJmol "), as observed in other de novo
designed copper proteins.*s! The enthalpic gain related to the
formation of histidine-copper bonds slightly exceeds the
thermodynamic cost of breaking the already established 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.

Spectroscopic characterization of the di-copper center

The UV-Vis spectrum of di-Cu?*-DR1 (Figure 4a) is characterized
by an absorption band centered at 621 nm. The observed molar
extinction coefficient for di-copper site is ~100 M' cm™ and can
be attributed to a weak d—d transition, characteristic of tetragonal
Cu?, as found in the met-form of hemocyanins,“8! CO¥" and
TYR.K8

Di-Cu?*-DR1 shows an axial electron paramagnetic resonance
(EPR) spectrum (Figure 4b), typical of copper(ll) in square planar
field.'8 The amount of EPR-active copper(ll) species was
evaluated to 40+10% of total copper(ll) (see Supporting
Information, Figure S9). This demonstrates that a significant
fraction of antiferromagnetically coupled EPR-silent T3 sites are
present in DR1, as confirmed by DFT calculations (see below).
Interestingly, upon O, exposure of the di-Cu*-DR1 (see
Supporting Information, Figure S10), the fraction of EPR-active
copper(ll) species was reduced by 30 %. These data indicate that
O, binding to the di-Cu* site may affect the Cu---Cu distance, thus
favoring antiferromagnetic coupling between the cupric ions.
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Figure 3 DR1 folding, copper binding and thermodynamic stability. a) Analytical gel filtration chromatograms, recorded at 280nm, 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) 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.. c) integrated ITC data (black squares) as a function of
the copper ions and DR1 dimer concentration ratio. The solid red line is the best fit of experimental data using the independent site binding model. Inset:
Thermodynamic signature of the binding process: AHs in red, -TASyin green and AGy in blue. Error bars represent the standard deviation.
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Figure 4 a) Visible absorption spectra of apo-DR1 (red line) and di-Cu?*-DR1
(blue line), at 50 uM concentration, (¢ is shown for di-copper site). b) CW-EPR
spectrum of di-Cu?*-DR1, with 30% of glycerol as glassing agent, at 300 uM
copper concentration. The spectrum was recorded at 77 K. All the samples are
in 10 mM HEPES 300 mM Na2S0O4 pH 7.5.

Di-copper-DR1 diphenolase activity

Once demonstrated the ability of DR1 to bind copper and
recapitulate the T3 site, its diphenolase activity was assayed.
Addition of the model substrate 3,5-di-tert-butylcatechol (DTBC)
to a solution of di-Cu?*-DR1, caused the appearance in the UV
spectrum of two bands around 410 nm and 660 nm (Figure 5a).
The band at 410 nm was unambiguously attributed to 3,5-di-tert-
butyl-o-benzoquinone (DTBQ) (see Figure S11), while the band
at 660 nm is unrelated to the product and can be tentatively
ascribed to the Cu(ll) d—d transitions, red-shifted upon quinone
binding (see infra). Analysis of the reaction mixture by NMR
excluded the presence of any side-reaction product as only DTBQ
was observed (see Supporting Information and Figure S12). A

complete conversion of DTBC to DTBQ was observed over 60
min (Figure 5b). No increase in DTBQ formation over the
background was observed when the reaction was carried out with
apo-DR1, with di-Zn?*-DR1 or in sole buffer, thus confirming the
catalysis to occur at the DR1 di-copper site (Figure S13a).

To get insights into the involvement of O in the catalytic
mechanism, the reaction was also carried out under anaerobic
conditions (Figure S13b). After addition of DTBC to di-Cu?*-DR1,
~ 1 equivalent (respect to the catalyst) of DTBQ was rapidly
produced (Figure 5c dashed lines). Then, no increase in product
formation was observed along time until restoring aerobic
conditions (Figure 5c solid line). 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 enzyme to the di-
cupreous state. This hypothesis is consistent with the reduction of
the EPR-active species upon addition of DTBC to di-Cu?*-DR1
under anaerobic conditions (Figure S14). Addition of molecular
oxygen re-oxidizes the di-copper center to complete the cycle,
thus allowing DTBC to be promptly converted again to the o-
quinone. Two possible mechanisms have been invoked for O,
reduction catalyzed by di-copper sites: (i) one in which two
molecules of water are produced, as observed in natural proteins,
(i) the other in which the reduction of O leads to H,O, formation,
as frequently observed in small molecule mimics (Figure S15).149-
51 More detailed mechanistic studies are needed to pinpoint the
DR1-catalyzed activation of dioxygen, and are currently under
course.
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Figure 5 a) UV-Vis absorption spectra recorded every 10 minutes upon addition of 250 uM DTBC to 50 uM di-Cu?*-DR1 in 10 mM HEPES 300 mM NazSO4, pH
7.5. b) DTBQ formation kinetic under aerobic conditions. c) 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.

As already observed for several model compounds,’®"52 upon
DTBC oxidation, binding of DTBQ to the di-copper site may occur.
Binding of DTBQ to di-Cu?*-DR1 was ascertained by UV-Vis
spectroscopy (Figure 6a) and saturation transfer difference (STD)
NMR experiments (Figure 6b and 6c). Addition of DTBQ to the
protein caused the appearance over time of the band at 660 nm
(Figure 6a), already observed upon di-Cu?*-DR1 catalyzed DTBC
oxidation (Figure 5).
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Figure 6 a) UV-Visible spectra recorded at different time upon addition of
DTBQ to di-Cu?*-DR1 (final concentration 150 uM and 100 M, respectively) -
in 10 mM HEPES 300 mM Na2SOa, 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 Hy proton. c) upper STD-NMR
spectrum of 10 uM met-DR1 with 100 yM DTBQ (saturation time 5s); lower 1D
1H NMR reference spectrum of DTBQ.

The STD spectrum, using 10-fold DTBQ excess with respect to
the protein, exhibited narrow and well resolved lines (Figure 6c).
Significant STD effects were observed for all the protons of

DTBQ, unequivocally confirming its binding to di-Cu?*-DR1. The
strongest STD effect was observed for proton Hp,, whose value
was set to 100%. Intensities for all the other protons were
expressed relative to the H,, signal (Figure 6b, Figure S16 and
Table S6). The t-butyl protons tBu, and tBuy exhibited similar
saturation transfers (~ 70 %). The least interacting proton with di-
Cu?*-DR1 was H, with a STD of ~40 %. These data suggested
proton H, 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 configuration, the DTBQ oxygen atoms would
point towards the protein core.

The catalytic parameters for DTBC oxidation were next
determined. In the presence of ambient oxygen, di-Cu?*-DR1
followed Michaelis-Menten kinetics (Figure S17, Table S7) with
values of 0.70 + 0.06 mM and 65 = 3 min™" for Kn, and Keat,
respectively (keat/Km = (9.2 £ 0.4) 10* M~ min™")

Kinetic investigations using differently substituted di-phenols, as
catechol and 4-tert-butylcatechol (4-TBC), revealed interesting di-
Cu?*-DR1 behaviors (Figure S17, Table S7). Though the removal
of one substrate tert-butyl (tBu) group resulted in a poor effect on
Km value (Km for 4-tert-butylcatechol 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 suggests that the active site preferentially interacts with
more hydrophobic substrates, thanks to the aliphatic residues
lining the active site access channel (Figure 2h).

To further validate the substrate recognition capability of di-Cu?*-
DR1, Hammett analysis was performed using DTBC, 4-TBC,
catechol, and 4-chlorocatechol. Compared to catechol as
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 7a). The correlation of the reaction kinetic to
linear free energy relationship-based electronic substituent
parameters was investigated using the Hammett parameter o
The Hammett plot (log(TOF) vs o,” parameters!®® was found to
deviate from linearity (R? = 0.87) (Figure 7a). This suggests that
other factors, such as steric effects of the substituents, also play
an important role for catalytic activity, thanks to the constraints
exerted by the protein matrix surrounding the active site. To
evaluate the correlation of steric and electronic effects with the
reaction kinetics of the different catechol substrates, the o,
parameters were adjusted with the o, Charton’s steric
parameters.’®® The adjusted parameter was found to be ¢’ = o, -



o,. A plot of log(TOF) against ¢’ shows linear correlation (R? =
0.99) with a negative slope (p =-1.6) (Figure 7b). A similar p value
was observed in natural T3 copper proteins®% and in several
synthetic complexes, for which a positively charged transition
state has been invoked in the rate-determining step.®® The good
correlation found by correcting the o,” parameter by steric volume
clearly evidence the direct interaction of the protein matrix with
substrates. This result further supports that the presence of tBu
groups on the substrates determine favorable interactions within
the active site, thus increasing the catalytic rate and lowering Kn,
values.

Di-copper-DR1 substrate recognition by DFT calculations
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DFT calculations were performed to model the interaction of
substrates within the DR1 pocket (see Figure S3 for details on the
di-Cu?*-DR1 cluster model used). The di-copper site is in its
ground state anti-ferromagnetically coupled met-form (favored
over triplet solution by 1.8 kcal/mol at the B3LYP-D4 level), in
agreement with EPR data. Differently substituted catechols were
tested to better rationalize, on a stereo-electronic basis, the effect
of tBu groups on binding affinities. Figure 8 reports the optimized
structure of the three different adducts resulting from DTBC, 4-
TBC and catechol binding to the di-copper site. Due to its shape
and steric constraints, the DR1 cavity drives catechols towards
one specific binding mode, more likely involving a single Cu
center (Figure 8a and Figure S18).
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Figure 7 a) Hammett plot of values of log(TOF) for oxidation of catechol substrates as a function of 6,” and b) as a function of ¢’ = o,” - ov. The points are
experimental points, measured for compounds of the structures shown adjacent to those points. Di-Cu?*-DR1 concentration was 30 uM in 10 mM HEPES, 300 mM
Na2S0a, 20% DMF, pH 7.5 and substrate concentration was fixed at 550 uM. The data points were fitted with a linear function. Error bars were obtained from three

independent measurements.



The calculated relative binding energies (see Figure S19 for details) clearly evidenced that the affinity decreases in the order
DTBC > 4-TBC > catechol, nicely matching the experimental observation that the presence of bulky hydrophobic groups favors
substrate binding. The observed trend is the same irrespective to the binding mechanism envisioned (see Figure S19). 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 and large affinity loss of ~8 kcal/mol.

Such differences can be explained in terms of both steric and electronic factors. One tBu (position 4 for 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
intercept L17 side chain (Figure 8b), 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 (Figure S20), reflecting a stronger binding for electron-rich (and thus more reducing) substrates.

A13

Figure 8 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.

Conclusion

This work illustrates how de novo designed four-helix bundles can be manipulated to engineer diverse, catalytically active metal
binding sites, thus obtaining excellent mimics of natural metalloproteins. The newly designed protein DR1 properly hosts the T3
copper site and displays diphenolase activity. The use of DF1 scaffold, patterned after natural di-iron proteins, allowed us to
reproduce the 6His binding site, typical of PPO,["® in a well-defined and parametrized four-helix bundle.

This study represents a breakthrough in de novo metalloprotein design. Differently from T1 and T2 mononuclear copper sites,
which have been widely constructed in a variety of de novo scaffolds,*4%57-62 the T3 di-nuclear sites have been mainly studied in
natural proteins®® and in small inorganic complexes.[%6%4 Very recently, Song and co-workers installed a di-copper site at the Cs-
symmetric interface of the hexameric acetyltransferase, using the unnatural bipyridyl-alanine as a tight chelating residue.®®

Here, we set a new bar, not only by recapitulating the T3 site with the native histidines in the correct geometry, but also supporting
its function by positioning a set of properly designed secondary sphere interactions, crucial for substrate binding and recognition.

All this was possible thanks to our deep understanding of the simple, versatile, and structurally stable DF framework, which
allowed us to endow DR1 with substrate selectivity, a key feature of natural enzymes.

In conclusion, this study represents a step forward in the design of artificial metalloenzymes with demanding behaviors,
demonstrating that simplified, model proteins can be effective for the development of new catalysts.
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