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Abstract

De novo protein design offers the opportunity to test our understanding of how metalloproteins
perform difficult transformations. Attaining high-resolution structural information is critical to
understanding how such designs function. There have been many successes in the design of
porphyrin-binding proteins; however, crystallographic characterization has been elusive, limiting
what can be learned from such studies as well as the extension to new functions. Moreover,
formation of highly oxidizing high-valent intermediates poses design challenges that have not
been previously implemented: (1) purposeful design of substrate/oxidant access to the binding site
and (2) limiting deleterious oxidation of the protein scaffold. Here we report the first
crystallographically characterized porphyrin-binding protein that was programmed to not only
bind a synthetic Mn—porphyrin but also maintain binding site access to form high-valent oxidation
states. We explicitly designed a binding site with accessibility to dioxygen units in the open
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coordination site of the Mn center. In solution, the protein is capable of accessing a high-valent
Mn(V)-oxo species which can transfer an O atom to a thioether substrate. The crystallographic
structure is within 0.6 A of the design and indeed contained an aquo ligand with a second water
molecule stabilized by hydrogen bonding to a Gln side chain in the active site, offering a structural
explanation for the observed reactivity.
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INTRODUCTION

Hemes are one of the most widely used and versatile cofactors employed in biology.1—3
Nature has evolved a variety of heme-binding protein scaffolds to perform a broad range of
functions, such as ligand sensing and transport, electron transfer, protection from reactive
oxygen species, and substrate oxidation. Free heme, without the aid of a protein scaffold, is
prone to aggregation and has drastically reduced functionality. On the other hand, synthetic
chemists have developed a massive library of metalloporphyrins to recapitulate the reactions
performed in nature (albeit often less selectively and at slower rates) but also to perform
reactions not found in nature, such as cyclopropanation and amination.2> While directed
evolution has produced engineered heme proteins with impressive rates and selectivities for
abiological reactions,®’ de novo protein design offers the opportunity to test our
understanding of protein structure—function relationships.8-12 A complete understanding of
how proteins tune the function of heme cofactors combined with novel reactivity of
synthetic cofactors would allow for the design of functional metalloproteins that can expand
upon the scope of natural proteins.10

The de novo design of metalloproteins has seen many successes,-10:13 put the ability to
design cofactor-binding proteins with sub-Angstrom accuracy, without the need for
evolution or experimental optimization of the scaffold, has only recently been achieved.1
De novo heme-binding helical bundles have been designed from first-principles, including
maquettes19-1516 and binary-patterned artificial superfamilies;1” however, these have not
been successfully structurally characterized at high resolution. Although they have shown
the ability to tune redox potentials of heme cofactors and can perform a limited range of
peroxidase chemistry,1517-20 maximizing the utility of these designed heme-binding
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proteins through further design refinements has been limited by the inability to acquire high-
resolution structural information—providing function without structure. In an effort to
address this issue of structural nonuniqueness, our group employed a strategy used by
natural cofactor-binding proteins: a four-helix bundle was computationally designed to bind
a photoreducible Zn porphyrin ((CF3)4PZn) (Figures 1and 2) adjacent to a well-packed
distal core to ensure a well-packed, structurally unique protein. This led to a high-resolution
NMR structure of PS1 showing sub-Angstrom accuracy compared to the design. However,
this work was conducted using Zn(Il) porphyrin, selected for photophysical applications,
and therefore containing a redox-inactive metal ion.14

Here we explore and extend the principles used in the design of PS1 to create a non-natural
manganese diphenylporphyrin-binding protein that was crystallographically characterized,
providing us with information that is lacking in solution NMR: the exact positioning of the
metal ion relative to the protein and the location of aqua ligands and associated water
molecules within the binding site.

A common feature in many heme enzymes and synthetic model complexes is the binding of
a dioxygen species (O, or HyO5) which is then heterolytically cleaved to make a high-valent
metal-oxo species with the release of water.2~ Thus, the ability to accommodate two O
atom units (e.g., one ligated and one distal water molecule) is critical to facilitating oxidative
chemistry. Additionally, it is essential to be able to access high-valent intermediates without
deleterious effects to the protein or cofactor. We achieve these enabling features for the first
time in a de novo designed protein. Herein we report the computational design of the first
crystallographically characterized de novo metalloporphyrin-binding protein.

Expanding on the design strategy for PS1 (dubbed Enfold),14 which simultaneously packed
the binding site and folded core residues, we computationally designed a protein for a new
abiological cofactor, MnDPP (Mn—diphenylporphyrin, Figure 2A). This cofactor is larger
and contains a redox active metal (Mn) providing a good test of the breadth of our approach.
The ability to access multiple redox states additionally expands the scope of possible
reactivity with computationally designed proteins. Akin to native heme proteins, Mn-aryl
porphyrins are capable of performing a variety of oxidative transformations, including
epoxidation, sulfoxidation, and alcohol oxidation, via high-valent Mn-intermediates (i.e.,
Mn(IV) or Mn(V)).2 Formation of these strongly oxidizing intermediates presents additional
design challenges that have not been previously implemented with precision in the de novo
design of porphyrin proteins: (1) to purposefully design access to the metal center for
oxidants and/or substrates and (2) to limit the ability of these powerful metal-based oxidants
to deleteriously react with the protein scaffold itself. In the design of PS1, emphasis was
placed on a well-folded core thereby restricting access to the cofactor.14 Natural oxidases
and peroxidases often maintain access channels to the cofactor with water molecules during
the resting state, which are then displaced during catalysis.321 We implement this concept in
our design by using a dioxygen unit in the open coordination site of the Mn center. We have
shown that this strategy provides access to the binding site for solvent, oxidants, and
substrate and prevents detrimental damage to the binding site.
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Design of MPP1.

The cofactor targeted in the design was a diphenyl porphyrin, MnDPP, with a dioxygen unit
bound to the metal center (Figure 2). The inclusion of the dioxygen assures sufficient space
for oxidant and substrate access to the cofactor. As compared to our earlier design of PS1,
which binds to (CF3)4PZn, MnDPP represents a more extended cofactor with a flatter
porphyrin ring. Previous proteins designed to bind diphenyl metalloporphyrins failed to
result in sequences whose properties were amenable to high-resolution structure
determination.22 Thus, the design and high-resolution structure determination of a MnDPP-
binding protein represented a significant challenge. Moreover, the MnDPP cofactor is
compatible with future work featuring complex cofactors that are bridged with
diphenylporphyrins.23.24

The design of MPP1 (Manganese Porphyrin-binding Protein 1) began with the
parameterized backbone of PS1,14 which includes an axial His ligand and a second-shell H-
bonded Thr on an adjacent helix. The MnDPP was placed with its phenyl rings and the metal
ion oriented along the central axis of the bundle (Figure 2). While PS1 was used as a starting
template, the bundle needed to be extended to accommaodate the larger diphenylporphyrin
cofactor. Thus, an idealized helical bundle was fit to the structure of PS1, and the helices
were elongated to match the length of the cofactor (plus an additional region intended to
form a well-packed hydrophobic core). The dioxygen unit (formally OOH™) from an oxy-
P450 structure2> (PDB 2A1M) was placed in the open coordination site on the Mn center
(~1.8 A Mn-O distance, trans to the His ligand, Figure 2B—C).

Using a custom RosettaScript, the interior residues were allowed to vary through iterative
cycles of flexible backbone sequence design. Due to the high expression levels and stability
of PS1, most solvent-exposed residues were unchanged (Figure 2C-D). To minimize
potential oxidation of the protein, Trp and Tyr residues were disallowed at positions within
12 A of the cofactor, and Met and Cys residues were disallowed throughout during design.
PS1 showed the importance of adding Gly and Ala residues to create a more polar binding
site and avoid hydrophobic collapse in the absence of the cofactor,1 as can be an issue in
heme-binding maquettes.26:27 Therefore, three Gly residues were constrained in close
proximity to the cofactor to ensure sufficient flexibility in the binding region for apo-MPP1.
Additionally, the final MPP1 sequence had seven Ala residues in the binding site. Together,
these small residues were intended to enable easy access to the Mn center and minimize the
number of oxidizable bonds in close proximity to the cofactor. Models were assessed for
low-energy and good packing scores by analyzing packing score (pstat) and total energy
score from Rosetta outputs. The initial design of the helical sequences was conducted
without connecting loops because this approach provided the most flexibility to allow the
protein to optimize its fit with the cofactor.

To create single-chain proteins, loops were designed using MASTER.28 In MASTER an
input structural element (query) is compared to a library of three-dimensional protein
structures using the backbone root-mean-square deviation (RMSD) as a similarity score.
Library structural fragments that match the query to a given RMSD threshold are

JAm Chem Soc. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mann et al.

Page 5

enumerated, and the designability of a query is quantified by the total number of structural
matches found in the library. Short segments of the two helices (six residues) were queried
against a database of helical proteins from the PDB searching for a particular loop length to
connect them. This allows for the use of loops that are well represented in natural proteins
and are good matches for the structural context of the designed backbone. Loop length and
sequence are important parameters to consider in the design of highly stable parameterized
helical back-bones;2%:30 therefore, loops were clustered by RMSD, and clusters with highly
represented loops were chosen. As a result, helices A and B (loopAB) and C and D
(loopCD) were connected with short, highly designable (as evidenced by the tight
clustering) nested Schellman plus N-capping loop motifs2%-33 (Figure 3A) to ensure a stable
folded core. MASTER proved particularly useful in choosing loopBC. To accommodate the
larger cofactor and, as a result, longer interhelical distance between helices B and C, a
longer loop was required. Overall, these loops were less well-represented in the PDB than
loopsAB/CD, but a large cluster was found nonetheless (see the Supporting Information,
Figure 3B, and Table S1). After the loops were built, additional rounds of flexible backbone
sequence design were performed to ensure complementary packing of the interior of the
bundle with the new loops. At this stage, three additional designs (MPP2-4) were prepared
with different lengths for loopBC, including the original loop backbone from PS1 (MPP4)
(Figure S1).

Despite coming from the same parameterized backbone, 65% of the interior residues in
MPP1 changed relative to PS1, with the majority of changes occurring in the binding site
(Figure 2C). Moreover, the sequence of MPP1 has no similarity with any natural protein
(blast £value <0.05 against nonredundant protein database).

As a test of the structural stability of apo-MPP1, ab initio folding predictions were run on
the designed sequence.34 As expected, the binding region appears more flexible relative to
the conformationally unique folded core (Figure S2). As discussed above, the addition of
Gly and Ala residues to the binding region, along with polar His and Thr residues, maintains
an appropriately dynamic binding site. The lower RMSD clustering of the results for the
folded core region, relative to the binding site, suggest a level of preorganization of the distal
core residues.

Solution Characterization.

MPP1-MPP4 all express well in £. coli (20-30 mg/L) and were purified to homogeneity
(Figure S3). Spectral titrations indicated that they each bound Mn(111)DPP with similar
shifts in the absorption spectrum strongly suggesting that they accommodate the cofactor in
a similar binding environment (Figure S4). As a preliminary test of unique solution
structure, H NMR spectra were collected for holo-MPP1-4 (Figure S5). MPP1-2 appeared
to be well structured in solution while MPP3-4 showed evidence of conformational
averaging, similar to previously designed maquettes. MPP1 crystallized readily (see below),
while MPP2 did not form crystals in preliminary crystallization trials. We therefore focused
our efforts on MPP1.

MPP1 tightly binds Mn(I11)DPP (Ky = 122 + 19 nM) despite the cofactor’s poor aqueous
solubility. The cofactor was added from a DMSO stock solution, and binding occurs within
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the mixing time, resulting in a red shift in the Mn(111)DPP split Soret absorption manifold
and Q-band transitions (Figure 4A-B). The absorbance at 463 nm is consistent with binding
of an axial His ligand.3° In addition, the measured extinction coefficient (e463 = 65 000 M1
cm™1) of the Soret band suggests that the Mn(l11) center is six-coordinate in solution,
consistent with the design of His and water as axial ligands under these conditions.36:37
Although MnDPP is achiral, binding to the active site is expected to result in induced
chirality if it is held rigidly within the cofactor binding site. Indeed, the visible CD spectrum
of holo-MPP1 shows a clear induced Cotton effect associated with the Soret band transitions
centered at 391 and 463 nm, matching the electronic absorption spectrum (Figure 4). It
should be noted that despite starting from a parameterized PS1 helical bundle, MPP1 does
not bind tightly to (CF3)4PZn (Figure S6).

MPP1 was designed to be exceptionally well-folded, leading to extreme thermal stability.
This allows for ease of study as well as the possibility of doing catalytic reactions that
require high temperatures. As designed, apo- and holo-MPP1 are thermostable, with 7, >
90 °C (Figure 4C). This level of thermostability is on par with (or better than) thermophilic
proteins from extremophiles. In fact, the induced CD of the Soret bands is still evident at 90
°C (Figure S7). Furthermore, the protein prevents aggregation of the Mn-cofactor which
readily occurs in the absence of the protein.

To determine the effect of the protein environment on the Mn(l11/11) reduction potential,
spectrophotometric dithionite titration experiments were performed (see the Supporting
Information).38 The £;,(Mn "1 for holo-MPP1 was found to be =107 (+5) mV vs SHE
(pH 7, Figure S8).1520.39 Because redox-coupled protonation/deprotonation play critical
roles in catalysis, it was important to assess changes in the protonation state accompanying
changes in the oxidation state of the Mn ion. Therefore, we confirmed and extended these
results using an independent, spectroelectrochemical method that employs a true reference
electrode to measure changes in Mn(lI11/11) reduction potential as a function of pH (see the
Supporting Information, Figure 5, Figure S8, and Table S2). A midpoint potential of —145
mV vs SHE was observed at pH 7, in agreement with the value measured by
spectrophotometric solution titration. The observed midpoint potential is constant from pH 8
to 7. At pH 6, it became less negative by 30 mV, indicative of partial protonation of a group
that is thermodynamically coupled to the Mn(I1/111) ion (Figure S9 and Table S2). At lower
pH, one might expect full protonation in the reduced state, and, therefore, a full 60 mV/pH
would be observed, as expected for a 1e-/1H* process. Unfortunately, measurements at
lower pH were complicated by possible protonation of the His ligand.

The cofactor can be reduced from Mn(l11) to Mn(I1) upon addition of 1 equiv of dithionite to
a degassed solution, causing a blue shift in the Soret. The Mn(I1) species is stable in the
absence of dioxygen; however, after oxygenation the spectrum quantitatively evolves to that
for the Mn(I11) species indicating that (1) the binding site is accessible to dioxygen and (2)
the intermediate species does not deleteriously affect the binding environment (Figure S10).

Formation of Mn(V) Species and Sulfoxidation Reaction.

To design functional metalloproteins, there must be access to the cofactor for the oxidant
and substrate to reach the metal center, but the protein scaffold must also support a high-
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valent species without deleterious effects. Mn—porphyrin catalysts often go through a
Mn(V)-oxo intermediate as the competent oxidant via a two-electron oxidation from

Mn(I11) to Mn(V).# These species have been well studied in the literature, with diagnostic
absorption spectra.#0-42 To test MPP1’s ability to support formation of these highly
oxidizing species, the Mn(l11) holo-protein was oxidized in solution with sodium periodate
(NalOy), a two-electron oxidant and O atom transfer agent, in both MES and phosphate
buffer conditions (Figures S11-F12). Upon addition, the Soret transition centered at 463 nm
associated with the Mn(I11) species decreases with a concomitant evolution of a band at 431
nm that matches the literature for similar species assigned as a Mn(V)—oxo species (Figure
6).40-42 This reaction proceeds with approximately 50% conversion based on the absorbance
of the Mn(l11) species. At room temperature, the Mn(V) species is unstable and slowly
converts back to the starting Mn(111) spectrum with a half-life of ~12 min (Figure S11).
However, addition of thioanisole to the preformed Mn(V) species leads to a rapid decrease in
the 431 nm band and return of the Mn(l11) starting spectrum. Analysis of the reaction
mixture by mass spectroscopy verified the formation of methyl phenyl sulfoxide with no
evidence for further oxidation to phenyl methyl sulfone (Figure 6C and Figures S13-S18).
This sulfoxidation reaction is consistent with the assignment of a Mn(V)-oxo species
forming upon the addition of periodate to the Mn(l11) holo-protein.#344 It should be noted
that in the absence of the protein, the cofactor does not form this species and, instead, slowly
decomposes in the presence of NalOy4 (Figure S19), strongly suggesting that the protein
environment helps stabilize this species.

Structural Characterization.

Holo-MPP1 is the first crystallographically characterized de novo designed porphyrin-
binding protein, a significant step forward in understanding how to build binding sites to
create functional proteins. The structure was solved to 1.75 A resolution to reveal that the
backbone matches the design exceptionally well (0.6 A all backbone RMSD, Figure 7).
LoopBC is well-structured; however, it is displaced relative to the design, likely because of
an N-terminal 6-His tag and TEV cleavage sites. This tag, which was not included in the
design, interacts with the loopBC in the crystal structure (Figure 7A and Figure S20). The
protein crystallized with an additional MnDPP unit at a symmetry interface on the surface
bound to E58 (see the Supporting Information, Figure S21). However, in aqueous solution,
the protein is monomeric and binds a single equivalent of cofactor (Figure 4B and Figure
S3). Thus, the additional intersubunit cofactor must only assemble under the crystallization
conditions.

The His-bound cofactor sits precisely where it was placed in the design, predicting the Mn
position within 0.5 A, less than the length of a C—H bond. The only difference is a ~ 55°
rotation in the torsion angle of one of the macrocycle’s meso-phenyl groups (Figure 7). In
addition to the extraordinary similarity between the structure and design, the structure
confirmed Mn-His coordination and revealed two water molecules (Watl and Wat2) within
the binding site (Figure 7). Watl is a weakly coordinating sixth ligand to the Mn center
(Wat1-Mn distance 2.62(1) A), which agrees with the solution absorption spectrum of
MPP1 and matches the design. The Wat1-Mn distance is similar to the Mn—O(water)
distance found in a Mn-porphyrinoid-substituted myoglobin.4> Wat2 forms an H-bonding
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network that includes Watl and GIn84. As expected, the Wat1-Mn and Wat1-Wat2
distances are longer than the analogous distances in the design because they are not part of a
covalent dioxygen unit, and rather a H-bonded network. However, the two water molecules
do sit along the same vector as the O—O bond in the design with an identical Mn—-O-0O angle
of 124° (Figure 7D). As in natural proteins, these water molecules within the binding site
may act as a placeholder to maintain an access channel. This is the first structural evidence
of binding site access for a designed porphyrin-binding protein, a major advance toward the
development of functional metalloproteins from scratch, and, we believe, a result of
purposefully designed access using a dioxygen unit.

DISCUSSION

The long history of de novo designed porphyrin-binding proteins has taught us much, but the
ability to gain structural insight is invaluable. As the first crystallographically characterized
de novo designed porphyrin-binding protein, MPP1 illustrates the importance in determining
the protein structure to further our understanding of the design features necessary to produce
functional proteins from scratch. This work expands on the Enfold14 strategy to include
purposefully designed substrate access by including a two O atom unit within the binding
site. Additionally, it demonstrates the generality of this approach—all parts of the protein
are important: a well-folded distal core, shape complementary binding site, and appropriate
space reserved for external access. When designed in unison, the resulting protein structure
was highly predictable without the need for evolution or experimental optimization. All four
sequences designed bound the cofactor with high affinity, although two showed evidence of
conformational averaging in solution. Of the two that showed an NMR spectrum consistent
with a unique structure, one was crystallized and structurally interrogated.

The structure showed the presence of two water molecules in an H-bonding network that sit
above the Mn proximal to the designed location of the dioxygen unit. This finding suggests
that MPP1, as designed, is capable of accommodating two O atom units during the
activation of dioxygen. Moreover, the designed metalloprotein can access a Mn(V)—-oxo
species and perform O atom transfer to thioanisole. With the structure of MPP1 in hand, we
can redesign the binding site to include an active site customized for substrate. This work is
a substantial step forward in protein design and paves the way for functional metalloproteins
designed from scratch.

METHODS

Protein Design.

Full methods and scripts regarding the design of MPP1 are given in the Supporting
Information. Briefly, the parameterized backbone of PS1 was redesigned to bind
Mn(111)DPP with a dioxygen unit bound in the open coordination site via a customized
Rosetta script for flexible backbone sequence design. The flexible backbone protocol was
the following: distance and angle constraints between Mn and His were loaded, the model
was repacked, the backbone and then side chains were relaxed, and three trials of a Monte
Carlo flexible backbone subprotocol were performed and filtered for models with nativelike
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packing (pstat =0.48). Models were analyzed for packing and total energy. The designs of
MPP2-4 proceeded in the same fashion.

Protein Expression and Purification.

Full details are given in the Supporting Information. Briefly, the gene coding for the protein
sequence of MPP1 was ordered from IDT, which was cloned into the IPTG-inducible
pET-21a plasmid (cloning site Ndel-BamHI). The sequence also coded for an N-terminal
6xHis-tag followed by a TEV protease cleavage sequence, followed by the designed
sequence.

Porphyrin-Binding Titration to Determine Kg.

Mn(111)DPP(CI) was purchased from Frontier Scientific and used as received.
Mn(1I1)DPP(CI) (3.4 1) was solubilized in a 1 mL solution of 50 mM MES, 150 mM
NaCl, pH 7.5 buffer from a DMSO stock solution. One microliter of a 308 1M stock of apo-
MPP1 was titrated into the 1 mL solution containing the porphyrin, and an electronic
absorption spectrum was measured until >2.5 equiv of protein was added. Absorbance
changes at 463 nm, due to His—Mn coordination-induced spectral shifts of the porphyrin,
were fit to a single-site, protein-ligand-binding model.

Preparation of Holo-MPP.

First, 1.2 equiv (60 41) of a 10 mM DMSO solution of Mn(I11)DPP(CI) was added to 1 mL
of a 500 M apo-MPP1 solution in 50 mM MES, 150 mM NaCl, pH 7.5 and allowed to sit
for 5 min at room temperature. The protein/cofactor solution was centrifuged at 14 000gin
an Amicon Ultra 0.5 mL centrifuge filter (10 kDa MW cutoff) for 3 min, 3 times, replacing
the buffer to 0.5 mL after each spin. Finally, the solution was spun for 2 min at 12 000g in an
Amicon ultrafree-MC GV filter. The holo-MPP1 was stored at 4 °C for short-term storage or
—20 °C for long-term storage. Binding tests of (CF3)4PZn were carried out with the same
method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Common metal-oxygen intermediates utilized in heme proteins. Illustrations of

designed function used for (B) PS1 and (C) MPP1. PS1 was designed to undergo
photophysical function; therefore, no binding site access was required, and an lle residue
was placed above the distal face of the porphyrin to maximize packing with the cofactor.
The binding site of MPP1 was designed with adequate space for two O atoms above the Mn
center for accessibility by using a dioxygen unit in the design. Circles represent porphyrin
macrocycles.
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Figure 2.

Comparison of MPP1 design to previously designed PS1. (A) ChemDraw representations of
cofactors used for design, [Mn(I11)DPP]* (this work) and (CF3)4PZn(ll) (previous work).
(B) A ribbon representation of the MPP1 design overlaid with the NMR structure of PS1
illustrating the differences in backbone length and position. (C) A cartoon representation of
the MPP1 design showing the changes in sequence relative to PS1 (purple spheres) to
accommodate the new cofactor and residues that were allowed to change but did not (green
spheres). (D) Sequence alignment of MPP1 and PS1 colored as in (C) with the binding site
region designated as BS and loop regions bolded and italicized.
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Figure 3.
Design model of MPP1 showing representative clusters of loops. Clustered loops from

MASTER for loopAB and loopCD (A) and loopBC (B). Loop clusters are shown in light
purple and the chosen loop in magenta.
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(A) Electronic absorption spectra showing the red shift for the Mn(I11)DPP Soret band in
DMSO, buffer, and MPP1. Inset: Zoom in of Soret bands. (B) Electronic absorption spectra
showing the titration of apo-MPP1 into a solution of Mn(111)DPP to determine Kj. Inset:
Plot of absorption at 463 nm versus MPP1 concentration and fit (in red). Ky error is from fit.
(C) Temperature-dependent CD plot showing the thermal stability of apo- and holo-MPP1
(ellipticity measured at 222 nm). (D) CD spectra in UV (inset) and visible regions of apo-
and holo-MPP1 showing the induced Cotton effect. Buffer conditions were 50 mM MES,
150 mM NaCl pH 7.5.
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Figure 5.

S;?ectroelectrochemical titration of Mn(I11)MPP1 (black) to Mn(I1)MPP1 (red) in the
presence of redox mediator indigo-5,5"-disulfonate (IDIS). The potential was decreased
from 10 to =390 mV vs SHE in 50 mV increments, holding each potential until no further
spectral changes were observed. The spectra of IDIS under the same conditions have been
subtracted for clarity.
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Figure 6.
(A) Electronic absorption spectra showing the reaction of Mn(1I1)MPP1 (black) with excess

NalOy4 to form a Mn(V)—oxo species monitored with 60 s scans. (B) Reaction of the Mn(V)-
oxo species (red) with 10 equiv of thioanisole showing the loss of the Mn(V)—oxo bands and
conversion back to the Mn(l11) spectrum (black) monitored with 12 s scans. Inset: Time
trace monitoring absorbances at 463 and 431 nm. (C) Scheme showing sulfoxidation of
thioanisole. (*) indicates the absorbance from NalO, (see the Supporting Information).
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XRD structrure
design model

Figure 7.
Structural comparison of the designed model of MPP1 (gray) and the crystal structure (PDB:

7JRQ, orange). (A) Cartoon representation showing an extremely good backbone match
between the design and structure (0.6 A all backbone RMSD). Comparisons of the binding
site region (B) and folded core region (C). Comparison of the placement of Watl and Wat2
(red spheres) relative to the dioxygen unit in the design (transparent) (D) and extended H-
bonding network from the binding site to the surface via a water network (E). The positions
of T27, H64, MnDPP, Wat1, Wat2, and Q84 in (E) are indicated by the Fo—F omit map
(gray mesh, contoured at 30). (F) Comparison of observed cofactor placement (gray) relative
to the model (cyan). Glycine residues are shown as Ca spheres.
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