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Abstract

Copper-containing metalloenzymes constitute a major class of proteins which catalyze a myriad
of reactions in nature. Inspired by the structural and functional characteristics of this unique
class of metalloenzymes, we report the conception, design, characterization, and functional studies
of a de novo artificial copper peptide (ArCuP) within a trimeric self-assembled polypeptide
scaffold that activates and reduces peroxide. Using a first principles approach, the ArCuP was
designed to coordinate one Cu via three His residues introduced at an asite of the peptide
scaffold. X-ray crystallographic, UV-vis and EPR data demonstrate that Cu binds via the N
atoms of His forming a T2Cu environment. When reacted with hydrogen peroxide, the putative
copper-hydroperoxo species is formed where a reductive priming step accelerates the rate of its
formation and reduction. Mass spectrometry was used to identify specific residues undergoing
oxidative modification, which showed His oxidation only in the reduced state. The redox
behavior of the ArCuP was elucidated by protein film voltammetry. Detailed characterization

of the electrocatalytic behavior of the ArCuP led us to determine the catalytic parameters

(Kwm» Keat), which established the peroxidase activity of the ArCuP. Combined spectroscopic and
electrochemical data showed a pH-dependence on the reactivity, which was optimum at pH 7.5.
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INTRODUCTION

How the protein sequence determines the 3D structure and function of metalloenzymes
remains an unsolved problem. De novo protein design allows the construction of artificial
metalloproteins that are simpler yet accurate representations of the structure and function
of native enzymes.! Guided by specific sequence-to-structure determinants, the de novo
designed metalloproteins provide a deep understanding of the folding and coordination
properties of complex metalloenzymes. When successful, this approach produces simpler
functional analogs of the native enzymes and provide a foundational understanding of the
underlying chemistry. A grand challenge in the past has been the design of catalytically
active de novo metalloenzymes. Recent success in this pursuit has been achieved in
producing artificial de novo designed bio molecular catalysts for hydrolytic, reductive,
dismutative, and oxidative chemistry.2=6 In this context, an unexplored area is to create
de novo constructs whose functionality can lead to energy-relevant transformations by
activation of O-O and O-H bonds. The reserve of fossil fuel is finite and not sustainable.
In addition, burning of fossil fuel causes pollution and climate change. Therefore, it is
necessary to find alternative forms of energy using abundant natural resources such as
dioxygen and water. Development of biomolecular catalysts that catalyze energy-relevant
transformations using cheap transition metals in aqueous conditions is highly desired in this
regard.
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Cu-containing metalloenzymes are involved in the binding, activation and reduction of O as
part of numerous biochemical processes such as respiration and substrate oxidation.”~1 Cu
is typically 3-5 coordinate in the resting state, bound to 2—-3 His and 1-2 water molecules.
The trigonal geometry of Cu is optimized to promote associative inner sphere binding of
0,.12 The enzyme pocket tolerates the ensuing redox-induced changes in the coordination
geometry to facilitate turnovers. The active sites that bind and activate substrates all have

at least 1 His bound via the N atom, e.g. the Cug site of Cyt ¢ Oxidase (CcQ), amine
oxidase and lytic polysaccharide monooxygenase (LPMO, Fig. 1A) while in others all

the His are bound via the N, atoms, such as the Cuy site of peptidyl a-hydroxylating
monooxygnease (PHM, Fig. 1B), tyrosinase (Ty, Fig. 1C), galactose oxidase (GO) and
nitrite reductase (NiR). On the contrary, the Cu sites involved in electron transfer (ET),

e.g. the blue T1Cu, purple Cup, and the T2 Cuy site of PHM bind His exclusively via the
Ng atoms. It has been proposed that the reaction pathways may involve cupric superoxo
(Cu(IN-0,"), cupric hydroperxo (Cu(11)-O0H), high-valent Cu-oxyl (Cu(l1)-O,®) or Cu-oxo
(Cu(111)=0) species as possible intermediates.’: 13-15 Although O is the main substrate used
by LPMOs, recent evidence has demonstrated that H,O, can be employed as a co-substrate
and that a controlled supply of H,0, to Cu(l)-LPMO results in reaction rates that are
several orders of magnitude higher compared to 0,.16-18 A fundamental understanding of
the coordination chemistry and the reactive intermediates are critical to not only elucidate
the likely mechanisms but also as a means of energy production from biomass degradation.
In addition, peroxide-based fuel cells are promising alternative energy generators which

can relieve our heavy dependence on fossil fuels.1-21 One approach is the de novo design
of artificial Cu peptides (ArCuPs) as functional analogs that can provide insights into the
structure, function and mechanistic aspects of the native enzymes as well as to open up
avenues in bioenergy production. Herein, we report the design of a tris-His coordinated
ArCuP, designated as [3SCC-(I9H)3], as a functional metallopeptide for peroxide activation
and its reduction to H,O (H,0, + 2e~ + 2H* — 2H,0). A combined spectroscopic,
crystallographic, mass spectrometric, and protein film electrochemistry (PFE) studies have
led to the elucidation of the physical, redox, and catalytic properties of this ArCuP. The
importance of reductive priming for peroxide activation has been also addressed.

Peptide design.

To create a trigonal Cu(His)3 coordination, we chose de novo designed trimeric coiled coil
(3SCC) as a suitable scaffold where one His from each peptide strand ligates to Cu. The
3SCC was designed based on the heptad repeat (abcdefg)!: 22 with the general sequence
(IAAIKQE),. The lle residues at the gand d'sites direct the desired self-assembly into
trimers according to the Knob-Into-Holes packing. Inter-helix ion pairs formed by the eand
g site residues determine the parallel orientation of the helices. Although the identity of

the rest of the heptad residues vary, it is common to place Ala at the &/ positions due its
high helix-forming propensity. Polar residues are positioned at the fsite to improve water
solubility. The His was introduced at the asite of the 2nd heptad to form the Cu binding site.
The N and C termini ends were capped with acetylated and amidated Gly, respectively. A
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Trp chromophore was placed at an external fsite to enable quantification. The final sequence
is Ac-GIAAIKQEHAAIKQEIAAIKQEIAAIKWEG-CONH,.

X-ray structure.

The ArCuP was crystallized and diffracted to 1.45A. The overall structure of the peptide

is an ordered coiled-coil assembly of parallel helices (Figs. 2, S1). The homotrimeric
assemblies are formed by three copies of A, B or C chains (As/B3/C3) where each monomer
from a symmetry related molecule completes the trimer. All the amino acids occupy the
preferred ¢,y regions of the Ramachandran plot for a right-handed a.-helix and all side
chains are present in their favored rotameric conformation. Inter-helical ion pairs are formed
between Glul5 and Lys20 within each peptide chain in the trimer. The orientation of the

His within a trimer is symmetric with the N.-N, distances of 3.41A. The His side chains

are pointed towards the helical axis with both the Cg and N, atoms facing the N-termini.
The £N-C,-Cg-C,, dihedral angles for the His are ~ -92°. During initial refinement without
added Cu, the Fy-F electron density map had positive density (Fig. S2A) overlapping the
His residues. This residual electron density disappeared after subsequent refinement with
added Cu (Fig. S2B). The Cu is bound to the N, of all the His with Cu-N,, distance of 2.02A
(Fig. 2B,C). The Cu is lying slightly below the plane (towards C termini) of the N, atoms.

Electronic nature and Cu(ll)/Cu(l) binding.

The UV-vis spectrum of [3SCC-Cu(19H)3]2* shows a broad absorption centered at ~ 590
nm with e5qp=78 M~tcm™1 at pH 7.5 (Fig. 3). The A max and the molar absorptivity are
characteristic of d-d transition of Cu(ll) in a Cu(His)3 environment with bound water(s).23
Importantly, the possibility of a Cu(His), ligation is eliminated, as the latter species
typically absorbs at ~690 nm. Competitive binding assays using [Cu(l)(Bcs)»]3~ (Bcs =
Bathocuproinedisulfonate) were performed anaerobically at pH 7.5 to derive the Cu(l)
binding affinity. Free ligand Bcs2~ was titrated to 30 pM [3SCC-(19H)3] bound to 15 pM
Cu(l). Excess peptide was kept to minimize the amount of unbound Cu(l). A plot of the
absorbance at 483 nm for [Cu(I)(Bcs),]3~ vs the equivalence of Bcs?~ shows saturation

at 2:1 ratio of Bcs27:Cu(l) (Fig. S3), which suggests that 1 equivalent of Cu(l) binds to
[3SCC-(19H)3]. The Cu(l) binding affinity for [3SCC-(19H)3] determined from equation (i)
is 12 fM (Tables 1, S1). The affinity for Cu(ll) determined according to the Nernst equation
(eq. ii) using the redox potential (E®’) (vide infra) of the ArCuP is 184 fM (Table 1) at pH
7.5.

H->05 reactivity.
Cu(ll) state: Having established that [3SCC-(19H)3] forms a high affinity Cu(11)/(Cu(l)
complex at the designed 3His site we asked whether [3SCC-Cu(19H)3]2*/1* will be reactive
towards H,O5 in a manner that resembles the formation of Cu-OOH species of native
Cu enzymes and model complexes. Addition of 12.5 mM H,0, to 0.125 mM [3SCC-
Cu(19H)3]%* at pH 7.5 leads to the formation of a greenish-yellow solution with new peaks
at 330 and 387 nm (Fig. 4A) having e33p = 6.4x10% M~tcm™, and e3g7 = 1.5x108 M~1cm™1,
These features are typical of Cu(l1)-OOH species23 assignable to the ligand to metal charge
transfer transitions from the OOH™ group to Cu(I1).24 2% The d-d band blue shifted to ~570
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nm in the presence of H,O, (Fig. 4A). As OOH™ is a stronger field ligand than H,0, the
formation of the Cu-OOH species can increase the splitting of the d-energy levels, leading to
the blue shift. The new species matures within ~40 min of H,O, addition with initial rates in
the order of ~107* s™1 (Fig. 4B,C; Table S2), and remains stable for several hours to at least
a couple of days at ambient temperature. In contrast to synthetic Cu-OOH species that are

in some instances unstable26 (t;, of < 10 min), the stability of [3SCC-Cu(I19H)3-OOH]" is
noteworthy. A stable Cu-OOH species was formed within a hybrid Cu-streptavidin system,
whose stability was attributed to the presence of H,O-mediated H-bonding of the proximal
oxygen with nearby amino acids.2 It is unlikely that the stability of the Cu-OOH species

in the ArCuP is due to H-bonds with nearby polar residues, as it is formed inside the
hydrophobic interior. However, the possibility of H,O or backbone mediated H-bonds that
stabilizes the -OOH moiety cannot be ruled out. A second possibility is that the Cu-OOH
formed within the hydrophobic environment prohibits the formation of Cu-O-O-Cu type
dimeric species. To test whether the observed spectral features are contributed by oxidation
of aromatic side chain of Trp28, we prepared the Trp28GIn mutant. Similar absorption
features are also observed when [3SCC-Cu(19HW28Q)3]* is reacted with H,O, under
similar experimental conditions (Fig. S4A). This data suggests that the observed spectral
features are attributable to the Cu-OOH species. Together, these results show that the 3SCC
can form and stabilize the putative Cu-oxygen species.

pH dependence: We next investigated whether the formation of Cu(I1)-OOH is pH-
dependent (Figs. 4B-D, S5). At pH 5.5, the Cu(I1)-OOH species is not fully generated with
an initial rate of formation that is ~10-fold slower than at pH 7.5 (Table S2). We attribute
this to the fact that the His residues are not fully deprotonated at pH 5.5 which causes a
weak Cu(ll) binding. As a result, the subsequent binding of H,05 is also weaker. From pH
6.5 to 9.5, the intensity for the near-UV feature remained approximately constant. A varying
degree of an initial lag phase was observed at all pH except pH 7.5. The highest rate of
formation of the hydroperoxo species occurs at pH 7.5.

Cu(l) state: Cu(l) is the catalytic redox state for O, and H,O, dependent activity of Cu
enzymes. Will the Cu(l)-form of the ArCuP have altered spectroscopic features, rates, and
pH dependence for the formation of Cu-oxygen species? To address this, we performed the
UV-vis studies anaerobically with [3SCC-Cu(19H)3]* (prepared by stoichiometric ascorbate
(Asc) addition) and H,05. A reddish-orange solution appeared with A of 350 nm and

a shoulder at 440 nm in the pH range of 5.5-9.5 (Figs. 4E-H, S6), suggestive of some
differences in the electronic nature of this species compared to that produced with the
Cu(Il)-form. The molar absorptivity of the Cu-OOH species and the rates of its formation
are higher at all pHs (Tables 1, S2) for the Cu(l)-form. A weak d-d band at ~600

nm is visible in the energy plot (Fig. S6). The absorption features produced with Trp
mutant [3SCC-Cu(I9HW28Q)3]* and H,0, are also similar (Fig. S4B) to that of [3SCC-
Cu(19H)3]*.

EPR spectroscopy.

The EPR spectrum (Fig. 5 blue) of [3SCC-Cu(19H)3]2* is representative of a T2Cu site with
a dyp.y» ground state having g, of 2.25 (A, = 566 MHz) > gy, gy of 2.05 (Ay, Ay = 116
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MHz) (Table 1). The g region reveals well-resolved splitting with AN=15G arising from
the interaction between the free electron on Cu(ll) and the 24N nuclei of His. In the presence
of H,0,, the g values shifted (Fig. 5 red) to g, of 2.27 (A; = 530 MHz), gy, gy of 2.06 (A,
Ay =97 MHz). The superhyperfine splitting of AN=15G remained unchanged. When H,0;
was added to [3SCC-Cu(I9H)3]™, (Fig. 5 orange) an EPR active species formed with g, of
2.28 (Az = 497 MHz), gy, gy of 2.06 (Ay, Ay = 100 MHz). Comparable EPR results are
obtained for the Trp28GIn variant under analogous conditions as well (Fig. S7, Table S3).

Monitoring peptide oxidation.

Extensive oxidative damage of LPMO in the presence of H,0, has been observed.16: 27

We performed colorimetric assays to quantify OH* generation (Fig. $8),28 which shows

that under our experimental conditions ~280 nM of 7-hydroxycoumarin-3-carboxylic acid
(7-OH-CCA) is produced from hydroxylation of coumarin-3-carboxylic acid (3CCA). To
test the possibility of oxidative modification of the peptide and to identify the specific
amino acids undergoing oxidative modification, we performed LC-MS/MS studies upon
protease digestion of the 3SCC-Cu-OOH species. These results are presented in Figs. S9,
$10. The [3SCC-Cu(19H)3]2* sample showed ~25% oxidation with H,0,. In the Cu(l)-form
the peptide level oxidation increased to ~36%. As Trp is a common site for oxidative
modification, we probed whether replacement of this residue would diminish the level of
oxidation. Indeed, the Trp28GIn mutant shows only 17-18% oxidation, significantly less
than the parent peptide. This data clearly demonstrate that even though the Cu-OOH species
is produced in Trp28GIn variant, the extent of oxidation is much less. Further analysis

of the LC-MS/MS data showed that the active site His residues were oxidized only in

the Cu(l)-form, while no His oxidation was observed with Cu(ll)-peptide (Fig. S9 B-C),
consistent with the fact that this is the site of generation of the Cu-oxygen species. In
addition, several other residues were also oxidized. These include 1le2 at 10A, lle5 at 5A,
Lys6 at 8A, 1le19 at 15A, Lys20 at 17A, Lys27 at 27A, and Trp28 at 28A from the Cu site.

Redox properties.

Protein film voltammetry (PFV) was used to study the kinetics of ET processes. The peptide
films adsorbed on pyrrolytic graphite electrode (PGE) demonstrate a well-developed redox
wave with an Ey/, of 256 mV (Epc = 239 mV, Ep, = 273 mV) vs SHE, I of 7.1 pA

and I, of 6.2 uA at pH 6.5 (Fig. 6, Table 2) in N,-saturated buffer. A relatively small
peak-to-peak separation of 34 mV is suggestive of a quasi-reversible redox process. The
overall peak shape is characteristic of a homogenous protein film. Repeated CV scans
showed that the peptide remains stably adsorbed on the electrode (Fig. S11). The cathodic
peak is symmetric with a full width at half height (AEq/,c) of 92 mV, which is close to the
theoretical value of 91 mV for an ideal and reversible 1e™ redox process. The anodic peak
deviates from symmetry with AEq/», of 132 mV, suggesting that dispersion and electrostatic
effects influence the oxidation process.2?-31 The peak current of the redox wave shows a
linear dependence with scan rate, diagnostic of a surface controlled electrochemical process
(Fig. S12). The slopes obtained from the current vs scan rate plot were used to determine the
surface coverage (I') according to equation (iii), which was found to be 88+8 pmoles cm=2.
A clear pH-dependence of the redox process was observed where an increase in pH from 5.5
to 9.5 caused a gradual cathodic potential shift from an Eq/, of 289 mV at pH 5.5t0 176
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mV at pH 9.5 (Fig. S13A, Table 2). This result indicates that the reduction of Cu(ll) to Cu(l)
is more favorable in acidic conditions. The positive charge of His at lower pH stabilizes
electron-rich Cu(l) preferentially over Cu(ll). A similar trend has been observed for a heme
protein.32 The plots of peak potentials vs pH (Fig. S13B) are linear with slopes of 33 mV/pH
and 24 mV/pH for anodic and cathodic peaks, respectively. However, since these slopes are
less than the theoretical 59 mV/pH for a PCET process, it appears that the redox process of
the ArCuP is not associated with the chemical event of H* transfer.

Electrocatalytic H>,O, reduction.

The electrocatalytic HoO5 reduction activity of the ArCuP was established by linear sweep
voltammograms (LSVs) collected anaerobically with increasing H,O, concentrations. To
avoid complications due to electrodeposition of Cu, the cathodic potential was restricted to
—-300 mV. In the presence of 1 mM H,0,, an electrocatalytic current was observed with

an onset potential (Egnser) 0f ~250 mV (Fig. 7A, blue trace).The blank PGE in the absence
(Fig. 7A black trace) and presence of 1 mM H,0, (Fig. 7A wine trace) does not show
catalytic response, neither does free Cu(ll) (Fig. 7A gray trace) or the apo peptide (Fig.
7A, cyan trace) in the presence of H,0,. These results indicate electrocatalytic reduction of
H>0, by the ArCuP. Moreover, the Egnget is similar to the redox peak of Cu(Il)/(l) (Fig. 7A
inset) suggesting that the catalytic process is coupled to the reduction of Cu(ll) to Cu(l).

A comparable current was observed for Trp28GIn mutant also (Fig. S14). LSVs recorded
after rinse tests established that the activity was attributable to [3SCC-Cu(I9H)3]2* and

not electrodeposited Cu, as no current was observed after the rinse test (Fig. 7A orange
trace). LSVs recorded with increasing H,0, (2-15 mM) showed that the current increased
concurrently (Fig. 7A purple, green, red traces) suggesting that the catalytic process is
dependent on H,0,.

To further elucidate the kinetics of H,O, reduction, anaerobic chronoamperometry (CA)
scans were collected at —0.3V for 60s. Similar to the LSVs, a higher charge passed with

an increase in H 0, (Fig. 7B). The Ky, for H,O, reduction was found to be ~3 mM (Fig.
7C). The current saturated at ~12.5-15 mM H,0O, with a maximum current density of ~
-12 pAcm~2, From these results, a kg of 0.72 s71 at pH 7.5 was calculated according to
equation (iv) assuming a 2e~ reduction of H,O, to H,O. The maximum kg4t Was obtained at
pH 7.5 (Figs. 7D, S15). Due to uncertainty in quantifying the amount of H,O formed, the
Faradaic efficiency (FE) of the ArCuP could not be reliably obtained.

DISCUSSION

Several mononuclear Cu complexes with N-ligands have been synthesized and their
reactivity studies with peroxide have been reported.24 33-38 These studies have served as
benchmark models for establishing the spectroscopic and reactivity features of Cu-OOH
species. However, these complexes are studied in organic media, which makes a direct
correlation to the enzyme’s redox and reactivity patterns challenging. Hybrid systems
prepared by incorporation of synthetic Cu complexes into streptavidin cavity have been
characterized.25 X-ray structures of Cu-OOH species established that H-bond between the
proximal O and a nearby amino acid side chain stabilized the Cu-OOH species while
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deletion of this H-bonding makes this species reactive towards substrates. Here, all the
coordinating N atoms to Cu are provided by an external ligand scaffold. We sought out to de
novo design an ArCuP where all three endogenous His ligands are provided by the peptide
scaffold itself, akin to the native Cu enzymes, and to characterize its spectroscopic, redox
and catalytic properties towards HoO5 both in solution as well as adsorbed on electrode
surface.

Design considerations of the ArCuP.

To create the intended Cu site, we used the rules of de novo peptide design where an

Ile at both the aand d'site of the heptad produces trimeric assemblies. We replaced an a
site lle from the second heptad with His to produce the trishistidine environment for Cu.
The rationale for choosing the asite vs d'site stems from the fact that the asite residues

are known to point towards the helical interior while the d'site residues point toward the
helical interface.3: 39 40 Therefore, we surmised that all 3His in the asite could be properly
oriented for Cu coordination. The X-ray structures of the ArCuPs validated the general
design principles. The binding of Cu(ll) via all N, atoms of His is consistent with the
active sites of Cu enzymes involved in substrate binding and activation (vide supra). This
coordination mode therefore bears significance for the ability of the ArCuP to bind, activate,
and catalyze H,O5 reduction.

ArCuP binds Cu tightly and forms a T2Cu site.

From competitive titrations and E°’, the Cu(l) and Cu(l1) affinity were determined to be

~15 fM and 184 fM, respectively. To compare, the corresponding affinity for azurin is 0.03
fM and 25 fM,*! which indicate that Cu(l) and Cu(l1) bind azurin 400-fold and 8-fold
tighter than to [3SCC-(19H)3]. The Cu(l) binding affinity for the Cu transporter Ctrlc,

the Cu pump Ccc2n and the Cu chaperone Atx1 are even tighter (~0.14-0.73 aM).42 43
Compared to related 3SCC TRI peptide systems (K4CU() = 0.2 pM; K4CU(D = 8.7 nM:), the
Cu affinity in the ArCuP is stronger.2 In other examples, our values are comparable to the
a3D variants designed to bind Cu.#4 The EPR spectrum of [3SCC-Cu(I19H)3]%* (Fig. 5) is
representative of Cu bound to typically N ligands and 1-2 water molecule(s). For example,
the Cu-streptavidin system with a CuN3(OH,), coordination had two types of species with
g, 0f 2.22, 2.26 and A, = 492, 514 MHz.25 LMPO has a slightly larger g, of 2.27 and a
smaller A, of 456 MHz.#°> The T2 Cuy site of PHM has a g,0f 2.29 and a large A, of 471
MHz.%6 In processed amine oxidases (AO) with Cu(His)3(OH,)1_ ligation, the g, values are
found in the range of 2.28-2.32 while the A, values vary between 480 and 561 MHz.”- 47-49
Furthermore, superhyperfine splitting in the g; region of AO%"=49 and LPMO*> 50 have
been observed with Ay of 13-14 G. These values are comparable to the [3SCC-Cu(19H)3]%*.
The lack of water ligation in the X-ray structure is intriguing and it most likely indicates
cryoreduction of Cu(ll) to Cu(l) causing the water(s) to dissociate upon irradiation. The
cryoreduction of Cu(l1) has been widely observed in Cu proteins.>1-53 In solution studies,
the reduction does not happen, which produces UV-vis and EPR parameters characteristic of
water(s) bound Cu(Il) system.
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The E° of the ArCuP aligns with functional T2Cu sites.

The E° of the ArCuP (Table 2) is similar to what has been reported for His-coordinated Cu
sites in many enzymes. For example, the E°” for LPMO and the Cuy site of PHM at pH 6
are 273 mV and 270 mV, respectively.>* 55 In the T2Cu site of NiR, the E°" is in the range
of 218-310 mV depending on pH.%8: 57 These data indicate that irrespective of the role of
T2Cu sites, may it be substrate activation (LPMO, NiR) or ET (Cuy site of PHM), the E®’
for CuNg3 sites in native metalloenzymes are tightly regulated within a narrow range. This
is in contrast to the T1Cu sites, which solely participate in ET, where the E°" span across

a wide range of ~600 mV (183-800 mV).10 Furthermore, in engineered Az, the E° for the
T1Cu site has been tuned to encompass as high as a 2V range.>®

Nature of the Cu-oxygen species.

The relatively high E°" of [3SCC-Cu(I9H)3]2*/1* suggested that the ArCuP can be reduced
using Asc (E° ~ 100 mV).58 Furthermore, a high E°" for the 2e~ reduction of H,0, to H,0
or OH™ in acidic (1.77 V) or basic (0.88 V) conditions should make its reduction by [3SCC-
Cu(19H)3]** thermodynamically accessible. The differences in the absorption maxima for
the reaction of the ArCuP with H,0O, in the Cu(ll) vs Cu(l) form indicate that the electronic
nature for the resultant species are different from one another, while both are representative
of a Cu(ll)-oxygen species. The near-UV features at 330 nm and 387 nm along with the
absorptivity values for the species generated with the Cu(ll)-peptide, lead us to assign this
as the Cu(11)-OOH. The species produced with Cu(l) form has red shifted features at 350
nm and 440 nm (Figs. 4, S6) with a higher absorptivity for the 350 nm peak but lower

for the 440 nm peak compared to those formed with Cu(l1)-peptide. The most noteworthy
difference is the rate at which the Cu-oxygen species are generated in these conditions.

A ~3-fold higher rate of formation with Cu(l) suggests that the reduced form is more
favorable for H,O, reaction than with Cu(ll). Reduction of the Cu(ll) to Cu(l) is implied to
prime the active site of LPMO for H,0, binding.16-18 An analogous process could occur

in the activation of H,O, by the ArCuP, accounting for the faster rate of reaction with

Cu(l). The reductive priming process facilitates the electrocatalytic H,O, reduction of the
metallopeptide. In synthetic systems it has been demonstrated that Cu(l1)-OOH species can
be generated from Cu(l) and H,0,.37- 59 Similar process likely produces the Cu(I1)-OOH
species in our system as well. The Trp28GIn mutant also produced similar spectral features
to the parent peptide upon H,O» reaction under identical conditions. This result provided
further evidence that the optical features are indeed arising from the Cu-OOH species within
the ArCuP and not from the oxidation of aromatic residues such as Trp. Additional control
experiments (Fig. S16) proved that the presence of H,O,, Cu and peptide are all necessary to
produce the UV features for the Cu-oxygen species seen in Fig. 4.

The changes in the EPR parameters upon H,O reaction is consistent with what has been
observed for synthetic and biomolecular systems producing Cu-OOH species as well.24 25
The overall shapes of the EPR spectra of the parent peptide and the Trp mutant are

similar when the Cu-oxygen species are generated. (Figs. 5, S7). Spin integration for all
the data in Fig. 5 showed that the relative spin concentrations of Cu(ll)are1:1.4: 1in
[3SCC-Cu(19H)3]%* : [3SCC-Cu(I19H)3]?* + Ho0, : [3SCC-Cu(I9H)3]* + H,0,, indicating
a similar relative amount of Cu(ll) present in these samples. The differences in the A,

ACS Catal. Author manuscript; available in PMC 2022 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitra et al.

Page 10

and the loss of superhyperfine features, along with changes in the UV-vis spectral features
for the Cu-oxygen species generated with Cu(ll) or Cu(l) peptides indicate differences

in the electronic nature of the final species. What is the origin of this difference? The
LC-MS/MS data (Fig. S9 B—C) shows a critical distinction in the oxidation of active site
His between the Cu(ll) and Cu(l) forms. While no His oxidation was observed in the Cu(ll)
form, the Cu(l)-peptide showed oxidation of the active site His. Therefore, the most likely
explanation for the differences in the spectral properties is borne out by the fact that the
Cu(I1)-OO0H species generated from Cu(ll)-peptide features unoxidized His (Fig. 8B), while
the Cu(I1)-OOH species generated from the Cu(l)-peptide is bound to oxidized 2-oxo His
(Fig. 8C), giving rise to different electronics of these species.

Oxidative modification of specific side chains and the role of Trp28.

Oxidative modification of the peptide was observed towards both the N-termini and C-
termini residues (Fig. 8). lle, Lys, and Trp are the primary residues that are preferentially
oxidized over others. The specific oxidation sites span across a wide distance range of
5-28A from the Cu site. The oxidation of the active site His residues with the Cu(l)-form
is commensurate with the fact that this is the site of generation of the reactive Cu-oxygen
species. Under reducing conditions, an ~11% increase in the total peptide oxidation was
observed, which bolsters the notion that Cu(l)-peptide is more reactive to H,O5 than the
Cu(ll) form. Importantly, replacement of the aromatic Trp28 with Gln on the peptide
exterior caused a significant decrease in the total peptide-level oxidation. This observation
is not unexpected, as extensive oxidation of amino acid residues has been also observed in
LPMO in the presence of H,0,, where His (including the active site His), Trp, Tyr, and Met
residues are oxidized located up to ~19A from the Cu site.16: 27 For LMPO, this could be a
strategy for the enzyme to scavenge the reactive species at these aromatic sites.

Catalytic parameters for H,O, reduction.

The catalytic nature of [3SCC-Cu(I19H)3]2* for H,0, reduction was established using
voltammetry and constant potential amperometry experiments. The catalytic onset occurs at
the same potential to that of the Cu(I1)/Cu(l) redox process. This further supports that Cu(l)
is beneficial for the initial binding and reduction of H,O,. Both the catalytic currents and
open circuit potentials (Figs. 7B-C, S17) increased with H,O,, before reaching saturation

at 12.5-15 mM of H,0,. The Ky, of 3 mM H,0 is approximately twice than what

has been reported for the decaheme cytochrome MtrC from Shewanella oneidensis MR-1
immobilized on indium tin oxide (ITO) electrodes,° suggesting that MtrC can reach vy at
half the H,O, concentration than the ArCuP. The benchmark enzyme horseradish peroxidase
(HRP) supported on pyrene has an even lower Ky, of 0.2 mM.61 The kg, of 0.7 s71 at

pH 7.5 is ~7-fold lower than that of MtrC/ITO electrodes for H,05 reduction.5% The pH
dependence of kg, from the electrocatalytic studies follows a similar trend with the relative
rates obtained in UV-vis studies where a maximum rate is obtained at pH 7.5.

CONCLUSIONS

In conclusion, a de novo trimeric ArCuP has been designed and characterized by X-ray
crystallography and spectroscopy. A T2Cu coordination environment is formed with an
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all-N, ligation of the His, akin to several functional Cu enzymes. Activation of H,O, occurs
at a faster rate by reduced Cu(l) as opposed to the Cu(Il) form. UV-vis and EPR data
suggested the formation of Cu-hydroperoxo species. The ArCuP can be immobilized stably
on PGE electrode, which allowed us to characterize the redox behavior of the ArCuP in
detail. The EPR and redox properties of the ArCuP are similar to related Cu enzymes

and artificial biomolecular systems. Oxidative modification is observed at lle, Lys, His and
Trp residues. The origin of spectral differences of the Cu(l1)-OOH species generated from
Cu(ll) vs Cu(l)-forms of the peptide is attributed to the presence of oxidized His, which

is observed only with Cu(l)-peptide. Direct ET between the electrode and the Cu site of

the immobilized peptide facilitated the electrocatalytic reduction of HoO,. Determination of
catalytic parameters (Kcat, Knm) provided insights into the peroxide reduction activity of the
ArCuP. Our results pave way to a new artificial metalloenzyme where endogenous amino
acids host a transition metal active site for energy-relevant electrocatalytic transformations.

EXPERIMENTAL SECTION

Materials and Methods.

All chemicals and reagents were of analytical grade and used without further purification.
All the glassware and plasticware were immersed in a 10 mM ethylenediaminetetraacetic
acid bath overnight, followed by soaking in 10% and 1% nitric acid baths, respectively.

All buffer solutions were prepared in Milli-Q (Millipore) water and treated with

Chelex 100 overnight to remove trace metals. Tris(hydroxymethyl) aminomethane

(Tris, Frontier Scientific), 4- (2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3-
morpholinopropane-1-sulfonic acid (MOPS), 2-(N-morpholino) ethanesulfonic acid (MES),
sodium acetate, NaCl and HCI were purchased from Fisher Scientific. The mixed buffers
contained 20 mM each of MES, sodium acetate, HEPES and TRIS. For electrochemistry
experiments 0.1 M KCI was added as supporting electrolyte to the mixed buffers. CuCl,
(Alfa Aesar), ascorbic acid (VWR), NaOH (VWR), and H,0, (VWR) stock solutions were
made in water. Coumarin-3-carboxylic (3-CCA) acid and 7-hydroxycoumarin-3-carboxylic
acid (7-OH-CCA) were purchased from Acros Organics and VWR, respectively. Potassium
phosphate, LC-MS grade formic acid, acetonitrile, and water were obtained from Fisher
Scientific. Sequencing grade Glu-C was purchased from Promega.

Peptide synthesis and purification.

Peptides were synthesized by an automated microwave peptide synthesizer (Liberty Blue,
CEM) on a 0.1 mmol scale using Rink Amide ProTide Resin (CEM) with a poly(ethylene
glycol) polystyrene backbone. All coupling steps were performed at 90°C for 4 min. The
amino acids (Advanced Chemtech) were weighed in concentrations of 0.2M and dissolved
in DMF (VWR). Oxyma (1M; CEM) and N, N’-diisopropylcarbodiimide (DIC) (0.5M;
Advanced Chemtech) in DMF were used as the activator base and activator, respectively. 20
% piperidine (Sigma) in DMF was used as the deprotection solution. All His residues were
coupled at 50°C for 10 min to avoid racemization. Cleavage of the peptides from the resin
and side chain deprotection were achieved by 92.5% trifluoroacetic acid (TFA; Advanced
Chemtech), 2.5% triisopropylsilane (TIS; Sigma—Aldrich), 2.5% ethane-1,2-dithiol (EDT,;
Sigma—Aldrich), and 2.5 % water in 10 mL volume for 2h at RT with stirring. After

ACS Catal. Author manuscript; available in PMC 2022 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitra et al.

MALDI-MS.

Page 12

cleavage, the crude peptides were filtered and excess TFA was evaporated under a gentle
stream of N gas. The crude peptides were then precipitated, washed with cold diethyl ether,
dissolved in water, and lyophilized. The peptides were again dissolved in 10% acetic acid
and purified by using a C18-semi preparative column using an Agilent 1260 Infinity |1
HPLC system. A linear gradient from solvent A (0.1% TFA in H,0) to solvent B (90%
acetonitrile, 10% H,0, 0.1 % TFA) was used. The peptide was injected at 1 mL/min and
run with 10% B/90% A for 5 min, followed by a linear gradient to 70% B over 25min

at a flow rate of 3 mL/min. The peptide eluted at 50-60% solvent B (Fig. S18A). The
chromatogram was monitored at 214 and 280 nm. The purified peptide was lyophilized and
stored at —20°C. Peptide mass and purity were analyzed by ESI-MS and MALDI-MS (Fig.
S18B).

The identity and purity of the purified peptides were confirmed by MALDI-TOF MS
(Bruker Voyager) with sinapinic acid as the matrix (Sigma, 10mg/mL stock in ACN/H,0
with 0.1 % TFA). The instrument was externally calibrated by using a ProteoMass
calibration kit (Sigma—Aldrich).

X-ray crystallography.

Solutions for Cu(ll)-bound peptide were prepared by adding 1 equivalent of CuCls to 40
mg/mL apo peptide dissolved in water. This was then mixed with equal volume of the well
solution containing 0.1 M Tris pH 8.5, 0.2 M MgCl,, and 30% PEG 4000. Crystals were
grown by hanging drop method at RT, which appeared within 7-20 days. Crystals were
harvested and soaked with 30% PEG 400 as cryoprotectant prior to freezing in liquid No.

X-ray diffraction data were collected at the Life Sciences Collaborative Access Team
beamline 21-1D-G at the Advanced Photon Source of the Argonne National Laboratory.
Diffraction images were indexed and integrated using XDS62 followed by data reduction
and analysis using Aimless®3 in the CCP4i2%4 interface of the CCP4 suite.5® Data quality
assessment and twinning analysis was performed by phenix.xtriage that indicated no
twinning was present.%6 The structures were solved using Phaser-MR®7 in Phenix58 by
molecular replacement using 4DZL%° as the search model using correction for translational
non-crystallographic symmetry in the data set, followed by automatic model building

in Buccaneer’® in CCP4 or AutoBuild”! in Phenix. Refinement was performed in
phenix.refine’2 with iterative model building and density fitting in Coot.”3 The A3 and

C3 trimers were refined with 100% occupancy of Cu, while the B3 trimer was refined

with partial Cu occupancy of 16%. Waters were automatically added during refinement in
Phenix. Data validation was performed at wwPDB OneDep System. The structure factors
and coordinate files have been deposited with PDB code 7L.33. Data collection statistics are
in Table S4.

UV-Vis spectroscopy.

The UV-vis spectra were recorded on an Agilent 8454 or Cary 5000 spectrophotometer.
Peptide samples were prepared in either MES, MOPS, HEPES, TRIS or CHES buffer as
needed. All the kinetics experiments were performed with 0.125 mM of [3SCC-Cu(19H)3]2*
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in the appropriate buffer after addition 12.5 mM H,05 and the Kinetics was monitored

for 100 min with 60s interval between scans. For reactions with the Cu(l)-form, [3SCC-
Cu(I9H)3]* was generated by addition of 1 equivalent Asc before H,O, addition. All
components were degassed and the kinetics was monitored anaerobically in a septa-capped
cuvette (Starna Cells). The initial rates were calculated from the first 300s of the kinetic run
in each case.

Competitive titration with Bcs: All assays were performed using degassed solutions
using a septa-capped cuvette. For both forward and reverse titrations excess ligand was taken
to ensure no free Cu(l) remains in solution at the beginning of each titration. In the forward
titration, a 30 uM [3SCC-(19H)3] solution was mixed with 15 uM of Cu(ll) and 3 mM Asc
in 100 mM MOPS pH 7.4 to form [3SCC-Cu(I9H)3]*. Bcs2™ was then gradually titrated into
the solution and stirred for 10-15 min, which led to an increase in absorbance at 483 nm due
to the formation of [Cu(Bcs)2]3~ (eag3= 13,300 M~cm™1). For the reverse titration a 15 uM
solution of Cu(ll) plus 60 uM Bcs2™ were taken and Asc was added to form [Cu(Bcs)»]3".
Aliquots of [3SCC-(19H)3] were then titrated into this solution. A decrease in the absorbance
at 483 nm was observed with each addition, indicating the formation of [3SCC-Cu(19H)3]*.
The formation or disappearance of [Cu(Bcs),]3~ was plotted against equivalents of Bcs2™

or [3SCC-(19H)3] to obtain the stoichiometry of Cu(l) to [3SCC-(19H)3]. The plots of
[Cu(Bcs),]3~ vs the ratio of total [3SCC-(19H)3] and [3SCC-Cu(I9H)3]* (1/6) were made to
determine the binding affinity (Ky) of Cu(l) for the peptide according to equation (i):

[eepsl: |
_ [Cu(Pep)g_]
- [B032 - ]t 2 3 2
m -2 [CU(BCS)2 B ]ﬂz
u(bces))

where B,= 10198M~2 for [Cu(Bcs),]%".

EPR spectroscopy.

300 pL solutions containing 0.5 mM [3SCC-Cu(19H)3]2*/1* were prepared in 100 mM
HEPES buffer pH 7.5 and 100-fold H,O, was added as needed. After 40 minutes, 30%
glycerol (final volume) was added, loaded into 3 mM thin wall 6.25” long EPR tubes
(Wilmad) prior to freezing in liquid No. The EPR spectra were acquired on a Bruker
EMX spectrometer controlled with a Bruker ER 041 X G microwave bridge operating at
X-band (~9.35 GHz) equipped with a precision temperature controller. The EPR spectra
were recorded at 126 K and 1.26 mW microwave power, with a 600 mT field sweep in
167.77 s (two scans), and 0.25 mT field modulation amplitude. Simulations were executed
with Matlab and the EasySpin’4 computational package as S = % species with axial g
tensors.

Coumarin-3-carboxylic acid assay (3-CCA).

The oxidation of 3-CCA to fluorescent 7-hydroxycoumarin-3-carboxylic acid (7-OH-CCA)
by OH" produced by HRP, catalase, and [3SCC-Cu(I9H)3]?* in the presence of H,0,
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was monitored on a PTI fluorimeter (Aex = 395 nm, Agm = 450 nm,) following a known
procedure.28 The samples contained metal bound catalysts (0.25 mM), 3-CCA (5 mM), and
H,0, (25 mM) in 100 mM HEPES pH 7.5. The concentration of 7-OH-CCA produced in
the assays was calculated from calibration curve using known amounts of 7-OH-CCA.

Mass spectrometry.

Peptide Glu-C digestion: For digestion experiments, 0.125 mM of [3SCC-Cu(19H)3]*/2*
was reacted with 12.5 mM H»0, in 100 mM HEPES pH 7.5 for 40 min to form the Cu-OOH
species according to the UV Kinetics. The reaction was terminated with 0.1% TFA. Then, 10
UM of samples were incubated in 100 mM phosphate buffer, pH 8.0 at 95°C for 15 minutes.
The samples were cooled to RT and a 1:20 Glu-C/peptide ratio was added to the samples for
overnight digestion at 37°C with sample mixing. Digestion was terminated by heating the
samples to 95°C for 10 min and the addition of 0.1% formic acid.

LC-MS/MS analysis: All samples were analyzed on a Thermo Scientific Orbitrap Fusion
Tribrid (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate 3000 Nano
UHPLC system (Dionex, Sunnyvale, CA, USA) using a 150 x 0.075 mm PepMap 100 C18,
2 um particle size, analytical column (Thermo Fisher Scientific) in trapping mode with a
C18 trap cartridge. The peptides were separated using mobile phase A (water with 0.1%
formic acid) and mobile phase B (acetonitrile with 0.1% formic acid) at a flow rate of 0.3
pL/min. The peptide separation gradient consisted of 2 to 30% solvent B over 4 min, ramped
to 95% solvent B over 2 min, held for 4 min, and then returned to 2% solvent B over 1 min
and held for 6 min. Peptides were eluted directly into the nanospray source of an Orbitrap
Fusion instrument controlled with Xcalibur version 3.1 (Thermo Fisher, San Jose, CA) using
a conductive nanospray emitter. The spray voltage was set to 2400 V and ion transfer tube
was set to 300°C. The MS1 data were collected at a resolution of 60000 with the scan range
of 250-2000 m/z. In CID mode, full MS scans were followed by eight subsequent MS/MS
scans on the top eight most abundant peptide ions. Collision energy was set to 35%.

Data analysis: The percent oxidation of the intact peptide was calculated by summing
the area of the selected ion chromatogram peaks of the all the oxidized peptide peaks and
then divided by the sum of the area of the unoxidized plus oxidized peptides. CID MS/MS
fragmentation was used to identify the major sites of oxidation within the peptide obtained
after Glu-C digestion. The presence or absence of unoxidized or oxidized & and yions were
used to identify the site of oxidation.

Electrochemistry.

All experiments were performed at RT under a N, atmosphere using a Wave Driver 20
bipotentiostat (Pine Instruments) with pyrolytic graphite electrode (PGE) as the working
electrode, coiled platinum wire as the counter electrode, and Ag/AgCI (in saturated KCI) as
the reference electrode. 10 uL of 250 pM [3SCC-Cu(19H)3]2* samples were drop-cast on
PGE followed by 6 pL of 0.1 M Polymyxin B to facilitate electrostatic interaction between
the enzyme and the electrode. The drop was dried under a gentle stream of N gas, and
voltammograms were recorded in No-saturated 80 mM mixed buffer solutions with 100 mM
KCI as a supporting electrolyte. Before each run, PGE was polished using slurry of 0.1 pm
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alumina solution. The potential values were referenced against SHE. The Cu(ll) binding
affinity was determined according to the Nernst equation (ii)

Cull
E = Eqyl1 + 0.059 log| —— (i)

K"

where:

I
E3scc - CuT(I9H)3 = 0.229V vs SHE at pH 7. 5;

I
Ecall/l = 0.159 VvsSHE: K§" = 12fM.

The electrochemical surface coverage of the metallopeptide was determined using eq. (iii)

C_ n?F’ATv (i
P™  4RT

where iy is the peak current, n is the number of electrons involved, A is the surface area of
the electrode, I is the surface coverage, v is the scan rate, and F, R, T represent standard

symbols.
The catalytic rate constant kot Was determined from eq. (iv)

Jeat :
Kea = SF )
where jqqt is the catalytic current density and n is the number of electrons (n = 2 in this case).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of LPMO (A), PHM (B) and Ty (C). LPMO has a mixed Ng/ N coordination

(PDB 2YET). The Cuy (ET) site of PHM (PDB 3MIH) has an all-Ng ligation while the
substrate binding Cuy, active site has N, ligation. Both Cu in Ty (PDB 3HHS) bind all His
via the N, atoms.
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A

Figure 2.
A 1.45A X-ray structure of the ArCuP. The cartoon in A shows the parallel assembly of

the peptide trimer. Views from the N-termini (B) showing the projection of the His residues
towards the interior where Cu(ll) binds in a an approximate trigonal planar geometry to the
N, atoms of each His. The orientation of the His residues when viewed perpendicular to the
central helical axis is shown in C. The cartoon is in light cyan, His are shown as yellow and
blue sticks, and Cu(ll) as orange sphere. Figures generated in PyMol from the PDB code
7L33.
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Figure 3.
Visible spectrum of [3SCC-Cu(I9H)3]?* showing the d-d transition (blue) versus the apo

peptide (black) in 100 mM HEPES pH 7.5.
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Figure 4.
The kinetics of H,05 reaction with [3SCC-Cu(I9H)3]2* (A-D) and [3SCC-Cu(I9H)3]* (E-

H). A, E represent time-dependent UV-vis spectra after addition of 12.5 mM H,05 to 0.125
mM [3SCC-Cu(19H)3]%* in the absence (A), and presence of 0.125 mM ASC (E) in 100
mM HEPES pH 7.5. Inset in A shows the visible region d-d band of [3SCC-Cu(19H)3]%*
before (black) and after (blue) reaction with H,O,. Corresponding pH-dependent time traces
(B, C, F, G) of the respective Amax at pH 5.5 (red), 6.5 (orange), 7.5 (olive), 8.5 (blue),

and 9.5 (purple). (D, H) Plots of initial rate vs pH for 330 nm (blue), 387 nm (black) peaks
in D (non-reducing) and the 350 nm peak in H (reducing). Experiments under reducing
conditions were performed anaerobically. The pH-dependent assays were performed in
mixed buffer at the respective pH.
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250 300 350
Field / mT

X-band EPR spectra of [3SCC-Cu(I19H)3]2* (blue), in the presence of H,0, (red), and the
corresponding [3SCC-Cu(19H)3]* plus H,0, (orange) sample in 100 mM HEPES pH 7.5.
Gray traces are the simulated spectra. All data were collected at 126 K.
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Figure 6.

04

PFV scans of PGE (black trace), [3SCC-(19H)3] (red trace), [3SCC-Cu(I9H)3]?* (blue trace)
at 50 mVs~1 in N,-saturated 80 mM mixed buffer at pH 6.5. The inset shows background
corrected peak for [3SCC-Cu(19H)3]#1*. Peptide samples were dropped on PGE and dried
under N5 prior to data collection. Data were collected against Ag/AgCI reference electrode

and converted to SHE.
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Figure 7.
A) LSVs of blank PGE in the absence (black trace) and presence of 1 mM H,0, (wine

trace), apo [3SCC-(I9H)3] (cyan trace), free Cu(ll) with 1 mM H,0, (gray trace), and
[3SCC-Cu(19H)3]2* films on PGE (blue trace) in presence of 1 mM H,0, in Nj-saturated
80 mM mixed buffer at pH 7.5. Magenta, green, and red traces represent LSVs of [3SCC-
Cu(19H)3]%* in the presence of 2 mM, 5 mM, and 10 mM H,0,. The orange trace is the
rinse test LSV of [3SCC-Cu(I9H)3]2*. The inset is an overlay of the non-catalytic peaks and
the corresponding LSV with 1 mM H,0, shown at 4-fold decreased scale to demonstrate
that the catalytic HoO, reduction is coupled to the reduction of Cu(ll) to Cu(l). v =100 mV
s~1. The shaded regions represent error bars from 3 separate experiments of fresh protein
films at each condition. B) Charge vs time traces from chronoamperometry experiments of
[3SCC-Cu(19H)3]2* films on PGE at —0.3 V vs SHE in the presence of 0-15 mM H,05 in
80 mM N,-saturated mixed buffer at pH 7.5. (C) Plot of the corresponding catalytic current
densities vs [H,05] showing a Ky, of ~3 mM. D) Plot of ke vs pH at 12.5 mM H,0,. Error
bars are from 2-3 independent measurements.
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Fig. 8.
A) Amino acid oxidation sites detected in LC-MS/MS shown as green. Only one strand

is highlighted for clarity. His oxidation is observed only in the Cu(l)-form, while the Cu(ll)-
form does not show His oxidation. Proposed structures of the Cu'l-OOH species generated
with Cu(Il)-peptide having unoxidized His (B) and with Cu(l)-peptide (C) bound to 2-oxo
His. The structural differences between B and C likely dictate the spectral features of the
Cul'-OOH species generated with Cu(I1) vs Cu(l)-forms of the peptide.
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