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ABSTRACT: We employed a reductionist approach in designing
the first heterochiral tripeptide that forms a robust heterogeneous
short peptide catalyst similar to the “histidine brace” active site of
lytic polysaccharide monooxygenases. The histidine brace is a
conserved divalent copper ion-binding motif that comprises two
histidine side chains and an amino group to create the T-shaped 3N
geometry at the reaction center. The geometry parameters,
including a large twist angle (73°) between the two imidazole
rings of the model complex, are identical to those of native lytic
polysaccharide monooxygenases (72.61°). The complex was
synthesized and characterized as a structural and functional
mimic of the histidine brace. UV−vis, vis-circular dichroism,
Raman, and electron paramagnetic resonance spectroscopic
analyses suggest a distorted square-pyramidal geometry with a 3N
coordination at pH 7. Solution- and solid-state NMR results further confirm the 3N coordination in the copper center of the
complex. The complex is pH-dependent and could catalyze the oxidation of benzyl alcohol in water to benzaldehyde with yields up
to 82% in 3 h at pH 7 and above at 40 °C. The catalyst achieved 100% selectivity for benzaldehyde compared to conventional copper
catalysis. The design of such a minimalist building block for functional soft materials with a pH switch can be a stepping stone in
addressing needs for a cleaner and sustainable future catalyst.

■ INTRODUCTION

Mimicry of the enzyme active site through supramolecular
assembly has been of great interest for the design and synthesis
of various novel catalysts.1−3 Nature is a dominant source of
inspiration in the area of supramolecular chemistry, and
enzymes have served as natural prototypes for the design of
supramolecular catalysts. In general, enzymes work by binding
to their substrates and then use the action of two or more well-
placed functional groups to achieve catalysis. Such an
organization leads to substrate selectivity, reaction selectivity,
and stereoselectivity. One way to achieve such natural enzyme-
like precision in catalysis is by mimicking the active site of an
enzyme. Biomimetic modeling of enzymes involves the design
of compounds containing similar functional groups mimicking
a specific enzyme’s active site.
Over the years, researchers have found that copper

oxygenase enzymes possess His-Xaa-His (Xaa = amino acid)
chelating sequences at their active sites.4,5 In addition, they
exhibit δN versus εN tautomeric preferences in the imidazole
group. Currently, efforts are directed toward trying to achieve a
degree of control in the binding of transition metals in
biologically common histidine-rich sites in a minimalistic
construct. While histidine-containing linear peptides are
reported as metalloenzyme mimetics with hydrolytic6,7 and
oxidative activities,8−11 the metal chelation is highly unstable.

As a consequence, the metal-binding ability of such peptides is
rather limited, which directly affects their catalytic efficiency. A
survey of the His imidazole group binding to copper proteins
involved in redox chemistry, including O2 reactivity, indicates
that the His-Xaa-His tripeptide motif is a frequently observed
sequence. Some of the reported motifs include His-Thr-His in
peptidylglycine α-hydroxylating monooxygenase12 and dop-
amine β-monooxygenase,13 His-Val-His in superoxide dis-
mutases 5,14 and His-Gln-His in amyloid-like protein 2.15

Over the last decade, the introduction of amino acids of
both chiralities in a peptide sequence has seen remarkable
success in terms of novelty and creativity.16,17 Our laboratory
reported the advantages of using D-amino acid in the sequence
for the design of novel functional materials18 and enzymatically
stable molecular constructs.19−21 The ability to tune the metal
binding affinity of small peptides through the incorporation of
unnatural D-amino acids holds great promise in designing ultra-
short peptide motifs resembling the active site of an enzyme.
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The peptides which are diastereomerically different offer the
possibility of altering the spatial orientation of amino acid side
chains. This helps to modulate the local structure and
interactions in the metal binding pockets without altering the
side-chain chemistry.
Lytic polysaccharide monooxygenases (LPMOs) are metal-

loenzymes that activate molecular oxygen and cleave the C−H
bond in polysaccharides.22 They are attracting considerable
attention due to their industrial applications.23,24 LPMOs
utilize copper as their functional active site metal for oxidizing
recalcitrant polysaccharides in nature. The LPMO domains
usually comprise 200−250 amino acids that drastically restrict
their commercial application due to the excessive cost
associated with their synthesis and stability at a range of
temperatures and pH. Even the use of whole cell catalysis is
limited in an industrial setup owing to the high cost of product
purification. Interestingly, various spectroscopic and computa-
tional investigations have provided insights into the three-
dimensional (3D) copper-containing active center featuring
the “histidine brace”.22,25−27 The histidine brace is conserved
and comprised a single divalent copper ion which is chelated
with two nitrogen atoms of histidine at position 36 (one atom
from the backbone and one from the side chain) and a
nitrogen atom from a second histidine at position 135, forming
an overall T-shaped 3N configuration.22,28 The main chain
amino group of the N terminal histidine and imidazole side
chain contributes two of its nitrogen, while the second
conserved histidine is the source of the third nitrogen.
Conventionally, the aerobic oxidation of C−H bonds is

performed using reducing agents and radical initiators under
severe conditions.6 The last decade has seen significant
research interest in developing catalysts that use readily
available reagents at room temperature with molecular oxygen

as the oxidant.29,30 This study focuses on developing a peptide-
based, heterogeneous, environment-friendly, inexpensive mo-
lecular system with high catalytic efficiency. We have
synthesized and characterized a copper-binding de novo-
designed heterochiral tripeptide redox enzyme system that
mimics the structurally conserved histidine brace found in
LPMOs. The peptide−copper complex exhibits a very close
chemical and structural resemblance to the active site geometry
of the enzyme. It shows enhanced catalytic activity in the
oxidation of benzyl alcohol in water. This heterochiral
peptide−copper design may be an example of a structurally
and functionally optimized biomimetic model for LPMOs.

■ RESULTS

Characterization of the Active Site Geometry. The
histidine brace is a result of the spatial interaction between two
histidine residues at the 36th and 135th positions in a typical
LPMO. To mimic the chemical and structural features of the
LPMO active site, we have designed the peptide, His-
Pro-DHis-NH2 (HPh), bearing two imidazole groups. A proline
residue connects the two histidines, creating a T-shaped 3N
geometry for copper coordination (Figure 1c). In our design,
this spatial geometry was achieved by incorporating a D-
histidine residue at the C-terminus of the sequence.
The Cu−HPh complex was modeled using Avogadro

1.2.0.31,32 Interestingly, we have observed a large twist angle
(73°) between the two imidazole groups (Figure 1e), which is
in agreement with the reported LPMO (Protein Data Bank,
5FJQ.pdb). This endorses the observation that the Cu−HPh
complex successfully mimics the structural motif of the
Histidine brace.

Figure 1. (a) 3D structure of the lytic polysaccharide monooxygenase (PDB: 5FJQ) and active-site residues (cyan). (b) LigPlot showing the ligand
interactions with the histidine residues in the LPMO active site. (c) Chemical structure of the designed peptide mimicking the histidine brace. (d,e)
Comparison between the structural parameters of the copper-chelated modeled peptide and enzyme active site, respectively (Table S1, Supporting
Information).
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In the next phase, we have synthesized the peptide molecule
and characterized the physiochemical properties of the
complex using various spectroscopic techniques.
Cu Binding to HPh. The pH-dependent coordination of

Cu(II) with the designed peptide was verified in a wide range
of pH values ranging from 3 to 9 using UV−vis spectroscopy.
A 0.9:1 Cu(II) to peptide stoichiometry is considered for the
experiments to ensure that there is no excess of copper, thus
preventing a copper hydroxide precipitation in neutral and
alkaline pH. At low pH, λmax of the d−d bands are around 800
nm, which correlates with a band for a Cu(II) aqueous ion
(Figures 2a and S4a, Supporting Information). With the
increase in pH, a blue shift is observed. The absorption peak at
620 nm is reported to be specific to the 3N Cu coordination.33

The position of these bands indicates a square-pyramidal

geometry around the Cu(II) coordination sphere with the
dx2−y2 ground state4,34,35 and is close to the d−d transition seen
in LPMO (655 nm).35,36 The absence of any absorption band
at 520 nm further confirms the 3N geometry.37 Furthermore,
we have employed UV−vis spectroscopy to verify the stability
of the complex at pH 7 with respect to time (Figure S5,
Supporting Information). The absence of any difference in the
spectral parameters of the complex up to 180 min suggests that
there is no leaching of the Cu(II) ions.
The circular dichroism (CD) data are in good agreement

with the pH-dependent UV−vis spectra. Major changes in
visible-CD spectra are observed at pH 7 and above, suggesting
that at this pH, a change in the coordinating ligands around the
copper ion occurs. At pH 7, two negative bands around 550
and 310 nm (Figures 2b and S2, Supporting Information) are

Figure 2. Analysis of the Cu−HPh complex formation: (a) UV−vis, (b) CD, and (c) Raman spectra at different pH values. Experimental
conditions: final concentrations of 5 mM HPh and 4.5 mM CuCl2 were titrated with 1 μL aliquots of 1 M HCl or NaOH solution, and the reaction
was left to equilibrate for 10 min after each addition.

Figure 3. (a) Frozen-solution EPR of the Cu−HPh complex at pH 3 (blue) and pH 7(red) in 30% glycerol (v/v). (b) Solution-state 1H NMR of
the Cu−HPh complex at pH 3 and pH 7. (c) Solid-state 1H NMR of the Cu−HPh complex at pH 3 and pH 7; * the peak at −5 ppm is due to the
spectrometer artifact. (d) Solid-state 13C NMR of Cu−HPh complex at pH 3 and 7. The peaks in the 13C spectra correspond to the peptide
backbone shown in Figure S9, Supporting Information.
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accompanied by a strong negative peak at 280 nm, validating
an N-imidazole-to-Cu(II) charge transfer.38 At pH 9, however,
the negative band at 550 nm broadens and, together with the
strong negative band at 310 nm, indicates the presence of
mixed species. Furthermore, the positive bands at 650 and 750
nm suggest coordination of Cu(II) with proposed donors 2Nim
and N−, as reported in different Cu(II)−histidine com-
plexes.6,39 In the UV-CD analysis, we have observed a negative
maximum at 330 nm at pH 7 and above (Figure S3,
Supporting Information). This typically suggests the character-
istic charge transfer transitions between Nim and Cu2+.40,41

Besides, the electronic transition of the amide group is affected
by the solvent environment.
This may explain the observed increase in the negative

intensity of the UV-CD spectrum at 230 nm at higher pH.
Further characterization of the Cu−HPh complex formation
was obtained by measuring Raman spectra at pH 3, 7, and 9
(Figure 2c). The Raman signal at 1543 cm−1 for pH 3
corresponds to the C‡C stretching vibration and is similar to
that of the control (Figure 2c). The shift to the higher
frequency (Δϑ = 11 cm−1) upon increasing the pH to 7 and
above signifies the chelation of the imidazole group.42 The
Raman spectra of the control and the complex at pH 3 are
dominated by a single strong band at 1426 cm−1 that is due to
the Nτ−C2−Nπ symmetric stretch (Figure 2c).43,44 In case of
the complexes formed at pH 7 and above, we have observed a
higher vC4−C5 (1590−1568 cm−1) and a band at around 1290
cm−1, attributed to a stretch mode of the C2−Nπ−C4
linkage,45,46 suggesting Nτ−H and Nπ−M forms.47 The vC4−

C5 (1550−1530 cm−1) at pH 3 suggests the absence of any
metal ion coordination and is similar to the control. In
addition, the Raman band at around 1275 cm−1 at pH 7 and
above is useful as supporting evidence for the metal binding to
Nπ.

47 The increase in pH resulted in the increased peak
intensity at 1672 cm−1, ascribed to the CN stretching
vibration.

EPR Characterization. The coordination of the Cu−HPh
complex was investigated at pH 3 and 7 using low-temperature
electron paramagnetic resonance (EPR) spectroscopy (100 K).
The hyperfine features have been resolved into parallel (g∥)
and perpendicular (g⊥) regions (Figure 3a). The axial EPR
spectra for pH 7 with g∥ = 2.32 > g⊥ = 2.03 suggest the
presence of the 1B2g ground state with the unpaired electron in
the dx2−y2 orbital.

35,37 The complex exhibits EPR parameters
very close to those of the LPMOs (g∥ = 2.23−2.28; g⊥ = 2.06−
2.09).35 A simulation of the EPR spectrum was obtained to
validate the spectral features of the complex formed at pH 7
(Figure S6, Supporting Information). Comparison of the EPR
spectra of the complex and copper salt at pH 7 (g∥, 2.50 > g
2.11, Figure S8, Supporting Information) suggests that there is
no leaching of Cu(II) from the complex, which is in line with
our observation in UV−vis analysis. Interestingly, no g∥
component was observed in the case of pH 3 (g = 2.09),
suggesting isotropy in the applied field.48 In agreement with
the UV−vis and CD spectra, the EPR fingerprints at pH 7
show the presence of the 3N geometry.35,37

NMR Characterization. In order to further verify the 3N
binding modes of the complex, we recorded the 1H and 13C

Figure 4. Morphology characterization of the complex. (a) FESEM image showing the flake-like morphology (inset) that is clustered to form a
flower of around 214 nm in diameter; (b) negatively stained TEM image of the “flower”; and (c) corresponding SEM-EDS line map spectrum of
the complex showing carbon (magenta), nitrogen (purple), oxygen (pink), sulfur (blue), phosphorus (cyan), and copper (red).
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NMR spectra of HPh and HPh in the presence of Cu(II) at pH
3 and 7. We have employed both solid-state and solution-state
NMR for the analysis. The UV−vis spectrum shows no
complex formation at pH 3 and is therefore considered as a
reference here. The 1H NMR spectrum in the solution state at
pH 3 further validates this observation (Figure 3b). Moreover,
the solution-state 1H spectra of the sample at pH 7 show broad
featureless lines due to fast relaxation, indicating the Cu−HPh
complex formation. In the solid state, the 1H and 13C NMR
spectra of the nascent peptide showed resolved resonances. In
contrast, for the Cu(II) complex, 1H and 13C solid-state NMR
spectra showed broadening of the resonances (Figure 3c,d).
The 1H NMR spectrum of the complex shows a nonselective
broadening of the signals over a spectral range of 20 ppm due
to the binding of the paramagnetic Cu(II). In the nascent
peptide 1H spectrum, a clear peak at 14.5 ppm can be
attributed to the ring HN proton. In contrast, the proton
resonance in the complex is either broadened out or shifted to
a new position. Similar nonselective broadening of the peaks
was also observed in the carbon spectrum of the Cu(II)
complex, and a new peak appears at 0−5 ppm. This peak
broadening and change in shifts may be attributed to the
paramagnetic center of Cu2+ and are absent for the nascent
peptide.
Longitudinal relaxation (T1) values for protons of the

nascent peptide were estimated to be 600−700 ms by using a
saturation recovery experiment. The proton signal of the
peptide with the complex was collected at 0.1, 0.2, and 1 s. We
observed that upon complex formation, the proton signal
recovered to equilibrium magnetization with less than 0.1 s
delay after saturation. We expect the actual T1 values to be
much less than 0.1 s, which is an order of magnitude smaller in
comparison to that of the nascent peptide (pH 3). The
observed large difference in the T1 values of the nascent
peptide and the complex is a good indicator of a complex with
a paramagnetic center.
Morphological and Elemental Characterization of the

Complex. Field emission scanning electron microscopy
(FESEM) was employed to determine the morphology of
the Cu−HPh complex. It shows flower-like structures that are
formed by the agglomeration of uniform microflakes stacked in
different orientations (Figure 4a). Transmission electron
microscopy (TEM) of the complex after negative staining
confirms solid flake-like structures of around 214 nm (Figure
4b). The energy-dispersive X-ray spectroscopy (EDS) line
mapping of the structure was performed to confirm the
presence of copper ions (Figure 4c). The intensity of Cu
signals shown in the red line reveals its abundance. The signals
from other elements like phosphorus may be attributed to the
phosphate buffer used for the experiment.
Catalytic Efficiency of the Designed Tripeptide

Catalyst. We assessed the catalytic activity of the peptide
complex for the selective aerobic oxidation of benzyl alcohol to
its corresponding aldehyde (Scheme 1).

The oxidation of benzyl alcohol was carried out in a round-
bottom flask (25 mL) fitted with an O2 balloon atop a
magnetic stirrer at 40 °C. We screened different catalyst
loadings (10, 15, and 30 mol %) and monitored the rate of
conversion of benzyl alcohol at different time intervals for 3 h.
At low catalytic loads (10 and 15 mol %), the percent
conversion of benzaldehyde after 3 h was also low at 10 and
27%, respectively [Figure 5b (olive), Figure S11a,b, Supporting
Information].

In general, the trend suggests that by doubling the catalyst
loading from 15 to 30 mol %, we could achieve an impressive
300% increase in the catalytic efficiency. Next, we compared
the catalytic efficiency of the catalyst and Cu(II) at 30 mol %
catalyst loading (Figures 5a, S11c, and S13c, Supporting
Information). After 3 h of the reaction, we have observed 82%
conversion of benzyl alcohol in the case of the complex with
100% selectivity. For Cu(II), however, the conversion was low
(62%) and is comparable to previous reports that suggest a
moderate conversion by Cu(II) alone (72−83% conversion
after 24 h at 70 °C).49 Furthermore, we have then compared
the catalytic efficiency of the complex with an equimolar
concentration of individual entities, that is, peptide and copper
alone as control (Figure 5b, red and black, respectively, and
Figure S10, Supporting Information). While HPh alone did not
show any significant conversion at even 30 mol % loading, we
have observed an increased catalysis by Cu(II) after 90 min of
the reaction(Figures S10a,b and S12−S13, Supporting
Information). We have considered 30 mol % catalyst loading
for all subsequent experiments unless mentioned otherwise.
Next, we explored the scope of achieving complete

conversion of benzyl alcohol by extending the reaction time
to 12 h (Figure 5c). While no significant increase in the
conversion (in percentage) was observed, the selectivity
remained 100%, and no trace of benzoic acid was observed

Scheme 1. Selective Oxidation of Benzyl Alcohol to
Benzaldehyde in the Presence of the Cu−HPh Complex at
40 °C

Figure 5. Conversion of benzyl alcohol into benzaldehyde in water:
pH = 7 at 40 °C is the standard reaction conditions used except in the
pH titration experiment. (a) Conversion comparison between copper
alone and the complex at 30% loading as a function of time. (b)
Histogram comparing percentage conversion by nascent HPh (red),
copper (black), and the Cu−HPh complex (olive) after 3 h. (c)
Conversion of benzyl alcohol into benzaldehyde at 40 °C in 6 h under
aerobic conditions. (d) Histogram showing the catalytic efficiency of
the Cu−HPh complex at different pH (mean ± standard deviation, n
= 3).
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in the high-performance liquid chromatography (HPLC)
spectra. This may be attributed to the application of low
temperature in the reaction, which prevents auto-oxidation of
the aldehyde.
Dependency of pH in Modulating Catalysis. The

measurement of the reaction rate as a function of pH provides
essential information about the underlying correlation between
the protonation states of the imidazole nitrogen and catalysis.
The protonation state affects the imidazole donor−acceptor
capabilities, which are key determinants for redox properties
and reactivity. In addition, metal-induced histidine deprotona-
tion was also suggested for different metalloenzymes at varied
pH.50 Therefore, we have tested the catalytic efficiency of our
complex across pH 6, the effective pKa of histidine.
Extrapolation from Figure 5d suggests that the catalytic
efficiency of the peptide increases with increase in pH. At
pH 3, no product formation was detected in the HPLC spectra,
but the conversion rate increased to 35% at pH 5. In the case
of higher pH (above pH 6), however, the conversion has
reached 80%, demonstrating the formation of a tailor-made
catalytic active site at a physiological pH. Morphological
verification of the catalyst at different pH reveals the gradual
transition from the disordered to the more ordered nano-
assembly at higher pH (Figure 6).

■ DISCUSSION
Mimicking the active site of metalloenzymes in artificial
systems is the key to understand the selectivity and efficiency
of enzymatic reactions. Specifically, one must design structural
sites where the metal can impart thermodynamic stability,
direct the protein fold, and overcome nonpreferred metal-
binding geometries. Recent advancements in metal−peptide
supramolecular chemistry led to the development of artificial
macromolecular structures that operate as a geometric
template functioning as an electron reservoir.51,52 However,
the designed metallopeptides show significant lack of catalytic
efficiency relative to their natural counterparts.53 Over the
years, the advancements in understanding the balance between
protein scaffold stability and metal ion coordination prefer-

ences lead to exploring the unnatural D-amino acids.54 The
ability to tune the metal-binding affinity of small peptides by
incorporating D-amino acids and the preorganization of the
peptide structure holds great potential in designing ultra-short
catalytic domains derived from the active site of a metal-
loenzyme.
In the present study, we have designed a tripeptide to mimic

the histidine brace motif found in the active site of an
industrially important enzyme LPMO. Our goal is to generate
a structural mimic through a minimalistic design approach.
The otherwise difficult mimicry of the LPMO active site was
achieved by incorporating D-histidine at the C-terminal. The
modeling studies suggest that copper coordinates with the
peptide through 3N coordination, which results in a distorted
square-pyramidal geometry, similar to that observed in LPMO
active sites.
Interestingly, one can modulate the protonation state of

histidine across the physiological pH (pKa ≈ 6−7). The
imidazole group of histidine ligands can bind to the Cu ion
through either the δN or εN site, and the tautomeric
preference varies with pH. The spectroscopic characterization
at various pH suggests that the complex formation occurs only
at pH 7 or above. Increasing the pH from 3 to 9 resulted in an
increase in the intensity of the d−d transition band in the UV
and vis-CD spectra. A plausible explanation for this
phenomenon is the participation of one amide nitrogen
(Nam) atom and two imidazole nitrogen (Nim) atoms to form
an equatorial plane coordination, while the fourth coordination
site is occupied by the O5 atom of the water molecule. The
remaining apical position was occupied by the O4 atom of
another water molecule completing the square-pyramidal
geometry. Relatively strong CD bands are often observed for
the d−d transitions of tetragonal complexes, involving
backbone amide and histidine coordinations through the
imidazole ring.37 Additionally, it causes a distortion in the
tetragonally elongated symmetry, causing large transition and
hence the enhanced d−d transition with increasing pH.55,56

The spectral changes in UV−vis and vis-CD spectra between
the pH range of 7 and 9 are relatively small, suggesting the
formation of a predominant species at pH 7. The coordination
of Nam and Nim is also confirmed from the vibrational Raman
spectra. The Nim coordination can be extracted from the drop
in intensity of the Raman-active N−H deformation bands at
1440 cm−1. Furthermore, the signal corresponding to the
Raman CC or CN stretching band (1543 cm−1) observed
at pH 3 also red-shifts to 1554 cm−1 at pH 7 and 9, suggesting
formation of a complex with Nτ coordination.37,42 The
presence of the Nτ coordination form is further evidenced by
the small bandwidth of the Raman-active ring-breathing
vibration at 1278 cm−1.42,57,58 The EPR spectrum of the
complex at pH 7 and 9 is typical for a Cu(II) complex with a
distorted square-pyramidal geometry.35 Based on the NMR
experiments, we can conclude that the predominant species is
in the 3N form as it is able to considerably accelerate the
Cu(II) exchange (within milliseconds).37,59 Overall, our model
Cu−HPh complex can reproduce the physicochemical features
of the active site of LPMOs.
Catalytic activity of our model complex was tested for the

oxidation of benzyl alcohol in water. While His alone does
have very low to no catalytic activity, it is the most important
amino acid playing the role of a proton donor or acceptor in a
catalytic reaction.60 The results above clearly demonstrate that
the binding of a copper ion to the structure is through the

Figure 6. FESEM characterization of the assemblies formed by the
Cu−His complex at different pH. Scale 10 μm.
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creation of multivalency of the histidine residues at pH 7.
Based on previous reports,61,62 we postulate that the
protonation of one of the imidazole near pH 7 facilitates H-
atom transfer in the presence of oxygen. Stahl and co-workers
have earlier demonstrated this to be the most energetically
favorable route for the oxidation of a Cu-alkoxide.63

■ CONCLUSIONS

The work presented here describes the design, synthesis, and
characterization of a minimalistic de novo designed tri-peptide
(HPh) as a model for the histidine brace active site of LPMO.
The complex is characterized by various spectroscopic
techniques, and the catalytic function was tested for the
model benzyl alcohol oxidation. The molecular structure of the
Cu−HPh complex adopts very similar distorted square-
pyramidal coordination geometry, as seen in the LPMO active
site. The position of d−d transitions as observed in UV−vis
CD and Raman spectroscopies supports the existence of the
square-pyramidal geometry of the complex through 3N
coordination at pH 7, identical to the histidine brace. The
EPR fingerprints suggest the 1B2g ground state with the
unpaired electron on the dx2−y2 orbital. The pH dependence is
explained by the absence of any complex at pH below 7. The
3N coordination is further validated by the solid-state NMR
analysis that shows an accelerated Cu(II) exchange (milli-
seconds or faster) at pH 7. The heterogeneous Cu−HPh
complex showed a high yield of benzaldehyde, up to 82%
through selective oxidation of benzyl alcohol in water, in the
presence of molecular oxygen at 40 °C. This study presents a
minimalistic design strategy using D-amino acid for structural
and functional mimicry of the LPMO active site, which can be
a stepping stone for generating sustainable and environment-
friendly, alternative catalytic solutions.

■ EXPERIMENTAL SECTION

Materials. All reagents were of analytical grade and used
without further purification. All the amino acids and resin were
purchased from Novabiochem (Merck, Germany). Copper
chloride dihydrate (CuCl2·2H2O) was procured from Sigma-
Aldrich, India. All solutions were prepared in Milli-Q (18 MW)
water.
Modeling of the Complex. The [CuII(LH3)(H2O)2]

+

complex was modeled and energy-minimized using the
MMFF94 force field with a convergence of 10 × 10−7

Avogadro 1.2.0 (http://avogadro.cc/),32 with frequency
calculations carried out using Gaussian 09W using the
B3LYP/3-21g level of theory.31

Peptide Synthesis. The peptide was synthesized manually
by solid-phase peptide synthesis using Fmoc chemistry on a 4-
(hydroxymethyl) phenoxyacetic acid (HMPA) resin (0.74
mmol/g, Novabiochem). The peptide was precipitated in cold
ether and purified by reverse-phase HPLC (Shimadzu Ltd,
Japan) using an analytical C-18 column (Figure S1a). The
gradient elution of 10−100% acetonitrile in water with 0.1%
tetrafluoroacetic acid (TFA) at 0.5 mL min−1 was used. The
HPLC chromatogram was recorded at 210 nm for fraction
collection. The molecular weight of the peptide was evaluated
using high-resolution (HR) mass spectroscopy (MS) analysis
(Figure S1b). The peptide was stored at 4 °C for further use.
Synthesis of the Cu−HPh Complex. Metal to ligand

ratios were maintained at 0.9:1(4.5 mM CuCl2/5 mM HPh) to
ensure total binding of Cu(II) to the peptide in phosphate

buffer. The mixtures were stirred for 30 min at room
temperature before UV−vis absorption measurements. The
precipitates were filtered through a 0.2 μm filter, washed
several times with water to remove excess Cu(II) followed by
hexane, and dried in vacuum. The mass of the complex was
verified using electrospray ionization (ESI)-MS (Figure S14,
Supporting Information).

UV−Vis. UV−vis absorption measurements in the range of
pH 3−9 were performed. The Cu/HPh ratio was maintained
at 0.9:1 for all the experiments. The spectra were recorded in
the 400−800 nm spectral range using a dual-beam
spectrometer (Agilent Cary 60) in a quartz cuvette with a 1
cm path length. pH titrations were carried out by adding drops
of 1 M NaOH directly to the samples. Solutions were allowed
to saturate for at least 5 min before recording the spectra. The
extinction coefficient for the absorption at 620 nm is presented
in Table S2, Supporting Information.

Circular Dichroism. CD spectra were recorded on a
JASCO J-1700 (JASCO) spectropolarimeter at room temper-
ature. Measurements were performed in the 800−190 nm
range with a 3 mm path quartz cuvette with a final volume of
0.5 μL. The CD experiments were performed at a low
concentration, maintaining the 0.9:1 ratio of Cu and peptide
(1.8 mM CuCl2 and 2 mM peptide). The pH titration was
performed by adding 1 M NaOH.

Raman Spectroscopy. Raman spectroscopy was per-
formed using a laser micro-Raman system (Horiba Scientific,
LabRam HR Evolution Raman Spectrometer) equipped with a
charge coupled device (CCD) detector. A 532 nm laser
(argon) was used to excite the sample (output power of 16.5
mW). The laser was focused using a 20× objective. Ten
microliters of the sample was deposited on a Si window and
air-dried before taking measurements. For each sample, 10
accumulations were averaged with an exposure time of 20 s.
The spectral range for all Raman spectra is 1750−1200 cm−1.

EPR Analysis. EPR spectra of the sample were recorded at
the X-band frequency (9.5 GHz) using a JEOL (model JES
FA200) spectrometer. The following parameters were used:
modulation frequency, 100.00 kHz; modulation amplitude,
10.00 G; microwave power, 1.002 mW; time constant, 2.560
ms; receivers gain, 1.00 × 103. Ethylene glycol was added as a
cryo-protectant to each sample (30% v/v). Samples were
freeze-quenched in liquid nitrogen before carrying out the
measurements at 77 K.

1H and 13C Solid-State NMR Analyses. Solid-State NMR
1H and 13C solid-state NMR spectra of the HPh peptide and

the complex were acquired at 60 kHz magic angle spinning
(MAS) frequency on a Bruker 700 MHz Avance-III
spectrometer using 1.3 mm rotors and HXY triple resonance
probe. For proton decoupling during acquisition, a rCWApA

decoupling sequence with an rf amplitude of 12 kHz was used.
One pulse proton spectrum was obtained with a pulse length of
2.7 μs. For the complex, 13C spectra were obtained using one
pulse (2.5 μs) with 1H heteronuclear decoupling applied
during acquisition. The proton spectrum of the complex was
acquired with 32 transients and a recycle delay of 0.2 s. For the
13C spectrum of peptide, 20,480 transients with a recycle delay
of 0.1 s were collected.
For the peptide, 13C spectra were acquired with one pulse

and 1H−13C cross-polarization with a 1 ms contact time and
heteronuclear decoupling of protons during the acquisition.
The 1H and 13C spectra of the peptide were acquired with 8
transients, 2 s recycle delay and 12,288 transients, and 2 s
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recycle delay, respectively. 1H spectra were referenced with
respect to the HN-Leu peak of the N-formyl-L-methionyl-L-
leucyl-L- phenylalanine-OMe (MLF) tripeptide at 9 ppm as an
external reference. The 13C spectra were calibrated with
reference to the proton spectrum using the gyromagnetic ratio
of proton to the carbon nuclei.
Longitudinal relaxation (T1) values for protons of nascent

peptide were measured using a saturation recovery experiment.
In the saturation recovery experiment, the delay values used
were 1, 50, 100, 200, 300, 500, 800 ms, 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5, 5, 6, 9, and 12 s. Each experimental point is obtained with
eight transients. Initial saturation of the proton signal is
achieved by a train of 50 pulses with a length of 3.15 μs and an
inter pulse delay of 8 μs.
Solution-State NMR. Solution-state proton NMR spectra

of the peptide and the complex have been acquired in a 90%·
H2O + 10% D2O solvent at pH 3 and 7 using a Bruker 300
Avance III spectrometer with a 5 mm H/X probe. Water
suppression was carried out using the pre-saturation technique.
All the spectra were calibrated with respect to the D2O signal
(4.79 ppm). The pulse length for 1H was 14 μs.
FESEM Analysis. The complex formed at pH 7 and 9 was

directly loaded on a glass cover slide. Samples at pH below 7
were prepared by drop-casting on a clean coverslip, followed
by vacuum drying. Samples were sputtered with platinum in a
JEOL JFC-1600 high-resolution sputter coater at 30 mA for
120 s. The surface of interest was examined using a JEOL JSM-
7400F field-emission scanning electron microscopy system at
an acceleration voltage of 15 kV. SEM−EDS mapping was
performed at 2 kV.
FETEM Analysis. The complex was loaded on a carbon-

coated copper mesh grid (300 mess) and was negatively
stained using 2% (w/v) saturated uranyl acetate. After 30 s, the
excess stain was wicked away, and the grids were allowed to
air-dry. Images were captured using a JEM-2100F (Joel) field
emission transmission electron microscope at 200 kV.
Catalysis. 0.5 mmol of benzyl alcohol was added along with

different amounts of the peptide complex (10, 15, and 30 mol
%, respectively) to a round-bottom flask, capped using an O2
balloon and left to react at 40 °C in phosphate buffer (pH 7)
for 3 h. The reaction was stirred continuously using a magnetic
stirrer. Aliquots (25 μL) were collected at regular time
intervals and filtered using a 0.2 μm filter. The filtrates were
then analyzed for product formation using a reverse-phase
high-performance liquid chromatograph (Shimadzu Promi-
nence, Shimadzu Ltd, Japan) with a C18 column at 283 nm.
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