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imicking hemoproteins: a new
ynthetic metalloenzyme based on a Fe
III)-mesoporphyrin functionalized by
two helical decapeptides
Mariano Venanzi,* Sabrina Cianfanelli and Antonio Palleschi
A new metalloenzyme formed by a Fe(III)-mesoporphyrin IX functionalized by two helical decapeptides was synthesized to
mimic function and structural features of a hemoprotein active site. Each decapeptide comprises six 2-aminoisobutyric acid
residues, which constrain the peptide to attain a helical conformation, and three glutamic residues for improving the solubility
of the catalyst in aqueous solutions. The new compound shows a marked amphiphilic character, featuring a polar outer sur-
face and a hydrophobic inner cavity that hosts the reactants in a restrained environment where catalysis may occur. The cat-
alytic activity of this synthetic mini-protein was tested with respect to the oxidation of L- and D-Dopa by hydrogen peroxide,
showing moderate stereoselectivity. Structural information on the new catalyst and its adduct with the L- or D-Dopa substrate
were obtained by the combined use of spectroscopic techniques and molecular mechanics calculations. Copyright © 2013
European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Hemoproteins are impressive chemical machineries: A single
prosthetic group, the heme, is able to promote an amazing
variety of different biological functions, such as transport and
storage of oxygen, transfer of electrons, oxidation of organic sub-
strates, and destruction of peroxides [1].
The protein 3D structure controls the reactivity and specificity

of the prosthetic group by tuning the geometry, number and
type of metal coordination, nature of the axial ligands in the pri-
mary coordination shell, local dielectric constant, and nature of
the interactions in the secondary coordination shell [2]. The envi-
ronment hosting the metal ion in the reactive pocket determines
the specific potential needed to start a given redox reaction and
hinders the entry to the active site discriminating between com-
petitive substrates [3].
Several model systems have been developed trying to embed

the properties of a protein in a simpler molecule, with the aim to
establish structure–activity relationships and understand the ba-
sic requirements that make possible to fulfill a specific function.
Peptide-based compounds are intermediates between an intact
large protein and a small molecular catalyst, thus being of suffi-
cient complexity to retain the principal structural features of a
protein environment and simple enough to improve the compre-
hension of the factors determining the reactivity of natural
systems.
Several excellent review articles, collecting seminal results in

the field, have appeared in the literature, to which the interested
reader can refer for a detailed description of the history of peptide
models of heme proteins [4]. Shortly, they can be classified in two
broad families: models inwhich (i) the peptide chains are covalently
36–45
linked to the porphyrin scaffold or (ii) self-assemble around the
porphyrin site by exploiting noncovalent interactions. Among the
former, the field was pioneered by the introduction of
microperoxidases, heme–peptide fragments obtained by the pro-
teolytic digestion of cytochrome c [5], and the monopeptide–
deuteroheme complex of Casella and co-workers [6]. This work
culminated in the paradigmatic four-helix bundlemodel developed
by DeGrado and co-workers [7], which, besides fundamental acqui-
sition on the understanding of protein folding and function, leads
to a wide range of applications from catalysis [8] to biosensing
[9], paving the way for the fast-growing field of bio-inspired nano-
technology [10].

At an intermediate level of complexity between simple por-
phyrin derivatives and isolated protein fragments, Pavone and
co-workers [11] and Benson and co-workers [12] developed a
helix–heme–helix sandwich model composed of two helical
peptides covalently linked through the amino group of a Lys side
chain to the twin propionates of deuteroporphyrin IX and
mesoporphyrin II or IX, respectively.
Copyright © 2013 European Peptide Society and John Wiley & Sons, Ltd.



A PEPTIDE CATALYST MIMICKING HEMOPROTEINS
In their peptide models of hemoprotein, one or two His resi-
dues were suitably inserted in the peptide chain to coordinate
the central iron ion, giving rise to pentacoordinated high-spin
species in the monoadducts and hexacoordinated low-spin sys-
tems in the bis-adducts. Interestingly, the molecule showing the
highest content of pentacoordinated structures also showed
the highest activity, suggesting that a tight binding of the protein
environment in peptide–heme adducts or bis-histidine coordina-
tion in peptide-sandwiched porphyrins prevents the heme from
reacting with an exogenous ligand.

We report here on a new synthetic catalyst also based on the
peptide–heme–peptidemotif, composed of a Fe(III)-mesoporphyrin
IX covalently linked to two amphiphilic helical decapeptides. The
new compound is characterized by a polar outer surface and a
hydrophobic inner cavity, which could host the reactants in a
restrained catalytic environment. The idea is to have a peptide
catalyst soluble in water, sufficiently protected against oxidative
degradation, and capable of chiral discrimination.

The molecular formula of the investigated compound, denoted
in the following as FemP(10N)2, is shown in Figure 1. It embodies
a Fe(III)-mesoporphyrin IX, the propionyl sites of which were co-
valently linked to the N-terminal Ala residues of two identical
decapeptides (10N). The presence of six α-aminoisobutyric acid
(Aib) residues constrains the two peptide chains to attain a helical
conformation, because of the steric hindrance exerted by the
gem-dimethyl substitution on the Aib Cα atom [13]. Three Glu res-
idues were also included (at positions 3, 5, and 9) in the peptide
chain for improving the solubility of the catalyst in aqueous
solutions, giving rise to the formation of an amphiphilic helix.
Mesoporphyrin IX was used instead of protoporphyrin IX, be-
cause the former, lacking the two ring-substituent vinyl groups,
is less sensitive to the attack of oxidants, thus improving the cat-
alyst resistance [12]. Furthermore, the two peptide chains were
each C-terminally derivatized as naphthyl esters to obtain struc-
tural information from fluorescence energy transfer (FRET) mea-
surements [14].

The Glu residues play a key role in mimicking the hemoprotein
activity for both structural and reactivity reasons. From the struc-
tural point of view, the Glu carboxyl groups could coordinate the
central iron atom, stabilizing a specific conformation. Further-
more, the protonation of the Glu side chains can be suitably var-
ied, modulating the local polarity of the active site environment
and, hence, its redox potential and reactivity. Recently, it was
shown that carboxyl groups can exert a distal effect on the active
site reactivity in peroxidases, opening electron transfer pathways
Figure 1. Molecular formula and acronym of the synthesized peptide–
heme–peptide compound. O-Napht denotes a 2-(1-naphthyl)ethyl ester
group by which the two decapeptides are C-terminally derivatized.

J. Pept. Sci. 2014; 20: 36–45 Copyright © 2013 European Peptide Society an
to the porphyrin macrocycle through the heme propionates [15].
This is particularly relevant in view of the choice of not inserting
His residues in the peptide chains of the newly designed catalyst.
In natural hemoproteins, histidines strongly coordinate the Fe(III)
ion, and for this reason, they were generally introduced in most
of the peptide models described so far in the literature. An issue
of concern in this contribution is the capacity of peptide-based
catalysts lacking His residues to mimic the activity of hemopro-
teins and protecting the active site from oxidative degradation,
but still preserving its functionality.
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Materials and Methods

Synthesis

The synthesis of the side chain-protected decapeptide H-Ala-Aib-
Glu(OtBu)-Aib-Glu(OtBu)-(Aib)3-Glu(OtBu)-Aib-OCH2-CH2-Napht
(10Np) was performed by classical methods in solution via frag-
ment condensations following strategies previously elaborated
for Aib peptides [16]. At first, the Z-Aib-OH was esterified with
2-(2-naphthyl)ethanol by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC·HCl) in the presence of
DMAP. N-terminal elongation of this ester to the decapeptide
derivative was performed in stepwise manner by intermediate
Nα-hydrogenolytic removal of the Z protecting group and acyla-
tion with the related Z-Glu(OtBu)-OH and Z-Aib-OH derivatives
via hydroxybenzotriazole(HOBt)/EDC·HCl and 1-hydroxy-7-
azabenzotriazole(HOAt)/EDC·HCl, respectively, and finally with
Z-Ala-OH via HOBt/EDC·HCl. In the final step, mesoporphyrin IX
and Fe(III)-mesoporphyrin IX were solubilized in CH2Cl2 and
reacted with H-Ala-Aib-Glu(OtBu)-Aib-Glu(OtBu)-Aib-Aib-Aib-
Glu(OtBu)-Aib-OCH2-CH2-Napht, respectively, which was obtained
by catalytic hydrogenation (Pd/C in CH3OH) of the corresponding
Z derivative, and N-methylmorpholine. The still protected
mesoporphyrin IX and Fe(III)-mesoporphyrin IX conjugates were
purified by flash chromatography on silica gel using CH2Cl2/
EtOH (9.2 : 0.8) and CH2Cl2/EtOH/AcOH (8.9 : 0.65 : 0.45) as eluent,
respectively. Final deprotection of the two conjugates was
achieved by exposure to TFA/CH2Cl2 (1 : 1) for 3 h. The desired
mesoporphyrin IX and Fe(III)-mesoporphyrin IX constructs were
obtained as well as characterized compounds after HPLC using
a semi-preparative reversed phase column (Supelco, Bellefonte,
Pennsylvania) and as eluent CH3CN/H2O/TFA (75 : 25 : 5) and
monitoring the absorption of the product at λ= 226 nm. Final
and intermediate products were characterized by melting point
determination, TLC, rotatory optical power, IR absorption, mass
spectrometry, and 1H-NMR. Details on the synthetic procedures
and characterization of intermediates and products are provided
in Supporting Information.

Methods

TLC was carried out on silica gel (60F254, Merck Italy, Vimodrone,
Italy) using five different eluents: chloroform/ethanol 9 : 1 (Rf1),
n-butanol/AcOH/H2O 3 : 1 : 1 (Rf2), toluene/ethanol 7 : 1 (Rf3),
AcOEt/petroleum ether 1 : 3 (Rf4), and AcOEt/petroleum ether 1 : 1
(Rf5). Flash chromatography was carried out using silica gel as sta-
tionary phase. HPLC purifications were carried out by a Hewlett-
Packard A7554 (Agilent Technologies, Santa Barbara, CA, USA) with
UV detection at λ=226nm using a semi-preparative reverse-phase
column (Supelco LC-18-DB, l=25 cm, d=10mm, Bellefonte,
Pennsylvania). CD measurements were carried out by a JASCO
d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 2. FTIR absorption spectra of FemP(10N)2 in CDCl3 in the NH ab-
sorption region [1mM (dashed); 0.1mM (continuous)].
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J600 spectropolarimeter (Jasco Europe, Cremella, Italy), by using
quartz cells (l=0.1, 0.5, and 1 cm). CD spectra are reported as molar
ellipticity per residue (θ, degree cm2dmol–1). Steady-state and
time-resolved fluorescence experiments were performed on the
same apparatus (CD900, Edinburgh Analytical Instruments, UK) by
using a Xe lamp (450W) for spectral measurements (analog detec-
tion) or a pulsed arc lamp (30 kHz repetition rate) for time decays
measurements (single photon counting detection). The arc lamp
was filled with ultrapure hydrogen (pressure 0.4 atm) for exciting
the sample in the UV (λ=280nm). Under these conditions, the full
width at half maximum of the excitation pulse was 1.1 ns. Time
decays were analyzed through iterative reconvolution of a
multiexponential function by using standard software supplied by
Edinburgh Analytical Instruments (Edinburgh, UK). All solutions
were freshly prepared and fluxed for 20min in ultrapure N2 to min-
imize oxygen quenching effects. Polarimetric measurements were
carried out on a Perkin-Elmer polarimeter (PE-241, Waltham, MA,
USA). Temperature (T=25 °C) was controlled by a Haake D8
thermostat (Vreden, Germany). FAB- and ESI-mass spectra were
obtained with a Sciex API-365 mass spectrometer (Perkin-Elmer,
Waltham, MA, USA) equipped with a triple quadrupole ESI-MS.
Fourier transformed infrared (FTIR) spectra were obtained with a
PE 1720 FTIR spectrometer (Perkin-Elmer, Waltham, MA, USA) by
using CaF2 cells (optical length=0.01, 0.1, 1 cm). 1H-NMR experi-
ments were carried out with a Bruker AM400 NMR spectrometer
(Billerica, MA, USA). Chemical shifts were expressed as parts per
million with respect to tetramethylsilane. 2D-NMR experiments
were processed by the UXNMR code from Bruker. UV–vis absorp-
tion measurements were recorded on a thermostated JASCO
7850 (Jasco Europe, Cremella, Italy), using quartz cells (0.5 and
1 cm). Kinetic experiments were performed on the same apparatus
for nine different substrate concentrations in the range between
8.0 10�6 and 2.9 10�4

M. The enzyme concentration was kept
constant at 8.5 10�6

M, while the H2O2 oxidant concentration
was 1.5 10�4

M. Each kinetic experiment was repeated in triple
(pH=7.5, T=25 °C). Molecular mechanics calculations were carried
out by using homemade programs, exploiting the MM4 force field
[17,18]. The following procedure was adopted: (i) The two
peptide backbones were initially considered in an ordered
helical conformation, exploring both 310- and α-helical struc-
tures. The conformers arising from internal rotation around the
torsional angles of the side chains linking the porphyrin and
naphthyl chromophores were built up by making use of the
rotational isomeric state model. (ii) The conformational energy
was then optimized by varying all torsional angles associated
to both the peptide backbones and the side chains; (iii) the Glu
side chain carboxyl groups were considered in both neutral
and anionic (carboxylate) forms.
Assumption (i) strongly reduced the computational effort and

is based on the CD and NMR experimental evidences on the sec-
ondary structure attained by the two decapeptide chains. The po-
tential energy comprised electrostatic, nonbonding, hydrogen
bond, and torsional interactions and was calculated by using
standard bond angles and lengths for both the backbone and
the side chains, as implemented in the MM4 force field [18].
Coulombic interactions were assessed by assigning partial atomic
charges to all atoms. Energy minimization refinement was
performed by relaxing the fixed geometry for all the internal de-
grees of freedom and introducing stretching and bending terms.
Solvent effects were taken into account by assuming a distance-
dependent dielectric constant [ε(Rik)], where Rik is the distance
between the i and k atoms.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European P
Results and Discussion

Spectroscopic Results

FTIR absorption

Helical peptides feature characteristic IR absorption in the
3420–3310 cm�1 range, associated to the stretching of NH amide
groups, and between 1720 and 1660 cm�1 (stretching of CO am-
ide groups) [19]. The onset of secondary structure, promoted by
formation of intramolecular hydrogen bonds, can be easily ob-
served by the progressive shift to lower energies of the NH and
CO stretching frequencies with increased length of the peptide
chain from two to ten residues during the synthesis of the
protected decapeptide Z-Ala-Aib-Glu(OtBu)-Aib-Glu(OtBu)-(Aib)

3-Glu(OtBu)-Aib-OCH2-CH2-Napht (10Np) (Figures S1 and S2 of
Supporting Information). The FTIR spectrum of FemP(10N)2
in CDCl3, reported in Figure 2, shows a very weak absorbance at
ν=3435–3425 cm�1, ascribable to free NH groups, and a predomi-
nant absorption band peaked at ν =3325 cm�1, assigned to
hydrogen-bonded NH’s [19]. The intramolecular character of the
hydrogen bonding interaction was confirmed by concentration-
dependent FTIR absorption measurements from 0.1 to 10mM.

The ratio between the number of NH protons involved in hy-
drogen bond formation (nb) and the number of free NH’s (nf)
can be estimated from the areas of the two corresponding IR ab-
sorption bands and the associated molar extinction coefficients
εb and εf, that is,

nb
nf

¼ Ab
Af

� εf
εb

(1)

The εb/εf ratio was determined by us through extensive IR mea-
surements on several conformationally constrained oligopeptides
attaining a 310-helix conformation [19]. Deconvoluting the IR spec-
trum reported in Figure 2, we obtained nb/nf = 2.7, a value interme-
diate between those expected for a pure α-helix (2.3) and a 310-
helix structure (4) [20].

1H-NMR

By TOCSY and ROESY experiments in CDCl3, we were able to
identify the amide protons of Ala1 and Aib2 and of two Glu
eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2014; 20: 36–45



Figure 4. CD spectra of 10Np(dashed), mP(10N)2 (continuous), and
FemP(10N)2 (dotted) in CH3OH. Peptide concentration is 0.1mM in all cases.

A PEPTIDE CATALYST MIMICKING HEMOPROTEINS
and one Aib residues of 10Np. It was not possible to identify the
other amide protons because of the extensive overlap between
the naphthyl and Z group’s resonances. Titration experiments
with DMSO-d6 allowed us to have a clear indication on the con-
formational properties of this decapeptide derivative, because
only the resonance frequencies of protons not involved in hydro-
gen bonding are affected (downshifted) by DMSO, a strong hy-
drogen bond acceptor. In Figure 3, we reported the effects of
the DMSO titration on the NMR signals of the 10Np protons
identified by 2D-NMR experiments. As can be seen, only the
Ala1 and Aib2 protons were seriously perturbed by adding DMSO,
suggesting that the protected decapeptide in CDCl3 predominantly
populates a 310-helix structure characterized by an i← i+3 hydro-
gen bond network.

CD

CD measurements in CH3OH confirmed that 10Np predominantly
attains a helically ordered conformation also in this solvent,
showing well-defined dichroic negative maxima at λ= 207
(π→π* amide transition) and 226 nm (n→π* amide transition).
Very similar CD spectra were obtained for mP(10N)2 and FemP
(10N)2 in the same solvent (Figure 4), the ratio between the CD
molar ellipticities at λ=208 and 227 nm, that is,

R ¼ θ 227ð Þ
θ 208ð Þ (2)

being 0.71, 0.75, and 0.79 for 10Np, mP(10N)2 and FemP(10N)2,
respectively. R values in the range 0.15–0.40 are considered diag-
nostic of the 310-helical conformation, while values close to 1
were found to be typical of the α-helix [21]. These results, in
agreement with the FTIR data, indicate the predominant popula-
tion of helical structures in both apolar (CDCl3) and polar (CH3OH)
solvents, probably in equilibrium between 310- and α-helical con-
formations. The close similarity between the mP(10N)2 and FemP
(10N)2 CD curves suggests that in CH3OH, only a weak interaction
between the Fe(III) central ion and the carboxylic side chain of
the Glu residues is established. The relatively low intensity of
the obtained CD spectra can be ascribed to the presence of six
Figure 3. DMSO titration in CDCl3 of the NMR signals of the protected
decapeptide 10Np protons identified by 2D-NMR experiments. (◆)Ala1;
(▲)Aib2; (▼) Aib; (●) Glu; (■)Glu.

J. Pept. Sci. 2014; 20: 36–45 Copyright © 2013 European Peptide Society an
achiral residues in the peptide chain (CD ellipticities are normal-
ized per residue molar concentration) [22].

Interestingly, the CD spectra of FemP(10N)2 in H2O/CH3OH
(9 : 1, v/v) solutions at pH 4 and pH 7.5, reported in Figure 5, re-
veal a strong pH dependence of the CD curves, the R ratio being
0.90 at pH 4 and 0.48 at pH 7.5, respectively. These results sug-
gest that an α-→ 310-helix transition on going from pH 4 to pH
7.5 takes place. This conformational transition could be promoted
by either the repulsive interaction between the deprotonated Glu
carboxylates at pH 7.5 [pKa(Glu) = 4.1] or the coordination of the
Fe(III) ion to the Glu carboxyl groups of the two peptide chains.

However, the CD spectrum of the free-base compound mP
(10N)2 in H2O/CH3OH (9 : 1, v/v) at pH 7.5 shows an R value equal
to 0.81, suggesting that the Fe(III)–COO� interaction is mainly re-
sponsible for the conformational transition observed in the case
of FemP(10N)2 (Supporting Information).
Figure 5. CD spectra of FemP(10N)2 in CH3OH (continuous) and in H2O/
CH3OH (9 : 1, v/v) at pH 4 (dashed) and pH 7.5 (dotted). Peptide concen-
tration is 0.1mM in all cases.

d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 6. Fluorescence spectra of 10Np (a, dashed), mP(10N)2 (b, continu-
ous), and FemP(10N)2 (c, dotted) in CH3OH. The emission bands of mP(10N)2
and FemP(10N)2 were magnified by a factor 4 for clarity (λexc = 280nm).
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UV–vis absorption

UV–vis absorption spectroscopy may provide relevant informa-
tion on the structural features of the hemoprotein active site, be-
cause the characteristic absorption spectrum of iron porphyrins
depends on the symmetry and strength of metal coordination,
spin, and oxidation state [23]. The UV–vis absorption features in
CH3OH of both FemP(10N)2 and mP(10N)2 are reported in Table 1.
As it is well known, the insertion of a metal ion strongly perturbs
the absorption features of free-base porphyrins in both the Soret
(λ= 400 nm, S0→ S2) and the Q bands (λ= 450–650 nm, S0→ S1)
regions. The mP(10N)2 absorption spectrum shows the two UV ab-
sorption bands typical of the naphthyl chromophores (λ=222 and
280nm), the very intense Soret transition peaked at λ=395nm,
and the four Q bands system in the visible region, characteristic
of free-base porphyrins. The insertion of the metal ion shifts the
Soret transition to shorter wavelengths (λmax = 392nm), sensibly
decreases its intensity, and gives rise to a shoulder at lower wave-
lengths (λ=345nm, sh), typical of high-spin Fe(III). Major perturba-
tions can be observed in the visible region where the Q bands
collapse to a two-band system, because of the D4h symmetry of
Fe(III) coordination to the porphyrin N-ligands. Interestingly, in
H2O/CH3OH (9 : 1)v/v at pH 7.5, the shoulder at λ=345nmmarkedly
increases, and the Q bands sensibly shift to lower energies,
suggesting a stronger coordination of Fe(III) to the Glu3 carboxylate
side chain groups. It should be noted, however, that the spectral
features of the metalated porphyrin indicate that, in this environ-
ment, the iron center is in a high-spin state, suggesting that either
a single carboxylic group is coordinating the metal ion or a weak
bis-coordination of the two Glu3 carboxyl groups takes place at
relatively large distances.

Fluorescence measurements

The presence of naphthalene and porphyrin chromophores, a
well-known energy transfer donor–acceptor (D–A) pair, allowed
us to apply Förster resonance energy transfer (FRET) to obtain
structural information on the conformations attained in solution
by the compounds investigated [14,24].
In Figure 6, we reported the fluorescence spectra of 10Np, mP

(10N)2, and FemP(10N)2 in CH3OH obtained by excitation at
λ=280 nm and dominated by the emission of the naphthyl
fluorophore. From the figure, the quenching of the naphthalene
emission caused by N*→mP or N*→ FemP transfer of excitation
energy can be readily observed. The FRET quenching efficiency
was obtained by measuring the naphthyl quantum yield in
FemP(10N)2 and mP(10N)2 with respect to the protected
decapeptide assumed as reference compound, that is,

EN ¼ 1� ϕN½FemP 10Nð Þ2 or mP 10Nð Þ2�
ϕN 10Npð Þ (3)

From steady-state fluorescence measurements, we obtained
EN= 0.86 and 0.91 for mP(10N)2 and FemP(10N)2, respectively.
Table 1. UV–vis absorption features of FemP(10N)2 and mP(10N)2 in CH3O

Sample λmax (nm) (ε, M�1 cm�1) λmax (nm) (ε, M�1 c

mP(10N)2 222 (70 000) 280 (6100)

Q bands 499 (17 800) 530 (13 400)

FemP(10N)2 222 (70 000) 280 (6100)

Q bands 483 (13 000) 590 (10 000)

wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European P
Energy transfer efficiencies can be also measured by evaluat-
ing the enhanced fluorescence emission of the acceptor moiety
caused by energy transfer from the donor group [25]. In the pres-
ent case, however, this can be carried out for the free-base por-
phyrin compound only, because of total quenching of the
porphyrin emission caused by Fe(III) in FemP(10N)2. The energy
transfer efficiency, calculated from the enhanced fluorescence
intensity of mP(10N)2 (EP = 0.85), indicates that energy transfer
is the only quenching mechanism affecting the relaxation of
the excited naphthyl chromophores in this compound.

In favorable conditions, time-resolved fluorescence experi-
ments may give detailed information on the conformations pop-
ulated by the molecules and their different contributions to the
overall quenching process. This is because FRET quenching effi-
ciency depends on the distance and orientation between the
D–A pairs and, hence, it is the characteristic of the specific confor-
mation attained by a macromolecule [26].

Fluorescence time decays are usually described by a sum of ex-
ponential time components, that is,

I tð Þ ¼ ∑
n

i¼1
αi exp � t

τi

� �
(4)

where αi is the weight associated to the lifetime τi. Provided that
the different conformers do not interconvert in the nanosecond
time scale, so that dynamical averaging of the instantaneous rel-
ative positions of the donor and acceptor pair cannot take place,
each decay time component can be associated to a specific
H

m�1) λmax (nm) (ε, M�1 cm�1) λmax (nm) (ε, M�1 cm�1)

395 (125 000)

568 (9600) 618 (6400)

345 (sh) 392 (110 000)

eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2014; 20: 36–45



A PEPTIDE CATALYST MIMICKING HEMOPROTEINS
conformer. Furthermore, in the absence of ground-state interac-
tions, the experimental pre-exponential factors αi can be directly
associated to the Boltzmann-weighted populations of each con-
former [26].

The emission time decay of the naphthyl groups in FemP(10N)

2 and mP(10N)2 is described by a three-exponential function, the
decay parameters of which are reported in Table 2. From these
values, it is possible to define an average time decay, that is,

< τ >¼ ∑iαiτi
∑iαi

(5)

also reported in Table 2. The experimental quenching efficiencies
associated to the i-th time component of the mP(10N)2 and FemP
(10N)2 time decays can be obtained from the simple equation:

Ei ¼ 1� τi
τ0

(6)

where τ0 is the lifetime of the naphthyl fluorophore in absence
of the porphyrin quencher, measured from the 10Np time decay
in CH3OH (τ0 = 52.5 ns) and in H2O/CH3OH (9 : 1)v/v at pH 7.5
(τ0 = 36.2 ns), respectively. From the average time decay< τ>,
an average quenching efficiency, which can be directly com-
pared with the static quenching efficiency [Eqn 3], can be intro-
duced. The quenching efficiencies obtained for mP(10N)2 and
FemP(10N)2 in CH3OH and H2O/CH3OH (9 : 1)v/v are reported in
Table 3.

In structural terms, the energy transfer efficiency can be
accounted for by the Förster dipole–dipole model:

Ei ¼ 1þ 2

3k2i
� Ri

R0

� �6
( )�1

(7)

where Ri is the center-to-center distance of the D–A pair in the
i-th conformer and ki a dimensionless geometric factor
determined by the D–A relative orientation in space [27]. R0 is a
pure spectroscopic parameter characteristic of the D–A pair,
representing the distance at which 50% transfer of excitation en-
ergy occurs. For the naphthyl–FemP pair, R0 = 38.0 Å in CH3OH
and 32.9 Å in H2O/CH3OH (9 : 1)v/v. The data reported in Table 3
reveal that, for both the compounds investigated, almost all the
Table 2. Time decay parameters for mP(10N)2 and FemP(10N)2 in CH3OH

Sample α1 τ1/ns

mP(10N)2 0.58 1.6

FemP(10N)2 (CH3OH) 0.65 1.6

FemP(10N)2 H2O/CH3OH 9 : 1 (v/v) pH= 7.5 0.74 0.9

aT=25 °C, λexc = 280 nm, and λem= 340 nm.

Table 3. Experimental quenching efficiencies of mP(10N)2 and FemP(10N

Sample E1
a

mP(10N)2 0.97

FemP(10N)2 (CH3OH) 0.97

FemP(10N)2 H2O/CH3OH (9 : 1)v/v, pH= 7.5 0.97

aFrom the data reported in Table 2.
bFrom molecular mechanics calculations.
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populated conformers (98–99%, from the sum of α1 and α2 in
Table 2) are characterized by a very high quenching efficiency.
Although these results are mainly determined by the large R0
values of the naphthyl–FemP pair, they strongly suggest that
FemP(10N)2 attains compact 3D structures in both the CH3OH
and H2O/CH3OH environments. In particular, analyzing the
short-time components of the naphthyl time decay in the differ-
ent compounds, it appears that the FemP(10N)2 time decay in
CH3OH is almost similar to that measured for mP(10N)2 in the
same solvent, in nice agreement with CD results. On the contrary,
the naphthyl time decay of FemP(10N)2 in H2O/CH3OH 9 : 1 (v/v)
at pH= 7.5 is accounted for by definitely shorter lifetimes
(Table 2), suggesting that the naphthyl–FemP pair is located at
short distances. Conformational energy calculations were there-
fore carried out to substantiate this finding.
Conformational Analysis of FemP(10N)2

The conformational properties of FemP(10N)2 were investigated
by molecular mechanics calculations, exploring both 310- and
α-helical structures and considering the Glu side chain carboxyl
groups in both neutral and anionic (carboxylate) forms.

The most stable structures of FemP(10N)2 in H2O/CH3OH (9 : 1)

v/v at pH 4 and pH 7.5 are reported in Figure 7A and 7B, respec-
tively. In the minimum energy structure at pH 4, the closest
Fe–O (COOH) distance is 3.58 Å, suggesting that only a very weak
interaction between the Fe(III) ion and the two Glu3 carboxylic
oxygen atoms takes place, in good agreement with spectroscopic
results. As a consequence, the helical peptide chains are dynam-
ically free to attain the most stable α-helix conformation. On the
other hand, at pH 7.5, electrostatic interactions favor the apical
coordination of the two Glu3 carboxylate groups to the central
metal ion causing a severe distortion of the peptide backbone
(Fe–O minimal distance = 2.59 Å). Interestingly, the Fe(III)–(Glu3)
carboxylate interaction constrains the N-terminal peptide seg-
ment to attain a β turn-like structure that closely reproduces
the onset of a 310-helix conformation. This finding parallels the
CD results, suggesting an α-helix to a partial 310-helix transition
on going from pH 4 to pH 7.5. It should be noted, however, that
the Fe(III)–O(Glu3) distances are relatively large with respect to
the distances (~2 Å) attained by the strongly coordinated iron
and 9 : 1 (v/v) H2O/CH3OH solutiona

α2 τ2/ns α3 τ3/ns < τ>/ns

0.40 4.7 0.02 35.2 3.5

0.34 4.2 0.01 34.6 2.8

0.24 3.8 0.02 36.2 2.3

)2 in CH3OH and H2O/ CH3O H (9 : 1)v/v

E2
a E3

a < E>exp
a < E>th

b

0.90 0.67 0.94 0.94

0.92 0.66 0.95 0.95

0.90 ≈0 0.93 0.96

d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 7. Most populated conformer of FemP(10N)2 in H2O/CH3OH (9 : 1)v/v at pH= 4 (A) and at pH 7.5 (B) from molecular mechanics calculations. C
atoms: white circles; N: blue circles; O: red circles; Fe: green circle. Hydrogen atoms were omitted for clarity. The helical arrangement of the peptide back-
bone was schematized by a ribbon representation.
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center in Fe–His or Fe–imidazole adducts [2]. This finding is in
good agreement with the UV–vis absorption spectrum of FemP
(10N)2, typical of a high-spin Fe(III) system. As clearly shown in
Figure 7B, the Fe(III)–O(Glu3) interaction constrains the peptide
segment in the proximity of the porphyrin active site, leaving
however to the oxidant the possibility to approach the porphyrin
ring and compete with the carboxylate group for Fe(III) coordina-
tion. As expected, the other Glu residues are positioned at the
outer surface of the peptide helices, completely exposed to the
solvent molecules.
From the calculated structures, an average theoretical

quenching efficiency can be obtained by summing over the
quenching efficiencies associated to each of the significantly
populated conformers:

< E>th ¼ ∑jwj ∑
2

i¼1
Ei (8)

where wj is the Boltzmann weight associated to the j-th con-
former, as given by

wj ¼
exp �Uj=RT

� �
∑j exp� Uj=RT
� � (9)

and Ei is the efficiency associated to each of the two naphthyl–
FemP FRET pairs in the j-th conformer, characterized by a potential
energy Uj. The calculated average quenching efficiency< E>th can
be directly compared with the experimental average quenching
efficiency < E>exp (Table 3). The fine agreement between experi-
mental and calculated parameters makes reasonable to consider
the computed structures a good representation of the conforma-
tions actually populating the solution.
It should be noted that the large R0 value of the naphthyl–

FemP D–A pair makes the experimental quenching efficiencies
not very sensitive to the naphthyl–FemP distance. However,
when the Glu3–Fe interaction is relaxed and the peptides forced
to dip straight into the solvent in extended conformation, so that
the catalyst attains a totally ‘open’ structure, the naphthyl–FemP
Scheme 1. Oxidation of Dopa by hydrogen peroxide in the presence of Fem

wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European P
center-to-center distance increases to ~30 Å. In this case, the cal-
culated FRET quenching efficiencies take values ranging from 0.6
to 0.8, definitely smaller than the experimental data. Taken
together, the results of conformational analysis and FRET experi-
ments indicate that FemP(10N)2 at pH 7.5 attains a rather com-
pact 3D structure, the access to the active site being somewhat
restricted by the folding of the peptide chains. The Fe(III) porphy-
rin moiety appears to be more protected against a direct attack
of oxidants and the peptide chains more rigidly held in the prox-
imity of the active site. For this reason, all kinetic experiments
were carried out at pH 7.5.
Kinetic and Conformational Studies on the Catalytic Activity
of FemP(N10)2

Kinetic results

The catalytic activity of FemP(10N)2 has been investigated in the
oxidation of L- and D-Dopa by H2O2 in a H2O/CH3OH (9 : 1)v/v solu-
tion at pH=7.5 (T= 25 °C). The iron-catalyzed oxidation of L- and
D-Dopa is a well-known reaction, and it is here addressed as a ref-
erence reaction to assess the catalytic properties of FemP(10N)2
(Scheme 1) [28].

Detailed mechanistic studies on the peroxidase-catalyzed oxida-
tion of Dopa revealed the formation of two active intermediates,
often referred as Cpd I (+E-FeIV =O) and Cpd II (+EH-FeIV =O)
[29,30]. A third low-reactive intermediate was found to be respon-
sible for inactivation of peroxidase [31]. Recent literature also
reported on the formation of phenoxy radicals during the oxidation
of L-Dopa in the presence of horseradish peroxidase followed by
radical dismutation [32]. Despite the complexity of the mechanism,
a Michaelis–Menten approach has been generally found most
appropriate to describe enzymatic oxidation of Dopa substrates
[33,34]. The formation of dopaquinone, an intermediate product
in the Dopa oxidation pathway, can be easily monitored by UV–vis
absorption spectroscopy [35,36]. Final oxidation products of the re-
action are dopachrome and, after polymerization, melanine [37].
P(10N)2 catalyst.

eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2014; 20: 36–45



Figure 8. Absorption spectra of the L-Dopa/FemP(10N)2 solution at in-
creasing time intervals: (a) 3min, (b) 9min, (c) 20min, (d) 28min, (e)
40min, and (f) 50min from the addition of H2O2 (t=0). The reported spec-
tra were subtracted by the spectrum at t=0. Figure 9. Double reciprocal plot of initial velocity versus concentration

for the oxidation reaction of L- (○) and D-Dopa (●) by H2O2 in the presence
of the FemP(10N)2 catalyst.

Table 4. Kinetic parameters for the oxidation of L- and D-Dopa by
H2O2 catalyzed by FemP(10N)2

kcat/s
�1 10�5·KM/M 105 kcat/KM

6.8 ± 0.2 1.28 ± 0.05 5.31

6.2 ± 0.2 1.85 ± 0.05 3.35
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The time evolution of the absorption spectrum of an L-Dopa
solution when reacted with H2O2 at micromolar concentration of
FemP(10N)2 is reported in Figure 8 (actually, the reported spectra
were subtracted by the spectrum at t=0). The formation of
dopaquinone can be clearly observed at λmax = 304 and 475nm.
Most importantly, the Soret absorption at λmax = 393nm did not
show any perturbation, indicating that the catalyst was not
degraded in the course of the reaction. This result was confirmed
by studying the stability of FemP(10N)2 in the presence of in-
creasing concentrations of H2O2. For a FemP(10N)2 : H2O2 1 : 10
solution and in absence of the substrate molecule, the observed
catalyst degradation after 30min was only 9%. This finding
indicates that the peptide environment shielded effectively the
FemP active site from unwanted side reactions and degradation
processes, still allowing for the catalyst–oxidant interaction
leading to the formation of the Fe-oxo reactive intermediates.
Control measurements carried out on a Dopa/H2O2 solution in
the absence of the catalyst did not reveal the formation of
dopaquinone in detectable amount.

The stereoselective properties of FemP(10N)2 were investi-
gated by comparing the oxidation kinetics of L- and D-Dopa by
H2O2, following the time dependence of the dopaquinone
absorption at λ= 310 nm. The kinetic curves showed a typical sat-
uration trend, suggesting that a simple Michaelis–Menten treat-
ment can be successfully applied.

The double reciprocal plot of the initial velocity versus L- or
D-Dopa substrate concentration at a fixed micromolar catalyst
concentration is shown in Figure 9. The kinetic parameters of
the reaction, that is, the catalytic (kcat) and Michaelis–Menten
(KM) constants, obtained by the reported experimental data, are
listed in Table 4. Very similar catalytic rate constants were
obtained for the oxidation of the L- and D-Dopa enantiomers,
suggesting poor stereoselective properties of the FemP(10N)2
catalyst. However, the Michaelis–Menten constants differ by
more than 30%, suggesting a significant major affinity of L-Dopa
for the catalyst. As a result, the ratio between the catalytic and
Michaelis–Menten constants, that is, kcat/KM, is 5.31 105M�1 s�1

and 3.35 105M�1 s�1 for the L- and D-Dopa, respectively, denoting
weak but not negligible stereoselective properties [38]:

kcat L-Dopað Þ
kcat D-Dopað Þ �

kM D-Dopað Þ
kM L-Dopað Þ ¼ 1:6±0:3
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Conformational analysis of the (L,D)Dopa–catalyst adducts

The formation of L- and D-Dopa adducts with the new FemP(10N)

2 catalyst was investigated by molecular mechanics calculations.
In particular, the approach of the substrate to the active site
was analyzed along 100 different trajectories, starting from initial
positions equally distributed on a spherical surface having a 15Å
radius and centered on the Fe(III) ion, and searching for the min-
imum energy structure of the L- and D-Dopa/FemP(10N)2 adducts.
The obtained minimum energy structures in H2O/CH3OH (9 : 1)v/v
at pH= 7.5 are reported in Figure 10A and 10B for the L- and
D-Dopa adducts with FemP(10N)2, respectively. It was found that
both L- and D-Dopa can reach the active site, approaching the
periphery of the porphyrin ring through its catecholic group.
UV–vis measurements confirmed the weak character of the
catalyst–substrate interaction, the Soret transition remaining
unperturbed by the formation of the L- or D-Dopa/FemP(10N)2
adducts. By taking into account the most populated computed
structures, the energetic binding of the L- and D-Dopa with
FemP(10N)2 results from a complex interplay of electrostatic
and weak interactions that ultimately leads to a modest differ-
ence in the stability of the two adducts, slightly favoring the
L-Dopa/FemP(10N)2 encounter complex [ΔU(L-Dopa/FemP(10N)

2) –ΔU(D-Dopa/FemP(10N)2) =�0.9 kcalmol�1]. This result quali-
tatively confirms the experimental finding of a lower Michaelis–
Menten constant for the L-Dopa/FemP(10N)2 adduct.

From the structures reported in Figure 10, it can be noted that
(i) the penetration of L-Dopa into the catalyst sphere of action
causes the partial displacement of the Glu3 residue involved in
the coordination of Fe(III) and (ii) for both L- and D-Dopa, the
approach to the FemP active site takes place through its
catecholic oxygen, relatively far from the chiral groups
d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 10. Minimum energy structure of the L-Dopa (A) and D-Dopa (B) adduct with FemP(10N)2 in H2O/CH3OH (9 : 1)v/v at pH 7.5 from molecular me-
chanics calculations. C atoms: white circles; N: blue circles; O: red circles; Fe: green circle. Hydrogen atoms were omitted for clarity. The helical arrange-
ment of the peptide backbone was schematized by a ribbon representation.
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discriminating between the L and D enantiomers. This finding
clearly explains for the observed moderate stereoselectivity of
the FemP(10N)2 catalyst.
Conclusions

The structural features of a de novo designed catalyst based on a
Fe(III)-mesoporphyrin IX group covalently linked to two helical
decapeptides were investigated by spectroscopic techniques
(CD, FTIR, NMR, UV–vis, steady-state, and time-resolved fluores-
cence) and theoretical conformational analysis. The most stable
structure in CH3OH was obtained when the peptide chains attain
an α-helical conformation, experiencing only a weak interaction
with the heme group. On the other hand, in H2O/CH3OH (9 : 1)v/v
at pH 7.5, the synthetic mini-enzyme attains a more compact 3D
structure, characterized by the coordination of one or, possibly,
two Glu carboxylate groups to the Fe(III) central ion. This coordina-
tion is promoted by an α-→ 310-helix conformational transition of
the two peptide chains, giving rise to a sterically hindered chiral
environment, protecting the active site. This effect is particularly
relevant in the absence of Hys residues in the iron-porphyrin
coordination shell and represents the most important element of
novelty of this work.
The catalytic properties of FemP(10N)2 were investigated with

respect to the oxidation of L- and D-Dopa by hydrogen peroxide.
The synthesized catalyst effectively speeds up the reaction, show-
ing optimal resistance against degradation under the experimen-
tal conditions used. Kinetic studies revealed that the catalyzed
reaction can be satisfactorily described by a simple Michaelis–
Menten mechanism. Although the stereoselective properties of
the new catalyst were found to be of moderate relevance when
considered in absolute terms, they are encouraging in compari-
son with the enantiomeric discrimination capacity of low molec-
ular weight analogs. These effects principally originate from the
rigid helical structure and the conformationally constrained char-
acter of the two decapeptide chains, determined by the high
content of Cα-tetrasubstituted residues (Aib). Molecular mechan-
ics calculations showed that the approach of both L- and D-Dopa
to the FemP active site occurs through the catecholic oxygen of
Dopa, which limits the influence of the chiral region of the
substrate on the reaction.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European P
This contribution emphasizes the importance to control the
conformational properties of biomimetic synthetic catalysts for
determining the efficiency and the stereochemical preference
of the catalyzed reaction.
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