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Enhancement of peroxidase activity in the artificial Mimochrome
VI catalysts through rational design.

Giorgio Caserta, ™™ Marco Chino,"® Vincenzo Firpo,” Gerardo Zambrano, Linda Leone, Daniele
D’Alonzo,” Flavia Nastri,”! Ornella Maglio," Vincenzo Pavone®® and Angela Lombardi*®

Abstract: Rational design provides an attractive strategy to tune and
control the reactivity of bioinspired catalysts. While there has been
considerable progress in the design of heme oxidase mimetics with
active site environments of ever-growing complexity and catalytic
efficiency, their stability during turnover is still an open challenge.
Here we show that the simple incorporation of two 2-amino
isobutyric acids into an artificial peptide-based peroxidase resulted in
a new catalyst (Fe"-MC6+a), with higher resistance against oxidative
damage, and higher catalytic efficiency. A two-fold enhancement of
the turnover number, respect to its predecessor, was observed.
These results point out the protective role exerted by the peptide
matrix and pave the way to the synthesis of robust bioinspired
catalysts.

Oxygen activating heme enzymes catalyze a wide range of
reactions with high selectivity and catalytic efficiency.['-* Side
reactions, if any, are reduced to a minimum due to the role of the
protein matrix, which regulates the substrate access/release.
Inspired by Nature, significant interest has grown in the last
decades in preparing catalysts in which the activity is modulated
by second-sphere interactions.*'% These interactions may tune
the redox potential,l'"-'“ induce substrate/product specificity,'5~
"8land/or assist with proton and electron transfer to and from the
metal center.'®22 The outer-sphere environment is also
effective in protecting the catalyst against oxidative
damage.[562

In order to tackle this challenge, we developed heme-protein

mimetics (Mimochromes) by structure-based design.?*%2
Through a miniaturization process, we embedded the
metalloporphyrin  into a small peptide scaffold, and

systematically screened the effect of amino acid substitutions on
function.B%31  ron(lll)-Mimochrome = VI  (Fe'"-MC6) shows
peroxidase activity, by mimicking features seen in the first and
second coordination spheres of natural heme-peroxidases. lIts
structure consists of two short peptide chains covalently bound
to deuteroporphyrin through its propionic acid functionalities. A
tetradecapeptide (TD) chain bears the His axial proximal ligand,
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and a decapeptide (D) chain, lacking the metal coordinating
residue, creates a substrate binding pocket on the heme distal
side. In earlier studies we have demonstrated that both chains
modulate the peroxidase activity in this artificial catalyst. One
mutation, specifically E2L in the (TD) chain, led to a MC6 analog
(herein referred as MC6*), with a four-fold increase in the
catalytic efficiency.®'l Removal of the entire distal (D) chain
causes rapid bleaching of the catalyst, resulting in a much lower
turnover number (TON) of the MC6 mono-adduct respect to
MC6_[30,31]

Herein we show that two rationally designed simple mutations in
the distal (D) chain of catalyst MC6* produce a more robust and
active catalyst. Taking advantage of our knowledge in the use of
non-coded a-amino acids as conformational constraints, we
selected 2-amino isobutyric acid (Aib, U), the simplest C*-
disubstituted amino acid, to reduce backbone flexibility in the (D)
chain, and favor the helical folding.®*-%% In order to find the best
positions for Aib mutation in the (D) sequence, we performed an
in silico scan, based on the amino acid helix-forming
tendencies.® Five positions were excluded from the screening:
(i) Asp' for its N-capping role; (i) Glu? and Arg'® for their
contribution to catalysis;®%3"! (iii) Ser® as it faces the distal side,
where hydrogen peroxide can be accommodated and activated;
(iv) Lys® as it is required to covalently bind the porphyrin. Four
out of the eight possible sequences (with non-contiguous Aib
residues) gave the best scores (see ESI, Table S1). The
sequence containing the QU and S’U mutations was selected
as the (D) chain of the new analog, named MC6*a.

TD chain

TD chain  MC6*=MC6*a Ac-D-L-Q-Q-L-H-S-Q-K-R-K-I-T-L-NH,
. MCce6* Ac-D-E-Q-Q-L-S-S-Q-K-R-NH,
D chain
MC6*a Ac-D-E-U-Q-L-S-U-Q-K-R-NH,

Figure 1. (A) MC6*a designed model. Backbone is represented as ribbon. (D)
and (TD) chains are depicted in gold and in green, respectively. Functional
and structural residues are represented as sticks, and iron ion as orange ball.
(B) Amino acid sequences of MC6*a and its predecessor MC6* (mutated
residues are highlighted in cyan).
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Figure 2. Helical propensity and catalytic performance for Fe'-MC6*a (filled circles) and Fe"-MC6* (open triangles). (A) #2. nm as a function of TFE
concentration. (B) Initial rate of ABTS oxidation as a function of TFE (phosphate buffer 50 mM pH 6.5, variable TFE concentration (% v/v)). (C) Initial rate of ABTS
oxidation as a function of the normalized 6222 as measured at different TFE concentrations. See Supporting Information for experimental details.

Positions 3 and 7 (i, i+4) place the two Aib residues on the same
face of the helix. According to our model, only mutations at such
positions allow both Aib side chains to face towards the
porphyrin, thus stabilizing the global sandwich topology (see ESI,
and Figures 1, S1 and S2). As a consequence, the selected
mutations should protect deuteroheme against oxidative
damage, and enhance the catalyst peroxidase activity.

MC6*a was synthesized as previously described (see Figures
83-S10, and ESI for synthetic details).?"! The synthesis of the
two peptides on a medium-scale (20 mmol) afforded the
products in high yields (= 85%). This sustains the feasibility of
scaling-up the MC6*a synthesis , for future industrial and
biotechnological applications.F’]

UV-Vis and CD spectroscopies were combined to analyze the
Fe'-MC6*a structural features. As expected Aib mutations in the
Fe'-MC6*a (D) chain do not significantly alter the heme-
coordination state of the new catalyst with respect to Fe"-MC6*.
In fact, the UV/Vis spectra of the two catalysts, collected in the
same experimental conditions, are almost superimposable, and
representative of a 6-coordinate His-H20 species. The UV/Vis
spectral data suggest a high spin state for both complexes
(Figure S11).

In 50 mM phosphate buffer (pH 6.5), the CD spectrum of Fe'-
MC6*a is reminiscent of an a-helix secondary structure, with a
slight increase in helix content respect to Fe'-MC6* (Figure S12
and Table S2). Addition of the helix-inducing solvent 2,2,2-
trifluoroethanol (TFE)P® revealed marked differences between
the two catalysts. For both analogs, the a-helical content
increases upon TFE addition in amounts up to 50% (v/v) (Figure
2A). Interestingly, enhanced helicity, as determined by the
intensity of the molar ellipticity at 222 nm (60..»), is observed for
the new analog at each TFE contents (Figure 2A). As reported
by Roccatano et al®® TFE acts on a preexisting helix-coil
equilibrium. Due to its preferential solvation for the folded state,
TFE interactions with the folded state shift the equilibrium toward
the more structured conformation. In the presence of Aib

residues, a lower TFE content, respect to the parent analogue,
is needed to enhance folding. This finding indicates that the two
Aib mutations strongly influence the helical propensity of the (D)
peptide chain, as predicted (Figures 2A and S12, Table S2).

To test whether the Aib-containing (D) chain affects the catalysis,
the oxidation of the 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) in the presence of H202 was assayed.
First, the effect of the pH and TFE concentration on the catalytic
performance was studied. As already observed for Fe'-MC6*,
the pH profile of the initial rate (vo) showed a bell-shaped curve,
with a maximum at pH 6.5 (Figure S15). This behavior cannot be
related to pH-induced changes in Fe"-MC6*a structure, as the
far-UV CD spectra, in the pH range 4.5-7.5, are quite
superimposable (Figure S13).

For both analogs, the vo is strongly influenced by TFE (Figure
2B). Comparing the two curves, it clearly appears that the
presence of Aib residues in the (D) chain has a positive effect on
catalysis, and nicely correlates with the higher Fe''-MC6*a
helical propensity. Fe'-MC6*a overcomes Fe'"-MC6* in the wvo
value, at each TFE content. Remarkably, at 20% TFE, the wvo
value of the ABTS oxidation shows a 2.5-fold enhancement
when catalyzed by Fe'-MC6*a respect to Fe'-MC6*. Further,
the maximum vo value reached by Fe"-MC6* at 50% TFE is
matched by Fe'"-MC6*a at just 20% TFE.

Figure 2C reports a plot of vo vs 622 at different TFE
concentrations for Fe'"-MC6*a and Fe'-MC6*. In Fe'-MC6*a,
catalytic activity linearly correlates with 6222 (Figure 2C, filled
circles). Two linear dependences of vo vs 6222, with different
slopes, were instead observed for Fe'"-MC6* in the 0-20% and
20-50% TFE regions (Figure 2B, open triangles). By assuming
that the catalytic performances of Mimochromes are not only
related to the peptide chain helical content but rather to the
overall structural topology,®®>%2 we propose that the low
increase in the vo value up to 20%, observed for Fe'-MC6*, only
correlates with the random coil < helix transition of the peptide
chains.
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Enzyme Km H202 Ku ABTS Kecat Keat/Km H202 keat/Km ABTS TON

(mM) (102mM) (10%s™) (10°mM-'s™) (10°mM-'s™) (10%)
Fe'-MC6* 130420 5.00.6 2.320.2 0.018+0.003 4617 5.9
Fe'-MC6*a 440450 911 5.80.3 0.013+0.002 6448 14
HRP 0.93+0.05 7048 2.70+0.03 2.9+0.2 3.845 50
Experimental conditions are given in detail in the Supporting Information
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driving the (D) chain on the porphyrin is reached, and a well- : :
defined sandwiched structure is stabilized. This may account for 0.8
the higher increase in the vo value observed from 20 to 50%. For 064
Fe'-MC6*a, Aib residues exert a favorable effect in driving < )
folding of the (D) chain on the porphyrin and in stabilizing the 044 7
global sandwiched topology, even at low TFE content. This 024 /
explains the observed vo/ 0222 correlation. The stabilization of the 00 /
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spectra in the Soret region (Figure S14). The induced Cotton
effect is more intense for Fe'-MC6*a respect to Fe'-MC6*, thus
indicating a stronger interaction between the porphyrin and the
peptide chains in the former catalyst, as already observed for
other mimochrome analogues. 2526311

Catalytic parameters were determined by stopped-flow
techniques for both Fe'-MC6* and Fe'-MC6*a (Table 1 and
Figure S16). The turnover frequency kca showed a 2.5-fold
increase compared to Fe-MC6* and overcame the natural
horseradish peroxidase in the oxidation of ABTS. However, Fe''-
MC6*a and Fe"-MC6* showed similar catalytic efficiencies
(kcat/Km) for both H202 and ABTS, because of the increase in Ku.
This can be interpreted in terms of access to the active site,
which is narrowed by the Aib-containing (D) chain, facing the
heme substrate-binding site. The reduced hydrophilicity on the
distal side, caused by the Aib methyl substituents, may also
account for the observed higher Ku value for H202.

The kinetic parameters reported in Table 1 confirm and remind
us that HRP is evolved for the reduction of hydroperoxides, due
to its binding pocket able to properly accommodate H20:.
Conversely, MC6*a has a higher affinity for the reducing co-
substrates, such as ABTS. As a consequence, HRP remains the
most efficient catalyst for the reduction of H202, whereas its
Mimochrome mimics, in particular MC6*a, are the most efficient
catalysts for the transformation of ABTS, relatively to HRP and
other designed peroxidase catalysts (Table S3).

Notably, Fe'-MC6*a presents a two-fold increase of the TON,
respect to its predecessor. The minimum concentration of Fe''-
MC6*a, needed to convert 0.10 mM ABTS with an excess of
hydrogen peroxide (3.0 mM), was found to be 7.0 nM,
corresponding to 14,000 turnovers (Figure S17).

Fitting of the experimental data with a simple pseudo-first-order
kinetic model indicates absence of bleaching for Fe"-MC6*a
(Figure 3A). Conversely, incomplete ABTS conversion was
observed when Fe!-MC6* was used as catalyst at 7.0 and 10.0
nM concentrations, under the same experimental conditions,
thus demonstrating unspecific catalyst degradation (Figure 3B).
Because of the established relationship between the TON and
the protective role of the (D) chain,B% these data strongly
support the hypothesis that Aib residues drive the fold of the
new catalyst and, as a consequence, increase its robustness.

Figure 3. ABTS oxidation, as followed at 660 nm, catalyzed by 7.0 nM (2) (A
solid line) and by 7.0 and 10 nM (1) (B solid line). Dashed line curves simulate
the complete ABTS oxidation considering a pseudo-first order kinetic model.

We expect that the hydrophobic patch formed by the Aib methyl
groups and the porphyrin might be key to the observed
enhanced activity/stability toward catalyst degradation. This
hypothesis is supported by preliminary NMR analysis (data not
shown) on the diamagnetic Co" derivative of MC6*a. Both, U3
and U’ methyl groups experience ring current shielding effect,
exhibiting chemical shift values lower than the average reported
in BMRB Database (A8 = 0.1-0.2ppm).%

In designing Fe"-MC6*a, the goal was to enhance the functional
properties of a synthetic peroxidase through minimal peptide
sequence mutation. Through incorporation of two helix-inducing
Aib residues, Fe'"-MC6*a exceeds the turnover frequency and
the total turnover number of its best predecessor.

In conclusion, we have herein demonstrated that a properly
designed folded peptide scaffold around the active site may be a
route to enhance the catalytic performances of the heme center,
and the TON. These results constitute an important step toward
understanding how to engineer novel bio-catalysts that are
active and robust.
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