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Star-Like Polypeptides as Simplified Analogues of
Horseradish Peroxidase (HRP) Metalloenzymes

Antoine Tronnet, Pedro Salas-Ambrosio, Rosa Roman, Lourdes Monica Bravo-Anaya,

Marcela Ayala,* and Colin Bonduelle*

Peroxidases, like horseradish peroxidase (HRP), are heme metalloenzymes
that are powerful biocatalysts for various oxidation reactions. By using simple
grafting-from approach, ring-opening polymerization (ROP), and manganese
porphyrins, star-shaped polypeptides analogues of HRP capable of catalyzing
oxidation reactions with H,O, is successfully prepared. Like their protein
model, these simplified analogues show interesting Michaelis—Menten
constant (Ky,) in the mM range for the oxidant. Interestingly, the polymer
structures are more resistant to denaturation (heat, proteolysis and oxidant
concentration) than HRP, opening up interesting prospects for their use in

catalysis or in biosensing devices.

1. Introduction

In living systems, metalloenzymes play critical roles in biolog-
ical processes by harnessing the unique chemical properties
of metal ions to catalyze and regulate biochemical reactions.!]

A. Tronnet, P. Salas-Ambrosio, C. Bonduelle

CNRS

LCPO (Laboratoire de Chimie des Polymeéres Organiques (UMR5629))
University of Bordeaux

Bordeaux INP, 16 avenue Pey Berland, Pessac F-33600, France

E-mail: colin.bonduelle@u-bordeaux.fr

A.Tronnet

CNRS

LCC (Laboratoire de Chimie de Coordination (UPR8241))
University of Toulouse

205 route de Narbonne, Toulouse F-31077, France

R.Roman, M. Ayala

Departamento de Ingenieria Celulary Biocatélisis
Instituto de Biotecnologia UNAM. Av. Universidad 2001
Col. Chamilpa, Cuernavaca, Morelos

E-mail: marcela.ayala@ibt.unam.mx

L. M. Bravo-Anaya

University of Rennes

Institut des Sciences Chimiques de Rennes

CNRS

Rennes UMR6226, France

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mabi.202400155

© 2024 The Author(s). Macromolecular Bioscience published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/mabi.202400155

Macromol. Biosci. 2024, 24, 2400155 2400155 (1 Of10)

Heme proteins!?! are those composed of a
protein matrix and a heme cofactor that
plays a predominant role in numerous bi-
ological mechanisms, such as O, binding
and transport,?] electron transfer!* and ox-
idation of certain substrates.’] Generally,
heme proteins can catalyze oxidation reac-
tions, and they can be divided into two main
protein families depending on the oxidizing
agent involved: oxygenases, which use O,,
and peroxidases, which use H,0, or other
peroxide compounds.
Peroxidases are enzymes found in a wide
range of living organisms, but also are
powerful catalytic tools for chemists.[®! Peroxidases contain a
heme group that acts as a transient electron donor during the
oxidation reactions, which typically involves the transfer of elec-
trons from the substrate to the peroxide, resulting in the forma-
tion of water and an oxidized product. The most widely studied
peroxidase in catalysis is horseradish peroxidase (HRP). This en-
zyme is commonly used in diagnostic assays, molecular biology
techniques, and as a marker in immunohistochemistry.m It can
be used for polymerization,®! coupling,’® hydroxylation, %! or ni-
tration reactions.['!l However, the use of these enzymes is limited
by significant constraints including a lack of stability over time.
It has to be stored under specific temperature conditions (ide-
ally at 4 °C for instance) to preserve the protein structure, and
the enzyme is only active under physiological conditions (specific
pH and ionic concentration). What is more, despite its extraordi-
nary catalytic capacity, the enzyme is difficult to recycle, and its
use is often one-off. To overcome this problem, many research
has been carried out to develop synthetic analogues of metal-
loenzymes possessing peroxidase-like activity.[!?} Indeed, replac-
ing HRP by chemical catalysts may present some key advantages
such as imparting thermal stability, decreasing substrate selec-
tivity, improving catalytic activity, etc. These artificial systems
should be designed to have similar structural and functional fea-
tures to natural peroxidases, allowing them to catalyze oxidation
reactions. This includes the development of artificial nanomateri-
als with peroxidase-like activities,!'3] reconstituting the porphyrin
core of peroxidases with porphyrins that can coordinate differ-
ent metals, such as manganese porphyrins.'*l To better recre-
ate the active site surroundings the prosthetic group, the use
of small but sequence-controlled peptides is a particularly rele-
vant approach with oxidation catalytic activities similar to those
of natural enzymes.!">] Numerous approaches have been already
developed in this direction, including incorporating non-natural
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amino acids and non-native cofactors into native or de novo pro-
tein scaffolds.[1]

In this stimulating context, peptide polymers are macro-
molecules that consist of one or more amino acid(s) that are
randomly repeated several times. These synthetic polypeptides
are obtained by ROP of N-carboxyanhydrides (NCA): the advan-
tage of this method is that polypeptides presenting the size of
a protein can be obtained in a single step. Also, those polypep-
tides combine advantageous features of synthetic polymers (sol-
ubility, processability, rubber elasticity, etc.) with those of nat-
ural proteins (secondary structure, functionality, biocompatibil-
ity, etc.).l13] A very interesting point is that the ROP of NCAs
paves the way to various topologies (cyclic, branched, conjugates,
etc.) that would be difficult to implement using other preparation
methods (biotechnology, solid-phase synthesis, etc.).['”] For in-
stance, the ROP of NCA gives access to star polymers, i.e., macro-
molecules with elongated polymeric arms that have very low en-
tanglement as compared to cyclic and linear polymers.['¥] On
another hand, polypeptides are ideal macromolecules for mim-
icking the structural properties of natural proteins. For example,
these polymers can create local secondary structures via the in-
terplay of hydrogen bonds in the form of a-helices or -sheets.[!]
Moreover, combining polypeptide polymers with coordination
chemistry has already permitted to mimic the metal-induced sec-
ondary structures of metalloproteins with some selectivity!?l: for
example when it involves poly(L-glutamic acid), metal-induced
structuring could only be done with Zn?* or Cd**.[2!] On the sur-
face of metallic nanoparticles, this coordination-induced struc-
turing enables the preparation of nanocomposites with advanced
properties, in which polymers reproduce the dielectric properties
of natural proteins.[??]

In this work, we present a new possible relevance of combin-
ing polypeptides polymers with coordination chemistry to mimic
the catalytic activity of HRP. Inspired by the protein model, star-
shaped metallopolypeptides with different polymer lengths have
been prepared in two steps by grafting from a manganese por-
phyrin core. The obtained polymers were fully characterized by
a combination of NMR, SEC and spectroscopic analyses, in or-
der to determine the structure, molar mass and dispersities. They
were then studied as polymeric analogues of HRP in oxidation re-
actions to better understand the influence of the polypeptide part
surrounding the heme on the catalytic efficacy. Beside the water
solubility introduced by the polypeptide blocks, the star-shaped
topology also showed that the catalytic activity was significantly
influenced by the polymeric length (k_,,, K},) with much greater
resistance than the natural enzyme to changes in temperature or
H, O, concentration.

2. Results and Discussion

2.1. Synthesis and Characterization of Mn-Porphyrin Grafted
Polypeptides

An intriguing aspect of the ROP of NCA monomers is that it
enables easy access to star-shaped polypeptides. These polypep-
tides are elongated amino acid-based polymeric arms emanat-
ing from a core comprising more than three arms,[?*} and they
are protein-like structures already recognized for their specific
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physical properties (hydrodynamic volumes, chain entanglement
etc.)?*] or biological properties (antimicrobial, etc.).?’] To achieve
the ROP, a dendritic core with “n” functional groups is of-
ten used, such as polyamidoamine to promote polymerization
growth featuring primary/secondary amines as end groups.!*¢!
Other initiators have also been used, including non-metalated
porphyrins affording star-like polypeptides that will find use in
drug-delivery for photodynamic therapy applications.[?’ Never-
theless, porphyrins with amine functions (such as 5,10,15,20-
Tetrakis-(4-amininophenyl)-porphyrin or TAPP) are very hy-
drophobic, poorly soluble, and lack reactivity during the initi-
ation step of the ring-opening polymerization. In this study,
a small library of star-shaped polymers was accordingly pre-
pared using a grafting-from approach with manganese(III) 5,
10, 15, 20-tetrakis-(4-aminophenyl)-porphyrin (Mn-TAPP) hav-
ing 4-NH, terminal groups, from which 4 arms of polypep-
tides were synthesized trough ROP of y-benzyl-L-glutamate N-
carboxyanhydrides (BLG-NCAs, Scheme 1).

Star-like polypeptides with varying arm lengths were obtained
by using a two-step synthetic methodology: in a first step,
polymerization of BLG-NCA was performed in N,N-dimethyl
formamide (DMF) at a concentration of 0.4 M and under in-
ert conditions from Mn-TAPP. We monitored the monomer
disappearance of the N-COO signal at 1850 cm™! by Fourrier-
transform infrared spectroscopy (FTIR) and we isolated the
star-shaped polypeptides by precipitation drying under high
vacuum and obtained in good yields (56%-94%). The polymers
were characterized by size-exclusion chromatography (SEC)and
"H-nuclear magnetic resonance (NMR) analyses (Table 1 and
Figure 1; Figures S1-S6, Supporting Information). This grafting-
from approach was used to prepare a set of 3 star-shaped poly(y-
benzyl-L-glutamate) or PBLG varying arm lengths by targeting
the following theoretical polymerization degrees (M/I or theoret-
ical DP): 4-arm-PBLG DP = 10 (polym. 1), 4-arm-PBLG DP = 25
(polym. 2) and 4-arm-PBLG DP = 100 (polym 3). These analyses
evidenced polydispersity indexes Dy, (M,,/M,) = 1.2-1.5, a good
agreement of the polymer composition with the monomer feed
ratio.

In a second step, water-soluble star-shaped polypeptides
were obtained by deprotection of the PBLG arms, a post-
polymerization reaction achieved in smooth acid medium us-
ing methane sulfonic acid (MSA), trifluoro acetic acid (TFA)
and anisole. Upon this acidic deprotection and purification by
dialysis, followed by freeze-drying, this reaction afforded 4-arm-
PGA (PGA for poly(L-glutamic) acid): DP = 10 (polym 1’, yield
= 74%), 4-arm-PGA DP = 25 (polym 2/, yield = 87%) and 4-
arm-PGA DP = 100 (polym 3’, yield = 94%). '"H-NMR and SEC
analyses confirmed that water-soluble star-like polypeptide with
varying poly(glutamic acid) lengths were obtained (Figures 1
and 2): Polym. 1’ presented a number-average molecular weight
(M,) of 16 100 g mol~!, polym. 2’ a molecular weight of M,
= 38 800 g mol~! and polym. 3’ a molecular weight of M, =
76 700 g mol~!. All these M, values were associated with D,
lower than 1.4, an index value increasing with the length of
the arms (D, = 1.20 for 1’ and up to 1.38 for 3’), a feature al-
ready reported with star-like polymers.[?®! The differences with
b, values obtained before deprotection were attributed to the
influence of the secondary structure in SEC performed in DMF
(Table 1).12°] The star-shaped structures were further confirmed
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Scheme 1. Porphyrin-embedded, star-shaped multivalent polypeptides by using ring-opening polymerization from manganese porphyrin scaffolds:

synthesis of PBLG by grafting-from Mn-TAPP.

Table 1. Star-like polymer characterization of polymers prepared by grafting-from Mn(lll) porphyrins.

M/12) MW ,peo [kg mol™"] M,, [kg mol~'] M,, [kg mol™'] Dy Yield
Polym 1 10 9.8 36.4%) 42.8 1.18 56%
Polym 2 25 22.7 30.2° 48.5 1.60 88%
Polym 3 100 88.4 85.1°) 130.5 1.53 84%
Polym 1/ 10 6.0 16.19 19.5 1.20 74%
Polym 2’ 25 13.7 38.89 52.7 1.36 87%
Polym 3’ 100 52.4 76.79 106.0 1.38 94%

? Value determined from monomer/initiator ratio (M/I), where | it is correlated directly with the NH, groups; & Polymers analyzed by SEC in DMF; 9 Polymers analyzed by

aqueous SEC.

by plotting the double logarithm of mean square radius (RMS ra-
dius) versus molar masses with polym. 1-3 and polym 1'-3'(see
Figures S7 and S8, Supporting Information).*”) We then inves-
tigated whether manganese remained in the porphyrin core and
whether traces of demetallization could be observed during the
deprotection process. Due to the paramagnetic nature of Mn(III),
it was not possible to characterize the coordination by NMR. For
this reason, we performed additional UV-vis spectroscopy analy-
ses. They were carried out on the polymers 1’-3’ and compared to
Mn-TAPP spectrum measured in DMF as the porphyrin alone is

a)
1 —mn=10
— M/I=25
l—— M/I=100
El
s
i

5 1’0 15
Elution time (min)

not soluble in water. We did not observe the characteristic peaks
of non-metalyzed porphyrin in the three solutions of polymers
(see Figure S9, Supporting Information) and, in addition, the
polymerization degree (DP) of the polymers was estimated be-
fore and after deprotection by using the molar attenuation coeffi-
cient (¢) of free Mn-TAPP at 484 nm and the Beer—Lambert law.
Before acidic deprotection, UV-vis analyses indicated that star-
like polypeptides were isolated, with a DP,, .., = 9 for Polym. 1,
DP =43 for polym. 2 and DP = 165 for polym. 3 (see

per arm per arm

Table S1, Supporting Information).

b)
1 —mi=10
e M/1=25
l——M/I=100
3
s
4

T
5 10 15 20
Elution time (min)

Figure 1. SEC characterization of star-like polypeptides prepared with Mn(lll)-porphyrins: a) Refractive index trace profile of the star-like polymers at
different M/| before deprotection from SEC in DMF; b) Refractive index trace profile of the star-like polymers at difference M/l upon deprotection from

aqueous SEC.
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Figure 2. 'H NMR analyses of star-like polypeptides prepared with Mn(l11)-porphyrins: a) characteristic '"H-NMR of star-like PBLG polymer at M/l = 25
before deprotection; and b) characteristic "H-NMR of star-like PGA polymer at M/l = 25 upon deprotection.

2.2. HRP-Like Catalytic Activity

Biocatalysis has a significant influence on a wide range of ar-
eas, including specialty chemicals,?!l cosmetics,*” and drug
preparation.l**! In principle, enzymatic catalysis provides ac-
cess to very fast chemical conversions while preserving a
chemical selectivity that few molecular systems are capable of
reproducing.**l However, the use of enzymes still suffers from
significant limitations, including achieving modulation of the
natural substrate selectivity. When enzymes are used, stability
problems can also occur, becoming critical when implementing
this type of catalysis in chemical engineering.**! Peroxidase-type
heme enzymes are not an exception, and there is a growing in-
terest in finding new recombinant or artificial analogues of those
oxidoreductases.*®] The most extensively studied peroxidase is
HRP, that catalyzes the reaction between H,O, and phenolic
donors to yield phenoxyl radicals (and water). To study the enzy-
matic activity of HRP, itis also possible to use standard substrates
such as 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonique acid
(ABTS))!¥”) or guaiacol, that upon oxidation yield colored com-
pounds. 38 The products absorb at two specific wavelengths,
ie., 420 and 470 nm respectively. Indeed, ABTS and guaiacol
are substrates of choice for quantifying the enzymatic activity, as
their UV-vis monitoring is easy to set up and they do not auto-
oxidize easily with H,O0,, like other substrates readily found in
the literature.[**) In this study, both substrates were used to evalu-
ate and compare the H,0,-mediated catalytic oxidation activities
of the star-shaped polypeptides with HRP. With the star-shaped

polymers, the concentration of manganese porphyrin is a key fac-
tor to compare the catalytic activities and the concentrations used
in the various biocatalysis assays are given below (Table 2).

As a control experiment, we first evaluated the catalytic ef-
ficiency of a fresh HRP solution (2.2 nM of heme residue) to
convert either guaiacol (5 mM) or ABTS (1 mM) in presence of
H,0, (1 mM) in imidazole buffer solutions at a pH value of 6
(Figure 3). The reactions were monitored during 2 min using UV-
spectroscopy (time 0 corresponded to the addition of H,0,). The
rate was obtained by determining the slope at the origin and this
value was used to calculate the initial rate Vi as well as the spe-
cific activity (amount of substrate transformed per heme units).
Without enzyme, control kinetics indicated that under these ex-
perimental conditions, H,O, was not able to achieve measurable
oxidation of the two substrates (Table 3). HRP was found active
in oxidizing both ABTS and guaiacol (V; = 11.10~> M-min~! and
9.107° M-min~! respectively), in good agreement with the liter-
ature for this pH.[*! As already described, increasing the pH to
a more basic value of 7 or 8 strongly decreased the oxidation ac-
tivity on ABTS (Figure 3, V, = 1.10~> M-min~! instead of 11.10>
M-min~') and significantly on guaiacol (V, = 5.107> M-min! in-
stead 0f 9.107> M-min™!).

We then investigated the catalytic activity of the polymers 1'-3’
in similar conditions. It is interesting to note that the use of H, O,
did not previously promote manganese porphyrin oxidation,!
and that the native Mn-TAPP porphyrin used to build the star
polymers is not water-soluble. We implemented the catalytic as-
says using polymer concentrations that were optimized to get the

Table 2. The different star polymers used in the catalytic tests: concentrations correspond to porphyrin concentrations measured by UV-vis.

Mw (theo) in DP by UV [Heme [Heme (final)] in
kg mol~! measurements (initial)] in uM uM
HRP 44 - - 22x1073
Polym. 1’ 6.0 9/arm 400 14.0
Polym. 2’ 13.7 43/arm 50 1.7
Polym. 3’ 524 165/arm 40 14

Macromol. Biosci. 2024, 24, 2400155 2400155 (4 of 10)
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Figure 3. Rate of ABTS oxidation, catalyzed by HRP at different pH values in i

speed in about 1-2 min: guaiacol (5 mM) or ABTS (1 mM) and
H,O0, solution at 1 mM. In marked contrast to HRP, all the poly-
mers were found to be almost inactive in oxidizing both ABTS
and guaiacol at a pH value of 6 (Table 4), an expected behavior
considering the literature.*®! However, and surprisingly, increas-
ing the pH to 7 or 8 permitted to recover significant HRP-like ac-
tivities (Table 4 and Figure 4). Indeed, increasing pH was found
to strongly promote the oxidation with the star-like polypeptides
and the best kinetics with both ABTS and guaiacol were mea-
sured at a pH value of 8: up to an activity of 11 M-M~!-min™!
using polymer 3’ and guaiacol or 8 M-M~!-min~" using polymer
3’ and ABTS (Table 4). This better pH value of 8 for catalysis was
presumably attributed to a synergy between the arms and the imi-
dazole buffer with respect to coordination on the Mn(III) metallic
center and the solubility of the polymer.

Comparing the length of the arms by comparing the kinet-
ics monitored with 1, 2’ and 3’, we observed another inter-
esting effect: the longer arms optimized significantly the cat-
alytic activity (for instance, guaiacol: 1.8 M-M~!-min~! with 1’
to 11.6 M-M~min~" with 3'). A detailed analysis of the Soret
bands shows a difference in coordination when the length of the
arms changes (Figure S10, Supporting Information), confirm-
ing a confinement effect at the metalated porphyrin induced by
the longer arms. Encouraged by these results, the robustness of
the catalytic system was also assessed: a higher concentration
of H,0, (20 mM) was monitored with polymer 3’ with the two

A max =420 nm

midazole buffer.

substrates(Table 5 and Figure 5; Figure S11, Supporting Infor-
mation) and compared to HRP.

Contrary to HRP, this higher amount of oxidant increased the
activity of the polymer 3’ and allowed to obtain activities which
were closer to the enzyme (for instance with ABTS, Table 5: 2300
M-M~tmin~! with HRP as compared to 115 M-M~!-min~! with
polymer 3'). In those optimized conditions, the efficacy differ-
ence factor was only 20 in favor of the HRP, a remarkable result
in a context where usually stronger oxidants have to be used with
artificial peroxidases based on Mn-TAPP (such as KHSOx),**] or
more sensitive substrate (such as resorufin) using water soluble
metalated porphyrins.[?]

2.3. Selectivity with Respect to H,0,

The Michaelis—Menten constant, denoted as K, is an important
parameter in enzyme kinetics that depend on the affinity of an
enzyme for its substrate. Typically, the K,, for HRP with H, O,
falls in the micromolar range,*!! and the K, value varies de-
pending on factors such as experimental conditions, assay setup,
the reducing substrate and the specific type or source of HRP
being used. Inspired by the catalytic performance obtained with
polymer 3’, kinetic studies carried out at different H,O, concen-
trations were performed with guaiacol (5 mM) or ABTS (1 mM).
A Lineweaver—Burk plot is depicted in Figure 6 and it was used to
calculate K, constants for H,0, of 45 mM when using guaiacol

Table 3. Kinetics of oxidations mediated by HRP with guaiacol and ABTS as substrates under three different pH conditions.

Guaiacol ABTS
Slope Vi Specific activity Slope Vi Specific activity
[Abs-min~"] M-min~"] [M-M~"-min~11P) [Abs-min~"] M-min~"]9 [M-M~"-min~119
Control (without - - - - - -
enzyme)
pH 6 2.48 9.31x107° 4.23 x 10* 4.09 11.37x107° 5.17 x 10*
pH7 1.96 7.35x107° 3.34 x 10 0.73 2.03x107° 0.92 x 10*
pH 8 1.45 5.44x107° 2.47 x 10* 0.37 1.03x10° 0.47 x 10*

? Vi value was obtained by dividing of the slope by e = 26 600 M cm™; Y The specific activity was calculated by dividing the Vi value by the concentration of HRP (2.2 nM);

9 Vi value was obtained by dividing of the slope by ¢ = 36 000 M cm™!

Macromol. Biosci. 2024, 24, 2400155 2400155 (5 of 10)

; D The specific activity was calculated by dividing the Vi value by the concentration of HRP (2.2 nM).
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Table 4. Kinetics of oxidations mediated by 4-arm-polypeptide 1’-3’ with guaiacol and ABTS as substrates under different pH conditions.

Guaiacol ABTS
Polymer Slope (Abs-min~") Vi Specific activity Slope (Abs-min~") Vi Specific activity
(M-min=")2 (M-M~"-min~ (M-min="yb) (M-M~"-min~")9

1 pH 6 0.01 0.05x107° 3.57x10729) - - -

pH7 0.26 0.99x107° 7.07x10719) 0.04 0.10x107° 7.14x10729)

pH 8 0.68 2.55%107° 1.829 0.16 0.45x107° 3.21x10719
2 pH 6 0.001 0.05%1076 2.94x1072¢) - - -

pH 7 0.07 0.27x1075 1.59¢) 0.01 0.02x10~° 0.129

pH 8 0.29 1.11x107° 6.53¢) 0.28 0.76x107° 4.479
3’ pH 6 0.003 0.12x107® 8.57x10728) - - -

pH 7 0.13 0.50x107° 3.57¢9 0.13 0.35x107° 2.5

pH 8 0.43 1.62x1075 1169 0.40 1.12x107° 8"

?) Vi value was obtained by dividing the slope by € = 26 600 M cm™ ; VI value was obtained by dividing the slope by e =36 000 M cm~; 9 The specific activity was calculated
by dividing the Vi value by the concentration of polym. 1 (14 uM); D The specific activity was calculated by d|V|d|ng the Vi value by the concentration of polym. 1 (14 pM);

) The specific activity was calculated by dmdmg the Vi value with the concentration of polym. 2 (1.7 uM); ) The specific activity was calculated bg dividing the Vi value by
the concentration of polym. 2 (1.7 uM); ® The specific activity was calculated by dividing the Vi value by the concentration of polym. 3 (1.4 uM); " The specific activity was
calculated by dividing the Vi value by the concentration of polym. 3 (1.4 uM).

0,4 o Polym. 3'
°
v,=8, " 0,4+ .pH=8
=~ 0,34 ¥ ~ V=8 _»*
2 o« V=45, saPlym.2 2 o
~ A R I
3 0,2 ,o. AA‘A 8 . el
E . ° po V, =045 polym. 1' £ 029 ®
A . . = o =
§ 0,14 o'..“ 5 o viAzASAAApH=7
2 a A ’ 2 = oAk
< g e <
A =
0,0 . ; ’ . v . 0,0-)_$_3_r9_c,_0_7_0_,9_01_0_9_0_rg_c,_o_7_0_,9_¢£ 6
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)

Figure 4. ABTS oxidation by star-shaped polypeptides 1’-3’: A) comparison of kinetics obtained with the 3 polymers at pH 8 (note that the porphyrin
concentration must be taken into account when calculating Vi; B) comparison of kinetics obtained with the most efficient polymer (3') at different pH
(here, the initial slope correlates the different Vi values obtained).

and of 16 mM when using ABTS as reducing substrate. Inter-  M~! min~! with guaiacol and 1155 M~! min~! with ABTS (see
estingly, control experiments in which the concentration of both ~ Table S3, Supporting Information). Although these biocatalytic
guaiacol or ABTS substrates were changed showed no significant  efficiencies remains modest compared to the real enzyme, to the
K,, (Figure S12, Supporting Information). Moreover, for compar-  best of our knowledge, this is the first time that HRP-like cat-
ison, the K, constants of HRP was monitored in imidazole buffer  alytic effect is revealed with polypeptide polymers. This result ev-
at a pH value of 6 and found at 100 pM when using guaiacoland  idences an exciting and original biomimetic lever to mimic HRP
11 uM when using ABTS (Figure S13, Supporting Information).  catalysis using simple polypeptide chemistry. With the polymers,
In the end, the kcat/K,, ratio of polymer 3’ was calculated at 714 ~ the mM range affinity of H,0O, can have several origins, but the

Table 5. Kinetics of oxidations mediated by 4-arm-polypeptide 3’ or HRP under polymer optimized conditions (pH & and 20 mM H,0,) with guaiacol
and ABTS as substrates.

Guaiacol ABTS
Slope Vi Specific activity Slope Vi Specific activity
(Abs:min~T) (M:min=T)2 (M-M~T-min7") (Abs-min~1)  (M-min~1)b) (M-M~"-min=1)9)
Control (without catalyst, pH 8) - - - - - -
HRP 20 mM H,0, 1.37 5.14x107° 2.3 x 10* 0.18 0.5x107° 0.2 x 10*
(PH8)
Polymer 20 mM H,0, 3.84 14.44x107° 0.1x 10* 5.81 1.61x10™* 115
3 (pH 8)

? Vi value was obtained by dividing of the slope by e = 26 600 M cm™'; ® The spec(;ﬁc activity was calculated by dividing of the Vi value with the concentration of polymer 3
(1.4 uM); 9 Vi value was obtained by dividing of the slope by e = 36 000 M cm™; ) The specific activity was calculated by dividing of the Vi value with the concentration of
polymer 3 (1.4 uM) or with the concentration of HRP (2.2 nM).
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Figure 5. Guaiacol oxidation by star-shaped polypeptides 3’ versus HRP: A) comparison of kinetics obtained in the best conditions for HRP; B) compar-
ison of kinetics obtained in the best conditions for polymer (note that the porphyrin concentration is much higher in the case of 3': 1.4 uM (compared

to 2.2 nM for HRP).

K, value obtained with 3’ was interestingly linked to the length of
the polymer arms and somehow to a spatial constrain brought by
such star-shaped structure, a behavior already known with den-
dritic structures.!*®!

2.4. Star-Like Polypeptide as Fully Peptidic But More Robust
Analogues of HRP

As depicted in Figure 5, increasing the H,O, by a concentration
factor of 20 at a pH value of 6 did not improve the kinetic of oxida-
tion reaction for HRP and even decreased it strongly in the case
of ABTS. As already discussed in Section 2.2, this result shows
that the polymer system has greater robustness with respect to
the substrate concentration, a robustness that can be explained by
the lower K, values (Section 2.3) but that can also be explained by
the synthetic star-shaped topology, which unfolds and degrades
less easily than the natural enzyme. To better understand and
compare the limitations of the HRP system, we also evaluated
the catalytic efficiency of HRP solution after a denaturing treat-
ment at 80 °C. After this treatment, kinetics were monitored to
convert either guaiacol (5 mM) or ABTS (1 mM) in presence of
H,0, (1 mM) in imidazole buffer solutions at a pH value of 6
(Table 6). For the two substrates, the denaturing treatment com-
pletely eliminated the catalytic activity. This was found in marked
contrast to the star-shaped catalysts 1’-3’ that did not show any
loss of activity after similar heat treatment (Table 6; Figure S14,
Supporting Information). For instance, with 3’, the oxidation ac-
tivity on ABTS was found at 9.2 M M~! min~! after the denaturing
treatment a value that was close to 8 M M~ min~! calculated on
kinetics performed without the heat treatment. The higher resid-

A)

Vv

600 Polym. 3' with Guaiacol //.

400 i
I
200 -
-1/Ky g T Ky=45X10"M
0,1 — J0,0 0,1 0,2

-200

1/[H,0,]

ual activity was attributed to a solubilization phenomenon of the
polymers optimizing the catalysis.

To take this a stepfurther, degradation studies using denatur-
ing agents or proteases were finally carried out on the polymer
3’. First, the use of a urea pre-treatment did not modify the cat-
alytic activity (whereas this non-thermal treatment modified the
HRP activity, data not showed). This means that the star-shaped
polymer catalyst was less sensitive to denaturing conditions than
the natural protein. On the other hand, proteinase K, which is a
protease able to hydrolyze the amide bond when encountering
aliphatic or aromatic amino acid residues in position P1, showed
that the copolymer is stable to proteolysis, as evidenced by the
SDS page gel shown in Figure 7.

Overall, these data show that the polymer system can be a more
robust system than HRP for carrying out H,O,-mediated oxida-
tion of ABTS and guaiacol.

3. Conclusion

We have successfully prepared star-shaped polymeric analogues
of HRP capable of undergoing oxidation reactions with H,O,.
This biomimetic reactivity, although less efficient than that of the
enzyme, is exceptional for a synthetic system involving Mn(I1I)
porphyrins. This holds great promise when using high con-
centrations of H,0, or when considering the more robust na-
ture of the polymer with respect to temperature changes, dena-
turing agents or proteolysis. Based on the same structural ele-
ments (polypeptide + metalated porphyrins), we believe that our
simplified analogues of HRP pave the way for a much better

B)

v

1200 Polym. 3' with ABTS ///y

800 _—

/'/
400 i 3
K, e K, =1.6 X 104 M

— 6 : - T . - T
-0,2 lo,o 02 04 06 08 1,0 1,2

1[H,0,]

Figure 6. Lineweaver—Burk plot of the H,0,-mediated oxidation of guaiacol (A) and ABTS (B) using polymer 3'.
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Table 6. Kinetics of oxidations mediated by 4-arm-polypeptide 3’ with guaiacol and ABTS as substrates after heating the catalyst at 80 °C and 30 min

before use (pH 6 for HRP or 8 for 3’ and 1 mM H,0,).

Guaiacol ABTS

Slope Vi Specific activity Slope Vi Specific activity

(Abs-min~T) (M-min=")2 (M-M~"-min=") (Abs-min™)  (M-min~")®) (M-M~"-min=1)9)
Control (without enzyme) - - - - - -

HRP pH6 2.48 9.3x107° 4.23 x 10* 4.09 11.4x107° 5.17 x 10
Upon heating (pH 6) - - - - - -
Polymer pH8 0.43 1.6x107° 1.6 0.40 1.1x107° 8
3

Upon heating (pH 8) 0.49 1.8x107 13.2 0.46 1.3x10°° 9.2

? Vi value was obtained by dividing of the slope by € = 26 600 M cm™';

* The specific activity was calculated by dividing of the Vi value with the concentration of polymer 3’

(1.4 uM); Vi value was obtained by dividing of the slope by ¢ =36 000 M cm~'; 9 The specific activity was calculated by dividing of the Vi value with the concentration of

polymer 3’ (1.4 uM) or with the concentration of HRP (2.2 nM).

storage principle, while retaining the recyclability of a structure
composed entirely of amino acids.

4. Experimental Section

Materials and Methods: Mn-TAPP, BLG-NCA, H,0, 30%, imida-
zole, ABTS, guaiacol and HRP were purchased from Porphychem, PMC
Isochem, Sigma-Aldrich. Proteinase K was acquired from ThermoScien-
tific. Bio-Rad Protein Assay Dye Reagent Concentrated from Bio-Rad, USA.
All chemicals were used without any further purification. The infrared spec-
tra were recorded using an FTIR spectrometer (Vertex 70, Bruker), and the
samples were measured with an ATR (GladiATR, Pike Technologies) from
Fisher technologies performing 32 scans at the LCPO (Bordeaux, France).
The raw data were obtained with Opus7.5 software and processed using
Originlab 2016 software. The NMR spectra were recorded using a Bruker
Avance |11 400 spectrometer (LCPO, Bordeaux, France). The spectra were
obtained at 22 °C and data was analyzed using Mestrenova 14.1.2 soft-
ware. The chemical shifts of the signals are given in ppm. The spectra ob-
tained were calibrated using the residual solvent signals (CHCl; 7.26 ppm,
H,0 4.79 ppm, DMSO-dg 2.50 ppm). The signals were categorized as
follows: singlet (s), doublet (d), triplet (t), quartet (g), multiplet (m) and
broad (br). Polymer molar masses were determined by size exclusion chro-

Figure 7. SDS-PAGE, 18% acrylamide. Lane 1, polymer 3’; Lane 2, molec-
ular weight marker; Lane 3, polymer 3’ after proteinase K treatment; Lane
4, proteinase K alone as control.
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matography (SEC) using: (a) dimethylformamide (DMF + lithium bro-
mideLiBr1g L‘1) as the eluent (LCPO, Bordeaux, France). Measurements
in DMF were performed on an Ultimate 3000 system from Thermoscien-
tific equipped with diode array detector DAD. The system also included
a multiangle light scattering detector MALS and differential refractive in-
dex detector dRI from Wyatt technology. Polymers were separated on two
Shodex Asahipack gel columns GF310 and GF510 (300 A-7.5 mm) (exclu-
sion limits from 500 Da to 300 000 Da) at a flow rate of 0.5 mL min~'. Col-
umn temperature was held at 50 °C. The chromatograms were recorded
with Chromeleon 7.2 software and Astra 7.1.0 software and analyzed us-
ing Originlab 2016 software. The dn/dc were determined experimentally.
(b) Hexafluoro-2-propanol (HFIP + 0.05% KTFA) as the eluent (LCPO,
Bordeaux, France). Measurements in HFIP were performed on an Ulti-
mate 3000 system from Thermoscientific equipped with diode array detec-
tor DAD. The system also included a multi-angle light scattering detector
MALS and differential refractive index detector dRI from Wyatt technology.
Polymers were separated on PL HFIP gel column (300 A-7.5 mm) (exclu-
sion limit from 100 to 150 000 Da) at a flow rate of 0.8 mL min—1. Col-
umn temperature was held at 40 °C. The chromatograms were recorded
with Chromeleon 7.2 software and Astra 7.1.0 software and analyzed using
Originlab 2016 software. The molar mass was calculated using either a cal-
ibration curve or the dn/dc value. The calibration curve was performed with
polystyrene standards with molar masses in the range 0.9-364 kg mol—1.
The dn/dc were determined experimentally.

Synthesis Procedures:  Synthesis of Mn-TAPP-PBLG 1. In a flame-dried
Schlenk under pure argon, Manganese(lll) 5, 10, 15, 20-Tetrakis-(4-
aminophenyl)-porphyrin chloride (36 mg, 4.7x10~> mol) was added and
dried under high vacuum for 1 h. Then, 5 mL of BLG-NCA monomer 0.4 M
in anhydrous DMF (0.5 g, 1.9 1073 mol) was added with an argon purged
syringe. The solution was stirred at room temperature under argon un-
til the disappearance of the peak around 1850 cm™', observed by FTIR.
The polymer was then recovered by precipitation twice in 40 mL of diethyl
ether, centrifuged and dried under high vacuum. Yield: 56%. The represen-
tative "H NMR of the PBLG backbone signals were observed in DMF-d7
(400 MHz, &, ppm): 8.53 (brs, TH, NH), 7.60-7.11 (m, 5H, benzyl), 5.37—
4.97 (m, 2H, benzyl), 4.14 (br s, TH, CH), 2.58-2.12 (m, 4H, 2 CH,).

Synthesis of Mn-TAPP-PGA 1. Mn-TAPP-PBLG 1 (201 mg; 9.1x10~* mol
of BLG units) were dissolved in 2 mL of TFA. The solution was stirred at
0 °C for 20 min, and 0.4 mL of anisole and 2 mL of MSA were added and
the reaction mixture was stirred for 20 min at 0 °C, followed by stirring
during 40 min at room temperature. Then, the polymer was precipitated
twice in 40 mL of diethyl ether, centrifuged and dried under high vacuum.
The polymer was suspended in water, neutralized at pH 7 with a satu-
rated solution of NaHCO; dialyzed against milliQ water (MWCO 1,0 kDa)
and freeze-dried yielding green powder (74% yield). The representative
TH NMR of the poly(L-glutamic acid) backbone signals were observed
in D,0 (400 MHz, 5, ppm): 4.34 (br, TH, CH), 2.30 (br, 2H, CH,), 1.93
(br, 2H, CH;). The NH group was not observed under the experimental
conditions.

© 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Synthesis of Mn-TAPP-PBLG 2. In a flame-dried Schlenk under pure
argon, Manganese(lll) 5, 10, 15, 20-Tetrakis-(4-aminophenyl)-porphyrin
chloride (7.2 mg, 9.4x107% mol) was added and dried under high vac-
uum for Th. Then, 2.5 mL of BLG-NCA 0.4 M in anhydrous DMF (0.25 g,
9.5%107* mol) was added with an argon purged syringe. The solution was
stirred at room temperature under argon until the disappearance of the
peak around 1850 cm™" by FTIR. The polymer was then recovered by pre-
cipitation twice in 40 mL of diethyl ether, centrifuged and dried under high
vacuum. Yield: 88%. The representative "H NMR of the PBLG backbone
signals were observed in DMF-d7 (400 MHz, &, ppm): 7.60-7.11 (m, 5H,
benzyl), 5.37-4.97 (m, 2H, benzyl), 4.15 (br's, TH, CH), 2.58-2.12 (m, 4H,
2 CH,). The NH group was not observed under the experimental condi-
tions.

Synthesis of Mn-TAPP-PGA 2. Mn-TAPP-PBLG 2 (100 mg; 4.5x10~* mol
of BLG units) was dissolved in T mL of TFA. The solution was stirred at
0 °C for 20 min, and 0.2 mL of anisole and 1 mL of MSA were added
and the reaction mixture was stirred for 20 min at 0 °C followed by stir-
ring for 40 min at room temperature. Then, the polymer was precipitated
twice in 40 mL of diethyl ether, centrifuged and dried under high vacuum.
The polymer was suspended in water, neutralized at pH 7 with a satu-
rated solution of NaHCO; dialyzed against milliQ water (MWCO 1,0 kDa)
and freeze-dried yielding green powder (87% yield). The representative 'H
NMR of the poly(L-glutamic acid) backbone signals were observed in D,0
(400 MHz, 6, ppm): 4.34 (br, TH, CH), 2.29 (br, 2H, CH,), 1.90 (br, 2H,
CH,). The NH group was not observed under the experimental conditions.

Synthesis of Mn-TAPP-PBLG 3. In a flame-dried Schlenk under pure
argon, Manganese(lll) 5, 10, 15, 20-Tetrakis-(4-aminophenyl)-porphyrin
chloride (3.6 mg, 4.7x107 mol) was added and dried under high vac-
uum for 1 h. Then, 5 mL of BLG-NCA monomer 0.4 M in anhydrous DMF
(BLG-NCA, 0.5 g, 1.9x1073 mol) was added with an argon purged syringe.
The solution was stirred at room temperature under argon until the dis-
appearance of the peak around 1850 cm™" by FTIR. The polymer was then
recovered by precipitation twice in 40 mL of diethyl ether, centrifuged and
dried under high vacuum. Yield: 84%. The representative 'H NMR of the
PBLG backbone signals were observed in DMF-d7 (400 MHz, &, ppm):
8.50 (br's, TH, NH), 7.60-7.11 (m, 5H, benzyl), 5.37-4.97 (m, 2H, ben-
zyl), 4.11 (brs, TH, CH), 2.58-2.12 (m, 4H, 2 CH,)

Synthesis of Mn-TAPP-PGA 3'. Mn-TAPP-PBLG 3 (100 mg; 4.5x10~* mol
of BLG units) was dissolved in T mL of TFA. The solution was stirred at
0 °C for 20 min, and 0.2 mL of anisole and 1 mL of MSA were added
and the reaction mixture was stirred for 20 min at 0 °C followed by stir-
ring for 40 min at room temperature. Then, the polymer was precipitated
twice in 40 mL of diethyl ether, centrifuged and dried under high vacuum.
The polymer was suspended in water, neutralized at pH 7 with a satu-
rated solution of NaHCO; dialyzed against milliQ water (MWCO 1,0 kDa)
and freeze-dried yielding green powder (94% yield). The representative 'H
NMR of the poly(L-glutamic acid) backbone signals were observed in D,0
(400 MHz, 8, ppm): 4.35 (br, TH, CH), 2.31 (br, 2H, CH,), 2.02 (br, 2H,
CH,). The NH group was not observed under the experimental conditions.

Enzymatic/Catalytic Activities: HRP Solution: HRP suspension (100
uL) were diluted in 900 L of phosphates buffer pH 7.0. The concentration
of this solution was estimated from a calibration curve using the Bradford
methodology, having a final concentration of 32 pg mL™".

HRP Kinetics: Two methodologies were employed to follow the kinet-
ics of the HRP: A) Using guaiacol, in a Eppendorf tube 957 pL of imida-
zole buffer (0.1 M), 30 pL of guaiacol (mother solution: 160 mM) and
3 uL of HRP (mother solution: 7.3x10~7 M) were placed and this solu-
tion was extracted as baseline. Then, 10 pL of H,O, (mother solution:
0.1 M) were added and the evolution of the absorbance value was moni-
tored at 470 nm. B) Using ABTS, in an Eppendorftube 965 pL of imidazole
buffer (0.1 M), 20 uL of ABTS (mother solution: 50 mM) and 3 uL of HRP
(7.3x1077 M) were placed and this solution was extracted as baseline.
Then, 10 pL of H,O, (mother solution: 0.1 M) were added and the evolu-
tion of the absorbance value was monitored at 420 nm. The kinetics were
recorded in a 8543 UV-vis Spectrophotometer from Agilent technologies
and the data was processed with the UV-vis ChemStation Software.

Polymers kinetics: Two methodologies were employed to follow the ki-
netics of the star-like polypeptides: A) in an Eppendorf tube 920 pL of im-
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idazole buffer (0.1 M), 30 pL of guaiacol (mother solution: 160 mM) and
35 uL of polymer solution (varying uM, depending on the star-like polypep-
tide, see Table 2, final concentration column) were placed and this solution
was extracted as baseline. Then, 10 uL of H,O, (mother solution: 0.1 M)
were added and the evolution of the absorbance value was monitored at
470 nm. B) in a Eppendorf tube 940 pL of imidazole buffer (0.1 M), 20 uL
of ABTS (50 mM) and 35 uL of polymer solution (varying uM, depending
on the star-like polypeptide, see Table 2, final concentration column) were
placed and this solution was extracted as baseline. Then, 5 uL of H,0,
(mother solution: 0.1 M) were added and the evolution of the absorbance
value was monitored at 420 nm.

Effect of the Temperature: The kinetics were performed upon incubation
of the enzyme or polymer with the buffer at 80 °C for 30 min. Then, gua-
iacol or ABTS were added and the base line was extracted, followed by the
addition of H,0,. The initial rate was recorded in the spectrophotometer.

Effect of High Concentration of H,O, with ABTS and guaiacol: The final
H,0, concentration was changed to 0.02 M (2.3 uL of an 8.8 M stock
solution). The difference in volume was then added by adding more of the
corresponding imidazole buffer.

Km Determination: For Km and catalytic efficiency (kcat Km~") deter-
mination, the initial reaction rate was measured at different H,0, concen-
trations, from 0.5 to 40 mM for polymer 3’ and 1to 200 uM for HRP, while
maintaining the catalyst and organic substrate concentration in constant
values (guaiacol 5 mM or ABTS 1 mM). The resulting data was graphed
according to the inverse reciprocal equation from Lineweaver—Burk, and a
straight line was adjusted in order to calculate the value of Km from the
intercept (—1 Km™) with the x axis and the value of kcat Km~' from the
inverse of the slope (Km kcat™"), considering the amount of each catalyst
in the reaction.

Proteolysis and Gel Electrophoresis:  Proteolysis resistance of the cata-
lyst was tested for polymer 3'. Proteinase K was incubated with polymer 3’
under the following conditions: 14 ug mL™" of polymer 3" in 10 mM Tris
buffer, pH 7.5 containing 1 mM CaCl, and 150 ug mL~" of proteinase K, for
1 h at 40 °C. According to the vendor recommendations, typical working
concentration for proteinase K is 50~100 pg ml~1. The mixture reaction,
along with controls, were analyzed in a 18% acrylamide SDS-PAGE.
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