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Engineered Anchor Peptide LCI with a Cobalt Cofactor Enhances
Oxidation Efficiency of Polystyrene Microparticles

Dong Wang, Aaron A. Ingram, Julian Luka, Maochao Mao, Leon Ahrens, Marian Bienstein,
Thomas P. Spaniol, Ulrich Schwaneberg,* and Jun Okuda*

Abstract: A typical component of polymer waste is
polystyrene (PS) used in numerous applications, but
degraded only slowly in the environment due to its
hydrophobic properties. To increase the reactivity of
polystyrene, polar groups need to be introduced. Here,
biohybrid catalysts based on the engineered anchor
peptide LCI_F16C are presented, which are capable of
attaching to polystyrene microparticles and hydroxylat-
ing benzylic C—H bonds in polystyrene microparticles
using commercially available oxone as oxidant. LCI
peptides achieve a dense surface coverage of PS through
monolayer formation within minutes in aqueous solu-
tions at ambient temperature. The catalytically active
cobalt cofactor Co-L1 or Co-L2 with a modified NNNN
macrocyclic TACD ligand (TACD =1,4,7,10-tetraazacy-
clododecane) is covalently bound to the anchor peptide
LCI through a maleimide linker. Compared to the free
cofactors, a 12- to 15-fold improvement in catalytic
activity using biohybrid catalysts based on LCI_F16C
was observed.
/

Global plastic pollution has fueled the quest for techno-
logical solutions to address the environmental impact of
polymer waste.'™ Polystyrene (PS) is a plastic material that
is widely used in many areas since the 1930s. A major
drawback of polystyrene is its poor biodegradability, leading
to pollution because mixed PS plastics waste and degrada-
tion products such as PS nano- and microparticles are
difficult to be recycled in municipal recycling programs.=!
Due to its lack of polarity, PS is unreactive against many
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polar reactants.”™ To functionalize polystyrene, polar

groups such as hydroxyl and carbonyl groups need to be
introduced by selective C—H bond functionalization.

Anchor peptides (APs) are versatile adhesive peptides
that can interact with a wide range of surfaces, including
stainless steel and polymer surfaces!' through multiple non-
covalent interactions such as electrostatic, polar, hydro-
phobic, and hydrogen bonds.* As previously demon-
strated, B-stranded anchor peptide LCI (“liquid chromatog-
raphy peak I”) showed specific and efficient binding to
many polymer surfaces like polystyrene under mild
conditions."*?" As one gram of anchor peptide is sufficient
to coat a surface of up to 654 m> as monolayer,” anchor
peptides offer a scalable, simple and cost-effective function-
alization technology through spraying and dip coating.>2%

Organometallic catalysts allow selective C—H bond
oxidation of small molecule alkanes by various oxidants,”*!l
but to limited extent of polyolefins. Hillmyer and co-workers
have achieved the selective hydroxylation of methyl groups
of branched polyethylene via rhodium-catalyzed alkane
borylation, followed by oxidation of the resulting alkylboro-
nate esters with hydrogen peroxide leading to alcohols.[*”
The direct oxidation of polyethylene-alt-propylene (PEP)
using oxone as oxidant was catalyzed by the manganese
porphyrin complex Mn(TDCPP)OAc (TDCPP=meso-
tetrakis(2,6-dichlorophenyl)porphyrin) in the presence of
imidazole as phase transfer agent to provide the correspond-
ing alcohols and ketones under mild conditions.*¥! More
recently, the iron-catalyzed oxyfunctionalization of polystyr-
ene with chain cleavage using hydrogen peroxide as oxidant
was reported.[*!

In this context, the improved binding of catalytically
active metal species to a polymer molecule by conjugation
with an anchor peptide holds promise to locate catalysts
close to the polystyrene surface. We report here on
biohybrid catalysts Co-L1@LCI_F16C and Co-L2@LCI_
F16C based on an engineered anchor peptide LCI_F16C['®!
that contain cobalt cofactors with the NNNN macrocyclic
ligand TACD (TACD=1,4,7,10-tetraazacyclododecane)
through a linker and that catalyze C—H bond oxidation of
polystyrene microparticles (MPs) using oxone as oxidant in
aqueous solution.

Two cobalt complexes with maleimide linker Co-L1 and
Co-L2 were prepared by reacting the corresponding macro-
cyclic ligand with cobalt dibromide in dichloromethane and
characterized by elemental analysis, UV/Vis spectroscopy
and ESI-TOF MS (for details see Supporting Information).
The cobalt complexes Co-L1 and Co-L2 were covalently
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attached to the cysteine residue of the anchor peptide LCI_
F16C by a Michael addition reaction in Tris-HCl buffer
(10 mM, pH 7.5, 50 mM NaCl) in the presence of 15% of
acetonitrile (Figure 1a). The anchor peptide LCI_F16C
contains an AEF-linker, a Strep-tag, a 17x-helix spacer, a
TEV protease cleavage site, and a F16C substitution
(calculated molecular weight: M =9371.42 g/mol). In order
to prevent dimerization through disulfide bond formation,
dithiothreitol (DTT) was used to reduce the disulfide bond
to the thiol group and the excess DTT was removed by using
HiTrap desalting column.

The structure of the biohybrid catalysts was calculated
using YASARA software (Figure 1b—c) based on the
solution structure of LCI (PDB ID: 2B9K™) and showed
the orientation of the flexible conjugated cobalt cofactors.
The conjugation efficiencies (determined by inductively
coupled plasma atomic emission spectroscopy, ICP-AES,
Table S4) of the cobalt cofactors in LCI_F16C were higher
than 90 %, indicating that one cobalt ion per anchor peptide
LCI_F16C was incorporated. Since the cobalt cofactors
might be non-specifically bound to the peptide surface
through non-covalent binding or other interactions, the
bioconjugation yield was further confirmed by cysteine
titration using a maleimide-bearing fluorescence indicator
ThioGlo-1 (Figure S17). While free LCI_F16C solution
showed a significantly increased fluorescence after addition
of ThioGlo-1, the sample of Co-L1@LCI_F16C and Co-
L2@LCI_F16C exhibited 10% fluorescence, indicating a
coupling efficiency of approximately 90 %. The biohybrid
catalysts obtained were further characterized by ESI-TOF
MS analysis (Figure S13-15 and Table S3 in the Supporting
Information). The calculated mass for catalysts Co-
L1@LCI_F16C (m/z=10,025) and Co-L2@LCI_F16C (m/
z7=10,067) was observed in the ESI-TOF MS spectra.

The structural integrity of the biohybrid catalysts at
25°C was established by circular dichroism (CD) spectra in
sodium phosphate buffer (NaPB, 100 mM, pH 8.0) with
15% MeCN (v/v) through the characteristic minimum at A=

a
LCI_F16C peptide
D BT _H,0, 15% MeCN (i) _
Br— Co‘ \M’ Tris-HCI buffer (10 mM,
o7 63,20 o A,
25 °C, 80 min

,
LC\ F1SG
Br
Br— Co\ \H’

n= 9 - Co-L1@LCI_F16C
n=12- Co-L2@LCI_F16C

n=9 -Co-L1
n=12-Co-L2

3 4

Figure 1. (a) Conjugation of cobalt cofactors to LCI_F16C. (b) Structure
of Co-L1I@LCI_F16C. (c) Structure of Co-L2@LCI_F16C. The structures
were calculated based on the NMR spectroscopic solution structure of
wild type LCI (PDB ID: 2B9K) and visualized with YASARA software.*”
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210 nm (Figure 2, blue for Co-L1@LCI_F16C and red for
Co-L2@LCI_F16C), which is similar to that of LCI_F16C
(Figure 2, black).

Fluorescence-based characterization was achieved by
labeling the polystyrene particles with plastibodies. Plasti-
bodies are fluorescent peptides labeled or conjugated with
material-specific binding properties that are comparable to
binding properties of antibodies.” A Strep-tag-bearing
fluorescence indicator Strep-Tactin®XT DY-549 (DY549),
which showed a high affinity and specificity to the Strep-tag,
was used. Characteristic absorption and emission maxima
for DY549 were found at A=550-560 and A=575nm,
respectively. To generate the plastibodies, biohybrid cata-
lysts (Co-L1@LCI_F16C and Co-L2@LCI_F16C) were in-
cubated with DY549 in Tris-HCI buffer (50 mM, pH 8.0).
Labeling of polystyrene MPs (1 pym) with plastibodies was
performed by incubation of plastibodies (Co-L1@LCI_
F16C-DY549 or Co-L2@LCI_F16C-DY549) in a suspension
of polystyrene MPs at room temperature. The non-bound
fluorescent molecules were removed from the particle sur-
face by several cycles of washing in aqueous solution.
Confocal fluorescence microscopy was used to visualize the
labeling of polystyrene MPs with plastibodies. To compare
the results, polystyrene MPs were incubated in Tris-HCI
buffer (50 mM, pH 8.0) containing DY549. This control
experiment showed no fluorescence under the microscope
(Figure 3a), indicating that the fluorescence dye DY549 was
completely removed from the particle surface and no
unspecific binding of DY549 to the polystyrene particle
surface occurred. In contrast, the labeled particles with
plastibodies (Co-L1@LCI_F16C-DY549 or Co-L2@LCI_
F16C-DY549) showed an intensive fluorescence in their
corresponding excitation/emission fields under the micro-
scope (Figure 3b—c), suggesting the successful labeling of
polystyrene MPs with both plastibodies.

The biohybrid catalysts were used for the oxidation of
sec-butylbenzene, a model unit of polystyrene, using
2.0 equiv. of oxone (2KHSOs-KHSO,-K,SO,) as oxidant in
sodium phosphate buffer (100 mM, pH 6.0-8.0) with differ-
ent cosolvents (Table 1). Under these conditions, 2-phenyl-
2-butanol was formed in the presence of the biohybrid
catalysts Co-L1@LCI_F16C or Co-L2@LCI_F16C. No prod-
ucts of oxidation at the B-position of sec-butylbenzene were

190 210 230 250 270 290
Wavelength (nm)

Figure 2. CD spectra of LCI_F16C (black), Co-L1@LCI_F16C (blue) and
Co-L2@LCI_F16C (red) in sodium phosphate buffer (100 mM, pH 8.0).
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Figure 3. Visualization of polystyrene MPs (diameter=1.0 pm) labeled
with LCI_F16C-DY549 conjugates. The particles incubated with (a)
DY549, (b) Co-L1@LCI_F16C-DY549, and (c) Co-L2@LCI_F16C-DY549
are visualized by bright-field (top) and fluorescence microscopy
(bottom).

Table 1: Catalytic oxidation of sec-butylbenzene.

a z Oxone (2.0 equiv.) oM
Catalyst (0.1 mol%)
NaPB (100 mM, pH 6-8)
co-solvent, 25 °C, 5 h
10 mM
1.0 equiv.
Entry Catalyst Co-solvent pH  TON?@

1 Co-L1@LCI_F16C MeCN (15%) 6.0 55

2 Co-L1@LCI_F16C MeCN (15%) 8.0 74

3 Co-L1@LCI_F16C Acetone (15%) 8.0 30

4 Co-L1@LCI_F16C THF (15%) 8.0 14

5 Co-L1@LCI_F16C  1,4-dioxane (15%) 8.0 17

6 Co-L2@LCI_F16C MeCN (15%) 8.0 76

7° Co-L1@LCI_F16C MeCN (15%) 8.0 77

8v Co-L2@LCI_F16C MeCN (15%) 8.0 76

9e Co-L1@LCI_F16C MeCN (15%) 8.0 11

10 no catalyst MeCN (15%) 8.0 <1

3Determined by GC-MS analysis. °16 h reaction time. °Reaction in
Tris-HCI buffer (50 mM, pH 8.0).

observed. A comparison of entries 1 and 2 shows that the
biohybrid catalysts are more catalytically active under basic
conditions (pH 8.0) than under acidic conditions (pH 6.0).
Oxidation using Co-L1@LCI_F16C and Co-L2@LCI_F16C
with 15 % MeCN as cosolvent led to similar TONs of 74 and
76 in 5h reaction time, respectively. Lower TONs were
observed for the catalytic reactions with other cosolvents
like acetone, THF, and 1,4-dioxane. Longer reaction time
did not lead to higher TONs (Table 1, entries7 and 8),
indicating that the catalytic oxidation was complete within
5h. The catalytic activity of Co-L1@LCI_F16C was much
lower in Tris-HCI buffer (Table 1, entry 9), presumably as
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the result of demetalating the complex as well as by
competing with substrate binding. The control reaction
without catalyst showed that the oxidation of sec-butylben-
zene with oxone at room temperature did not proceed
(Table 1, entry 10).

The oxidation of polystyrene MPs (M, =38 kDa, deter-
mined by GPC analysis) with a diameter of 1 um was carried
out using Co-L1@LCI_F16C or Co-L2@LCI_F16C as cata-
lyst with oxone as oxidant in sodium phosphate buffer
(100 mM, pH8.0) without any cosolvent. Taking into
account the self decomposition of oxone over a period of
16 h, an excess amount of oxone (2.0 equiv.) with respect to
the number of repeat units was used for the catalytic
oxidation of polystyrene MPs. The suspension was stirred at
room temperature for 16 h under argon atmosphere. The
particles were then washed three times with distilled water
and dried under vacuum for 16 h at 50°C. To remove the
water and the biohybrid catalyst completely, the product
was dissolved in dry THF over activated molecular sieves (3
A) and stirred for 24h. The precipitated, denatured
biohybrid catalyst was removed by filtration. The dry
product was characterized by ESI-TOF MS to evaluate the
leaching of the biohybrid catalyst. No corresponding peaks
of the catalyst were observed in the mass spectrum,
indicating that the catalysts were removed completely (Fig-
ure S16). The functionalized particles were subsequently
characterized by ATR-IR spectroscopy. A broad band at v=
3393 cm™' corresponding to an O-H stretching frequency
and a possible C—O stretching band at v=1194 cm™' due to
the tertiary alcohol were observed in the ATR-IR spectrum
(Figure 4, blue), suggesting that hydroxyl groups were
introduced into the polystyrene. As reported previously,*!
the C—O stretching absorption were observed in the oxy-
functionalized polystyrene at ~1200cm™', in addition to
broad hydroxyl stretching bands at ~3400 cm™'. The peaks
of C-O and O-H stretching observed in this work are
consistent with the reported data.

To quantify the functionalization level of polystyrene
MPs, the functionalized polystyrene MPs were reacted with
dansyl chloride (DsCI)[**) for the labeling of the hydroxyl
groups formed by the catalytic oxidation reaction (Fig-
ure 5a). The calibration curve of dansyl chloride in

i '

3393 cm-
1194 cm-'

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-')

Figure 4. ATR-IR spectra of polystyrene MPs before (black) and after
(blue) the oxidation catalyzed by Co-L2@LCI_F16C using oxone as
oxidant.
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Figure 5. (a) Functionalization of polystyrene microparticles (1 pm) and labeling of the hydroxyl groups with dansyl chloride. (b) UV/Vis spectra of
dansyl chloride in acetonitrile with concentrations from 5 to 60 pM. Inset: calibration curve at A=375 nm. (c) ATR-IR spectra of oxidized
polystyrene MPs catalyzed by Co-L2@LCI_F16C before (black) and after (red) the reaction with dansyl chloride. (d) UV/Vis spectra of dansyl
chloride solution in acetonitrile after the reaction with polystyrene MPs oxidized without catalyst (black), using Co-L2 (grey), Co-L1@LCI_F16C
(blue) and Co-L2@LCI_F16C (red) as catalyst. (e) Functionalization level of polystyrene MPs using Co-L1@LCI_F16C (blue), Co-L2@LCI_F16C

(red) and Co-L2 (grey) as catalyst.

acetonitrile showed an excellent R value of 0.9993 (Fig-
ure 5b). After the reaction with dansyl chloride was com-
plete, characterization of the polystyrene MPs by ATR-IR
spectroscopy showed that the peak at v=3391cm™ dis-
appeared, indicating that the hydroxyl groups were com-
pletely consumed and labeled by dansyl chloride (Figure 5c,
red). The absorbance at A=375 nm decreased significantly
compared to the negative control (Figure 5d, black) after
the dansyl chloride solution was treated with oxidized
polystyrene MPs using Co-L1@LCI_F16C (Figure 5d, blue)
or Co-L2@LCI_F16C (Figure 5d, red) as catalyst, while the
absorbance decreased only slightly by reacting the dansyl
chloride solution with polystyrene MPs oxidized by oxone
using free cobalt cofactor Co-L2 as catalyst (Figure 5d,
grey). This clearly indicates that the oxidation of polystyrene
MPs catalyzed by both biohybrid catalysts based on LCI_
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F16C anchor peptide led to a higher functionalization level
than the reaction with free cobalt cofactor. The oxidation of
polystyrene MPs was further optimized by varying the
concentration of the particles in the range from 0.025 to
0.3 mg/mL (Figure 5e). The functionalization level increased
from 5.0% to 6.0%, which corresponds to 60 hydroxyl
groups per 1000 repeat units, when using Co-L2@LCI_F16C
(Figure Se, red) and from 4.3 % to 5.0 % using Co-L1@LCI_
F16C (Figure Se, blue) as catalyst, presumably because of
stronger adhesion of the biohybrid catalyst to the particle
surface at higher concentration. Further increase of particle
concentration did not improve the functionalization level in
case of oxidation reactions using both biohybrid catalysts,
which indicates that the concentration of 0.2 mg/mL might
be saturated for the adhesion of the biohybrid catalysts to
polystyrene MPs. The higher functionalization level of
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oxidized polystyrene MPs using Co-L2@LCI_F16C as cata-
lyst than using Co-L1@LCI_F16C might be ascribed to
higher flexibility of the cofactor Co-L2, which contains
longer linker and should allow an increased probability to
bind with the substrate. A 12-fold increase using Co-
L1@LCI_F16C and a 15-fold increase using Co-L2@LCI_
F16C as catalyst in the functionalization level compared to
the use of the cobalt cofactor Co-L2 (Figure Se, grey)
showed the significant influence of LCI_F16C anchor
peptide to the oxidation of polystyrene MPs.

The GPC chromatogram of functionalized polystyrene
MPs obtained by using Co-L2@LCI_F16C as catalyst
showed that the distribution of the molar mass did not
change significantly after the functionalization (Table S2),
indicating that no chain cleavage occurred.

In conclusion, the combination of material-specific bind-
ing properties of the LCI peptide with a cobalt cofactor
allowed to boost PS hydroxylation as initial step of its
degradation by anchoring the cobalt cofactors to the PS
surface as documented by confocal fluorescence microscopy.
More specifically, biohybrid catalysts Co-L1@LCI_F16C
and Co-L2@LCI_F16C based on the engineered anchor
peptide LCI_F16C with flexible cobalt cofactors have been
developed that hydroxylated polystyrene microparticles
using commercially available oxone as oxidant. The oxida-
tion of PS microparticles using both biohybrid catalysts
showed 12-15 times higher functionalization level than using
the free cobalt cofactors. It is very likely that the general
concept of polymer degrading biohybrid catalysts can be
expanded to hydrophobic polymers such as PP or even PE
owning to LCI’s binding properties. Through coating at
ambient temperature, the biohybrid catalysts for polymer
degradation reported here could be scalable and energy-
efficient.

Supporting Information
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are available in the Supporting Information.
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Engineered anchor peptide LCI_F16C
with a flexible cobalt cofactor Co-L2
hydroxylated polystyrene microparticles
using commercially available oxone as

oxidant. The oxidation using biohybrid
catalyst (Co-L2@LCI_F16C) showed 15
times higher functionalization level than
using the free cobalt cofactors.
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