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ABSTRACT: Biocatalysis in flow reactor systems is of increasing importance for the i /@/\
transformation of the chemical industry. However, the necessary immobilization of /ﬂj/\)L o

biocatalysts remains a challenge. We here demonstrate that biogenic magnetic
nanoparticles, so-called magnetosomes, represent an attractive alternative for the
development of nanoscale particle formulations to enable high and stable conversion
rates in biocatalytic flow processes. In addition to their intriguing material
characteristics, such as high crystallinity, stable magnetic moments, and narrow
particle size distribution, magnetosomes offer the unbeatable advantage over
chemically synthesized nanoparticles that foreign protein “cargo” can be immobilized
on the enveloping membrane via genetic engineering and thus, stably presented on the
particle surface. To exploit these advantages, we develop a modular connector system
in which abundant magnetosome membrane anchors are genetically fused with
SpyCatcher coupling groups, allowing efficient covalent coupling with complementary
SpyTag-functionalized proteins. The versatility of this approach is demonstrated by
immobilizing a dimeric phenolic acid decarboxylase to SpyCatcher magnetosomes. The functionalized magnetosomes outperform
similarly functionalized commercial particles by exhibiting stable substrate conversion during a 60 h period, with an average space—
time yield of 49.2 mmol L™" h™". Overall, our results demonstrate that SpyCatcher magnetosomes significantly expand the genetic
toolbox for particle surface functionalization and increase their application potential as nano-biocatalysts.
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Bl INTRODUCTION usually retains a high catalytic activity while simultaneously
increasing the particle density in a reactor.”'’~*°

An attractive alternative to the variety of commercially
available nanoparticles is provided by so-called magnetosomes

synthesized by magnetotactic bacteria (MTB). For instance,

Innovative biocatalytic solutions are becoming increasingly
relevant in the context of the transformation of the chemical
industry.' > Crucial for the application of a biocatalyst is the
successful development of an overall biocatalytic process in a

suitable reactor system. In this context, the principle of flow the alphaproteobacterium Magnetospirillum gyphiswaldense
catalysis is being increasingly explored, e.g., through the use of biomineralizes ~40 magnetosomes per cell, consisting of a
novel reactor concepts such as biomimetic plckermg emulsion cuboctahedral core of chemically pure magnetite (Fe;O,)
reactors or self-assembling biocatalytic materials.”~> Specifi- enveloped by the magnetosome membrane, a proteinaceous
cally the use of microreactors, with dimensions ranging from phospholipid bilayer.”' ™ Because of the strictly controlled
microliters to milliliters, amplifies the advantages of flow biomineralization process, magnetosomes exhibit extraordinary
systems due to the increased surface-to-volume ratio within the material characteristics such as a strong magnetization, a
reactor. This allows an even better control of the reaction narrow particle size distribution, and high crystallinity, to an
system and thus, higher product yields. Furthermore, micro- extent that chemical synthesis can hardly achieve.”*™>°
fluidics is particularly suitable for the realization of biocatalytic Moreover, the enveloping membrane provides sites for the

processes, as the frequently delicate biocatalysts are exposed to
lower shear forces. In this regard, magnetic biocatalysts in a
fluidized bed reactor, which are stabilized by a magnetic field,
offer a straightforward approach. To enable the use of enzymes
in such reactors, their immobilization is essential and can be
achieved by noncovalent or covalent binding of the biocatalyst
to a solid support material."> Using genetically encoded tags,
biocatalysts can be covalently immobilized on such support
materials in a predefined manner.'*”'® Thereby, the -
immobilization of enzymes on the surface of (nano)supports

. 2729 .
covalent attachment of functional moieties. Functionali-
zation of the magnetosome surface can be accomplished in vivo
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Figure 1. Biogenesis of SC-functionalized magnetosomes. Genetic organization of the expression cassette for SC display on the magnetosome
surface. The spycatcher gene was expressed as fusion to mamC, with a flexible gly-ser-thr linker connecting both sequences. The fusion was set under
the control of an optimized promoter with an optimized ribosome binding site (o0RBS)*" for constitutive high-level expression. The cassette was
finally cloned into an insertion plasmid and transferred to the isogenic AmamC deletion mutant of M. gryphiswaldense. Stable insertion of the target
sequences into the host genome by transposition enabled the production of SC-functionalized magnetosomes, which can subsequently be isolated

with an intact membrane (size of particle and proteins not to scale).

by genetic engineering as well as by chemical modification of
the magnetosome membrane. Although the latter is less time-
consuming, such approaches lack selectivity, often require
harsh reaction conditions, and are difficult to control.’® The
functionalization of the magnetosome membrane by genetic
means, on the other hand, enables the specific display of
functional moieties at distinct stoichiometries. Foreign “cargo”
proteins are expressed as translational fusion to abundant
magnetosome membrane (Mam) proteins which serve as
anchor molecules. Using an optimized genetic system,’’ a
variety of functionalities has been displayed on the magneto-
some surface, including artificial peptides,”*~** fluorophores,*®
or enzyme proteins,zg’ 637 demonstrating that magnetosomes
have the potential to yield reusable, highly active nano-
biocatalysts.

It is important to note that these functionalized particles are
prearranged to specific activities and require the generation of
individual genetic variants for each fusion partner. The display
of versatile connectors such as nanobodies (camelid antibody
fragments), biotin/streptavidin, or protein ligands could partly
overcome this limitation and enabled the specific immobiliza-
tion of foreign protein cargo as well as specific coupling
reactions with complementary-tagged structures (such as
nucleic acids) or even whole cells.”***~*' As such approaches
are based on noncovalent interactions, they can be affected by
a change in reaction conditions. Therefore, a covalent bond
formation between the connector and the fusion partner would
be desirable. For such approaches, the SpyTag—SpyCatcher
system has recently been established.*”** The system consists
of a 13 aa peptide tag (SpyTag, ST) and a 116 aa peptide
(SpyCatcher, SC), which autocatalytically form an intermo-
lecular isopeptide bond between an aspartate and lysine
residue under a wide range of temperatures, pH values, and
buffers** and can genetically be fused to the protein of interest.
The system has been employed for a large variety of
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applications ranging from materials science, molecular
engineering, live-cell imaging, and protein purification to
synthetic biology.7’16’45_59

In our study, we demonstrate the installment of SC units on
the surface of bacterial magnetosomes and their further
functionalization with ST-modified cargo proteins. In partic-
ular, we immobilize a phenolic acid decarboxylase (PAD) as an
example for a biocatalytically relevant enzyme onto the particle
surface. By comparing our system with commercially available
magnetic particles, also under conditions of continuous flow,
we illustrate that functionalized SC-magnetosomes can serve as
highly active, stable nanocatalysts for biocatalytic processes in
flow reactor systems.

B RESULTS AND DISCUSSION

Magnetosome Expression of SpyCatcher Connectors
Generates a Flexible Adapter Scaffold. For magnetosome
display of SC coupling groups, the corresponding spycatcher
sequence from S. pyogenes'”*’ was optimized to the codon
usage of M. gryphiswaldense to ensure enhanced expression and
obtained in a gene-splicing reaction (Figure S1). SC moieties
were expressed as translational fusion to the surface-exposed
hydrophilic C-terminus of the 12.4 kDa magnetosome protein
MamC, with a flexible 17 aa Gly-Ser-Thr linker connecting
both sequences. MamC is tightly associated with the
magnetosome membrane by its two predicted transmembrane
helices®”™*” and highly abundant on magnetosome particles
(80—210 copies per particle).*"*”*> However, in magneto-
some biosynthesis MamC has only a minor, nonessential
function as shown by the fact that AmamC deletion cells
produce wildtype (WT)-like particle numbers with only
slightly reduced diameters (~95% of the WT).** Because of
these characteristics, MamC has proven to be a suitable
membrane anchor for the display of foreign proteins and
peptides.”®

https://doi.org/10.1021/acsami.2c03337
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Figure 2. Transmission electron microscopy (TEM) images of a representative cell of the WT of M. gryphiswaldense and strain AmamC::mamC-
spycatcher, as well as micrographs of the respective, isolated magnetosomes. The WT produced 32 =+ 14 particles per cell, arranged in a chain-like
manner at midcell. Suspensions of isolated particles (overall diameter 38.4 + 6.6 nm) were free of contamination and in negatively stained
preparations, an electron-light organic shell was visible (indicated by blue arrows) representing the magnetosome membrane. Genomic insertion of
a mamC-spycatcher expression cassette into the AmamC deletion mutant fully complemented the WT phenotype. The resulting strain
AmamC::mamC-spycatcher biomineralized 32 + 10 magnetosomes per cell with an overall diameter of 41.6 + 7.3 nm. As in the WT, isolated
particles were enveloped by an organic shell of ~5 nm on average in thickness.
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Figure 3. (A) For fluorescence microscopic analysis the SC-magnetosomes were functionalized with ST-modified EGFP'® and loaded into a Topas
chip with straight channels. The channel was closed and the chip was mounted on a chip holder with integrated Nd magnets. Note that due to the
hardware configuration, the magnets of the chip holder are at the top of the channel. After placement of the setup in a fluorescence microscope
(LSM 880 with Airyscan, Zeiss) the EGFP fluorescence was analyzed. (B) A z-stack of the channel segment allows a 3D-view of the channel. (C)
The layer thickness of the magnetosomes in the channel was determined by measuring the fluorescence in the z-view of the image.

The MamC—SpyCatcher fusion protein was expressed
under control of the strong constitutive magnetosomal
P .mpcss promoter with an optimized ribosome binding site
(oRBS),”" as illustrated in Figure 1. The isogenic AmamC
mutant strain of M. gryphiswaldense was chosen as recipient for
the gene fusion, resulting in strain AmamC::mamC-spycatcher.

spycatcher biomineralized 32 + 10 particles per cell arranged in
a chain-like manner at midcell (Figure 2). For isolated SC-
displaying magnetosomes (termed SC-magnetosomes) an
overall average diameter of 41.6 + 7.3 nm was measured
from TEM micrographs, with an electron-light, organic shell of

Magnetosome biosynthesis and cell morphology was not
affected by spycatcher expression, and strain AmamC::mamC-

~5 nm representing the magnetosome membrane surrounding
the magnetite cores.

https://doi.org/10.1021/acsami.2c03337
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Figure 4. (A) SC-functionalized magnetosomes can be used as immobilizable nano-biocatalysts by coupling ST-equipped monomers of the dimeric
phenolic acid decarboxylase (PAD-ST) onto the SC-magnetosome surface (PAD-ST@Mag). This approach was compared with the immobilization
of the PAD on SC-modified, commercially available Dynabeads M270 Epoxy (PAD-ST@Dyn) and PAD-HOB fusion protein immobilized via a
chlorohexyl—biotin linker on commercially available streptavidin-coated Dynabeads STV M280 (PAD-HOB@Dyn) for the conversion of p-

coumaric acid to p-hydroxystyrene in a magnetic microreactor in flow (B).

The presence of MamC—SpyCatcher in the isolated
magnetosome fraction was confirmed by denaturing PAGE
and Western blotting, followed by immunochemical detection
employing IgG antibodies specific for MamC (Figure S2). For
WT particles or SC-magnetosomes, the expected protein bands
were detected, with electrophoretic mobilities corresponding
to molecular masses of ~13 and ~30 kDa, respectively
(calculated masses: 12.4 kDa for MamC and 26.2 kDa for
MamC—SpyCatcher).

The functionality, i.e., the capability to bind complementary
ST-equipped proteins, as well as the amount of SC molecules
displayed on the particle surface was investigated by incubating
SC-magnetosomes with different amounts of recombinantly
produced EGFP-ST. Both fluorescence microscopy analysis
and Western blotting (Figure S3) indicated saturation of the
SC adapter scaffold at ~60 ug of EGFP-ST per mg of iron.
Taking into account the molecular mass of the EGFP-ST
fusion (31.4 kDa) and the mass of a single magnetosome
particle, an average copy number of ~170 EGFP-ST moieties
can be calculated to be present on each SC-magnetosome (for
details on the calculation see the supplementary discussion to
Figure S3). This value is in accordance with previous reports,
in which the average copy number of MamC, and
consequently the number of functional moieties on the
magnetosome surface, was estimated to be within the range
from 80 to 210 molecules.’"*”** Our observations therefore
clearly show the successful immobilization of functional EGFP-
ST (as a foreign cargo protein) on the surface of SC-
magnetosomes and complete saturation of the SC-magneto-
some adapter scaffold with all MamC—SpyCatcher fusions
being covalently linked to EGFP-ST.

The isolated SC-magnetosomes provide a versatile carrier
material for the selective immobilization of functional cargo.
To gain a better understanding of magnetosome behavior in a

magnetic bioreactor, EGFP@Mag (i.e, SC-magnetosomes
displaying ST-modified EGFP) were loaded into a linear
reactor channel. The thickness of the layer in the channel was
analyzed by using a z-stack of EGFP fluorescence in a
fluorescence microscope (Figure 3).

Representative measurements of the magnetosomes in the
channel showed a layer thickness of ~97 ym, which is in the
same range as the previously reported layer thickness of biotin-
Atto647-functionalized STV Dynabeads with ~86 pm.®® This
result suggests that a similar amount of carrier material can be
loaded into the reactor channel. However, the size of the
carrier material has to be considered, as the use of smaller
particles leads to an increase in the effective reactor surface
area and, thus, a higher number of functional units in an equal
reactor volume, potentially leading to a significant enhance-
ment in reactor efficiency. After removal of the underlying Nd
magnets, the EGFP-ST@Mag were readily flushed out without
visible aggregation.

Comparison of PAD-ST Immobilized on SC-Magneto-
somes with PAD Immobilized on Dynabead Architec-
tures. To benchmark the use of magnetosomes as
immobilization matrix for flow biocatalysis, we chose the
previously described dimeric phenolic acid decarboxylase
(PAD) from Enterbacter sp. as a well-established biocatalyst,
which offers a sustainable route to styrene derivatives from
biologically derived phenolic acids.**%”%*

Three different particle systems were compared for the
immobilization of the PAD in this study (Figure 4A), and their
performance in flow microreactors stabilized by a magnetic
field was investigated (Figure 4B). For this purpose soluble,
heterologously expressed ST-equipped PAD (PAD-ST)** was
coupled onto the surface of SC-magnetosomes to yield PAD-
ST@Mag. This approach was compared with the immobiliza-
tion of the enzyme on modified, superparamagnetic Dynabeads

https://doi.org/10.1021/acsami.2c03337
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with a size of 2.8 ym (Figure 4A). Dynabeads are commercially
available, composite magnetic support materials with various
surface chemical modifications and coatings. They have been
shown to provide high mechanical stability and low porosity as
well as excellent biocompatible properties.'***~”" Dynabeads
M-270 Epoxy beads were covalently functionalized with
heterologous expressed and purified SC protein as previously
reported.14 Subsequently, incubation with PAD-ST led to
capture of the enzyme and yielded the immobilized biocatalyst
PAD-ST@Dyn. As an alternative example for a self-
immobilizing PAD fusion enzyme, the HOB-tag was
investigated for its suitability to immobilize the PAD, resulting
in PAD-HOB@Dyn. The HOB-tag, a variant of the HaloTag,
is a self-ligating fusion ta§ that binds covalently to chlorohexyl
(CH) suicide ligands72’7 and was genetically attached to the
PAD at its C-terminus. To employ this fusion enzyme, we used
Dynabeads M-280 streptavidin, which were further modified
with a biotin—PEG—chlorohexyl linker as previously re-
ported."*%® A detailed scheme of the synthesis routes for
each catalyst can be found in Figure S4.

There are several relevant considerations for a valid
assessment of the efficiency of immobilized biocatalysts in a
flow reactor. A potentially detrimental influence of the binding
tags on the biocatalyst’s activity has to be investigated.
However, we found that the fusion of PAD with the tags
used in this work could be heterologously expressed in high
purity (Figure SA) with no significant differences in the
substrate conversion rate (Figure 5B). Furthermore, max-
imizing the volumetric activity of flow reactors is a crucial
parameter for their efficiency and strongly depends on the
effective surface area and binding capacity of the support
matrix used. Prior to application in a flow process, the PAD
activity per milligram of carrier material was analyzed via the
conversion of p-coumaric acid (pCA) to p-hydroxystyrene
(pHS) in a batch assay. PAD-ST@Mag showed a superior
activity per milligram of carrier material in comparison to
PAD-ST@Dyn and PAD-HOB@Dyn (Figure SC), which
might be due to the higher surface area of the magnetosome
nano-biocatalyst in comparison to the Dynabeads.

Application of PAD-ST@Mag in a Miniaturized
Continuous Flow Biocatalysis. We next investigated the
operational stability of the three immobilized PAD biocatalysts
in a flow process. For practical processes it is important that
the immobilized enzyme preserves high catalytic activity over a
prolonged time. To this end, the different magnetic
biocatalysts were loaded into a microreactor and fixed via
Nd magnets incorporated in the reactor holder in a continuous
reaction format with automated sampling (Figure 6A,B). We
chose a flow rate of 1 yL min~’, leading to a typical residence
time of 3.5 min. Similar to the experiments performed in batch
mode, the immobilized decarboxylase biocatalysts exhibited
excellent activity (Figure 6C). Employing 2 mg of PAD-ST@
Mag, near-quantitative conversion to pHS was achieved during
the first 24 h. PAD-ST@Mag proved to be more durable than
the PAD immobilized on Dynabeads, leading to an average
space—time yield (STY) of 49.2 mmol L™ h™' during a run
time of 60 h. The use of 2 mg of PAD-ST@Dyn led to a
satisfactory average STY of 44.7 mmol L™ h™". In contrast, no
full conversion could be obtained when employing 2 mg of
PAD-HOB@Dyn. The activity significantly declined after 14 h,
leading to an average STY of only 30.1 mmol L™ h™" in the
course of 60 h. The decrease in activity in the case of the PAD-
HOB@Dyn was expected, since the PAD-HOB is covalently
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Table 1. Architectures of Magnetic Decarboxylase Biocatalysts Used in This Study

PAD-HOB@Dyn

PAD-ST@Dyn

PAD-ST@Mag

biocatalyst

PAD

PAD-HOB

PAD-ST

PAD-ST

variant

CH-modified Dynabeads M-280 STV

SC-modified Dynabeads M-270 Epoxy

SC-magnetosomes

material

carrier

2.8 um

2.8 um

41.6 = 7.3 nm

particle size

activated magnetic particles with

o

nonporous, hydrophobic, tos

hilic, epoxy-

further functionalized with a biotin—

’

V,

immobilized BSA and ST

chlorohexyl linker

with

el

activated magnetic particles

nonporous, pH neutral, hydr
immobilized SC-protein

biogenic, membrane-enveloped magnetite nanoparticles with surface-exposed SC,

surface

genetically incorporated and immobilized as translational fusion with the magnetosome

membrane anchor MamC

properties
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Figure S. Characterization of PAD-fusion proteins and immobilized PAD on different carrier materials. (A) Denaturing 16% SDS-PAGE analysis of
4 pg of each PAD fusion protein after heterologous expression in E. coli and purification via a C-terminal 6XHis-tag. The proteins were obtained in
purities >95% according to grayscale analysis. Lane 1: PAD (20.4 kDa); Lane 2: PAD-ST (21.8 kDa); Lane 3: PAD-HOB (53.8 kDa); Marker:
PageRuler prestained protein ladder (Thermo Scientific). Molecular weight of to the monomer is given. (B) Enzymatic activity in (;4molpcA
umoly,p™ min™") of the PAD variants by using 0.1 mM p-coumaric acid (pCA) as substrate, determined by an absorbance-based assay in PAD
Buffer (25 mM potassium phosphate buffer, pH 6) at 30 °C. (C) Specific activities per milligram of carrier material of PAD-functionalized SC-
magnetosomes (PAD-ST@Mag; yellow) in a batch reaction in comparison to the alternative magnetically immobilizable biocatalyst systems. The
conversion of pCA to pHS through PAD-ST@Mag, PAD-ST immobilized on SC-Dynabeads (PAD-ST@Dyn; dark blue), or PAD-HOB
immobilized on CH-Dynabeads (PAD-HOB@Dyn; light blue) was monitored at different points in time by using HPLC analysis. All experiments
were performed in PAD-Buffer at 30 °C and 600 rpm at least in duplicates by using different batches of magnetosomes or particles.

coupled to the chlorohexyl—biotin, but its binding to the
streptavidin is noncovalent, leading to a constant removal of
PAD from the reactor bed.

The slow decline in reactivity of the PAD-ST@Mag could
potentially be due to disintegration of the magnetosomes.
However, we could not detect obvious changes in magneto-
some morphology when comparing particles before and after
application in the flow reactor (Figure SS). On the contrary,
the stability of the PAD appears to be improved by
immobilization. While a flow reactor loaded with only 50 ug
of PAD-ST@Mag still showed more than 65% of its initial
activity after 96 h, the free PAD-ST in the working stock
concentration for the batch assays under comparable
conditions (30 °C, PAD reaction buffer) lost most of its
activity after 96 h with only 7% of its initial activity remaining
(Figure S6). Therefore, the loss in activity over time might
indicate a loss of particles. These could, however, be recovered
and recirculated into the reactor. In comparison with the
available commercial particle systems, the magnetosome-based
system developed here provides high space—time yields in flow
biocatalytic applications, while offering a platform for the
modular decoration of magnetic nanoparticles requiring no
chemical functionalization reactions.

B CONCLUSION

Magnetosomes are a biologically produced alternative to
existing commercial, magnetic beads for the immobilization
of target proteins, such as biocatalysts. Genetic engineering
provides a highly selective and reliable tool for the (multi)-
functionalization of the magnetosome surface;””>"%° however,
its time-demanding nature (ie., the generation of strains
producing functionalized magnetosomes) lowers the through-
put, and generated particles are predetermined to distinct
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functionalities. Widely used in vitro approaches such as cross-
linking reactions allow for a much more rapid functionalization
of the particle surface but lack specificity and controllability.*
In our study, we combined the advantages of both in vivo and
in vitro functionalization by magnetosome expression of a
covalent MamC—SpyCatcher bioconjugate and subsequent
coupling of SpyTagged protein cargo. While there are many
synthetic strategies available for interconnecting two protein
compounds, including split inteins,”® coiled coils,”” and split
proteins,”® the ST—SC system provides a strong and
irreversible interaction by spontaneous reconstitution of an
intramolecular isopeptide bond.*’

Immobilization of ST-equipped PAD monomers on the SC-
magnetosome surface resulted in catalytically highly active
nanoparticles that could be applied as nano-biocatalyst in a
flow reactor system. Compared to likewise functionalized
commercial Dynabeads, magnetosomes exhibited more stable
conversion rates and an overall increased activity, which might
be explained by the smaller magnetosome diameter. Thus, a
significantly higher number of functional moieties can be
immobilized on the same amount of carrier material, making
magnetosomes well-suited for flow catalysis. The simultaneous
fusion of the SC bioconjugate to several different magneto-
some proteins could further enhance the SC protein density on
the particle surface. In addition, the simultaneous fusion of SC
moieties to the N- and C-termini of the respective membrane
anchors, or even as arrays,’”’ might drastically increase the
binding capacity of the particles, thereby turning the
magnetosome membrane into a more flexible multimodal
binding platform for functional moieties. The catalytic activity
of the functionalized magnetosomes furthermore suggests the
correct dimerization of the PAD monomers as it has been
observed for genetically engineered, enzyme displaying
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Figure 6. Application of the PAD-functionalized SC-magnetosomes in continuous flow reactors in comparison with the alternative magnetically
immobilizable biocatalyst systems (Dynabeads). (A) Fluidics setup used in this study. Glass syringes containing the substrate solutions were
installed in Cetoni Nemesys syringe pumps and connected to a Topas chip with four straight channels via PTFE tubing. The chip was mounted on
a brass chip holder with integrated Nd magnets to retain the magnetic catalyst, and the chip holder was connected to a thermostat for temperature
control. The reactor outflow was automatically fractionated into a 96-well plate by using a Cetoni rotAXYS positioning system, modified for parallel
sampling of up to three samples. (B) Magnetic microfluidic packed-bed reactor loaded with PAD-functionalized magnetic particles. The picture
shows three channel compartments. The brass chip holder is connected to a thermostat to control the temperature and contains integrated
rectangular Nd magnets that retain the PAD-functionalized magnetic carriers. The first channel on the left contains the light brown PAD-HOB@
Dyn, while the dark brown PAD-ST@Dyn is applied in the center. The right channel contains the black PAD-ST@Mag. (C) Conversion of pCA to
pHS over 60 h in flow microreactors using PAD-ST@Mag (yellow), PAD-HOB@Dyn (light blue), and PAD-ST@Dyn (dark blue). All
experiments were performed at least in duplicates by using different batches of magnetosomes and particles. The reactors were perfused with 1 uL
min~" of a 5 mM pCA substrate solution in PAD buffer at 30 °C. Fractions were automatically collected every 90 min, and the substrate conversion
was determined via HPLC analysis of the reactor outflow.

magnetosomes.”””” Moreover, an increased enzymatic stability
of PAD-ST was observed (compared to the soluble enzyme),
suggesting that the immobilization on the magnetic carrier
facilitates and stabilizes folding and dimerization of the
enzyme. Because of the flexibility of the ST—SC system, the
study performed here opens the door to applications

employing many other biocatalytically relevant enzymes.
Thereby, the magnetosome system might be especially useful
for enzymes, which prefer the presence of membranes for their
immobilization.

In summary, the display of SC connectors greatly enhances
the flexibility to functionalize the magnetosome surface with
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foreign protein cargo and extends the existing toolkit of
magnetosome-adapted coupling groups (such as nanobodies or
streptavidin®®**”?). Because the complementary ST-peptide
tag can be easily fused with the desired protein function, the
ST—SC system could enable the functionalization of the
magnetosome surface with any foreign proteins, thereby greatly
facilitating the fabrication of multifunctional magnetic nano-
particles with tailored properties.

B EXPERIMENTAL SECTION

Bacterial Strains and Cultivation Conditions. Bacterial strains
that were used in this study are listed in Table S1. M. gryphiswaldense
strains were cultivated microaerobically (to induce magnetite
biomineralization) in modified flask standard medium (FSM) under
moderate shaking (120 rpm) at 28 °C as described previously.**!
Escherichia coli strains were grown as described previously.**”*® For
cultivating E. coli WM3064 [Metcalf, W., unpublished] pr-a,e-
diaminopimelic acid (DAP) was added to lysogeny broth (LB)
medium at a final concentration of 1 mM. Solid media were prepared
by adding 1.5% (w/v) agar; for strains carrying recombinant plasmids,
media were supplemented with 20 ug mL™" chloramphenicol (Cm)
and/or 25 pg mL™' kanamycin (Km) or 100 ug mL™" ampicillin
(Amp) for E. coli, or 5 pug mL™" for M. gryphiswaldense strains.

Molecular and Genetic Techniques. Oligonucleotides (Table
S2) were purchased from Sigma-Aldrich (Steinheim, Germany).
Plasmids used in this study are listed in Table S3. Plasmids were
constructed by standard recombinant techniques as described in detail
below.

Construction of pET22-EsPAD-HOB-His. The genetic con-
struction was performed by using the in vitro recombination method
described by Gibson et al.** utilizing PCR products and synthetic
DNA fragments with 30 bp homologous overlaps. For the generation
of PAD-HOB-His, the backbone encoding for a N-terminal PAD and
C-terminal 6XHis-Tag separated by a glycine spacer was amplified
and linearized by using primers EMOl and EMO02 with pET22-
EsPAD-SC-His*® as template. This backbone was then recombined
with a HOB encoding insert, which had been generated by
polymerase chain reaction (PCR) by using the primers EM09 and
EM10 with pET22-Gre2-HaloStar-His'* as template. After assembly,
Dpnl digests were performed, and the reaction mixtures were
transformed into chemically competent E. coli NEBS-alpha cells (New
England Biolabs). Plasmid DNA was isolated by using the ZR Plasmid
Miniprep - Classic Kit from Zymoclean according to the
manufacturer’s instructions. The correct assembly and sequence of
the resulting plasmids were verified by commercial sequencing (LGC
Genomics, Germany).

Construction of pET28A-His-EGFP-ST. The pET28a-His-
EGFP-ST expression vector was constructed by fusing the spytag
sequence to the sequence of the EGFP reporter protein, prior to
cloning the fusion into the multiple cloning site of pET28a (Novagen,
Darmstadt, Germany). egfp was amplified from pJH2 by using primers
GFP-Ndel-fwd and GFP-Linker-SpyTag-rev, thereby generating a
Ndel restriction site upstream of egfp and fusing a sequence consisting
of a 17 amino acid gly-ser-thr linker and the spytag to the egfp gene.
The resulting fragment was subsequently amplified by using primers
GFP-Ndel-fwd and SpyTag-rev to generate a BamHI restriction site
downstream of the spytag sequence. Afterward, the egfp-spytag fusion
was inserted into Ndel and BamHI restriction sites of pET28a.

Construction of M. gryphiswaldense Strain AmamC::mamC-
spycatcher. The sequence of CnaB2 was taken from the UniProt
database (www.uniprot.org; UniProtKB - Q6A1F3) and modified/
optimized as described by Zakeri et al,*’ thereby changing amino
acids I34 and M69. The ST and SC sequences were obtained by
dissection of CnaB2 into a 13 aa peptide representing the C-terminal
P-strand and a 138 aa protein as reaction partner.'”*> Because of a
divergent %GC content (M. gryphiswaldense, 62%;>" S. pyogenes,
38.5%"), which was expected to compromise expression in M.
gryphiswaldense, the spytag and spycatcher genes were optimized to the
codon usage of M. gryphiswaldense. For reverse translation and codon

optimization, the SMS (Sequence Manipulation Suite, www.
bioinformatics.org) was used. SC moieties were expressed as
translational fusion to MamC, which served as membrane anchor.
For that purpose, the spycatcher sequence was fused to mamC with a
17 amino acid gly-ser-thr linker (TSGGSGGTGGSGGTGGS)* ™
connecting both sequences. The spycatcher gene was obtained by
overlap PCR™ by using the fragments SpyCatcher-1 to SpyCatcher-4
(Figure SI1A). The resulting fragment was subsequently amplified by
PCR by using primers Linker-SpyCatcher-fwd and SpyCatcher-rev,
thereby fusing the 17 amino acid linker to the spycatcher sequence and
generating Ncol and BamHI restrictions sites up- and downstream of
the construct (Figure S1B). The latter was subsequently inserted into
the Ncol and BamHI restriction sites of pSB9 (downstream of
mamC), resulting in pFMDMI. The isogenic AmamC strain of M.
gryphiswaldense was conjugated with pFMDMI1, and the mamC-
spycatcher expression cassette (P,..pcss_ mamC-spycatcher, Figure
S1C) was inserted into the chromosome at random position by Tn$
transposition.

Magnetosome Isolation. Magnetosomes were isolated from
microaerobicall}f grown M. gryphiswaldense cultures as described
previously.®**® Briefly, the cells were harvested by low-spin
centrifugation, resuspended in 50 mM HEPES/NaOH + 1 mM
EDTA, pH 7.2, and disrupted by using a microfluidizer system.
Particle isolation and purification were achieved by subjecting the
obtained crude extract to MACS magnetic separation columns (5 mL;
Miltenyi, Bergisch Gladbach, Germany) placed between two neo-
dymium—iron—boron magnets. After several washing steps, the
magnetic field was removed, and the magnetosomes were eluted
from the column. As an additional purification step, the magnetosome
suspension was afterward centrifuged through a 60% (w/v) sucrose
cushion at 200000g for 2 h at 4 °C. Finally, after resuspending the
magnetosome pellet, the suspension was stored in Hungate tubes at 4
°C under a nitrogen atmosphere.

Heterologous Expression in E. coli and Purification of the
Proteins PAD, PAD-ST, PAD-HOB, and SC. E. coli BL21(DE3)
cells were transformed with the plasmid pET22-EsPAD-His,*®
pETZZ-EsPAD-ST-His,46 pET22-EsPAD-HOB-His, pExpl-His-SC
or ST-EGFP-His'® using heat shock. The cells were selected overnight
on LB/agar plates containing 100 g mL~' ampicillin at 37 °C.
Individual clones were used to inoculate liquid cultures of 100 mL of
LB medium supplemented with 100 pg mL™" ampicillin (LB+Amp)
and cultured overnight at 37 °C and 180 rpm. Erlenmeyer flasks with
LB+Amp were inoculated 1:40 with the respective overnight culture.
The cultures were incubated at 37 °C and 180 rpm until an ODgy, of
0.6 was reached. Subsequently, the culture was cooled to 25 °C for at
least 15 min, and protein expression was induced with 0.5 mM
isopropyl-f-p-thiogalactopyranoside (IPTG). For PAD-HOB an
alternative protocol was used: Here, protein expression was induced
with 0.1 mM IPTG at an ODg, of 1.0. After incubation at 25 °C
overnight the cells were harvested by centrifugation (10000g, 10 min,
4 °C), resuspended in NPI10 buffer (50 mM NaH,PO,, S00 mM
NaCl, 10 mM imidazole, pH 8) and frozen at —80 °C until further
processing. The proteins were purified via NTA chromatography
using His60 Ni Superflow Cartridges (Clontech) mounted on an Akta
Pure liquid chromato§raphy system (GE Healthcare, Germany) as
previously described.*® Subsequently, the buffer was exchanged to
PBS buffer (11.5 mM sodium phosphate, S00 mM NaCl, pH 7.5) by
using Vivaspin Turbo 15, 10000 MWCO or 5000 MWCO
(Sartorius), depending on the size of the protein.

Heterologous Expression in E. coli and Purification of
Recombinant EGFP-ST Protein. For high-level production of
recombinant EGFP-ST, the respective pET28a expression vector
(Table S3) was transformed into competent E. coli Rosetta (DE3). A
positive clone carrying the construct was cultivated aerobically at 37
°Cin 1.0 L of LB medium supplemented with Cm/Km. Expression of
the ST fusion protein was induced at an optical density ODyg, of ~0.6
with 1.0 mM IPTG. Crude extracts were ultracentrifuged (2.5 h at
100000g, 4 °C; Thermo Scientific Sorvall WX Ultra 80 with rotor 45
Ti (Waltham, MA)) to remove cellular debris and membranes. The
resulting cytoplasmic fractions contained high amounts of EGFP-ST
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and were stored at 4 °C until further use. The pET28a expression
vector enabled the high-yield production of recombinant EGFP-ST,
equipped with an N-terminal 6XHis-Tag. The latter allowed efficient
purification by Ni-NTA chromatography using 1 mL fast-flow nickel
columns (GE Healthcare, Chalfont St. Giles, UK) and applying a
bind—wash—elute procedure.*”** A constant flow rate of 1 mL min™!
was ensured by employing a Pharmacia LKB P-1 peristaltic pump
(Uppsala, Sweden). Prior to loading the cytoplasmic fraction (which
contained the soluble, His-tagged EGFP-ST protein) onto the
column, the latter was washed with 10 column volumes of ddH,O
and S column volumes equilibration buffer (50 mM NaH,PO, + 0.5
M NaCl, pH 7.4). After subjecting the cytoplasm to the column, a
stepwise imidazole gradient (1, 2.5, S, 10, 50, 100, and 500 mM
imidazole in equilibration buffer) was used to elute and fractionate the
proteins bound to the column.

Preparation of PAD-Functionalized SC-Magnetosomes
(PAD-ST@Mag). Magnetosomes were stored in ddH,O at 4 °C
prior to use. Prior to enzyme immobilization, the particles were
washed three times with PAD buffer (25 mM potassium phosphate,
pH 6). For enzyme immobilization, 2 nmol of ST-labeled protein was
mixed in 1.8 mL of PAD buffer per mg of magnetosomes for 60 min
at 30 °C in a rotator. The magnetosomes were magnetically retained
and washed three times with PAD buffer. The beads were
immediately used.

Preparation of SpyCatcher-Modified Dynabeads Function-
alized with PAD-ST (PAD-ST@Dyn). Magnetic beads displaying
the SC on the surface (SC-Dyn) were generated as previously
described'* following the manufacturer’s instructions. For enzyme
immobilization, 1 nmol of purified ST-labeled protein was mixed in
1.8 mL of PAD buffer per mg of SC-Dyn at 30 °C for 60 min in a
rotator. The Dynabeads were washed three times with PAD-T-buffer
(PAD buffer supplemented with 0.01% Tween-20). The beads were
used immediately.

Preparation of Chlorohexyl-Modified Dynabeads Function-
alized with PAD-HOB (PAD-HOB@Dyn). For the immobilization
of HOB-tagged EsPAD, chlorohexyl-modified magnetic particles were
prepared as previously described.'* In brief, Dynabeads M-280
streptavidin beads were incubated with the biotin—PEG—chlorohexyl
conjugate (HaloTag PEG-Biotin Ligand, Promega) dissolved in 100
mM potassium phosphate buffer pH 7.5 to a final concentration of 2
nmol of biotin—PEG—chlorohexyl conjugate per mg of bead and mL
of buffer. The suspension was incubated for at least 60 min at 30 °C
in a tube rotator, and the beads were magnetically retained and
washed with PAD-T-Buffer. For enzyme immobilization, 1 nmol of
purified PAD-HOB was mixed in 1.8 mL of enzyme buffer per mg of
CH-Dyn for 60 min at 30 °C in a rotator. The Dynabeads were
washed three times with PAD-T-Buffer and used immediately.

Flow Biocatalytic Experiments. The PAD-functionalized
magnetic particles were loaded into the individual compartments of
a four straight channel Topas chip (microfluidic ChipShop, Jena,
Germany) through a homemade pipet adapter and a correspondingly
loaded pipet tip by using a negative flow rate of —20 yL min~". The
dimensions of each channel are $8.5 X 1.0 X 0.2 mm® which
corresponds to a total reactor volume of 11.7 yL and ~10 uL of area
with underlying Nd permanent magnets. Successful loading of the
reactor was monitored by visual inspection. Filled channels were
connected with a short PTFE tubing (internal diameter 0.5 mm) to
connect the chip inlet with a CETONI neMESYS syringe pump
containing the substrate solution and the chip outlet with the
CETONI Compact Positioning System rotAXYS. The reactor
temperature was maintained at 30 °C via a HT200 temperature-
controlled chip holder (ibidi GmbH, Germany), in which a brass chip
holder modified with Nd permanent magnets for retention of the
catalyst was mounted. The syringe pump was filled with 5 mL of
substrate solution containing 5 mM pCA supplemented with 0.01%
sodium azide in PAD buffer. A flow rate of 1 yL min™" was used. The
chip effluent was automatically fractionated by the rotAXYS system in
a 96-well plate containing 60 yL of acetonitrile, supplemented with
aqueous HCI and cinnamic acid as internal standard to stop all

enzymatic reactions. The samples were then analyzed by HPLC as
described in the following sections.

Analytical Methods. Cellular growth of M. gryphiswaldense strains
was monitored photometrically by measuring the optical density at
565 nm (ODse). Magnetosome production was estimated by
determining the magnetic response (Cmg) of the cultures when
subjected to different magnetic field orientations (tilted by 90°). The
ratio of the scattering intensities relative to the light beam correlates
with the average particle numbers, allowing semiquantitative
estimations of the magnetosome contents.*”

Transmission electron microscopy (TEM) of whole cells or
isolated magnetosomes was performed on a CEM 902A (Zeiss,
Oberkochen, Germany) with an acceleration voltage of 80 kV. Images
were taken with a Gatan Erlangshen ESSO0W CCD camera. Samples
were prepared as previously described.*® Crystal sizes were measured
with Image] software.”” TEM analyses for investigations regarding the
morphology of PAD-ST@Mag before and after flow reaction were
performed on an EM910 transmission electron microscope (Zeiss,
Oberkochen, Germany) with an acceleration voltage of 80 kV.

Iron contents of suspensions of isolated magnetosomes were
determined by flame atomic absorption spectroscopy (AAS). S0—100
HL of the corresponding suspensions was mixed with 69% nitric acid
to a final volume of 1 mL and digested at 98 °C for 3 h. Afterwards,
the samples were filled up with ddH,O to a volume of 3 mL and
analyzed by using an Analytik Jena contrAA300 high-resolution
atomic absorption spectrometer (Analytik Jena, Jena, Germany) as
described previously.*® Tron contents are given as mean values and
represent the averaged values of three experiments measured in
quintuplicates.

Protein concentrations were determined via UV—vis spectroscopy
using the theoretical molar extinction coefficients at 280 nm, as
calculated by the Geneious ver. 8.1.9 software.

For fluorescence microscopy, an LSM 880 with Airyscan (Zeiss,
Oberkochem, Germany) was used.

Coupling of recombinantly expressed, soluble EGFP-ST to isolated
SC-magnetosomes was assessed by measuring the fluorescence
intensity by using excitation/emission wavelengths of 485/535 nm,
respectively, in an Infinite M200pro plate reader (Tecan, Crailsheim,
Germany). To allow comparison between different samples,
fluorescence intensities were normalized to their respective iron
concentrations.

Denaturing Polyacrylamide Gel Electrophoresis (PAGE) and
Western Blotting. For analyzing the protein purifications, the
respective samples were incubated with loading buffer containing 100
mM f-mercaptoethanol for 10 min at 95 °C (“harsh” denaturing
conditions), separated by electrophoresis according to the method
described by Laemmli’' and stained with Coomassie Brilliant Blue G-
250. PageRuler Prestained Protein Ladder (Thermo Fisher Scientific)
served as reference marker. Samples of isolated magnetosome
suspensions were mixed with loading buffer containing 100 mM
DTT and incubated at room temperature for 10 min (“mild”
denaturing conditions). The solubilized magnetosome membrane
protein fractions were separated by electrophoresis according to Fling
and Gregerson’> and subsequently transferred onto polyvinylidene
difluoride (PVDF) membranes (Roth, Germany). Immunochemical
detection was performed as previously described””*" by using a
primary rabbit IgG antibody specific for MamC at a ratio of 1:1000
and secondary goat anti-rabbit IgG antibodies with conjugated
alkaline phosphatase (Sigma-Aldrich, Germany).

Absorbance-Based Assay for the Determination of Decar-
boxylase Activity. The assay was performed as previously
described.%® In brief, S0 uL of a 0.1 uM enzyme solution in PAD
buffer was transferred in an ultraviolet (UV) transparent 96-well
microtiter plate, and 150 uL of a p-coumaric acid (pCA) stock to a
final concentration of 0.1 mM in PAD buffer was added. The
consumption of pCA was recorded at 294 nm by using a Synergy MX
microplate reader (BioTek, Winooski, VT) over a period of 20 min at
30 °C. Activity was calculated from the linear decrease in absorption
intensity and the calibration curve shown in Figure S7. All
measurements were performed at least six times in biological
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duplicates. For calibration curves and as positive control, p-
hydroxystyrene (pHS) was synthesized as described previously.**”

Determination of Decarboxylase Activity via High Perform-
ance Liquid Chromatography (HPLC). Specific enzyme activity
was analyzed via HPLC. In a 1.5 mL reaction tube, 25 uL of a 4 yuM
solution of the corresponding PAD variant in PAD buffer (25 mM
potassium phosphate, pH 6) or 25 uL containing PAD immobilized
on beads were added to 725 uL of PAD buffer. After preincubation at
30 °C and 600 rpm, the reaction was started by addition of 250 L of
a S mM pCA stock solution in PAD buffer by using DMSO as
cosolvent. The final substrate concentration was 1.25 mM. Time-
dependent samples of 100 L reaction solution were taken manually,
quenched with 100 uL of quenching solution (1 mM cinnamic acid as
internal standard, 25 mM HCl in aqueous acetonitrile) and incubated
at 50 °C under vigorous shaking for 10 min to quench the enzymatic
activity. The samples were centrifuged, and the supernatant was
transferred to HPLC vials for further analysis. HPLC analyses were
performed on an Agilent Technologies (Palo Alto, CA) 1100 Series
with autosampler and diode array detector (DAD). pHS and pCA
were detected and quantified by reverse phase HPLC using an Eclipse
XDB C18 column (5 ym, Agilent) with a precolumn of the same
material, with cinnamic acid as internal standard (Figure S8). The
separation was realized at 10 °C with a gradient method: solvent A:
acetonitrile; solvent B: ddH,0 with 0.1% (v/v) trifluoroacetic acid;
gradient: 0 min 35% A 65% B; injection volume: 10 uL; flow rate: 1
mL min~"). Chromatograms were recorded at 254 nm (pHS) and 284
nm (pCA and cinnamic acid). For calibration, dilutions of pHS and
pCA in the range of 0.1—5 mM were prepared in PAD buffer, diluted
with quenching solution as described above, and subjected to HPLC
analysis (Figures S9 and S10).
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