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Abstract

Background:Magnetic nanoparticles (MNPs) are becoming more important as carri-

ers, because of their large specific surface area and easy separability. They are increas-

ingly used in enzyme technology, diagnostics, and drug delivery.

Major results: For the directed and almost irreversible immobilization of proteins on

MNPs, we have developed a new selective (His-Arg)4 peptide-tag, that binds fusion

proteins directly from an E. coli cell lysate to non-functionalized, low-costMNPs. Using

the immobilization of an ene-reductase as an example, we could demonstrate that the

fusionwith this tag increases thermostability without reducing overall activity (ERw/o

tag: t1/2 = 3.7 h, (HR)4-ER: t1/2 = 9.9 h). Immobilization by adsorption in Tris buffer

resulted in very high enzyme loads with approx. 380 mg g-1 and 67% residual activity.

The immobilization on the MNPs allowed a fast concentration, buffer exchange, and

reuse. While about 50% of the activity was lost after the first reuse, we were able to

show that the activity did not decrease further andwas stable for another nine cycles.

Conclusion: According to our studies, our tag highly works for any kind of immobiliza-

tion on MNPs and holds the potential for enzyme immobilizations as well as for drug

delivery and sensors.
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1 INTRODUCTION

Magnetic nanoparticles are used in all kinds of applications, such as

enzyme immobilization, bioimaging, biosensors, drug delivery, enrich-

ment of bacteria, and many more.[1–5] The high specific surface areas

Abbreviations: (HR)4, dipeptide histidine-arginine repeated four times; AEX, anion exchange

chromatography; Arg, arginine; BCA, bicinchoninic acid; ER, ene-reductase; ERw/o tag,

ene-reductase without a tag; FMN, flavin mononucleotide; GFP, green fluorescent protein;

His, histidine; HPLC, high-performance liquid chromatography; IMAC, immobilizedmetal

affinity chromatography; Lys, lysine; MNPB, bound proteins onmagnetic nanoparticles;

MNPs, magnetic nanoparticles; MNPS, supernatant of magnetic nanoparticles after magnetic

separation;MNPW,wash supernatant of magnetic nanoparticles after magnetic separation;

NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide

phosphate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SEC, size

exclusion chromatography; TBS, Tris-buffered saline
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combined with the possibility of magnetic separation, are excellent

prerequisites for immobilization purposes.[5–7] While porous supports

have high specific surface areas as well, they can have mass transfer

limitations, and thus, nanoparticles can outperform them.[5,8–10]

Proteins can be immobilized on nanoparticles by physical adsorption

or covalent linkage.[7,11] On the one hand, the covalent linkage is

often accompanied by a high loss of protein activity and more complex

immobilization protocols; on the other hand, weak physical adsorption

can result in protein leaching.[5,11] However, adsorption through

affinity tags proves to be an alternative to non-specific physical

adsorption.[12] Their high affinity to the support material allows for

combining immobilization and purification.[5,13] Whole proteins (like

Biotechnol. J. 2021;16:2000366. www.biotechnology-journal.com 1 of 9

https://doi.org/10.1002/biot.202000366

https://orcid.org/0000-0002-7855-2978
https://orcid.org/0000-0002-8627-0807
https://orcid.org/0000-0002-4943-848X
mailto:s.berensmeier@tum.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.biotechnology-journal.com
https://doi.org/10.1002/biot.202000366


2 of 9 ZANKER ET AL.

the HaloTag) or small peptide sequences (e.g., His-tag, Strep-Tag) can

be used as affinity tags.[14–16] Using whole proteins as affinity tags

often leads to a compromised activity of the fused partner, due to their

size.[17] Thus, the usage of smaller affinity tags seems reasonable.

Most affinity tags need specific counterparts for adsorption, for exam-

ple, streptavidin-based tags bind to immobilized biotin.[15,18] Thus,

an expensive surface modification is required for most affinity tags.

Tags with high affinity to non-functionalized surfaces overcome this

problem. The E6-tag (Glu-tag), for instance, was successfully used as an

affinity tag for non-functionalized MNPs and a successful purification

of GFP-E6 with MNPs was demonstrated.[19] Aside from the nega-

tively charged E6-tag, the positively charged peptides indicate a high

affinity to MNPs as well.[20] Blank-Shim et al. observed high binding

scores for the basic amino acids (Arg, Lys, His) in Tris, phosphate,

and citrate buffers.[20] These findings led to the design of the here

presented (HR)4-tag, His-Arg-His-Arg-His-Arg-His-Arg, which has a

more optimized selective and strong binding behavior.

The existence of histidines and arginines in one tag promises an

advantageous, novel combination, which has the benefits of bind-

ing to divalent metal cations via the histidines and being polyca-

tionic, thus, increasing electrostatic interactions via the arginines. The

(HR)4-tag was fused to an enzyme to investigate the suitability as

an enzyme immobilization tag. Therefore, the activity as well as the

enzyme immobilization was investigated. We chose an ene-reductase

(ER, EC 1.6.99.1) as a model enzyme for two main reasons. Firstly,

ene-reductases are industrially relevant, because they are used for

asymmetric synthesis.[21] Often used as whole-cell biocatalysts, these

enzymes reduce activated C=C bonds trans-specifically; thus, generat-

ing chiral molecules.[22,23] The usage of ERs in the chemical industry is

favorable since no use ofmetals is necessary and the reactions are per-

formed under mild conditions with high stereoselectivities.[24,25] The

second reason is due to its “complexity.” It is an enzyme, which needs

a cofactor (NADH), bears a prosthetic group (flavin mononucleotide

[FMN]), and catalyzes reactions with a ping-pong bi-bi mechanism.[26]

When our immobilization strategy works for such ‘complex’ enzymes,

it is highly likely that it also works for less complex enzymes.We inves-

tigate the immobilization of an ene-reductase having the novel (HR)4-

tag to cheap non-functionalized MNPs. The immobilization of the ene-

reductase on MNPs allows the reuse and simplified handling of oxi-

doreductases with this immobilization approach. The binding behavior

of (HR)4-ER on MNPs, the relative activities after immobilization, and

the reusability of the immobilized enzymearepresented.Moreover,we

compare the immobilization of (HR)4-ERwith the immobilization of the

ERwithout this tag.

2 MATERIALS AND METHODS

2.1 Materials

The primers were synthesized by Eurofins (Eurofins Genomics GmbH,

Germany) and the restriction enzymes were provided by NEB (New

England Biolabs, USA) and used as supplied. The used Tris buffers were

Tris (50mMTris-Base) and TBS (Tris-buffered saline, 50mMTris-Base,

137 mM NaCl, 2.7 mM KCl). The plasmids of the ene-reductase and

GFP variants were obtained byDr.Mähler andDr. Blank- Shim, respec-

tively. The ER used in our studies belongs to the Old yellow enzyme

family (OYE, EC 1.6.99.1), which uses flavin mononucleotide (FMN)

and NAD(P)H to reduce activated alkenes.[22] It originates from the

cyanobacterium Nostoc sp. PCC7120 and was engineered by Mähler

et al. to efficiently use NADH instead of NADPH as the cofactor.[27]

The amino acid sequences of the (HR)4-ER, ERw/o tag, GFP-(RH)4, and

GFPw/o tag are specified in the supplementarymaterials.

2.2 Synthesis of magnetic nanoparticles

The MNPs were synthesized by co-precipitation of iron salts with

sodium hydroxide following the protocol of Thomas et al.[28]

2.3 Preparation of tagged and untagged proteins

The cultivation of the tagged proteins ((HR)4-ER, ER w/o tag, GFP-

(RH)4, and GFP w/o tag), as well as the cloning of (HR)4-ER and ER w/o

tag, is detailed in the supporting information. (HR)4-ER and GFP-(RH)4

were purifiedwith IMAC (immobilizedmetal affinity chromatography),

whereasGFPw/o tag and ERw/o tagwere purified using anAEX (anion

exchange chromatography) and for ER w/o tag an additional purifica-

tion stepwith a SEC (size exclusion chromatography). The detailed pro-

tocols are given in the supplementarymaterials.

2.4 Protein analysis

The purified proteins were checked for purity via SDS-PAGE. For this,

the samples were mixed with SDS loading buffer (containing 10 mM

DTT) and denatured at 95◦C for 5 min. The denatured samples were

loaded onto a 15% or 12% polyacrylamide gel and an electrical field

was applied. Additionally, the purity of ene-reductase or GFP com-

pared to other proteins was validated by densitometry. The SDS-PAGE

gel was scanned with the high-resolution scanner Amersham Typhoon

NIR Plus (GE Healthcare Europe GmbH, Germany), and the densito-

metric analysis was done with its analysis software (Image Quant TL).

The BCA assay was carried out with the Pierce BCA Protein assay

kit (Thermo Fisher Scientific Inc., USA). The absorbance at 562 nm

was measured after 30 min incubation at 37◦C via an Infinite M200

Microplate Reader (Tecan Deutschland, Germany). Duplicates of each

sample were measured. For HPLC analysis, 8 µL were injected and

loaded onto a C4 column (Aeris, 3.6 µm, Widepore, 150 × 2.1 mm).

The samples were analyzed twice with the following gradient (buffer

A: double-distilled water with 20mMTFA; buffer B: 100% acetonitrile

with 20 mM TFA): The first step ran from 40% to 60% B in 10 column

volumes, followed by three CV at 100% B and an equilibration step of

five CV at 40% B. The sample concentrations were calculated employ-

ing an (HR)4-ER standard present in the same buffer.
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2.5 Immobilization of tagged ER

Adsorption isotherms were carried out to investigate the maximum

load of pure (HR)4-ER to MNPs. The (HR)4-ER was considered pure if

the purity was above 95% according to densitometry. Different com-

ponents (pure (HR)4-ER, MNPs, buffer) were mixed yielding a final vol-

ume of 0.5 mL, 1 g L-1 MNPs and different (HR)4-ER concentrations

(0, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and 2 g L-1). These con-

centrations were obtained bymixing 0.25mL (HR)4-ER stocks (0, 0.05,

0.1, 0.5, 1, 1.5, 2, 3, 4 g L-1) with 0.167 mL MNP (3 g L-1) and 0.083

mL buffer. All components were present in the same buffer (50 mM

Tris pH 7.0, pH 7.8 or TBS [50 mM Tris, 137 mM NaCl, 2.7 mM KCl]

pH 7.0). The mixtures were incubated for 1 h at 16◦C and 1200 rpm.

The MNPs were separated from the supernatant by applying a mag-

netic field with a NdFeB hand-magnet. The supernatant was defined

as MNPS (MNP supernatant). The MNPs were washed with the same

buffer. A magnetic field was applied again, separating the MNPs from

the supernatant. The supernatant was termed MNPW (MNP Wash).

Finally, the MNPs were resuspended in the initial volume, defining the

sample as MNPB (MNP bound). The MNPS and MNPW samples were

analyzed by BCA assay andHPLC analysis. The loadwas calculated and

subsequently fitted using the Langmuirmodel (see supporting informa-

tion). All samples were prepared and analyzed as technical duplicates.

The selectivity was qualitatively investigated by competitive adsorp-

tion isotherms and the experimental execution is detailed in the sup-

plementary.

2.6 Immobilization of untagged ER

The purified ene-reductase (0.3 or 0.5 g L-1) was mixed with MNPs (1

g L-1) and incubated (1 h, 16◦C, 1000 rpm) in Tris buffer (50 mM, pH

7.0) in a total volume of 0.5 mL. Afterward, the MNPs were magneti-

cally separated, the supernatant removed and the MNPs washed with

Tris buffer (50mM, pH7.0). Finally, theMNPswere resuspended in Tris

buffer (50mM,pH7.0) andcouldbeused for further investigations. The

load was calculated from themass balance and was obtained by super-

natant analysis via BCA assay.

2.7 Determination of enzyme activity

The enzymatic activity of the ene-reductase was assessed by measur-

ing the decrease of absorbance at 340 nm. This correlates with the

decrease of NADH, which is oxidized to NAD+. Hereby, the reaction

rate was determined at 30◦C. Unless otherwise stated, the activities

were measured three times at 50 mM Tris pH 7.0, 10 mM maleimide,

and500µMNADH.Reference samples (blanks)were the samesamples

with NADH and Tris but without maleimide. For adsorption isotherms,

the activities were assessed in TBS (50mMTris, 137mMNaCl, 2.7mM

KCl, pH 7.4) twice. The absorbance at 340 nm was determined every

40 s for 10 min. The enzyme activity was calculated in units (turnover

of 1 µmol substrate permin). The turnover of NADH in µmol and finally

the specific enzymatic activity νx (in U mg-1) was calculated from the

decreasing absorption ΔA340 by applying the Lambert-Beer law and

considering the reaction volume VR (in L) and applied enzymemass mE

(in g).

𝜈x =
ΔA340∗VR

Δt∗𝜀NADH∗d∗mE

The absorptivity of NADH εNADH is 6220 L mol-1 cm-1 and the

length of the light path is 0.59 cm. Only a linear decrease in absorption

was used for the calculation of enzyme activity. For this case, linear

means the linear decrease of absorption for at least 2 min showing

an R2> 0.99. The enzyme kinetics for (HR)4-ER was determined as

published by Mähler.[27] The enzyme activity was determined at the

corresponding Tris buffer (50 mM Tris pH 7.0, TBS pH 7.0, 50 mM

Tris pH 7.8), maleimide (10 mM), and varied NADH concentrations

(0 up to 1200 µM). For the kinetics, the assay was measured every

6 s for 10 min with a Multiscan FC Photometer (Thermo Fisher

Scientific Inc., USA). The kinetic parameters (KM and vmax) were

estimated by nonlinear regression (Michaelis-Menten) using Matlab

R2019b.

2.8 Reusability

For reusability, the samples were repeatedly used, magnetically sep-

arated, and washed with Tris buffer (50 mM, pH 7.0). The MNP con-

centrationwas determinedwith a phenanthroline assay. The datawere

assessed as technical duplicates and measured three times (phenan-

throline assay and enzyme assay: 50mMTris pH 7.0, 1mMNADH, and

10 mMmaleimide, 30◦C). The enzymatic activities of cycles 1–4 were

regressed as described above, the ones of cycles 5–9 were regressed

over thewhole 10min. The carrier-specific (U gMNP
-1) and particle-loss

corrected enzyme activity was related to the enzymatic activity before

reusing.

2.9 Thermostability

The thermostability of (HR)4-ER and ER w/o tag were assessed immo-

bilized as well as free at three different temperatures (30, 40, and

50◦C) and four time points (0, 2, 4, and 8 h). Each sample was analyzed

as technical duplicates. The samples were incubated for 8 h at the

corresponding temperatures. The enzyme activity (enzyme assay: 50

mM Tris pH 7.0, 500 µM NADH and 10 mM maleimide, 30◦C), MNP

concentration (phenanthroline assay), and protein concentration (BCA

assay) were determined. The enzymet’s activity was related to the

corresponding specific enzymatic activity at 0 h. Immobilized samples

were magnetically separated and washed at every point. The half-lives

t1/2 were calculated by t1∕2 =
ln(2)

k
. The coefficient k corresponds

to the slope of linearly regressed data obtained from a (ln [relative

activity] vs. time)-plot (see Figure S2).
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2.10 Analysis of MNPs

The concentration, zeta potential, and aggregation of the magnetic

nanoparticles were determined. The precise experimental procedures

are described in the supporting information.

3 RESULTS AND DISCUSSION

3.1 Magnetic nanoparticles as ideal carriers with
a high specific surface area and saturation
magnetization

Themagnetic nanoparticles (MNPs) used for this studyhavebeen char-

acterized in earlier work.[28] These MNPs were manufactured by co-

precipitation, have a particle diameter of 10 nm, and a saturation mag-

netization of around 84 emu g-1 while showing no remanence.[28] A

high specific surface area (101.5 m2 g‒1) was obtained for MNPs syn-

thesized with this approach.[29] These two features, the high specific

surface area paired with the beneficial magnetic properties, imply that

MNPs are ideal carriers for enzyme immobilization.

MNPs possess a positive zeta potential (11 mV) in Tris buffer (50

mM, pH 7.0), which correlates to results in Tris-buffered saline (TBS)

at pH 7.4.[20] The aggregation behavior of the MNPs is similar in the

used buffer system (Tris pH 7.8 [1251 nm], Tris pH 7.0 [1095 nm] and

TBS pH 7.0 [1030 nm] [see Table S1]) and agrees with Schwaminger

et al. who did not observe any hindrance for protein adsorption due to

aggregation.[19]

3.2 The (HR)4-tag enables a purification with
IMAC and enhances the overall stability

Enzyme kinetics of the (HR)4-ER were analyzed to evaluate the influ-

ence of the tag on the enzyme activity. We could demonstrate that the

activity of theERhaving the tagwas not compromised. The activitywas

similar under the three different buffer conditions (see Table S2). The

(HR)4-ER showed a high maximum activity (kcat= 28.1 s-1, vmax= 41.1

Umg-1) andaKM (KM=0.293mM) similar to theERdescribed in the lit-

erature (kcat=29.1 s-1 and aKm=0.224mM).[27] This is not surprising,

as the tag is very small (1.2 kDa) compared to other affinity tags such as

theHaloTag (33 kDa).[30,31] There is a lower probability of small affinity

tags to interfere with fused proteins than the larger affinity tags.[15]

Besides the advantageous property of being small, the (HR)4-tag

enables an easy purification with immobilized metal affinity chro-

matography (IMAC). Contrarily, two purification steps were necessary

to purify the ER w/o tag: anion exchange chromatography (AEX) and

size exclusion chromatography (SEC). Moreover, a stability-enhancing

effect could be observed for the (HR)4-tag when comparing the half-

lives of (HR)4-ER and ER w/o tag at 40◦C. The (HR)4-ER (t1/2= 9.9

h) has an almost three times higher half-life than the ER w/o tag

(t1/2 = 3.7 h) (see Table S3). This is also seen for long-term stability at

4◦C (see Figure S3). Small polycationic tags such as the polylysine and

polyarginine-tag can enhance the solubility, during expression, and of

purified proteins.[32–34] We assume a similar behavior for our polyca-

tionic (HR)4-tag. In conclusion, the (HR)4-tag enhances the stability of

the ene-reductase.

3.3 Selective binding of an (HR)4-tagged
ene-reductase to MNPs with high loads

The ERwas immobilized toMNPswith a simple protocol by just mixing

pure ER andMNPs in Tris buffer. This protocol is illustrated in Figure 1

(see Figure 1).

The strong interactions of polyHis and polyArg-peptideswithMNPs

have already been described.[20,35] To proof the high affinity of our tag,

we investigated the binding behavior of tagged proteins under compet-

itive conditions. Only tagged proteins adsorb on the MNPs while the

untagged do not adsorb (see Figure S4). Thus, the adsorption was trig-

gered by the tag, and a switch of the tag to another protein (ER→GFP)

evokes the same selective binding. This selectivity gives a big advan-

tage for direct one-step immobilization from complex E. coli lysate. The

selective interactions canbe triggeredby thehistidines andarginines in

the tag. Yet, it is not clear to which extent which amino acid is involved.

The chemical structure of the (HR)4-tag is depicted in Figure 1 (see Fig-

ure 1).

Achieving high loads of enzymes on a carrier is an important prop-

erty for immobilization, too.[5] Adsorption isotherms of (HR)4-ER and

MNPs were investigated analyzing the supernatant with HPLC and

BCA assay. The results of the BCA assay are shown in the supplemen-

tary (see Figure S5 and Table S4) and reveal the same trends as the

HPLC results shown below (see Figure 2).

All adsorption isotherms show similar behavior, which can be

described by the Langmuir model (see Figure 2). The steep increase

of the load, which then levels off, is also documented.[36–38] The steep

increase results in a low KD value, which indicates a high affinity for

all buffer conditions. These KD-values are in the same range as other

affinity-tagged GFP variants binding to iron oxide nanoparticles.[19,35]

Depending on the different buffer conditions, the order of the

maximum loadings qmax are as follows: Tris pH 7.0 (0.383 g g-1) > TBS

pH 7.0 (0.243 g g-1) > Tris pH 7.8 (0.114 g g-1). The adsorption of

(HR)4-ER is strongly pH-dependent as expected and known from the

literature.[37,39] However, the maximum adsorbed amount of enzyme

is higher or in the same order of magnitude as references.[19,35,40–43]

The rise of the load after the plateau can be caused by multilayer

adsorption.[9,36,44] For comparison, an ene-reductase immobilized

on EziG glass particles exhibited an up to 100 times smaller load of

0.004 g g-1.[45]

3.4 Activities of immobilized ene-reductase via
the (HR)4-tag is load dependent

In addition to high loads, the relative enzyme activity on the carrier is

a decisive factor for enzyme immobilization. Investigation studies of
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F IGURE 1 Schematic illustration of the enzyme immobilization (above) and themechanism of binding through the N-terminal (HR)4-tag fused
to a protein (below). The immobilization protocol is easy and fast: Mixing of the ene-reductase (ER, green, homologymodel based onmorphinone
reductase, PDB: 2r14) withmagnetic nanoparticles (MNP, grey balls) in an Eppendorf tube, incubating it for 1 h, magnetically separating theMNPs,
discarding the supernatant andwashing the remainingMNPswith a new buffer. Finally, the ER is immobilized toMNPs and ready for use. Below:
Chemical structure of the N-terminal (HR)4-tag adsorbing to theMNP surface

F IGURE 2 Adsorption isotherms of (HR)4-ERwith 1 g L-1

magnetic iron oxide nanoparticles (MNPs) at three different buffers
(50mMTris pH 7.0, TBS pH 7.0, 50mMTris pH 7.8). Incubated for 1 h
at 16◦C 1200 rpm.Washing theMNPs after incubation and analyzing
the supernatants with HPLC. Calculation of the load via mass balance.
Standard deviation derived from technical duplicates measured twice
with HPLC. Themaximum load qmax and KD were calculated assuming
the Langmuir model for the equilibrium concentration range 0 to
0.8 g L-1

MNPs with different assay components were performed to check for

interferences. The studies clearly show no interference of the MNPs

with NADH andmaleimide (see Figure S6). The relative enzyme activi-

ties of (HR)4-ERwere determined at different loads (see Figure 3).

F IGURE 3 Relative enzyme activity of (HR)4-ER bound toMNPs
as a function of the load. The enzyme activity of the immobilized
enzymewas related to the free enzyme’s activity in the corresponding
buffer. Applied ER concentration wasmixedwith 1 g L-1 MNPs.
Enzymatic activities determined at TBS pH 7.4, 500 µMNADH, and 10
mMmaleimide at 30◦C.Measurements were performed as technical
duplicates

The highest relative activitieswere achieved for Tris pH7.0with the

peak of activity being 67.5%. This activity optimumwas ascertained at

0.05 gER gMNP
-1, but the enzyme was still highly active at a higher load

(0.25 g g-1, 60%), too. For comparison, other enzymes physisorbed on

MNPs show relative activities of 1% (dehalogenase), 40% (cellulase),
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F IGURE 4 Reusability of (HR)4-ER adsorbed toMNPs.
Carrier-specific and particle-loss corrected enzyme activity related to
the enzymatic activity before reusing. Repetition of the enzyme
reaction, magnetically separating theMNP andwashing. TheMNP
concentration was determinedwith phenanthroline assay. Performed
as technical duplicates andmeasured twice (BCA assay) and three
times (phenanthroline assay and enzyme assay: 50mMTris pH 7.0, 1
mMNADH, and 10mMmaleimide, 30◦C)

and 71% (glycolate oxidase).[41–43] It seems that a loss of enzyme activ-

ity due to immobilization to MNPs, physisorbed, or covalently bound,

must be tolerated.[40,42,43,46–48] At Tris pH 7.0, the relative activities

of the ER show a decreasing trend with increasing loads, vice versa,

low loads preserve a higher relative activity than larger loads. This kind

of dependency is also described in the literature.[8,9,39] Even though

low loads are favorable for high relative enzyme activities, industrial

processes demand an optimum of high load and high relative activ-

ity. Thus, the use of 0.3 g L-1 (HR)4-ER and 1 g L-1 MNPs is recom-

mended for immobilization to obtain high loads and moderate relative

activities.

Additionally, the (HR)4-ERwas comparedwith the relative activities

of ERw/o tag onMNPs. Both immobilized ER variants exhibited similar

enzyme activities (see Figure S7). Other groups published the immobi-

lizationof theERwithother approaches yielding recoveredactivities of

around 50%.[45,49] It can be concluded that we have established a sim-

ple and fast immobilization protocol that allows high relative activities

(up to 67.5%).

3.5 Easy reusability of the (HR)4-tagged
ene-reductase immobilized to MNPs via magnetic
separation

Besides easy processing, themain reason for enzyme immobilization is

the reuseof the enzymeas shown for immobilized (HR)4-ER in Figure4.

(HR)4-ER@MNP is reusable and remains very stable over several

cycles with about 45.4% of the initial activity (average of cycles one

to nine [see dashed line in Figure 4]). Only a large loss of activity was

observed after the first cycle. This effect is known in literature and is

attributed to biological reasons and inactivation of half of the enzymes

after one cycle.[45,50,51] This assumption is supported by an experi-

ment, where (HR)4-ER adsorbed to MNPs was washed ten times and

did not lose enzyme activity (see Figure S8). Here, the high particle

loss on a small scale is significant (see Figure S9), but it should not

be relevant on a technical scale, since higher quantities and high gra-

dient magnetic separators with larger magnetic fields are used.[19,35]

Ene-reductase immobilized in other approaches showed high reusabil-

ity (>60%) after 10 cycles.[45,49] In conclusion, it was proven

that (HR)4-ER@MNPs was reusable by simply applying a magnetic

field.

3.6 Increased thermostability of the free and
immobilized ene-reductase with the (HR)4-tag

As thermostability is often enhanced by immobilization,[5,11] we com-

pared the thermostability of immobilized (HR)4-ER and ER w/o tag to

their corresponding free variant at 30◦C (see Figure S10), 40◦C and

50◦C (see Figure 5).

An increase in thermal stability was not yet observed at 30◦C (see

Figure S10) but could be observed at 40◦C and 50◦C. The immobi-

lized (HR)4-ER (73.6%) displayed higher activity than the free (HR)4-ER

(53.1%) at 40◦C indicating an improvement of stability (see Figure 5).

Furthermore, immobilized ER w/o tag (10.9% after 8 h) exhibited less

activity than the corresponding free ER w/o tag (20.9% after 8 h) and

in contrast to the (HR)4-ER significantly less activity. At 50◦C, the free

variants lost their activity almost completely after 2 h, whereas the

immobilized variants were still active. The immobilized variants even

showed activity after 8 h (see Figure 5). This proves the enhanced ther-

mostability due to immobilization on MNPs. Additionally, a stability-

enhancing effect by the (HR)4-tag is assumed and improved the ther-

mostability of ER significantly.

4 CONCLUSION

We were able to efficiently immobilize an ene-reductase with a novel

affinity tag ((HR)4-tag) to non-functionalized magnetic nanoparticles.

The excellent properties of these MNPs indicate an optimal carrier

for enzyme immobilization, meaning a cheap and simple synthesis

without further modifications, a high specific surface area, and high

saturation magnetization. In the course of our study, we got to know

the extraordinary advantages of MNPs as a carrier system and want

to highlight the simple and fast possibility of changing the buffer and

concentrating the immobilized ER in particular. The (HR)4-tag adsorbs

to MNPs selectively, which was demonstrated by competitive adsorp-

tion isotherms. Even in a highly competitive environment, adsorption

to MNPs is possible. High loads of (HR)4-ER on MNPs were achieved

by simply mixing the nanoparticles with purified enzymes. The highest

load was observed for Tris pH 7.0 and we recommend it for other

proteins with the (HR)4-tag, similar pIs, and similar activity optima
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F IGURE 5 (A and B) The thermostability of (HR)4-ER and ERw/o
tag onMNPs and not bound (free) at two different temperatures (40
[Figure 5A] and 50◦C [Figure 5B]). Performed as technical duplicates
andmeasured three times (enzyme assay: 50mMTris pH 7.0, 500 µM
NADH, and 10mMmaleimide, 30◦C). Enzyme activity related to the
corresponding specific enzymatic activity at 0 h. Immobilized samples
weremagnetically separated andwashed at every time point

as optimal adsorption condition. Our easy immobilization protocol

yielded high activities of immobilized (HR)4-ER compared to the free

enzyme. The adsorbed (HR)4-ER was reusable several times. The

high loss of particles between the reusability cycles can be overcome

by using higher particle concentrations, which would lead to larger

agglomerates, with easier separability using high gradient magnetic

separators. The (HR)4-tagged ER displayed a superior thermostability.

In contrast to ER without tag, the (HR)4-tag enabled an easy purifica-

tion via IMAC, selective binding to MNPs, enhanced thermostability,

and enhanced overall stability assuming a better solubility. According

to our studies, this tag is highly suited for any kind of immobilization

on MNPs. Beyond that, the selectivity of the (HR)4-tag promises a

purification with cheap magnetic nanoparticles. It seems that the

(HR)4-tag is an advantageous combination of a polyHis-tag (purifica-

tion with IMAC, adsorption to divalent metal cations) and polyArg-tag

(enhanced stability, polycationic), combining the best of both in one

tag and enabling a strong interaction withMNPs. It is believed that the

polycationic property of the (HR)4-tag combined with the presence of

histidines can enable strong binding to other surfaces as well, highly

increasing the tag’s versatility and application compared to other small

tags. Moreover, it would be interesting how the tag works for proteins

with high pI and other buffer systems.
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