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Bacterial alkaline phosphatase (BAP) was site-specifically and covalently immobilized on magnetic
particles (MPs) using the enzymatic reaction of microbial transglutaminase (MTG). Immobilization
efficiency was affected by the chemical surface treatment of MPs and immobilized BAP exhibited

more than 90% of the initial activity after 10 rounds of recycling.

[Keywords: magnetic particles; site-specific and covalent immobilization; microbial

transglutaminase]

Magnetic particles (MPs) have received a significant amount of attention because of their
potential use in various biotechnological applications, including protein and enzyme
immobilization, agents in magnetic resonance imaging (MRI), separation and sorting proteins and
cells, drug delivery system, hyperthermia treatment for cancerous tumors and immunoassays (1-3).
A major advantage of MPs is the easy and rapid recovery of target molecules from the reaction
mixture. The performance of MPs is significantly affected by surface modifications. Various
molecules are immobilized on MPs by suitable surface modifications. Thus, using MPs as a support

for enzyme immobilization is important for biocatalysts.

Carrier bound immobilized enzymes on a fabricated solid surface is a convenient and useful
industrial biocatalyst design. Enzyme immobilization simplifies the bioreactor design and enables
the recycling of the catalyst as long as the immobilized enzyme maintains its functional tertiary
structure. Immobilization methods that use physical adsorption and chemical techniques have been
presented; however, enzymes often become inactive upon immobilization due to protein

denaturation (4). Consequently, enzymatic methods for site-specific and covalent immobilization of



recombinant proteins have attracted attention in recent years. In this approach, a reactive peptide or
protein tag is introduced to the target protein (5-7). Since this peptide or protein tag is combined
with functional groups on the modified solid support, it is expected that the target enzyme attached
to the surface maintains functionality, because it is not directly involved in the attachment process.
Since enzymes exhibit high substrate specificity and the catalytic reaction often proceeds under
mild conditions, using enzymes to specifically immobilize proteins to a surface is considered a
useful strategy that should not disrupt the intrinsic function of the tethered enzyme. We have
focused on the capability of microbial transglutaminase (MTG) in the protein immobilization
reaction. MTG is a unique enzyme that catalyzes an acyl transfer reaction between the v-
carboxyamide groups of glutamines (acyl-donors) in proteins and peptides as well as various
primary amines (acyl-acceptors), including the amino groups of lysine residues (8). It has been
demonstrated that the simple introduction of a substrate peptide tag to recombinant proteins
promotes the site-specific and covalent immobilization of the enzyme onto modified plastic plates
and resin beads (9-12). In this paper, we extended our strategy to the surface functionalization of
inorganic particulate formulation for the first time. Namely, the immobilization of Escherichia coli
bacterial alkaline phosphatase (BAP) fused with a substrate peptide, MLAQGS, at the C-terminus
(CQ6-tag (11)) on MPs displaying primary amines was conducted by MTG catalysis (Figure 1A),

and the enzymatic activity of immobilized BAP was evaluated.

CQ6-tag fused recombinant BAP (abbreviated as CQ6-BAP) was prepared according to the
procedure described previously (11). MPs modified with primary amines were purchased from

Bangs Laboratories, Inc. (Fishers, Indiana, USA; magnetic core: magnetite (Fe;O4); coating matrix:



silica; mean diameter: 1.5 um; surface area: 100 m?/ g). The surface of the MPs was modified with
diethyleneglycol bis(3-aminopropyl)ether (DGBE) (Tokyo Chemical Industry Co. Ltd., Tokyo)
(Figure 1B). Initially, MPs were placed in a 0.5 M solution of succinic anhydride in DMF for 12 h
at ~24 °C with gentle shaking. After washing with DMF, the MPs were soaked in a 0.5 M N,N -
dimethyl-carbodiimide (DIC), 0.5 M N-hydroxysuccinimide (NHS) solution in DMF for 6 h at
~24 °C with gentle shaking. After washing with DMF, MPs were soaked in a 1 M DGBE, 1 M
ethanolamine (EA) solution in DMF (DGBE:EA volume ratios of 100:0, 80:20, 50:50, 20:80 and
5:95) for 6 h at ~24°C with gentle shaking. Finally, 1 M EA was added for inactivation of active
esters that were not modified with DGBE, and the chemically modified MPs were washed with

DMF and Milli-Q water (Figure 1A).

Immobilization experiments were performed by mixing 1 mg of chemically modified MPs with a
CQ6-BAP (0.1 mg/ml) in 1 ml Tris-HCI buffer (10 mM, pH 8.0) in the presence or absence of
MTG (0.5 U/ml) for 6 h at ~24 °C with gentle shaking. Following immobilization, MPs were
washed with TBS, 0.01% Tween-20 and 1 M NacCl solutions three times, respectively. Wild-type

recombinant BAP without the CQ6-tag (Wako Pure Chemical, Osaka) was used as a control.

The catalytic activity of immobilized BAP was evaluated with 1 mM p-nitrophenyl phosphate (p-
NPP) in 1 M Tris-HCI buffer (pH 8.0) at room temperature (~24 °C). The enzymatic activity of
BAP was determined by measuring the absorbance at 410 nm of the hydrolyzed product, p-
nitrophenol, using a plate reader (Power Wave X, Bio-Tec Instruments Inc., USA). After being
mixed vigorously for 2 min with a mixer (EYELA CM-1000, Tokyo Rikakikai Co., Ltd., Japan ) to

allow the reaction to proceed, MPs were magnetically separated from the solution using a
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neodymium magnet (Sangyo Supply Co., Ltd., Miyagi, Japan), and the absorbance of the remaining
solution was measured. The catalytic activity data were collected and expressed as the average

value of three independent measurements.

Firstly, we attempted the immobilization of CQ6-BAP on the original amine-modified MPs
without DGBE modification. However, physical adsorption of CQ6-BAP was dominant (data not
shown). Therefore, MPs were modified with DGBE to suppress the non-specific adsorption of
CQ6-BAP. Wild-type BAP was first applied to the DGBE-modified MPs in the presence of MTG.
The observed activity was only 7.3% when compared to the activity of MPs-immobilized CQ6-
BAP prepared using MTG. In addition, low activity of CQ6-BAP was observed in the absence of
MTG, suggesting that physical adsorption of BAP was substantially suppressed by the surface
modification with DGBE (Fig. 1C). These results show that a peptide tag including a Gln residue is
recognized by MTG and the reaction proceeds actively on the DGBE-modified MPs. The activity
of immobilized BAP under different DGBE:EA volume ratios is presented in Figure 1D. In the
presence of MTG, immobilized BAP under DGBE:EA volume ratios of 100:0 and 80:20 exhibited
the same degree of activity; however the activity rapidly decreased with decreasing DGBE volume
ratios. The quantity of immobilized BAP appears to decrease with decreasing accessible primary
amines as the MTG substrate on the MPs. On the other hand, immobilized BAP showed
comparable activities in all conditions in the absence of MTG. This implies that physical adsorption
of CQ6-BAPs was suppressed at the same levels by the modification with hydrophilic molecules
such as DGBE and EA on the surface of MPs. An important factor on MTG-mediated site-specific

protein immobilization is to suppress physical adsorption of proteins. Surface modification with



poly(ethylene glycol) (PEG) has been shown to be effective in inhibition of protein adsorption. In
this study, the physical adsorption of CQ6-BAP on the MPs was likely to be diminished by the

modification with DGBE including PEG chain.

We next examined the immobilization amounts of BAP on DGBE modified MPs as a function of
the CQ6-BAP concentration. The concentrations of MPs (DGBE:EA volume ratios of 80:20) and
MTG were fixed at 1 mg/ml and 0.5 U/ml, respectively. The CQ6-BAP concentration was varied in
the range of 0.01-0.5 mg/ml. After immobilization, the activity of immobilized BAP was measured
with p-NPP. Figure 2 depicts the relationship between the equilibrium concentration of CQ6-BAP
in the reaction solution and the amount of immobilized CQ6-BAP. When the initial CQ6-BAP
concentration was at 0.5 mg/ml, immobilization capacity was 0.66 pmol-CQ6-BAP/cm*-MPs, and
the amount of immobilized BAP continued to increase beyond its concentration. Given that the
immobilization system follows chemisorptions, the collected data were fitted to the Langmuir

adsorption isotherm:

q = qmK[CQ6-BAP]/(1+K[CQ6-BAP]) (1)

where q is the immobilization density of CQ6-BAP and qn, is maximum immobilization density.
The data fitting was carried out using the Origin7 software on a personal computer (solid line in
Figure 2). The maximum immobilization density of CQ6-BAP was estimated to be 0.98 pmol-
CQ6-BAP/cm*-MPs. For further analysis, primary amino groups on the DGBE-modified MPs were
quantified with Sulfo-LC-SPDP (Sulfosuccinimidyl 6-(3'-[2-pyridyldithio]-

propionamido)hexanoate, Pierce Chemicals, Rockford, IL, USA) according to the reported



procedure (13). As a result, the number of primary amino groups was estimated to be 18.5 pmol-
NHy/cm*-MPs. The results suggest that only 5.3% of the primary amino groups on the surface of
the MPs were occupied by CQ6-BAP at the maximum loading. Although, an excess amount of
DGBE (1M DGBE) was applied in the surface modification process, it is likely that the DGBE-
modified MPs bear a small number of accessible primary amino groups available for MTG

catalysis.

Since the reusability of immobilized proteins has economic benefits, we repeatedly assayed the
immobilized CQ6-BAP activity. Following immobilization, the activity of immobilized BAP was
measured with p-NPP as mentioned before. After the activity measurement of BAP, the CQ6-BAP
immobilized MPs (1 mg) were magnetically recovered, washing with 1 M NaCl solution (400 ul),
then used for the next assay. As shown in Figure 3, repeated use of CQ6-BAP immobilized MPs
showed 93% of the initial activity after ten rounds of operation, suggesting the stable covalent
immobilization of CQ6-BAP. Since non-enzymatic immobilization of CQ6-BAP on the DGBE-
modified MPs was observed (bars of MTG(-) in Fig. 1C and 1D), the slight decrease of enzymatic
activity after ten rounds of operation may be due to the gradual desorption of non-specifically

adsorbed CQ6-BAP from the MPs surface.

In conclusion, using the combination of a substrate peptide tag-fused to the target protein, primary
amine-modified MPs (DGBE-modified MPs) and MTG catalysis, a recombinant enzyme (CQ6-
BAP) was site-specifically and covalently immobilized on MPs via the substrate peptide tag. The
immobilized BAP retained more than 90% of the initial activity after ten rounds of assaying the

activity of the tethered CQ6-BAP. The results show the potential for the applicability of the present
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system to immobilize various recombinant proteins on MPs. Further validation of the established

methodology on nano-sized materials is in progress in our group.
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FIGURE LEGENDS

Figure 1. (A) Schematic illustration of site-specific and covalent immobilization of a recombinant
protein tagged with a Gln-containing substrate peptide on chemically modified MPs. (B)
Preparation procedures of DGBE-modified MPs. (C, D) Comparison of the enzymatic activity of
immobilized BAP on DGBE-modified MPs: (C) The immobilization of recombinant BAP with or
without the CQ6-tag. All experiments were conducted with MPs under a DGBE:EA volume ratio

of 100:0. (D) The immobilization of CQ6-BAP under different DGBE:EA volume ratios.

Figure 2. The effect of the concentration of CQ6-BAP on immobilization. The solid line in the

figure represents Langmuir adsorption isotherm fit (R = 0.993) to the experimental data.

Figure 3. Enzymatic activity of MPs-CQ6-BAP as a function of repetitive use.
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