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Abstract

p-allulose is a rare low-calorie sugar that has many fundamental biological functions. p-allulose 3-epimerase from Agrobac-
terium tumefaciens (AT-DAEase) catalyzes the conversion of D-fructose to p-allulose. The enzyme has attracted considerable
attention because of its mild catalytic properties. However, the bioconversion efficiency and reusability of AT-DAEase limit
its industrial application. Magnetic metal-organic frameworks (MOFs) have uniform pore sizes and large surface areas and
can facilitate mass transport and enhance the capacity for enzyme immobilization. Here, we successfully encapsulated cobalt-
type AT-DAEase into the cobalt-based magnetic MOF ZIF-67@Fe;0, using a self-assembly strategy. We confirmed the
immobilization of enzyme AT-DAEase and characterized the enzymatic properties of the MOF-immobilized AT-DAEase @
ZIF-67 @Fe;0,. The AT-DAEase @ ZIF-67 @Fe,0, nanoparticles had higher catalytic activity (65.1 U mg~!) and bioconver-
sion ratio (38.1%) than the free AT-DAEase. The optimal conditions for maximum enzyme activity of the AT-DAEase @
ZIF-67@Fe;0, nanoparticles were 55 °C and pH 8.0, which were significantly higher than those of the free AT-DAEase
(50 °C and pH 7.5). The AT-DAEase @ ZIF-67 @Fe;0, nanoparticles displayed significantly improved thermal stability and
excellent recycling performance, with 80% retention of enzyme activity at a temperature range of 45-70 °C and >45% of
its initial activity after eight cycles of enzyme use. The AT-DAEase @ ZIF-67 @Fe;0, nanoparticles have great potential for
large-scale industrial preparation of p-allulose by immobilizing cobalt-type AT-DAEase into magnetic MOF ZIF-67 @Fe;0,,.
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activities than those without p-allulose (Sun et al. 2008).
p-allulose has been ‘generally recognized as safe’ by the
Food and Drug Administration (Zhang et al. 2013). Owing
to these advantages over other sugars, p-allulose has been
widely applied in food additives, medicine, cosmetics, fla-
vors, and other preparations (Tseng et al. 2014). p-allulose
has become an ideal substitute for sucrose, especially for
obese patients or people seeking diet-related weight loss.
However, p-allulose is rarely encountered in nature, and its’
chemical synthesis is cumbersome, costly, and time-consum-
ing (Patel et al. 2018). With the sustainable development of
green chemistry and biotechnologies, enzymatic catalysis
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may prove valuable for the production of p-allulose because
biocatalysts naturally evolve and have high selectivity (Shel-
don and Woodley 2018).

Biological processes, such as enzymatic catalysis using
ketose epimerase and aldose isomerase or other microbial
reactions, are feasible for the synthesis of p-allulose (Kim
et al. 2006b, a; Zdarta et al. 2018). In recent years, the bio-
production of p-allulose from the naturally available sugar
D-fructose using p-allulose 3-epimerase (DAEase) has
proven to be a potential method (Itoh et al. 1994; Zhang
et al. 2013). DAEase for C-3 epimerization of p-fructose
to p-allulose was identified and characterized from Agro-
bacterium tumefaciens (A. tumefaciens) (Kim et al. 2006b,
a), Clostridium cellulolyticum (C. cellulolyticum) H10 (Mu
etal. 2011), Ruminococcus sp. (Zhu et al. 2012), and Bacil-
lus sp. (Patel et al. 2021), and metagenomics (Patel et al.
2020). DAEase from A. tumefaciens (AT-DAEase) is more
thermally stable than other DAEases and is potentially
applicable for the biosynthesis of p-allulose (Tseng et al.
2014). Although AT-DAEase has been successfully applied
to produce p-allulose, its high costs and low bioconversion
efficiency limit its use in industrial applications (Pei et al.
2013). Immobilizing enzymes to biosynthesize products can
improve their bioconversion efficiencies and reduce produc-
tion process costs for the recyclability of the enzymes (Dico-
simo et al. 2013). Various methods of immobilizing enzymes
have been described, such as cross-linking and entrapment
into particles and binding to a solid support (Franssen et al.
2013). DAEase immobilized using artificial oil bodies exhib-
ited higher effective catalytic activity and reusability (Tseng
et al. 2014). DAEases were also immobilized on graphene
oxide (Dedania et al. 2017), Duolite A568 beads (Lim et al.
2009), Fe;0, (Patel et al. 2018), and Co;(PO,), nanosheets
(Zheng et al. 2018). These immobilizations improved the
physical and catalytic properties. However, the activity of
DAEase decreased when the cross-linker glutaraldehyde was
used. The development of new materials and methods for
immobilizing DAEase is urgently needed to achieve high
catalytic efficiency, stability, and reusability.

Metal-organic frameworks (MOFs) have attracted tre-
mendous interest in enzyme immobilization research owing
to their ultra-high porosity, large hierarchical surface area,
and excellent thermal/chemical stability (Li et al. 2016;
Meshkat et al. 2020; Yogapriya and Datta 2020). Some
enzymes working need harsh conditions which normally
cause loss of the catalytic activity, fortunately, MOFs could
enable the retention of the enzyme activity (Liang et al.
2015; Mao et al. 2020; Meshkat et al. 2020). Over the past
few years, various enzymes have been successfully prepared
to reduce the catalytic activity caused by harsh conditions
via various methods using different MOF matrices as sup-
ports (Lian et al. 2017; Wu et al. 2015). Generally, there
are four strategies for enzyme immobilization with MOFs:
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surface adsorption onto MOFs, covalent/coordination
bonding with MOFs, coordination bonding, and de novo
encapsulation (Wu et al. 2015). Among these, encapsula-
tion of enzymes is the preferred method for synthesizing
enzyme-MOF.

Zeolitic imidazolate frameworks (ZIFs) are a subfamily
of MOFs with a zeolite topology in which the metal clusters
are connected by imidazole linkers. In particular, ZIF-67
has become a perfect support material because of its unique
properties of different pore sizes, high surface area, cobalt
transition metal, and rich N resources (Kaneti et al. 2017).
Co-dependent nitrile hydratase (NHase) was successfully
encapsulated in ZIF-67, and the synthesized NHase @ZIF-
67 nanoparticles displayed significantly improved thermal
stability (Pei et al. 2020). DAEase is also a co-dependent
enzyme. The cobalt (IT) ion (Co) is crucial for catalysis as
an anchor for the substrate and can maximize the activity of
DAEase through its isomerism effect (Kim et al. 2006b, a).
However, to our knowledge, the use of ZIF-67 to immobilize
DAEase has not yet been reported. Furthermore, magnetic
nanoparticles could enable easy separation of the biocatalyst
enzyme from the reaction system using a magnet, facilitating
the reusability of the catalyst (Talekar et al. 2012; Zdarta
et al. 2018). Therefore, using the magnetic MOF ZIF-67
containing cobalt (II) ion as the scaffold to spatially co-
localize and positional assemble DAEase is an efficient way
to immobilize DAEase for p-allulose production.

In this study, we overexpressed the AT-DAEase enzyme
in Escherichia coli (E. coli) BL21 (DE3) and immobi-
lized the enzyme by encapsulating it into the magnetic
metal-organic framework ZIF-67 @Fe;0, for p-allulose
production. First, we overexpressed and purified the enzyme
AT-DAEase from the reconstituted strain and simultane-
ously prepared the MOF material ZIF-67 @Fe;0,. Then,
we characterized the magnetic Fe;O,, MOF material ZIF-
67 @Fe;0,, and immobilized AT-DAEase @ZIF-67 @Fe;0,.
Finally, we evaluated the bioconversion efficiency, stability,
and reusability of the immobilized AT-DAEase @ZIF-67 @
Fe;0, by comparing it with the free enzyme AT-DAEase.

Materials and methods
Construction of AT-DAEase expression plasmid

The DAE gene (GenBank ID: WP_010974125.1) fragment
encoding AT-DAEase from A. tumefaciens was chemically
synthesized after codon optimization by Suzhou Genewiz
Biological Technology Co. Ltd. (Suzhou, China). The ampli-
fied product of 870 bp was obtained using the template of the
synthesized gene and the primers (FP: 5-CGCGGATCCATG
AAGCACGGCATCTACTATAG and RP: AACTGCAGTTA
ACCGCCCAGCACAAAGCGG), and then cloned into a
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6 x His-tagged pRSFDuet-1 vector to obtain the recombinant
plasmid pRSF-DAE. A single isolated colony was picked
and sent to Suzhou Genewiz Biological Technology Co. Ltd.
for sequence verification.

Expression and purification of recombinant protein

After sequencing, the plasmid pRSF-DAE was transformed
into E. coli BL21 (DE3) for protein production. Single iso-
lated colonies were inoculated into 5 mL Terrific Broth
(TB) medium (Sangon Biotech Co., Ltd., Shanghai, China)
with the addition of 50 pg/mL kanamycin and shaken in
a 220 rpm incubator at 37 °C overnight. The culture was
transferred into 200 mL TB medium, induced by 0.5 mM
isopropyl-p-1-thiogalactopyranoside (IPTG; Sangon Bio-
tech Co., Ltd.) and further incubated at 18 °C for protein
expression.

After 18 h of induction, the cells were harvested by cen-
trifugation at 8000 g for 10 min at 4 °C. They were resus-
pended in 50 mM PBS lysis buffer (pH 7.5) and crushed
with a high-pressure cell crusher (Union-Biotech Co., Ltd.,
Shanghai, China). The lysate was centrifuged at 10,000 g for
10 min at 4 °C to obtain the supernatant. The protein was
purified by loading the supernatant on a Ni-NTA agarose
bead column (Invitrogen, Carlsbad, CA, USA), which was
equipped with an AKTA purifier machine. The column was
extensively washed with 50 mM PBS washing buffer (pH
7.5) to remove unbound proteins. Finally, the protein was
eluted with an elution buffer containing 75% 50 mM PBS
and 25% 500 mM imidazole (pH 7.5). The protein was con-
centrated in 50 mM PBS (pH 7.5) using a 10 kDa ultrafilter
(Merck Millipore, Darmstadt, Germany). Finally, the lysate
and purity molecular mass of the recombinant protein were
monitored using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE).

Synthesis of ZIF-67@Fe;0, nanoparticles

Citric acid-coated Fe;O, nanoparticles were prepared
according to a previously published method (Liu et al. 2009).
To obtain ZIF-67 @Fe;0, nanoparticles, 500 mg of citric
acid-coated Fe;0, nanoparticles were dispersed in 10 mL
of 10 mM Co(NO,),-6H,0 (Aladdin Chemistry Co., Ltd.
Shanghai, China) and then washed with 10 mL of deion-
ized water. The reaction system was mechanically stirred
at 1000 g and 25 °C for 1 h, after which the C02+@Fe304
product was thoroughly washed with water and separated by
a magnet. The C02+@Fe304 nanoparticles were then re-dis-
persed in 10 mL of water, followed by the addition of 10 mL
of 20 mM 2-MeIM (Aladdin Chemistry Co.). To obtain the
ZIF-67 @Fe;0, nanoparticles, the mixture was mechanically
stirred at 1000 g and 25 °C for 1 h. The ZIF-67@Fe;0,

nanoparticles were washed with methanol and water twice
and then air-dried at 60 °C for 12 h.

Immobilization of AT-DAEase on ZIF-67@Fe;0,
nanoparticles

To prepare the AT-DAEase @ZIF-67 @Fe;0, nanoparticles,
AT-DAEase was immobilized in the ZIF-67 shell by mixing
50 mg of ZIF-67 @Fe;0O, nanoparticles with 1 mL of a solu-
tion containing 10 mg Co(NO;),-6H,0, 8 mg 2-methylimi-
dazole (MeIM), and 2 mg AT-DAEase. The samples were
mechanically stirred at 1000 g and 4 °C for 1 h to produce
AT-DAEase @ZIF-67 @Fe;0,. The product was washed with
water and separated using a magnet. Protein concentrations
were measured using the Bradford reagent (Bio-Rad, Her-
cules, CA, USA).

Calculation of enzyme loading

The enzyme loading (Q) of the enzyme nanoparticles was
calculated (Hammes and Wu 1971) as:

(Co-C)V

m

Q:

where C, (mg/mL) is the initial enzyme concentration with-
out immobilization, C (mg/mL) is the final enzyme concen-
tration of the supernatant after immobilization, m (mg) is
the dry weight of ZIF-67 @Fe;O, nanoparticles added to the
enzyme immobilization system, and V (mL) is the volume
of the added enzyme solution.

Characterization of Fe;0,, ZIF-67@Fe;0,,
and AT-DAEase@ZIF-67 @Fe;0,

The magnetic nanoparticles were imaged by scanning
electron microscopy (SEM) using a sul510 field emission
microscope (Hitachi, Tokyo, Japan) and transmission elec-
tron microscopy (TEM) using an HT7700 electron micro-
scope (Hitachi, Tokyo, Japan). The structural and chemical
properties of the magnetic nanoparticles were also analyzed
by Fourier transform infrared spectroscopy (FTIR) using
a Nicolet iS50 (Thermo Fisher Scientific, Waltham, MA,
USA). X-ray diffraction (XRD) patterns of nanoparticles
were recorded using an X-ray diffractometer (D2 Phaser,
Bruker, Germany), and the relative intensity was measured
in the scattering range (20) of 20-60° at a step of 5° min~".
Thermal gravimetric analysis (TGA) was performed using
an 1100SF (Mettler, Switzerland). They were detected in the
temperature range of 25-750 °C with a temperature increase
at a rate of 10 °C/min under a nitrogen flow rate of 20 mL/
min.

@ Springer



144 Page4of 11

World Journal of Microbiology and Biotechnology (2022) 38:144

AT-DAEase activity analysis

The production of 1 pmol p-allulose within 1 min from
D-fructose under some assay conditions is defined as one
unit of enzyme activity. The specific activity is expressed as
enzyme units per milligram of protein. In the assay, free AT-
DAEase catalyzed p-fructose to p-allulose in 50 mM sodium
phosphate buffer (pH 7.5) with 0.1 M Co*" and without
Co?". The AT-DAEase @ZIF-67 @Fe,0, catalyst was in the
same buffer (pH 8.0) without Co**. The bioconversion rates
of p-fructose to p-allulose were determined using 50 g/L
p-fructose (Aladdin Chemistry Co., Ltd.) as the substrate
and 0.6 UM enzyme as the catalyst under the assay condi-
tions of 50 °C and 55 °C for 5 min. The reaction was stopped
by boiling the mixture for 10 min.

The p-allulose product and p-fructose substrate in the
supernatant were detected using a high-performance lig-
uid chromatography (HPLC) system equipped with a RID-
20A refractive index detector (Shimadzu, Kyoto, Japan), an
injector (Shimadzu), and a Sugar-Pak I column (Shimadzu;
30 mm X5 mm i.d.). The column was eluted with deion-
ized water as the mobile phase at a flow rate of 0.4 mL/
min and 85 °C. The samples (20 uL) were injected into the
column. The retention times of p-fructose and p-allulose
were determined using 17.02 min and 24.07 min standards,
respectively.

Enzymatic characterization of free AT-DAEase
and AT-DAEase@ZIF-67 @Fe;0,

To determine the optimal reaction temperature, the activi-
ties of free AT-DAEase and AT-DAEase @ZIF-67 @Fe;0,
were measured at temperatures ranging from 45-70 °C. The
mixed samples were incubated for 5 min and activity was
determined. The thermal stability of free AT-DAEase and
AT-DAEase @ZIF-67 @Fe;0, was characterized by incubat-
ing the enzyme mixture at 55 °C in 50 mM sodium phos-
phate buffer (pH 7.5). The mixture was sampled at 0, 20, 40,
60, 80, 100, 120, 240, and 360 min, and the residual enzyme
activities of the samples were also measured. The effect of
pH on the enzyme activities of AT-DAEase @ZIF-67@
Fe;O, was determined by incubating the reaction mixture
of 50 mM sodium phosphate buffer with 50 g/L p-fructose
in the pH rang of 7.0-9.0. The mixtures were incubated at
55 °C and pH 7.0, 7.5, 8.0, 8.5, and 9.0, respectively, for
5 min, and then the activities were measured.

The kinetic analyses were implemented in 50 mM
sodium phosphate buffer containing p-fructose at dif-
ferent concentrations ranging from 0.025 to 18 mM.
The free enzyme’s reaction was at pH 7.5 and 50 °C,
and the AT-DAEase @ZIF-67@Fe;0,’s reaction was
at pH 8.0 and 55 °C. All experiments of enzymic reac-
tions were performed in triplicate. The values of apparent

@ Springer

Michaelis—Menten constant K, the maximal reaction rate
(Vmay) and catalytic number (K_,,) were calculated using
the substrate saturation plotting according to the Michae-
lis—Menten equation (Matyska and Kovar 1985).

Reusability assay of AT-DAEase@ZIF-67@Fe;0,

The reusability of AT-DAEase @ZIF-67@Fe;0, was
determined by incubating the mixture with the immobi-
lized enzyme and 50 g/L p-fructose dissolved in 50 mM
sodium phosphate buffer (pH 8.0) at 55 °C for 5 min. After
the reaction, the immobilized enzyme was separated by
a magnet, and the AT-DAEase @ZIF-67 @Fe;0, particles
were washed three times with sodium phosphate buffer
and reused for the next cycle. This procedure was repeated
eight times. The reusability of AT-DAEase @ZIF-67@
Fe;O, was analyzed through the activity of AT-DAEase @
ZIF-67@Fe;0, after every cycle. The amounts of p-fruc-
tose and p-allulose were analyzed using HPLC after the
reaction was over.

Results

Expression, purification and characterization
of AT-DAEase

We inserted the DNA fragment encoding AT-DAEase
into the 6 X His-tagged vector pRSFDuet-1 to construct
the plasmid pRSF-DAE to express AT-DAEase. We trans-
formed the plasmid pRSF-DAE into E. coli BL21 (DE3)
to obtain the recombinant strain and cultured it for expres-
sion. After induction with IPTG at 18 °C and SDS-PAGE
analysis, the soluble AT-DAEase protein was identified
in the supernatant of the cell lysate of the recombinant E.
coli following centrifugation (Fig. 1A, lane a). To verify
and characterize the enzyme, it was purified the using the
AKTA system. SDS-PAGE revealed a band of purified
protein with an approximate molecular mass of 32 kDa,
representing AT-DAEase subunits (Fig. 1A, lane b).

A catalysis experiment was performed using purified
free AT-DAEase. The bioconversion ratio reached approxi-
mately 32% under the optimal conditions of 50 °C and pH
7.5 (Fig. 1B), as previously reported (Kim et al. 2006b,
a). The bioconversion ratio was approximately 35% higher
when Co*" was present in the reaction system than that
without Co?*. The specific activities of free AT-DAEase
reached approximately 55 U mg~'and 63 U mg~! when
the reaction system did not contain Co>* and with 0.1 M
Co**, respectively.
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Fig.1 Characterization of AT-DAEase. A SDS-PAGE of the
expressed proteins. Lane M contains the molecular size markers; lane
a is the crude lysate of AT-DAEase, and lane b is the purified 32 kDa

Design strategy of immobilizing AT-DAEase
into ZIF-67@Fe;0,

The design strategy for immobilizing AT-DAEase into
ZIF-67@Fe;0, is shown in Fig. 2. We obtained the
enzyme AT-DAEase from the recombinant E. coli BL21
(DE3) strain after expression and purification. Citric acid-
coated magnetic Fe;O, nanoparticles were prepared using
a solvothermal reaction, including the reduction of FeCl,
by trisodium citrate in ethylene glycol. We chose ZIF-
67 to immobilize DAEase because of its different pore
sizes, high surface area, transition metal Co, and rich N
resources (Kaneti et al. 2017). These properties of ZIF-67

AT-DAEase. B The bioconversion ratio and specific activities of AT-
DAEase in the absence and presence of Co.2* in the reaction system

could potentially improve the thermal stability of DAEase
and provide the essential metal iron Co**, which plays a
crucial role in DAEase catalysis by anchoring the sub-
strate. Furthermore, using ZIF-67 to immobilize DAEase
facilitated the formation of chemical bonds between Co**
and the enzyme, and simplified the process of prepara-
tion of the reaction system and purification of the prod-
uct. Therefore, citric acid-coated Fe;O, nanoparticles
were self-assembled with Co(NOj;),-6H,0 and 2-MelM
individually to generate ZIF-67 @Fe;0, nanoparticles.
Finally, we encapsulated the enzyme AT-DAEase into the
ZIF-67@Fe;0, nanoparticles by fixing the ZIF-67 shell,
Co(NO;),-6H,0, and 2-MeIM.

Expression by
E. coli
PRSF-dae LA IC T
46810p — o A qqngm OH ©
&if . sfeleleiclepleleldle HO/\/'E/&VO
. " e UULU \d el % D
L;;F iz u(r;lo stetsls R S D-fructose
CIF-67akes04
) . - s e .
recombinant plasmid AT-DAEase ¢ : 0304 ‘Q b ol :
¥ . * >
/ 2
A OH 0
etetele o~ AN M
. LA OH OH
Co**  Self-assembly utsts D
N B e R

2-methylimidazole

ZIF-67@Fe304

AT-DAEase@ZIF-67@Fe30q

Fig.2 Immobilization of AT-DAEase into ZIF-67 @Fe;0,. The figure presents a schematic diagram of the production of ZIF-67 @Fe;0, immo-

bilized AT-DAEase
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Characterization of Fe;0,, ZIF-67@Fe;0,
and AT-DAEase@ZIF-67 @Fe;0,

To characterize the sizes and shapes of Fe;0,, ZIF-67@
Fe;O, and AT-DAEase @ZIF-67 @Fe;0, nanoparticles,
they were imaged using SEM and TEM. We counted the
sizes of the magnetite particles according to the SEM and
TEM images. The size range of the diameter of the prepared
spherical Fe;O, magnetic nanoparticles was 80-260 nm, and
their average diameter was about 200 nm (Fig. 3A, D). As
shown in Fig. 3A, B, D and E, both the Fe;O, nanoparti-
cles and ZIF-67@Fe;0, nanoparticles showed the spheri-
cal shapes, and exhibited well dispersed. The surfaces of
Fe;0, nanoparticles were smooth, but they became slightly
crude after coating the ZIF-67 material. The SEM images in
Fig. 3A, B demonstrated that the particle sizes of ZIF-67@
Fe;O, nanoparticles were significantly higher than those
of the Fe;O,4 nanoparticles. The comparison of the particle
sizes and shapes between Fe;0, nanoparticles and ZIF-67 @

(A) (B)

Fe;0, nanoparticles revealed that co-precipitation success-
fully generated a ZIF-67 shell with an average thickness
of about 20 nm on the surface of the Fe;O, nanoparticles
(Fig. 3D, E). The SEM image (Fig. 3C) and TEM image
(Fig. 3F) showed that the AT-DAEase @ZIF-67 @Fe;0,
nanoparticles exhibited particularly rough surfaces and a
particle agglomeration. The TEM images of ZIF-67 @Fe;0,
nanoparticles (Fig. 3E) and AT-DAEase @ZIF-67 @Fe;0,
nanoparticles (Fig. 3F) revealed the formation of MOF shells
with an average thickness of about 50 nm via the aggregation
of ZIF-67 nanoparticles with encapsulated enzymes. There-
fore, the characterization of Fe;O,, ZIF-67 @Fe;0, and AT-
DAEase @ZIF-67@Fe;0, showed the successful creation of
MOF nanoparticle aggregates and the changes in the shapes
and sizes of the AT-DAEase @ZIF-67 @Fe;0, nanoparticles.

To confirm the attachment of the MOF and the enzyme,
FTIR spectral analysis was performed. Figure 4A shows
the comparative spectral analysis of Fe;0,, ZIF-67@
Fe;0,, and AT-DAEase @ZIF-67 @Fe;0,. The absorption

Fig.3 SEM images of A Fe;0,, B ZIF-67@Fe;0,, and C AT-DAEase @ZIF-67 @Fe;0,. TEM images of D Fe;0,, E ZIF-67 @Fe;0,, and F AT-

DAEase @ZIF-67@Fe,0,
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Fig.4 A Fourier transforms infrared spectra, B XRD patterns and C thermal gravimetric analysis of Fe;0,, ZIF-67@Fe;0, and AT-DAEase @

ZIF-67@Fe;0,
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band centered at 1610 cm™" in the sample Fe;0, (black
line) represents the C=O0 stretching vibrations of the cit-
ric acid groups coating on Fe;O,. The peak centered at
582 cm™! indicated the Fe—O stretching. Comparison of
Fe;0, with ZIF-67@Fe,;0, revealed that the bands in the
range of 600-1500 cm™! were attributed to the character-
istic stretching and bending modes of the imidazole ring
of 2-MeIM. The FTIR spectrum of AT-DAEase @ZIF-
67@Fe;0, displayed two absorption bands at 1635 and
3250 cm™! compared to that of ZIF-67@Fe;0,. As shown
in Fig. 4B, the XRD patterns illustrated the characteris-
tic peaks of Fe;O, are completely consistent with those
previously reported (Liu et al. 2009). Compared to the
spectrums of Fe;O, and ZIF-67 @Fe;0,, significant new
peaks generated at the interval of 20-30 after ZIF-67 was
attached. Also, the spectrum of AT-DAEase @ZIF-67@
Fe;0, nanoparticles had the characteristic peaks of Fe;O,
and ZIF-67 materials.

To further confirm the attachment of the MOF mate-
rial and the enzyme, TGA plots were also obtained. They
revealed that the magnetic Fe;O, nanoparticles lost 7.1%
of their weight in the range of 150-370 °C, correspond-
ing to the removal of water and citric acid functionali-
ties (Fig. 4B). The ZIF-67 @Fe;0, nanoparticles lost an
initial weight of approximately 6% within the range of
150-200 °C, which was related to the removal of guest
water molecules. The second weight loss of about 5% was
observed between 200 and 450 °C due to the loss of unre-
acted ligands in the pores and citric acid functionalities
in the Fe;0, material. The third weight loss of 38% was
observed between 450 and 550 °C due to the decomposi-
tion of ZIF-67. The residual 51% of the weight was cobalt
and iron. For AT-DAEase @ZIF-67 @Fe;0, nanoparticles,
the curve showed an initial weight loss of approximately
12% that was related to the removal of the guest mole-
cules, including enzymes, at temperatures ranging from
150 to 260 °C. In the range of 250-450 °C, AT-DAEase @
ZIF-67@Fe;0, exhibited a supernumerary 16% weight
loss compared with the Fe;0, sample and ZIF-67 @Fe;0,
sample. We speculated the 16% weight loss was resulted
from the attached enzyme of the prepared MOF samples.
During the temperature of 450 and 550 °C, the residual
enzyme molecules and ZIF-67 might be decomposed.

AT-DAEase enzyme load and specific activity
detection

The enzyme loading and specific activities are summarized
in Table 1. The enzyme loading was 37 mg enzyme per gram
of Fe;O,4 nanoparticles, which was consistent with the TGA
results. The AT-DAEase @ZIF-67 @Fe;0, nanoparticles
showed the highest activity of 65.1 U mg~!, which was 18%
higher than that of free AT-DAEase. To detect the biocon-
version rate of p-fructose to p-allulose by AT-DAEase @
ZIF-67@Fe;0,, we performed an epimerization reaction
using the free enzymes AT-DAEase and AT-DAEase @
ZIF-67@Fe;0, under optimal reaction conditions (pH 8.0
and temperature of 55 °C). The free AT-DAEase showed a
higher bioconversion ratio of 35.4% when Co** was added to
the reaction mixture than that without Co**. AT-DAEase @
ZIF-67@Fe;0, had a higher bioconversion ratio than the
free AT-DAEase with or without Co”" in the reaction mix-
ture. At equilibrium, the bioconversion ratio of p-fructose
to p-allulose was 38.1%, which was 18.6% higher than that
of AT-DAEase without Co*".

Enzymatic properties of MOF-immobilized
AT-DAEase@ZIF-67@Fe;0,

Thermal stability is an essential requirement for industrial
enzymes because the reaction at higher temperatures can
increase the bioconversion rate and reactant solubility, and
reduce the risk of contamination during bio-catalytic pro-
cesses. To study the thermal stability of the MOF-immo-
bilized AT-DAEase @ZIF-67 @Fe;0,, we measured the
relative enzyme activities of the temperature profile from
45 to 70 °C with p-fructose as a substrate. AT-DAEase @
ZIF-67@Fe;0, exhibited a higher level of activity than free
AT-DAEdase over the entire temperature range (Fig. SA). The
maximum activities of free AT-DAEase and AT-DAEase @
ZIF-67@Fe;0, were observed at 50 °C and 55 °C, respec-
tively, indicating that immobilization increased the optimal
temperature of free AT-DAEase. The enzyme activity of
almost all the reactions of AT-DAEase @ZIF-67 @Fe;0, sur-
passed 80% at temperatures from 45 °C to 70 °C, while that
of only the optimal temperature reaction of free AT-DAEase
was comparable (Fig. 5A). We also detected the residual
activities of free AT-DAEase and AT-DAEase @ZIF-67 @

Table 1 Bioconversion
ratio, speceific activities and
enzyme loading capacities
of free AT-DAEase, free

Bioconversion ratio  Specific activity (U~ Enzyme loading

AT-DAEase +Co.2* and
AT-DAEase @ZIF-67 @Fe,0,

(%) mg™!) capacity (mg per g
Fe;0,)
Free AT-DAEase 32.1 55.3 -
Free AT-DAEase + Co>* 354 63.9 -
AT-DAEase @ZIF-67@Fe;0, 38.1 65.1 37
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Fe;0, reacting at 55 °C from 60 to 360 min. The residual
activity of AT-DAEase @ZIF-67 @Fe;0, remained above
80% after 360 min, while it decreased to almost zero after
120 min in the free AT-DAEase reaction system (Fig. 5B).
These results indicate that the thermal stability of the MOF-
immobilized AT-DAEase @ZIF-67 @Fe;O, was better than
that of the free AT-DAEase.

pH stability is another key factor affecting the enzyme
activity of AT-DAEase, and is an important operational fac-
tor for industrial enzymes. To investigate the effect of pH
on the conversion of D-fructose to p-allulose, we measured
the activity of free AT-DAEase and AT-DAEase @ZIF-67 @
Fe;0, at pH values of 7.0, 7.5, 8.0, 8.5, and 9.0. The opti-
mum pH was 7.5 for free AT-DAEase and 8.0 for AT-DAE-
ase @ZIF-67@Fe;0, (Fig. 5C). In general, AT-DAEase @
ZIF-67@Fe;0, activities over the pH range were higher
than activities of the free AT-DAEase. AT-DAEase @ZIF-
67@Fe;0, retained > 80% activity at pH 7.0-9.0, while free
AT-DAEase displayed < 70% activity, except at pH 7.5. The
findings indicate the significant advantage of AT-DAEase @
ZIF-67@Fe;0, over the free AT-DAEase in pH stability of
the enzyme.

@ Springer

To further evaluate the enzymatic properties of AT-
DAEase @ZIF-67 @Fe;0,, we calculated the kinetic values
according to the classical Michaelis equation using p-fruc-
tose as substrate, and compared them with those of the free
AT-DAEase. As shown in Fig. 5D, the K, of AT-DAEase @
ZIF-67@Fe;0, was 4.2 mM, 8.7% lower than that of the free
AT-DAEase. The V. and K, of AT-DAEase @ZIF-67@
Fe;O, were 82.5 pmol min~! mg™! and 44.0 s™!, respectively
17.7% and 17.8% higher than those of the free enzymes.
These suggested that AT-DAEase @ZIF-67@ Fe;0, had a
higher substrate affinity toward p-fructose and a higher reac-
tion rate.

Reusability of AT-DAEase@ZIF-67 @Fe;0,

To reduce the cost of production in bio-catalytic processes
for industrial applications, the immobilized enzymes are
always recycled. This is a key reason favoring the use of
immobilized enzymes in industrial applications. The immo-
bilized enzyme was recycled through magnetic absorption
for next cycle usage, and this process only took 30 s to
completely recover the particles in the solution (Fig. 6A).
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To evaluate the feasibility of recovery and recycling of AT-
DAEase @ZIF-67 @Fe;0,, the relative activities were deter-
mined during eight consecutive rounds of the bioconversion
of p-fructose to p-allulose at pH 8.0 and 55 °C. AT-DAE-
ase@ZIF-67@Fe;0, retained >45% of its initial activity
after eight cycles of enzyme use (Fig. 6B).

Discussion

In the present study, AT-DAEase was successfully encapsu-
lated into the ZIF-67 @Fe;0, magnetic hybrid MOF using
a self-assembly strategy. A prior study described the immo-
bilization of p-allulose 3-epimerase from C. cellulolyticum
on artificial oil bodies with the aim of decreasing the cost
of p-allulose production (Tseng et al. 2014). In contrast,
we anchored Co on MOF ZIF67 to facilitate the catalytic
reaction of the Co-dependent enzyme AT-DAEase, with
magnetic Fe;O, as the carrier of the catalyst. This design
omitted the addition of Co to the reaction system and sim-
plified the separation of the catalyst and its recycling. SEM
and TEM imaging clearly demonstrated the changes in the
shapes and sizes of the AT-DAEase @ ZIF-67 @Fe;0, nano-
particles. In the FTIR spectral analysis, the two bands at
1635 and 3250 cm™! were attributed to the C=0 stretching
vibration and N-H stretching vibration of the amide group,
respectively, confirming that AT-DAEase was immobilized
on ZIF-67@Fe;0,. XRD results indicated that ZIF-67 was
coated on the surface of Fe;0O, in a certain crystal form.
TGA plot analysis demonstrated a weight loss that was gen-
erally consistent with the removal of all molecules at tem-
peratures ranging from 25 to 750 °C. The weight percentage
of AT-DAEase was approximately 5% in ZIF-67. The FTIR

spectral analysis and TGA plots confirmed the successful
formation of the ZIF-67 @Fe;0, core—shell structures.
AT-DAEase @ZIF-67 @Fe;0, displayed high catalytic
activity for p-fructose to p-allulose, and its specific activity
reached to 65.1 U mg~!. The higher bioconversion ratio of
AT-DAEase @ZIF-67 @Fe;O, than that of free AT-DAEase
suggests that the ZIF-67 @Fe;0, MOF improves the bio-
conversion efficiency of the AT-DAEase enzyme. The syn-
thesized AT-DAEase @ ZIF-67 @Fe;0, displayed a signifi-
cant improvement in thermal stability compared to the free
enzyme AT-DAEase. This indicated that the MOF material
enabled the enzyme to resist high temperatures. The collec-
tive results suggest that adding Co* to the reaction mixture
can increase the bioconversion rate, consistent with previous
reports (Kim et al. 2006a, b; Tseng et al. 2014). In addition,
AT-DPEase @ZIF-67 @Fe;0, displayed an improved biocon-
version efficiency compared to that of free AT-DPEase with
Co?*. The increased thermal stability of the immobilized
AT-DPEase may have led to an improvement in the bio-
conversion efficiency. The optimal conditions for maximum
enzyme activity of AT-DAEase @ZIF-67 @Fe;0, were 55 °C
and pH 8.0. The optimal temperature and pH of free AT-
DAEase were 50 °C and 7.5, respectively. The improved
optimal temperature should benefit from modification of the
MOF material. The mechanism of the optimal pH property
shifting is unclear. The residual activity remained above 80%
of the maximum activity at high temperatures ranging from
55-70 °C and a pH range of 7.0-9.0. These results are con-
sistent with those of previous studies reporting that the MOF
coating could protect enzymes from adverse conditions and
enhance their stability (Tseng et al. 2014; Pei et al. 2020).
When AT-DAEase was immobilized with graphene oxide,
the optimal pH was 7.5, the optimal temperature was 60 °C,
and the biotransformation ratio reached 40%, but the enzyme
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activity after eight cycles of use remained at approximately
25% (Dedania et al. 2017). In the present study, AT-DAE-
ase @ZIF-67@Fe;0, could be reused for eight cycles with
enzyme activity remaining at>45% of its initial activity.
Therefore, our enzyme modification method appears to be
more suitable for recycling.

The enzymatic properties of MOF-immobilized AT-
DAEase @ZIF-67 @Fe;0, illustrated that the ZIF-67 @Fe;0,
material could efficiently protect the AT-DAEase enzyme to
enhance its thermal stability and the porous structure also
facilitated the transportation of the substrate and product.
Moreover, AT-DAEase @ZIF-67 @Fe;0, had a slightly
higher bioconversion rate than that of the free enzyme AT-
DAEase, which may be related to the increases in optimal
temperature and pH. AT-DAEase @ZIF-67@ Fe;0, exhib-
ited a higher substrate affinity toward p-fructose and a higher
reaction rate, possibly due to the microenvironments of ZIF-
67@Fe;0, crystals. The magnetic ZIF-67 scaffold could
enable the separation of the enzyme from the reaction system
using a magnet, facilitating the reuse of the catalyst (Talekar
et al. 2012; Zdarta et al. 2018). In the present study, AT-
DAEase @ZIF-67@Fe;0, could be reused multiple times if
used under optimal conditions. Therefore, immobilization
of the enzyme could reduce the often high cost of indus-
trial applications of enzymes. ZIF-67 @Fe;0,-immobilized
AT-DAEase has potential applications in the production of
D-allulose at a lower cost than the free enzyme. Therefore,
the Co-based magnetic hybrid ZIF-67 @Fe;0, is a suitable
host matrix for immobilizing Co-dependent AT-DAEase for
the large-scale industrial preparation of p-allulose.
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