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Abstract: Through genetic engineering technology, catalase (CAT) and superoxide dismutase
(SOD) have been separately fused to an elastin-like polypeptide (ELP). Thus, the enzymes can
be purified through phase transition. Hexadecylamine-modified poly(aspartic acid) (HPASP) is able
to self-assemble, forming soft microparticles. The HPASP microparticles were used to co-immobilize
SOD-ELP and CAT-ELP through amidation reaction. Circular dichroism (CD) confirmed that the
secondary structures of the co-immobilized enzymes have been preserved. Fluorescence spectra
showed that the co-immobilized enzymes exhibited a higher stability than the free enzymes.
Dismutation of superoxide by superoxide dismutase (SOD) generates hydrogen peroxide. By using
the co-immobilized enzymes (SOD-ELP/CAT-ELP@HPASP), the generated hydrogen peroxide of
SOD-ELP can be decomposed in situ by CAT-ELP. Activity assay results demonstrated that the
superoxide anion (•O2

−) scavenging ability is 63.15 ± 0.75% for SOD-ELP/CAT-ELP@HPASP.
The advantages of the approach of enzyme co-immobilization include the fact that the soft support
HPASP itself is a polypeptide in nature, the stability of immobilized enzymes is improved, and
a high activity has been achieved. Potentially SOD-ELP/CAT-ELP@HPASP can be applied in the
cosmetic industry.
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1. Introduction

Superoxide, peroxide, and hydroxyl radical are main components of reactive oxygen species
(ROS), and are formed during oxygen metabolism [1]. ROS are involved in the progression of aging as
well as neurodegenerative diseases, vascular and cancer diseases, and diabetes [2]. Reactive oxygen
species (ROS) take part in different chemical reactions with proteins, leading to fragmented and
cross-linked proteins [3]. Overproduced ROS by infiltrated inflammatory cells in the intestinal mucosa
may amplify the inflammatory response, trigger mucosal injury, and accelerate mucosal ulceration in
the pathogenesis of inflammatory bowel disease [4].

Superoxide dismutase (SOD) is a metalloenzyme [5], it can catalyze the dismutation of superoxide
anion radicals into hydrogen peroxide and molecular oxygen, and the evolved H2O2 may be
decomposed into water by catalase or reduced to hydroxyl radical. SOD is considered as the first
line of defense against oxidative stress. The enzyme has antiaging, antiviral, and anti-inflammatory
effects [1,2,6]. SOD has been widely applied in the cosmetics, pharmaceutical, and food industries [6].
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Investigations have been carried out to overcome the poor stability behavior of SOD. Stability is an
important requirement for commercial SODs, as denaturation is the main reason of enzyme inactivation.
Therefore, the stabilization of SODs has been paid much attention. Superoxide dismutase was loaded
in biodegradable nanoparticles [7]. Nanostructured lipid carriers have been proven to have a high
capacity to scavenge free oxygen radicals [8]. Various nanoformulations of resveratrol in phospholipid
vesicles have been investigated for their antioxidant activity [9]. Cerium oxide nanoparticles/nanoceria
emerged as a potent artificial redox enzyme [10]. Antioxidant enzymes were encapsulated in
nano-carriers in order to increase the half-life and thus the efficacy of these enzymes [11–13].
Liposomes have been extensively investigated for the encapsulation of SODs, superoxide dismutase
entrapped in long-circulating poly(ethyleneglycol) (PEG)-liposomes [14], liposomal formulations
of Cu, Zn-superoxide dismutase [15], superoxide dismutase entrapped in liposome for oral
administration [16], the entrapment of superoxide dismutase into mucoadhesive chitosan-coated
liposomes [17]. Poly(ethylene glycol) (PEG) has been conjugated to SOD to improve the enzyme
stability and solubility. A variety of coupling reagents, including phenyl chloroformiate [18], cyanuric
trichloride [19], and carbonyl diimidazole [20], have been used for the conjugation. The PEGylation
did not have a significant effect on the SOD activity, PEG-SOD was generally well tolerated and
appears promising in improving outcomes after severe head injuries [21]. Superoxide dismutase
was modified to various degrees by reaction with copolymers poly(N-vinyl pirrolidone) with high
retention of enzymatic activity [22]. Pluronics have also been conjugated to SOD, the conjugate
effectively scavenged xanthine oxidase/hypoxanthine-derived (•O2

−) [23]. To improve the activity of
superoxide dismutase and its stability, superoxide dismutase and peroxidase were immobilized in
sol-gel glasses [24], and were entrapped in poly(lactide-co-glycolide) microspheres [25].

In this work, to improve the stability and enhance the activity of SOD, amphiphilic poly(aspartic
acid) was used as soft support to co-immobilize superoxide dismutase and catalase. The stability and
activity of the immobilized enzyme was investigated.

2. Results and Discussion

2.1. Purification of the Fusion Enzyme

Elastin-like polypeptides (ELPs) are a kind of artificial polypeptides. With ELPs as tags,
enzymes can be purified through reversible phase transition, and enzyme purification process can be
simplified [26]. Herein the elastin-like polypeptide (ELP) has a molecular weight of 23.7 kDa. The ELP
polypeptide was fused to the enzymes superoxide dismutase (SOD) and catalase (CAT). Figure 1
shows that the fusion enzymes SOD-ELP and CAT-ELP have been purified with a high purity, and
that the contaminants can be neglected. The ELP segment functions to purify the fusion enzyme
SOD-ELP through phase transition method [26]. The result in Figure 1 shows that the ELP segment is
appropriate for purifying the fused enzyme. Hence it is not necessary to increase the length of ELP.
The corresponding sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for SOD
and CAT is shown in Figure S1 (see Supplementary Materials).
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Figure 1. Analysis of purified SOD-ELP (a) and CAT-ELP (b) by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Lane M: molecular mass marker (KDa); Lane 1 is for the purified
proteins. SOD: superoxide dismutase; CAT: catalase; ELP: elastin-like polypeptide.

2.2. Immobilization of SOD-ELP and CAT-ELP on HPASP

The hexadecylamine-modified polyaspartic acid (HPASP) formed microclusters in aqueous
solutions (Figure 2a). Through the reaction between the carboxyl groups of HPASP and amino
groups of the enzymes, the two enzymes SOD-ELP and CAT-ELP were co-immobilized on HPASP.
SOD-ELP/CAT-ELP@HPASP also exhibited micro-size clusters (Figure 2b). To directly observe the
co-immobilized enzymes, SOD-ELP was labelled with fluorescein isothiocyanate (FITC) and CAT-ELP
was labelled with tetramethylrhodamine-6-isothiocyanate (TRITC). FITC-labelled SOD-ELP was
immobilized on HPASP and the conjugate exhibited green color (Figure 3a), and TRITC-labelled
CAT-ELP exhibited red color after immobilization on HPASP (Figure 3b). When FITC-labelled
SOD-ELP and TRITC-labelled CAT-ELP were co-immobilized on HPASP, the conjugate exhibited
yellow color due to the overlap of the green and red color (Figure 3c). The confocal images confirm the
simultaneous co-immobilization of the two enzymes on HPASP. Based on the fluorescence intensity of
green and red colors, as well as the fluorescence intensity of yellow color, the weight ratio of SOD-ELP
to CAT-ELP was 1:0.95. The enzyme co-immobilization was further confirmed by the FTIR spectra
in Figure 4 for HPASP and SOD-ELP/CAT-ELP@HPASP. The peak at 3295 cm−1 is due to the O-H
and N-H stretching vibration. The peak at 2913 cm−1 is due to the C-H stretching vibration-CH2 from
hexadecylamine. After enzyme immobilization, the spectrum exhibited a strong band at 1645 cm−1,
which was assigned to the vibration of the carbonyl group (C=O) from the enzymes [27,28].
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Figure 2. Scanning electron microscopy (SEM) images. (a) hexadecylamine-modified polyaspartic acid
(HPASP); (b) two enzymes immobilized on HPASP (SOD-ELP/CAT-ELP@HPASP).
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Figure 3. Confocal images. (a) SOD-ELP immobilized on HPASP (SOD-ELP@HPASP); (b) CAT-ELP
immobilized on HPASP (CAT-ELP@HPASP); (c) SOD-ELP and CAT-ELP co-immobilized on HPASP
(SOD-ELP/CAT-ELP@HPASP).
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Figure 4. Fourier Transform infrared spectroscopy (FTIR) spectra. Black line: hexadecylamine-
modified polyaspartic acid (HPASP); Blue line: SOD-ELP and CAT-ELP co-immobilized on
HPASP (SOD-ELP/CAT-ELP@HPASP).

2.3. Secondary Structures of Enzymes Monitored by Circular Dichroism Spectra

The secondary structure of the enzymes after immobilization was monitored by circular dichroism
(CD) spectra. Figure 5 shows the CD spectra for the mixed free enzymes SOD-ELP+CAT-ELP and the
co-immobilized enzymes SOD-ELP/CAT-ELP@HPASP. For measuring the spectra of co-immobilized
enzymes, the CD spectrum of HPAPS was recorded as a control. The blue line is for the mixed
free enzymes, and the red line is for immobilized enzymes. The red line is close to the blue line.
The mean residue ellipticity at 222 nm reflects the change of α-helical content. The difference in the
absorbance at 222 nm between the red and blue lines is very small, indicating that the two enzymes
after immobilization have retained the alpha helical contents of the free enzymes.
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2.4. Stability of the Immobilized Enzymes against Denaturing by Urea

Urea is commonly utilized as denaturing agent for testing the stability of proteins and
enzymes [29]. Herein fluorescence spectroscopic experiments were performed to investigate the
stability of the immobilized enzymes by using urea as denaturing agent. Tryptophan, tyrosine, and
phenylalanine are fluorescent amino acids in proteins, and tryptophan is the dominant intrinsic
fluorophore [24]. Acrylamide has been widely used to quench tryptophan fluorescence in order to
investigate protein conformational change upon interfering by denaturing agents [29].

The Stern-Volmer equation F0/F = 1 + KSV [Q] [30] can be used to describe the concentration-
dependence quenching, where F and F0 are the fluorescence intensities in the presence and absence
of acrylamide, respectively, [Q] is the acrylamide concentration, and KSV is the Stern-Volmer
quenching constant. By comparing KSV values, the information of conformational change can be
obtained [31,32]. A larger KSV value means a lower stability. The Stern-Volmer plots for the enzymes
were obtained (Figure 6). The KSV values for the mixed enzymes SOD-ELP+CAT-ELP and the conjugate
SOD-ELP/CAT-ELP@HPASP at the urea concentration 3 M are 2.16 and 1.68, respectively. The KSV

value of the system SOD-ELP+CAT-ELP is larger than that of SOD-ELP/CAT-ELP@HPASP at identical
conditions. Compared to SOD-ELP/CAT-ELP@HPASP, SOD-ELP+CAT-ELP is more inclined to
exposure of the tryptophan residues to solvent upon interfering by urea. SOD-ELP/CAT-ELP@HPASP
is more resistant to the urea denaturation than SOD-ELP+CAT-ELP, indicating improved stability of
the enzymes after immobilization.
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2.5. Enzymatic Activity

Pyrogallol has been well known to autoxidize rapidly [33]. Pyrogallol can autoxidize in alkaline
solutions to produce superoxide an ion radical (•O2

−). Superoxide dismutase (SOD) catalyzes the
dismutation of superoxide into H2O2 and oxygen, thus a low level of superoxide is maintained.
Here the inhibition of pyrogallol autoxidation by superoxide dismutase has been monitored for the
determination of the enzymatic activity. Before testing the co-immobilized two enzymes, the activity
of SOD and that of SOD-ELP was compared. Based on the UV-Vis absorption at 320 nm (data not
shown), the superoxide anion (•O2

−) scavenging ability of SOD is comparable to that of SOD-ELP. It
is demonstrated that the fusion of ELP to SOD did not have significant effect on the enzymatic activity
of SOD. For co-immobilized two enzymes, The absorption increment with reaction time was plotted as
shown in Figure 7a,b. The experimental data demonstrated that there were good linear relationships
between the absorption at 325 nm (A325 nm) value and reaction time (Figure 7c). This is essential
as only a linear increase is suitable for determining (•O2

−)radical-scavenging activity [33], which is
defined as (∆A325 nm control/T − ∆A325 nm enzyme/T)/∆A325 nm control/T × 100%. ∆A325 nm
control is the increase in A325 nm of the mixture without enzyme and ∆A325 nm enzyme is that for
the sample with enzyme, T = 6 min. Based on the results of Figure 7c, the superoxide anion (•O2

−)
scavenging ability is 63.15 ± 0.75% for SOD-ELP/CAT-ELP@HPASP. In a separate test, the activity
of two mixed enzymes was measured (data not shown). The results by the two mixed enzymes are
very close to that by co-immobilized enzymes. It is further confirmed that the immobilization has little
effect on the activity of the enzymes.Catalysts 2017, 7, 217    6 of 10 
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Figure 7. (a) Absorption with reaction time without enzyme; (b) Absorption with reaction time with
the co-immobilized enzyme SOD-ELP/CAT-ELP@HPASP; (c) Stern-Volmer plots for the quenching
of enzyme fluorescence by acrylamide. F0 and F are the fluorescence intensities in the absence and
presence of acrylamide, respectively.

3. Experimental Section

3.1. Materials

DNA ligase, DNA polymerase, and restriction enzymes were purchased from Fermentas
(Burlington, ON, Canada). The extraction kit for extracting DNA was from OMEGA (Omega Bio-tek,
Guangzhou, China). The ELP monomer and oligonucleotide primers were synthesized by BGI Tech
(Shenzhen, China). E. coli (Escherichia coli) strain BL21 (DE3) (Beijing University of Chemical Technology,
Beijing, China) was used as a host for producing enzymes and polypeptides. All plasmid constructs
were generated using standard molecular cloning techniques. The constructions of plasmids have been
confirmed by DNA sequencing (BGI Tech). More description in detail for plasmid constructions have
been presented in Supporting Information. SDS-PAGE analysis was performed on 12% polyacrylamide
gels (Beijing University of Chemical Technology, Beijing, China). All other reagents were purchased
from Sigma-Aldrich (Shanghai, China) or Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Protein Expression and Purification

The expression of enzymes is briefly described as follows [34]. E. coli BL21 harboring the plasmids
were grown at 25 ◦C in Luria-Bertani (LB) medium with 50 µg/mL Amp. After reaching an OD600 nm
value of 0.5, the culture was induced with 0.2 mM IPTG. Cells were grown at 25 ◦C for 8 h. E. coli cells
were harvested by centrifugation at 5000× g at 4 ◦C for 30 min and resuspended in phosphate buffer
saline (PBS, 50 mL). The cells were disrupted through ultrasonication on ice. Cell debris were removed
by centrifugation of the lysate at 10,000× g at 4 ◦C for 30 min. The supernatant was transferred to a
fresh tube. Then NaCl solution (3 M) was added and thoroughly mixed. The resulting sample was
maintained at 30 ◦C for 10 min, then centrifuged at 30 ◦C for 10 min. The purification was performed
in triplicate using inverse transition cycling [26].

The purified enzymes were then subjected to SDS-PAGE. Protein solution with protein amount
approximately 16 µg was mixed with an equal volume of SDS-PAGE loading buffer. The mixture was
then heated at 96 ◦C for 6 min. The denatured proteins were separated on 12% SDS-PAGE gels at
130 V/25 mA for approximately 2 h in SDS running buffer.
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3.3. Co-Immobilization of SOD-ELP and CAT-ELP on HPASP

The synthesis of hexadecylamine-modified poly(aspartic acid) (HPASP) has been described in
supporting information. The co-immobilization of SOD-ELP and CAT-ELP on HPASP was carried
out as follows: 100 mg of HPASP was dispersed in MES buffer (100 mL, pH 6, 50 mM), and then the
mixture was added to a solution of N-Hydroxysuccinimide (NHS) in MES buffer. After sonication for
10 min, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 20 mmol/L) was added. The resulting
mixture was shaken at 150 rpm for 60 min. HPASP was activated and separated from the solution
by filtering through a membrane (0.45 µm), and excess NHS and EDC were removed by washing
with 2-(N-morpholino)ethanesulfonic acid (MES) buffer. The separated HPASP was then transferred
to the solution of SOD-ELP (3.0 mg/mL) and CAT-ELP (3.0 mg/mL) and sonicated to redisperse
HPASP, followed by shaking under 120 rpm at 4 ◦C for 9 h. Then mixture was centrifuged at 4 ◦C
for 15 min at 6000× g, and the supernatant was removed. Five washes were carried out to remove
unbound enzymes, with the addition of fresh buffer each time. The micro bicinchoninic acid (BCA)
assay was used to determine the concentrations of enzymes in the solutions [35]. By measuring
the concentrations of enzymes in the initial solutions, washing solutions after immobilization and
supernatants, the amount of immobilized enzymes on the HPASP was finally determined. Triplicate
measurements were performed to obtained average values. The amount of enzymes immobilized was
finally determined to be 0.45 ± 0.02 mg enzymes/mg HPASP.

3.4. Characterization

Circular dichroism (CD) spectra were measured on a JASCO J-810 CD instrument (JASCO
Corporation, Shanghai, China) to monitor the secondary structural change of the proteins. The cell
length was 10 mm and the bandwidth was 0.5 nm. The scan speed was set to be 50 nm/min.
By dissolving the proteins in PBS buffer, the enzyme solutions were prepared. The enzyme
concentrations were 0.03 mg/mL. The measurements were performed at 25 ◦C. The PBS buffer
was measured and the obtained spectrum was used as control. The averaged spectra were obtained by
repeating five times scan.

The FTIR spectrometer was Bruker TENSOR 27 (Bruker, Beijing, China), which was equipped
with a temperature-controlled attenuated total reflectance (ATR). The detector used was a liquid-
nitrogen-cooled mercury-cadmium-telluride detector, collecting 128 scans per spectrum. The spectrum
for the ATR element was used as the control. For purging water vapor, ultrapure nitrogen gas
was introduced.

Confocal images were captured with a Leica TCS SP2 confocal microscope (Leica, Shanghai,
China). The laser excitation wavelength of 488 nm was chosen (λex = 494 nm and λem = 519 nm).
Samples were mounted on conventional glass slides.

The size and morphology for co-immobilized enzymes was observed using scanning electron
microscopy (SEM; Hitachi SU1510, Shanghai, China). The acceleration voltages used for SEM image
observation was 5 kV.

3.5. Fluorescence Measurements

The enzymes were dissolved in PBS buffer (50 mM potassium phosphate, pH 7.5, urea, 2 mM
ethylenediaminetetraacetic acid (EDTA)), with enzyme concentrations 0.08 mg/mL for SOD-ELP and
CAT-ELP. Urea concentrations was 3.0 M. Incubation of the samples was carried out overnight at
room temperature, and equilibrium was ensured at the urea concentration. Acrylamide solutions were
prepared with concentrations from 0.05 to 0.3 M. A aliquot of acrylamide solution was added to the
samples (2 mL). After a 5-min incubation, the solutions were subjected to emission spectra recording.
F-7000 spectrophotometer (Hitachi, Shanghai, China) with a 10 mm path length cuvette was used
to record fluorescence spectra. Using excitation wavelength 295 nm, Tryptophan emission spectra
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were measured. Excitation and emission slits were set at 5 nm with a scan speed of 1200 nm/min.
By subscribing the background fluorescence, fluorescence spectra were corrected.

3.6. Enzyme Activity Analysis

The enzyme activity of SOD was assayed as following. Three solutions were prepared. Solution
A contained 1.5 mM EDTA·2Na and 55 mM Tris-HCl buffer with a pH 8, solution B contained 0.08 µM
enzyme, and solution C contained 60 mM pyrogallol and 0.015 M HCl. 4.0 mL solution A was added
into two quartz cuvettes. One quartz cuvette was used for background measurement. 10 µL solution
B was added into another quartz cuvette. Then 10 µL solution C was added into the quartz cuvette
and rapidly shaken by hand. UV-Vis spectra (Shimadzu UV2550-PC, Shimadzu, Beijing, China) were
obtained in the quartz cuvette with a 1.0 cm optical pathway. The absorption was measured every 60 s
for 300 s.

4. Conclusions

Hexadecylamine-modified poly(aspartic acid) (HPASP) is able to self-assemble, forming soft
microparticles. The HPASP microparticles were used to co-immobilize SOD-ELP and CAT-ELP
through amidation reaction. Circular dichroism (CD) confirmed that the secondary structures of the
co-immobilized enzymes have been preserved. Fluorescence spectra showed that the co-immobilized
enzymes exhibited a higher stability than the free enzymes. Activity assay results demonstrated that
the superoxide anion (•O2

−) scavenging ability is 63.15 ± 0.75% for the conjugate. The advantages of
using HPASP to co-immobilize the two enzymes include: the soft support HPASP itself is a polypeptide
in nature; the stability of immobilized enzymes is improved, and; a high activity has been achieved.
Potentially SOD-ELP/CAT-ELP@HPASP can be applied in cosmetic industry.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/7/217/s1,
Figure S1. Analysis of purified SOD (a) and CAT (b) by SDS-PAGE. Lane M: molecular mass marker (KDa); Lane 1
is for the purified proteins. SOD: superoxide dismutase; CAT: catalase. Table S1. ELP monomer.
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