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Abstract: Bromelain is a unique enzyme-based bioactive complex containing a mixture of cysteine
proteases specifically found in the stems and fruits of pineapple (Ananas comosus) with a wide range
of applications. MD2 pineapple harbors a gene encoding a small bromelain cysteine protease with the
size of about 19 kDa, which might possess unique properties compared to the other cysteine protease
bromelain. This study aims to determine the expressibility and catalytic properties of small-sized
(19 kDa) bromelain from MD2 pineapple (MD2-SBro). Accordingly, the gene encoding MD2-SBro
was firstly optimized in its codon profile, synthesized, and inserted into the pGS-21a vector. The
insolubly expressed MD2-SBro was then resolubilized and refolded using urea treatment, followed
by purification by glutathione S-transferase (GST) affinity chromatography, yielding 14 mg of pure
MD2-SBro from 1 L of culture. The specific activity and catalytic efficiency (kcat/Km) of MD2-SBro
were 3.56 ± 0.08 U mg−1 and 4.75 ± 0.23 × 10−3 µM−1 s−1, respectively, where optimally active
at 50 ◦C and pH 8.0, and modulated by divalent ions. The MD2-SBro also exhibited the ability
to scavenge the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) with an IC50 of 0.022 mg mL−1.
Altogether, this study provides the production feasibility of active and functional MD2-Bro as a
bioactive compound.

Keywords: bromelain; expression; purification; catalytic activity; metal ion; antioxidant

1. Introduction

Bromelain is a member of the papain family that contains a complex and diverse
natural mixture of proteases. It belongs to the family of sulfhydryl proteolytic enzymes
and has a catalytic mechanism that involves the triad Cys-His-Asn/Glu [1–3]. This enzyme
can be found in the pineapple plant (Ananas comosus). Depending on the source, it is
usually classified as either fruit bromelain or stem bromelain. Apart from the stem and
fruits, bromelain was also reported to be present in pineapple peel, core, crown, and
leaves [4]. While bromelain is a unique cysteine protease name for pineapple, other
cysteine proteases are widely distributed in plants and animals, including papain from
papaya (Carica papaya) [5] and ficin from Ficus insipida [6]. In addition, cysteine protease
was also found in viruses [7].

Bromelain possesses significant and notable therapeutic properties such as anti-
inflammatory, anti-thrombotic and fibrinolytic effects, inhibition of platelet aggregation,
anti-cancer activity, immunomodulatory effects, enhanced wound healing and adsorption
of drugs, particularly antibiotics, and cardiovascular and circulatory improvement [8,9]. It
is also widely used in the food industry and considered a food supplement approved by the
Food and Drug Administration of the United States of America, and is now freely available
in the market [1,10]. It can be absorbed into the human intestines without degradation or
losing biological activity [11–13]. Moreover, bromelain is also known to have the ability to
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hydrolyze meat proteins, particularly myofibril and connective fractions, and is considered
a meat tenderizer that can be used traditionally [14].

Earlier, the whole-genome sequence of MD2 pineapple revealed the presence of
14 genes encoding cysteine proteases under the bromelain protease group [15]. Interest-
ingly, these 14 genes encode various molecular weights of cysteine proteases ranging from
19 kDa to more than 200 kDa [15,16]. However, most of the studies on cysteine proteases
of bromelain deal with medium-sized bromelain with a size of about 20–40 kDa [1,17–19].
So far, no study has reported on small-sized bromelain (20 kDa or less). Production of
single cysteine protease bromelain for further applications as an enzyme-based bioactive
compound is challenging due to a lengthy purification process. The use of the recombinant
approach to producing active bromelain from a single gene is feasible yet challenging due
to its solubility issue [1].

Our previous in silico study showed that the small-sized bromelain of MD2 pineapple
(MD2-SBro) exhibited different structural features than the medium-sized bromelain of
MD2 pineapple (MD2-MBro). Structurally, the Cys catalytic site of MD2-SBro is found
to be located at the flexible loop, which is quite mobile and affects its proximity to the
substrate [16]. In addition, both MD2-SBro and MD2-MBro also displayed differences in the
hydrophobicity of the substrate-binding cavity. Earlier, we demonstrated that recombinant
MD2-MBro produced under Escherichia coli (E. coli) was catalytically active with the specific
activity and catalytic efficiency of 6.13 ± 0.01 U mg−1 and 5.64 ± 0.02 × 10–2 µM−1 s−1,
respectively [1].

This report provides the first experimental evidence on catalytic properties of recom-
binant MD2-SBro produced from E. coli host cells. We demonstrated that MD2-SBro was
catalytically active with the activity modulated by pH, temperature, and metal ions. In
addition, the antioxidant activity of this protein was also detectable.

2. Materials and Methods
2.1. Gene Optimization, Synthesis and Expression System Construction

The MD2-Sbro gene sequence was retrieved from NCBI with accession number
OAY85828.1. The gene sequence was then optimized using OptimumGeneTM (Piscataway,
NJ, USA) according to the codon usage preference of E. coli, and chemically synthesized
under the GenScript outsource service (Piscataway, NJ, USA). The gene was provided in
the pUC18 plasmid, designated as pUC18-SBro. Further, to construct the expression system
for the gene, the SBro gene was amplified from the pUC18 plasmid using polymerase chain
reaction (PCR) with a pair of specific primers. The sequences of the PCR primers used are
as follows: 5′-CGAAGCTTATGGCGGAGTACGGTCGTGTG-3′ (forward, with HindIII site)
and 5′-GGCTCGAGGCCCCACCAGGAACCCCAGC-3′ (reverse, with XhoI site). PCR was
performed using KOD polymerase (Toyobo Co., Ltd., Kyoto, Japan) with the GeneAmp
PCR system 2400 (Applied Biosystems, Tokyo, Japan). The amplicon was then digested
with restriction enzymes of HindIII and XhoI and ligated into the pGS-21a expression vector
using the DNA Ligation Kit, Mighty Mix (Takara, Japan). The success of ligation was
confirmed using an insert check with restriction enzymes and nucleotides using the Prism
310 DNA sequencer (Applied Biosystems). The recombinant DNA of the MD2-SBro gene
and pGS-21a is designated as an expression system of pGS21-SBro. This expression system
allows MD2-SBro to be expressed in a fusion form to a glutathione S-transferase (GST)
tag at its N-terminal. This expression system was then transformed into E. coli BL21(DE3)
using the heat shock method based on Froger and Hall [20].

2.2. Protein Expression

Expression of recombinant MD2-SBro was performed based on Razali et al. [1] with
some modifications. Briefly, the transformed cells were cultured in Luria Bertani (LB) media
supplemented with 100 µg mL−1 ampicillin and incubated at 37 ◦C at 180 rpm. The enzyme
was induced by 1 mM IPTG (isopropyl β-D-1-thiogalactosidase (IPTG) once the OD600
reached 0.7, followed by a prolonged incubation at 37 ◦C, 180 rpm for 5 h. The culture
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was harvested by centrifugation at 8000× g for 10 min at 4 ◦C. The cell pellet was then
washed twice and resuspended in 20 mM phosphate buffer, pH 8.0, containing 100 mM
NaCl, followed by cell lysis by a sonication in ice. The soluble fraction was then separated
from the cell debris (pellet) by centrifugation at 35,000× g for 30 min at 4 ◦C. Soluble
and pellet fractions were aliquoted for protein expression and solubility checking under
15% SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis). The whole
fractions were also kept for further steps.

2.3. Solubilization and Refolding of Insoluble Protein

For the protein expressed in an insoluble form, solubilization and refolding steps were
performed using urea treatment according to the method described by Kannan et al. [21]
and Yamaguchi and Miyazaki [22], with some modifications. Briefly, the inclusion bodies
(pellets) obtained after sonication were resuspended in 20 mM phosphate buffer (pH 8.0)
containing 8 M urea, 2 mM DTT, and 100 mM NaCl. The sample solution was incubated at
4 ◦C overnight, followed by centrifugation at 35,000× g, 4 ◦C for 30 min. The supernatant
was then collected for dialysis to refold the protein by removing the urea against 20 mM
phosphate buffer (pH 8.0) at 4 ◦C overnight. Following the dialysis, the sample was
centrifuged at 20,000× g for 15 min. The supernatant was collected and considered as
solubilized MD2-SBro in a crude form, which was then used for solubility checking under
15% SDS-PAGE and further purification steps.

2.4. Protein Purification

Purification of a crude form of solubilized MD2-Sbro was performed according to [23].
Briefly, the GSTrap HP 5 mL (GE Healthcare; Chicago, IL, USA) column was firstly equili-
brated with the binding buffer (20 mM phosphate buffer, pH 8.0 containing 100 mM NaCl).
The crude form of solubilized MD2-Sbro, which was filtered previously using a syringe
filter 0.22 µM membrane (Pall Life Sciences; Port Washington, NY, USA), was then loaded
into the column. The sample was then eluted by linear gradient at gradual increments
from 0% to 100% of an elution buffer containing 50 mM Tris-HCl (pH 8.0) with 10 mM
reduced glutathione. The presence and purity of eluted MD2-Sbro were then checked from
the fractions across the peak of interest in the chromatogram using 15% SDS-PAGE. Finally,
the fractions containing MD2-Sbro in acceptable purity were pooled and dialyzed against
50 mM Tris-HCl, pH 8.0.

The purified protein concentration was determined by the NanoDrop™ 2000 (Thermo
Fisher Scientific; Waltham, MA, USA) on the basis that the absorbance at 280 nm of 0.1%
(1 mg mL−1) solution is 1.69, as calculated based on Goodwin and Morton [24].

2.5. SDS-PAGE

The expression, solubility, and purity of the MD2-SBro protein were confirmed using
15% SDS-PAGE [25]. In addition, the gel was stained with Coomassie Brilliant Blue (CBB)
dyes and visualized using a Gel DocTM XR+ imager (Biorad; Hercules, CA, USA).

2.6. Enzymatic Activity and Kinetic Parameters

The enzymatic activity of the purified protein was determined at 37 ◦C and pH 8.0
based on the method described by Razali et al. [1], with some modifications. It was deter-
mined using N-carbobenzoxyglycine p-nitrophenyl ester (N-CBZ-Gly-pNP) substrate [26].
Prior to adding the substrate, concentrations of the enzyme with different ranges
(0.5–10 µg/mL) were incubated in 20 mM Tris-HCl buffer pH 8.0 at 37 ◦C for 5 min,
with shaking to homogenize the solution. Then, the substrate with 50 µM of final concen-
tration was added to the enzyme solution and incubated for 5 min. The product release
was monitored at 340 nm using a Lambda 35 Perkin-Elmer UV-Vis spectrophotometer
(Waltham, MA, USA). The amount of p-nitrophenyl (pNP) released was calculated based
on an extinction coefficient for pNP of 6320 M−1 cm−1. One unit of the enzyme was defined
as the amount of enzyme which produced 1 µmol of the product per minute. To determine
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the effect of GST on the specific activity of MD2-SBro, the specific activity of the protein
was also observed in the absence or presence of free GST protein (Sigma Aldrich; St. Lois,
MI, USA). The MD2-SBro was 10 µg/mL, while the concentration of free GST protein was
prepared in 1:1, 1:5, and 1:50. The changes in the activity were then observed qualitatively
based on the color changes due to the release of the pNP moiety.

Meanwhile, the kinetic parameters (Vmax and Km) of MD2-SBro were calculated mathe-
matically according to the Michaelis–Menten equation [27], using linear regression analysis
through a double reciprocal (Lineweaver–Burk) plot [17]. The enzyme mixture in 20 mM
Tris-HCl buffer pH 8.0 was first incubated at 37 ◦C for 5 min with shaking. The kinetic
parameters were then determined against the substrate. Data were obtained by measuring
the initial rate of hydrolysis by incubating the enzyme with different range concentra-
tions of the substrate in 20 mM Tris-HCl buffer pH 8.0 at 37 ◦C. The maximal velocity
(Vmax) and Michaelis constant (Km) were computed by plotting the data in GraphPad
Prism 6 software. The assays were performed in triplicates, and data were shown as the
mean ± standard deviation.

2.7. Optimum Temperature and pH

The optimum temperature for the catalytic activity of MD2-SBro was determined at
different temperatures from 25–80 ◦C in 20 mM Tris-HCl buffer pH 8.0 with the detailed
conditions described above. Meanwhile, the optimum pH of the protein activity was observed
over the pH range of 4.0–10.0. For pH 4.0–6.0, it was measured in 20 mM citrate buffer, 20 mM
Tris-HCl buffer for pH 6.0–8.0, and 20 mM Gly-NaOH for pH 8.0–10.0 [1]. The highest activity
obtained during the measurement was set as 100% of the specific activity. The assays were
performed in triplicates, and data were shown as the mean ± standard deviation.

2.8. Determination of EDTA and Metal Ions Effect

The influence of ethylenediaminetetraacetic acid (EDTA) and different metal ions
(Ca2+, Cu2+, Mg2+, Zn2+, Ni2+) on the catalytic activity of MD2-SBro was performed
according to the previous reports [1,28–30], with some modifications. The catalytic activity
was examined by adding EDTA or different metal ions with a final concentration of 10 mM
at the optimum temperature and pH [1].

2.9. Antioxidant Activity

The antioxidant activity was determined using a modified version of the free radi-
cal 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [31]. Various concentrations of proteins
(0.05 mg/mL, 0.1 mg/mL, 0.2 mg/mL, and 0.5 mg/mL) were prepared in 20 mM Tris-HCl,
pH 8.0. Then, 2.5 mL of MD2-SBro was mixed with 1 mL of DPPH and placed on ice for
30 min. The DPPH test for radical scavenging activity was monitored using a Lambda
35 Perkin-Elmer UV-Vis spectrophotometer (Waltham, MA, USA) at 517 nm. Ascorbic
acid, which is known to exhibit antioxidant activity, was used as a positive control. The
percentage values of radical scavenging activity by DPPH (A) were calculated using the
formula below:

A% =
Abs control−Abs sample

Abs control
× 100

3. Results
3.1. Gene Optimization

In this study, the gene encoding bromelain MD2-SBro was optimized by increasing
the GC content of MD2-SBro from 44.51% to 53.34%. In addition to the changes in GC
content, the codon adaptation index (CAI) of the newly synthesized MD2-SBro was also
adjusted from 0.40 to 0.95 (Table 1). All the changes were based on the preferences of E. coli
as the host cells, according to Nussinov [32] and Akhtar et al. [33]. Further, the modification
was only performed on the DNA level, where the amino acid sequence was not changed.
Accordingly, the translated polypeptide from the optimized MD2-SBro gene is expected to
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have the same primary structure and fold into the same three-dimensional structure as the
polypeptide from the original gene.

Table 1. Gene optimization of the MD2-SBro gene.

Parameters Original MD2-SBro Gene Optimized MD2-SBro Gene

GC content 44.51% 53.34%
Codon adaptation index (CAI) 0.40 0.95

3.2. Protein Expression and Solubilization

The optimized MD2-SBro was expressed in E. coli BL21(DE3), as indicated by the thick
band with an apparent size of 50 kDa (Figure 1). This size is comparable to the theoretical
size (calculated from the amino acid sequence) of MD2-SBro in a fusion form with a GST-
tag, which is 50798.17 Da (GST-tag and linker = 30.32 kDa; MD2-SBro = 19.42 kDa). The
50 kDa band appeared only when IPTG induced the culture. Nevertheless, Figure 1 also
showed that the 50 kDa band appeared in a pellet fraction after sonication, which indicated
that MD2-SBro was expressed in an insoluble form (inclusion body). As the protein was
expressed in an insoluble form, the solubilization and refolding were done using urea
treatment, along with a reducing agent of DTT. The solubilized and refolded MD2-SBro
was found to be in a soluble form, as shown by the appearance of a 50 kDa band in the
soluble fraction after the treatment.
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Figure 1. Expression and solubilization check of MD2-SBro protein. Lane 1: Before IPTG induction;
Lane 2: After IPTG induction; Lane 3: Soluble fraction obtained after the sonication; Lane 4: Insoluble
fraction obtained after the sonication; Lane 5: Soluble fraction obtained after the solubilization; Lane 6:
Insoluble fraction obtained after the solubilization. The band corresponding to MD2-SBro is indicated
by the arrow.

3.3. Protein Purification

The solubilized and refolded MD2-SBro was then purified by GST-affinity chromatog-
raphy, resulting in a single 50 kDa band in 15% SDS-PAGE (Figure 2). The presence of the
contaminants was undetectable under the gel, which showed that the MD2-SBro protein
was successfully produced in high purity under single-step chromatography.
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The detail of the purification profiles is shown in Table 2. The amount of purified
MD2-SBro obtained from 1 L culture was 14 mg. Meanwhile, the enzymatic activity was
calculated based on the amount of p-nitrophenol (pNP) released upon the digestion of the
N-CBZ-Gly-pNP substrate. The release of the p-nitrophenol moiety is detectable as yellow
color and quantitatively measurable by a UV-Vis spectrophotometer. Table 2 also showed
that the specific activity of MD2-SBro was 3.56 ± 0.08 U/mg. Interestingly, the purification
fold of MD2-SBro was found to be more than 40-fold.

Table 2. Purification profile of MD2-SBro indicating its activity and yield.

Steps Volume
(mL)

Total Protein
(mg)

Total Activity
(U) *

Specific Activity
(U/mg) * Yield (%) Purification

(Fold)

Cell lysate 70 ± 2.80 510 ± 12 62.30 ± 5.64 0.12 ± 0.002 100 1.0

Glutathione S-transferase
(GST) affinity

chromatography
22 ± 1.38 14 ± 1.32 49.84 ± 3.17 3.56 ± 0.08 80 42.72

* measured at 37 ◦C, pH 8.0.

Notably, when the activity of MD2-SBro was observed in the presence of free GST
protein, the yellow color of the cocktail reaction was not changed by the addition of free
GST protein. Meanwhile, no yellow color was detected when free GST protein was mixed
with the substrate without MD2-SBro (Figure 3). To note, the connection of MD2-SBro
and the GST-tag is a linker Asp-Asp-Asp-Asp-Lys fragment, which is a cleavage site for
enterokinase. The presence of this site allows the production of MD2-SBro free from the tag
via digestion by the enterokinase. While it is unlikely that GST modulates or diminishes
the activity, it is unclear if the linker participated in the activity. Given the linker is quite
short (< 10 amino acids) and located far from the active sites, it is unlikely that the linker
affects the activity; nevertheless, this remains to be experimentally confirmed.
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the mixtures containing substrate, MD2-SBro, and free GST protein. The ratio of MD2-SBro and free
GST protein were 1:1 (reaction D), 1:10 (reaction E), and 1:50 (reaction F).

3.4. Enzymatic Activity and Kinetic Parameters

Further, to estimate the kinetic parameters Vmax, Km, kcat, and catalytic efficiency
(kcat/Km), additional tests were carried out at 37 ◦C and pH 5.0 by varying substrate
concentration. Figure 4 shows the Michaelis–Menten curve and Lineweaver–Burk plot
used for the basis of the kinetic parameter’s calculation. Accordingly, calculated ki-
netic parameters of MD2-SBro were shown in Table 3, with the catalytic efficiency of
4.75 ± 0.23 × 10−3 µM−1 s−1.

Table 3. Kinetic parameters of MD2-SBro in comparison to MD2-MBro.

Proteins Vmax (10−3 µM s−1) Km (µM) kcat (s−1) kcat/Km (10−3 µM−1 s−1) Ref

MD2-SBro 7.20 ± 0.52 42.1 ± 3.81 0.20 ± 0.008 4.75 ± 0.23 This study

MD2-MBro 15 ± 0.5 34.24 ± 1.02 1.93 ± 0.05 56.37 ± 2.08 [1]
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3.5. Optimum Temperature and pH

The optimum temperature of enzymatic activity was identified by carrying out activity
assays at pH 8.0 and varying temperatures from 25–80 ◦C. The only initial values of enzyme
activity were considered to minimize the influence of activity loss due to irreversible
denaturation of protein [34]. As demonstrated in Figure 5, the optimum temperature of
MD2-SBro was 50 ◦C.
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Meanwhile, Figure 6 showed the pH-dependent activity of MD2-SBro, which was
measured with pH 4.0–10.0. The data demonstrated that the MD2-SBro was active over a
relatively wide pH range, and the highest activity towards the substrate was observed at
pH 8.0.
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3.6. Effect of EDTA and Metal Ions

As demonstrated in Table 4, the activity of MD2-SBro was decreased to about 17%
in the presence of EDTA. In addition, the effect of different types of divalent ions on the
catalytic activity of MD2-SBro was found to be varied. The addition of Mg2+, Ni2+, and
Ca2+ ions increased the catalytic activity of MD2-SBro. Meanwhile, the addition of Zn2+ or
Cu2+ metal ions decreased the activity of MD2-SBro. The reduction by Zn2+ was 41% for
MD2-SBro. Meanwhile, Cu2+ decreased the activity of MD2-SBro by 22%.

Table 4. Relative activity of MD2-SBro in the presence of various metal ions and EDTA.

Metal Ions Relative Activity (%)

Control 100 ± 5.01
MgCl2 178.32 ± 7.54
CaCl2 121.40 ± 8.71
NiCl2 114.31 ± 10.32
CuCl2 78.09 ± 3.21
ZnCl2 47.36 ± 3.98
EDTA 17.58 ± 1.07

Note: Control refers to the activity with no metal ions or EDTA.

3.7. Antioxidant Activity

The antioxidant activity of tested samples was conducted by DPPH assay, which is
one of the most stable free radicals and is frequently used to evaluate radical scavengers
in many types of samples [35]. The antioxidant activity of MD2-SBro was determined
through their ability to scavenge the DPPH radical and therefore inhibit the formation of a
radical form of DPPH. Figure 7 shows that the ability of MD2-SBro to inhibit the formation
of a radical form of DPPH was in a concentration-dependent fashion. This is similar to
the ability of ascorbic acid as a positive control. This indicated that MD2-SBro exhibited
antioxidant activity through scavenging DPPH radicals. The calculated IC50 value for
MD2-SBro to inhibit the DPPH radical formation was 0.022 mg mL−1, slightly higher than
the IC50 value for ascorbic acid (0.018 mg mL−1).
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4. Discussion

The common challenge in the production of recombinant bromelain is dealing with
expressibility issues upon heterologous expression. One factor that might account for
this issue is the variations and incompatibility of the codon profile of the target gene
with the host cells to express [36,37]. Our previous approach using a codon-optimized
gene successfully produced recombinant medium-sized bromelain from MD2-pineapple
(MD2-MBro, size of 38 kDa) [1]. Accordingly, a similar approach might also work for the
heterologous expression of MD2-SBro. In the current study, the gene encoding MD2-SBro
was optimized to meet the requirement for expression under E. coli host cells. The value of
GC content for the optimized MD2-SBro gene was in the range of favorable GC content for
E. coli host cells [38]. In addition, the final CAI of the MD2-SBro gene was also re-adjusted
to be compatible with the codon preferences of the host. Meanwhile, AT-rich regions were
removed in the new sequence to avoid premature translational termination [39]. To note,
the optimization did not affect the translated amino acid sequence as it dealt only with the
changes in the DNA sequences.

Figure 1 confirmed that MD2-SBro was successfully over-expressed in E. coli cells.
This indicated that the optimized gene of MD2-SBro enables this gene to be compatible
with the E. coli system for expression. However, MD2-SBro was expressed in an insoluble
form (inclusion body), despite originating from the modified gene. Notably, several ex-
pression conditions were attempted for MD2-SBro, particularly by varying the incubation
temperature and period. Nevertheless, all these conditions resulted in insoluble expressed
protein (data not shown). Recently, Bhatwa et al. [40] implied that the formation of an
inclusion body is associated with the genetic regulation upon transcription and translation.
Codon optimization is essentially related to gene expression through transcription regula-
tion [41]. Nevertheless, as MD2-SBro is expressed as an inclusion body, this indicated that
the codon optimization did not sufficiently contribute to the solubility of MD2-SBro upon
heterologous expression. This is in agreement with an earlier report that implied the use of
codon-optimized sequences did not affect the quality of the inclusion bodies obtained [36].
The formation of the inclusion body of MD2-SBro might be due to post-translational events,
particularly the misfolding of protein. Obeng et al. [42] and Razali et al. [43] implied that
the production of recombinants in E. coli is often challenged by its insolubility due to
folding issues. In addition, the high expression level of the expressed protein might also
contribute to the formation of the inclusion body due to the high concentrations of folding
intermediates, which are prone to clump and aggregated [44–46]. To note, the standard
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for the heterologous protein to be considered as highly expressed is varied. In this study,
14 mg of MD2-SBro was expressed from 1 L of culture, which sounds to be not a high-level
expression. Nevertheless, this expression level is much higher than other recombinant
bromelain expressions reported by Iffah et al. [47], Amid et al. [19], and George et al. [48].
To note, all these bromelains were expressed from the nonoptimized gene. Interestingly,
MD2-MBro was expressed at a higher level (20 mg/L culture) than MD2-SBro [1] in a fully
soluble form. The discrepancy might be due to the differences in the physicochemical
properties between both proteins. Bhatwa et al. [40] reported that the formation of the
inclusion body of expressed protein is also governed by the structural and physicochemical
properties of the proteins themselves. These features include the molecular weight, the
number of adjacent hydrophobic residues, and the regions of low complexity.

Of note, MD2-SBro was expressed in a fusion form with a GST-tag. The tag was known
not only to assist the purification process, but was also able to enhance solubility. Never-
theless, MD2-SBro remains expressed as an insoluble form or inclusion body. Inclusion
bodies were classically considered amorphous types of protein aggregates devoid of any
structural regularity [49]. Costa et al. [50] reported that the GST-tag theoretically acts for
affinity and solubility enhancer purposes. Nevertheless, Boisselier et al. [51] reported that
despite the high solubility of GST, not all GST-tagged fusion proteins are solubilizable. This
is possibly due to the uniqueness of each protein, particularly in its hydrophobicity degree.
Young et al. [52] reported that hydrophobic regions of the proteins might lead to unspecific
interaction, which further caused the aggregation and became an inclusion body.

Following the solubilization of the insoluble protein of MD2-SBro using urea, the
protein was successfully refolded. The use of urea in this study is considered the most
common and conventional way to solubilize recombinant proteins from the inclusion body
upon expression from E. coli cells [53]. The refolded protein was found to be in a soluble
form (Figure 1), and this showed that the solubilization and refolding process of MD2-SBro
inclusion body proteins succeeded. In addition, it also proved that the efficiency of these
two steps is high. However, in some cases, the renaturation yields may be limited by the
accumulation of inactive misfolded species and aggregates [54,55].

However, the purification yield of MD2-SBro protein after the single-step purification
in this study is considered lower than other recombinant bromelains [1,19]. This is probably
due to the low recovery of the protein solubilization or refolding, although the expression
level was high. Nevertheless, this value is higher than purified recombinant bromelain
in the study of Arshad et al. [47] and Bala et al. [56]. Unfortunately, previous studies that
involved recombinant bromelain by Muntari et al. [18] and George et al. [48] did not report
the purification yield for comparison.

In addition, the specific activity of MD2-SBro was only 3.56 ± 0.08 U/mg, which was
considerably lower than MD2-MBro [1]. Nevertheless, as shown in Table 2, the purification
yield of MD2-SBro was 80%, comparable to that of MD2-MBro reported earlier [1]. A high
purification fold for MD2-SBro was speculated due to the use of GST affinity chromatogra-
phy, which was reported to be very specific. MD2-MBro, in contrast, was expressed in a
His-tag form, which has less specificity during affinity chromatography. Robichon et al. [57]
reported that many indigenous E. coli proteins display high affinity to divalent nickel or
cobalt ions, mainly due to the presence of clustered histidine residues or biologically rel-
evant metal-binding sites. These indigenous proteins lead to low specificity of Ni-NTA
chromatography compared to GST affinity chromatography. In this study, the GST-tag
was not removed from MD2-SBro as there were no reports that GST exhibited proteolytic
activity that would interfere with the MD2-SBro activity. Earlier, we also demonstrated
that the large-sized tag of thioredoxin did not interfere with the activity of recombinant
MD2-SBro [1]. In addition, the use of protease to cleave the linker between GST-tag and
MD2-SBro is concerning due to the possibility of unspecific cleavage of MD2-SBro by the
protease. As shown in Figure 3, it is evident that GST has no effect on the cleavage of pNP by
MD2-SBro, as indicated by no changes in the yellow color of the cocktail upon the addition
of free GST protein at different concentrations. Free GST protease has also demonstrated
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no proteolytic activity against the substrate due to no yellow color formation. Accordingly,
it is suggested that MD2-SBro mainly generates the activity observed in this study.

The calculated kinetic parameters of MD2-SBro (Table 3) clearly demonstrated that
catalytic efficiency (kcat/Km) of MD2-SBro was more than 11-fold lower than that of MD2-
MBro, as reported earlier [1]. The differences might be due to their structural discrepancies
or the presence of a GST-tag. Earlier, the model structure of MD2-SBro revealed that the
Cys-His active site position of MD2-SBro was found to be inappropriate for catalysis. In
addition, the substrate-binding pocket of MD2-SBro was found to be less hydrophobic
than that of MD2-MBro [16]. This structural feature might account for the low activity of
MD2-SBro. Notably, the catalytic efficiency of MD2-SBro was also much lower than the
other bromelains, ranging from 17.86–52.53 µM−1 s−1, depending on the type of bromelain
and substrate used in the assay [19,29].

Further, the optimum temperature of MD2-SBro, which was observed at 50 ◦C, sug-
gested that the MD2-SBro behaves as a mesophilic protein, where it optimally worked
at moderate temperature. This optimum temperature is similar to that of MD2-MBro [1].
Bala et al. [58] reported that non-recombinant bromelain from fruit or stem pineapple gen-
erally exhibited optimum activity at a temperature ranging from 40–70 ◦C. Nevertheless,
Corzo et al. [59] discovered that the optimum temperature for the catalytic activity of
bromelain was different depending on the substrate. Of note, the optimum tempera-
ture of MD2-SBro was higher than favorable growth temperatures in pineapple farms
(18–32 ◦C) [60]. Nevertheless, it remains to be investigated if the optimum temperature of
this protein is associated with its biological roles in the pineapple fruit. Meanwhile, the
optimum pH of MD2-SBro was found to be 8.0, which is higher than that of MD2-MBro
(pH 6.0), as reported earlier [1]. Nevertheless, the optimum pH of MD2-SBro remains
in the range of the common optimum pH for stem and fruit bromelain, which was re-
ported to be between 6.0–8.5 [14,61–65]. Interestingly, in the range of pH 4.0–7.0 and pH
9.0–10.0, MD2-SBro remains active with residual activity of > 60% (Figure 5). Of note, the
pH optimum of bromelains was reportedly different by many authors due to the use of
different substrates [59,66]. Nevertheless, Vernet et al. [67] previously proposed that an
acidic pH is more favorable for bromelain if it triggers the pro-domain from the active site.
Consequently, this makes the cleavage site within the pro-domain loop accessible to the
active site, and the enzyme becomes activated [68]. Notably, MD2-SBro is a small protein
with no pro-domain segment [16]. Accordingly, acidic pH is not necessarily required for
activating MD2-SBro through the detachment of the pro-domain segment. The absolute
specific activity values of MD2-SBro at its optimum temperature (50 ◦C) and pH (8.0) were
19.77 × 10−3 and 3.56 × 10−3 U/mg, respectively. These values are lower than the specific
activity of MD2-MBro at 50 ◦C (10.22 × 10−2 U/mg) or at pH 8.0 (6.13 × 10−2 U/mg).

It is interesting to find that the activity of MD2-SBro was decreased by EDTA, which is
in good agreement with the previous study reported by Hidayani et al. [28]. The negative
effect of EDTA on the activity of MD2-SBro is due to the chelating of metal ions in the
catalytic site of the enzyme by EDTA and altering of the structure, as was also proposed by
Hidayani et al. [28]. Nevertheless, the identities of the metal ions required for the enzyme
activity are yet to be investigated. A reasonable way to identify the metal binding site of
this protein is through co-crystallization with the metal ions. The putative residues for
metal ion coordination are further confirmed through the mutagenesis approach.

Meanwhile, the increasing activity of MD2-SBro due to the presence of different
types of divalent ions (Mg2+, Ni2+, and Ca2+) is similar to previous studies of brome-
lain [1,30,69–72]. The increase of catalytic activity of MD2-SBro in the presence of Mg2+,
Ni2+, and Ca2+ were 203%, 118%, and 134%, respectively, higher than that in the absence of
any metal ions. The observed effects of Ca2+ on bromelain activity are in good agreement
with the earlier reports [73–75] that calcium ions promote bromelain activity by stabilizing
the secondary structure of an enzyme. According to Fadhilah et al. [69], the addition of
Mg2+ also aids in maintaining the conformation of bromelain, which is important in the
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occurrence of catalytic activity. Unfortunately, so far, no detailed study on the effect of Ni2+

on bromelain activity is available.
Figure 7 also showed a reduction of MD2-SBro activity by adding Zn2+ or Cu2+

metal ions. Similar results were also reported for the effect of these two ions on brome-
lain [30,70,72,76]. The effects of Cu2+ on bromelain activity corroborate the earlier obser-
vations [1,72,74,76,77], which implied that copper ions inhibit the bromelain activity by
forming a coordination bond with a catalytic sulfhydryl group.

The interesting bioactivity of bromelain is its antioxidant activity, which remains
unknown as to whether it is associated with its catalytic activity. Some reports have clearly
demonstrated the antioxidant activity of non-recombinant bromelain against DPPH radical
or lipid peroxidation inhibition [78–81]. Nevertheless, there has been no report so far
on the antioxidant activity of bromelain produced through the recombinant approach.
Figure 7 clearly shows that MD2-SBro could scavenge DPPH as one of the phenotypical
antioxidant activities. It is unclear how bromelain scavenges the DPPH radical. However,
it might be due to the antioxidant properties of individual amino acids of MD2-SBro.
Udenigwe et al. [82] reported that sulfur-containing (SCAA), acidic, and hydrophobic
amino acids had strong positive effects on scavenging of 2,2-diphenyl-1-picrylhydrazyl
(DPPH). All these residues are found in the MD2-SBro sequence. Chakraborty et al. [83]
highlighted that the antioxidant activity of bromelain put this enzyme as a potential food-
based bioactive compound for various pharmaceutical applications. Ataide et al. [81]
reported that bromelain’s antioxidant activity might be associated with bromelain’s activity
in the modulation of the inflammatory system and skin debridement properties. Of
note, most of the antioxidant activity on bromelain used an unpurified (crude) form
of bromelain, which leads to a possibility of bias by the antioxidant activity generated
by the contamination. The ability of MD2-SBro to scavenge DPPH radically indicated
that a single cysteine protease indeed exhibited antioxidant activity. The IC50 values of
MD2-SBro to scavenge DPPH radical were found to be higher than that of crude bromelain
reported by Abbas et al. [80], but lower than that reported by Saptarini et al. [78] and
Huang et al. [79]. This indicated that each cysteine protease bromelain possesses unique
antioxidant properties.

Of note, the bromelain gene studied in this study originated from MD2 pineapple.
This is due to the availability of its whole genome sequence. In addition, MD2 pineapple is
currently also the major pineapple variant planted in Malaysia [84]. Therefore, the current
study should provide insight into the promising bioactivity of bromelain from MD2 pineap-
ple for further studies, and scale-up productions using a heterologous expression approach.

5. Conclusions

This study demonstrated the success of the production of MD2-SBro, one of the
enzyme-based bioactive compounds from MD2-pineapple, using a heterologous expression
system using E. coli host cells. While recombinant MD2-SBro was produced in the inclusion
body, this protein could be solubilized and refolded to form active bromelain. Intriguingly,
MD2-SBro is proven to be active, albeit with little specific activity and low catalytic efficiency.
The pH and temperature optimum and the metal-ion dependency of this protein were
found to behave uniquely compared to other bromelains. Interestingly, the antioxidant
activity of MD2-SBro is remarkably higher and close to the well-known antioxidant of
ascorbic acid. Future studies in these characterizations may lead to the expansion of small-
sized bromelain applications. The expressibility of MD2-SBro in E. coli host cells is an
important milestone for the production of this protein for further studies and applications
as a promising bioactive compound.

Author Contributions: Conceptualization, C.B.; methodology, C.B., R.R. and V.K.S.; investigation,
R.R. and F.A.F.; resources, C.B., V.K.S. and K.T.; data curation, C.B., V.K.S. and K.T.; writing—original
draft preparation, R.R. and F.A.F.; writing—review and editing, C.B., K.T. and V.K.S.; supervision,
C.B. and V.K.S.; project administration, C.B.; funding acquisition, C.B. and V.K.S. All authors have
read and agreed to the published version of the manuscript.



Molecules 2022, 27, 6031 14 of 17

Funding: This research was funded by Skim Dana Khas of Universiti Malaysia Sabah, SDK0124-2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Nurliana Bt Md Noor for her technical assistance. This research is
associated to the Anugerah Penyelidik Muda UMS 2019.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Razali, R.; Budiman, C.; Kamaruzaman, K.A.; Subbiah, V.K. Soluble expression and catalytic properties of codon-optimized

recombinant bromelain form MD2 pineapple in Escherichia coli. Protein J. 2021, 40, 406–418. [CrossRef] [PubMed]
2. Menard, R.; Carrière, J.; Laflamme, P.; Plouffe, C.; Khouri, H.E.; Vernet, T.; Tessier, D.C.; Thomas, D.Y.; Storer, D.C. Contribution

of the glutamine 19 side chain to transition-state stabilization in the oxyanion hole of papain. Biochemistry 1991, 30, 8924–8928.
[CrossRef] [PubMed]

3. Otto, H.H.; Schirmeister, T. Cysteine proteases and their inhibitors. Chem. Rev. 1997, 97, 133–171. [CrossRef] [PubMed]
4. Ketnawa, S.; Chaiwut, P.; Rawdkuen, S. Pineapple wastes: A potential source for bromelain extraction. Food Bioprod. Process. 2012,

90, 385–391. [CrossRef]
5. Rawlings, N.D.; Barrett, A.J. Families of cysteine peptidases. Methods Enzymol. 1994, 244, 461–486.
6. Arribére, M.P.; Caffin, O.; Priolo, S. Proteolytic enzymes from the latex of Ficus pumila L. (Moraceae). Acta Farm. Bonaer. 2000, 19,

257–262.
7. Razali, R.; Asis, H.; Budiman, C. Structure-function characteristics of SARS-CoV-2 proteases and their potential inhibitors from

microbial sources. Microorganisms 2021, 9, 2481. [CrossRef]
8. Rathnavelu, V.; Alitheen, N.B.; Sohila, S.; Kanagesan, S.; Ramesh, R. Potential role of bromelain in clinical and therapeutic

applications (Review). Biomed. Rep. 2016, 5, 283–288. [CrossRef]
9. Maurer, H.R. Bromelain: Biochemistry, pharmacology, and medical use. Cell. Mol. Life Sci. 2001, 58, 1234–1245. [CrossRef]
10. Gomes, H.A.R.; Moreira, L.R.S.; Filho, E.X.F. Chapter 3—Enzymes and food industry: A consolidated marriage. In Advances in

Biotechnology for Food Industry; Academic Press: Cambridge, MA, USA, 2018; pp. 55–89.
11. Pavan, R.; Jain, S.; Shraddha; Kumar, A. Properties and therapeutic application of bromelain: A review. Biotechnol. Res. Int. 2012,

2012, 976203. [CrossRef]
12. Chobotova, K.; Vernallis, A.B.; Majid, F.A.A. Bromelain’s activity and potential as an anti-cancer agent: Current evidence and

perspectives. Cancer Lett. 2010, 290, 148–156. [CrossRef] [PubMed]
13. Castell, J.V.; Friedrich, G.; Kuhn, C.S.; Poppe, G.E. Intestinal absorption of undegraded proteins in men: Presence of bromelain in

plasma after oral intake. Am. J. Physiol. Cell Physiol. 1997, 273, G139–G146. [CrossRef]
14. Ketnawa, S.; Rawdkuen, S. Application of bromelain extract for muscle foods tenderization. Food Nutr. Sci. 2011, 2, 393–401.

[CrossRef]
15. Redwan, R.M.; Saidin, A.; Kumar, S.V. The draft genome of MD-2 pineapple using hybrid error correction of long reads. DNA Res.

2016, 23, 427–439. [CrossRef]
16. Razali, R.; Kumar, V.; Budiman, C. Structural insights into the enzymatic activity of cysteine protease bromelain of MD2 pineapple.

Pak. J. Biol. Sci. 2020, 23, 829–838. [CrossRef]
17. Bala, M.; Mel, M.; Jami, M.S.; Amid, A.; Salleh, H.M. Kinetic studies on recombinant stem bromelain. Adv. Enzym. Res. 2013,

1, 52–60. [CrossRef]
18. Muntari, B.; Amid, A.; Mel, M.; Jami, M.S.; Salleh, H.M. Recombinant bromelain production in Escherichia coli: Process optimization

in shake flask culture by response surface methodology. AMB Expr. 2012, 2, 12. [CrossRef]
19. Amid, A.; Ismail, N.A.; Yusof, F.; Salleh, H.M. Expression, purification, and characterization of a recombinant stem bromelain

from Ananas comosus. Process Biochem. 2011, 46, 2232–2239. [CrossRef]
20. Froger, A.; Hall, J.E. Transformation of plasmid DNA into E. coli using the heat shock method. J. Vis. Exp. 2007, 6, 253. [CrossRef]
21. Kannan, Y.; Koga, Y.; Inoue, Y.; Haruki, M.; Takagi, M.; Imanaka, T.; Morikawa, M.; Kanaya, S. Active subtilisin-like protease from

a hyperthermophilic archaeon in a form with a putative prosequence. Appl. Environ. Microbiol. 2001, 67, 2445–2452. [CrossRef]
22. Yamaguchi, H.; Miyazaki, M. Refolding techniques for recovering biologically active recombinant proteins from inclusion bodies.

Biomolecules 2014, 4, 235–251. [CrossRef] [PubMed]
23. Mustafa, M.; Ali, L.; Islam, W.; Noman, A.; Zhou, C.; Shen, L.; Zhu, T.; Can, L.; Nasif, O.; Gasparovic, K.; et al. Heterologous

expression and characterization of glycoside hydrolase with its potential applications in hyperthermic environment. Saudi J. Biol.
Sci. 2022, 29, 751–757. [CrossRef] [PubMed]

24. Goodwin, T.W.; Morton, R.A. The spectrophotometric determination of tyrosine and tryptophan in proteins. Biochem. J. 1956, 40,
628–632. [CrossRef] [PubMed]

http://doi.org/10.1007/s10930-021-09974-9
http://www.ncbi.nlm.nih.gov/pubmed/33713245
http://doi.org/10.1021/bi00101a002
http://www.ncbi.nlm.nih.gov/pubmed/1892809
http://doi.org/10.1021/cr950025u
http://www.ncbi.nlm.nih.gov/pubmed/11848867
http://doi.org/10.1016/j.fbp.2011.12.006
http://doi.org/10.3390/microorganisms9122481
http://doi.org/10.3892/br.2016.720
http://doi.org/10.1007/PL00000936
http://doi.org/10.1155/2012/976203
http://doi.org/10.1016/j.canlet.2009.08.001
http://www.ncbi.nlm.nih.gov/pubmed/19700238
http://doi.org/10.1152/ajpgi.1997.273.1.G139
http://doi.org/10.4236/fns.2011.25055
http://doi.org/10.1093/dnares/dsw026
http://doi.org/10.3923/pjbs.2020.829.838
http://doi.org/10.4236/aer.2013.13006
http://doi.org/10.1186/2191-0855-2-12
http://doi.org/10.1016/j.procbio.2011.08.018
http://doi.org/10.3791/253
http://doi.org/10.1128/AEM.67.6.2445-2452.2001
http://doi.org/10.3390/biom4010235
http://www.ncbi.nlm.nih.gov/pubmed/24970214
http://doi.org/10.1016/j.sjbs.2021.09.076
http://www.ncbi.nlm.nih.gov/pubmed/35197741
http://doi.org/10.1042/bj0400628
http://www.ncbi.nlm.nih.gov/pubmed/16748065


Molecules 2022, 27, 6031 15 of 17

25. LaemmLi, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

26. Silverstein, R.M. The assay of the bromelains using N alpha-CBZ-L-lysine p-nitrophenyl ester and N-CBZ-glycine p-nitrophenyl
ester as substrates. Anal. Biochem. 1975, 62, 478–484. [CrossRef]

27. Nelson, D.L.; Cox, M.M. Lehnigher Principles of Biochemistry, 5th ed.; Freeman and Company: New York, NY, USA, 2008.
28. Hidayani, W.A.; Setiasih, S.; Hudiyono, S. Determination of the effect of EDTA and PCMB on purified bromelain activity from

pineapple core and in vitro antiplatelet activity. IOP Conf. Ser. Mater. Sci. Eng. 2020, 763, 012054. [CrossRef]
29. Singh, A.N.; Shukla, A.K.; Jagannadham, M.V.; Dubey, V.K. Purification of a novel cysteine protease, procerain B, from Calotropis

procera with distinct characteristics compared to Procerain. Process Biochem. 2010, 45, 399–406. [CrossRef]
30. Lestari, P.; Suyata. Antibacterial activity of hydrolysate protein from Etawa goat milk hydrolysed by crude extract bromelain.

IOP Conf. Ser. Mater. Sci. Eng. 2019, 509, 012111. [CrossRef]
31. Brand-Williams, W.; Cuvelier, E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.

1995, 28, 25–30. [CrossRef]
32. Nussinov, R. Eukaryotic dinucleotide preference rules and their implications for degenerate codon usage. J. Mol. Biol. 1981, 149,

125–131. [CrossRef]
33. Aktar, H.; Aktar, S.; Jan, S.U.; Khan, A.; Zaidi, N.S.S.; Qadri, I. Over expression of a synthetic gene encoding interferon lambda

using relative synonymous codon usage bias in Escherichia coli. Pak. J. Pharm Sci. 2013, 26, 1181–1188.
34. Souza, P.M.; Aliakbarian, B.; Filho, E.X.F.; Magalhães, P.O.; Junior, A.P.; Converti, A.; Perego, P. Kinetic and thermodynamic

studies of a novel acid protease from Aspergillus foetidus. Macromolecules 2015, 81, 17–21. [CrossRef] [PubMed]
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