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Enzymes are biocatalysts that play an important role in
metabolic and biochemical reactions [1]. Microorganisms are
the primary source of enzymes, because they are cultured in
large quantities in short span of time and genetic manipula-
tions can be done on bacterial cells to enhance the enzyme
production [2-4]. In addition, the microbial enzymes have
been paid more attention due to their active and stable nature
than enzymes from plant and animal [2-4]. Most of the
microorganisms are unable to grow and produce enzyme
under harsh environments that cause toxicity to microor-
ganisms. However, some microorganisms have undergone
various adaptations enabling them to grow and produce
enzymes under harsh conditions [5, 6]. Recently several lines
of study have been initiated to isolate new bacterial and
fungal strains from harsh environments such as extreme pH,
temperature, salinity, heavy metal, and organic solvent for
the production of different enzymes having the properties
to yield higher [6-9]. This special issue covers six articles
including one review article, highlighting the importance and
applications of biotechnologically and industrially valuable
microbial enzymes.

There are redundancies in genetic code that amino acid
might be encoded by multiple synonymous codons. This
scenario gives an opportunity to choose a codon other than
the naturally occurring one in the genome to optimize
the production with heterologous expression system. Codon
optimization in another sense is a guided mutagenesis in

the gene expression system which can be utilized for the
benefits of human kind, ranging from industrial agricul-
ture to medicine. J. Wang et al. have applied a series of
strategies to improve the expression level of recombinant
endo-f3-1,4-xylanase from Aspergillus usamii in Pichia pas-
toris. The endo-3-1,4-xylanase gene (xynB) from A. usamii
was optimized for expression in P. pastoris. Their analysis
showed the codon for amino acid residues in P. pastoris is
different from the original codon of A. usamii. Thus they
replaced the codons in endo-3-1,4-xylanase gene to fit to the
cellular environment of P. pastoris. Similarly they optimized
the codons of Vitreoscilla hemoglobin gene (vhb) to fit to
heterologous expression system in P. pastoris cell system.
While optimizing codons they replaced the AT-rich stretches
with GC-rich stretches, because G+C content affects the
secondary structure of mRNA and influences the expression
level of heterologous gene. Totally, 105 and 57 amino acids
were optimized in native xynB and vhb, respectively. Besides
optimizing the genetic system, J. Wang et al. have also opti-
mized the environment to express those recombinant genes.
The codon optimized vhb gene has significantly improved
the oxygen availability for host P pastoris since oxygen
supply is one of most critical factors for the cell growth and
heterologous protein expression in recombinant P. pastoris.
By optimizing the temperature effect on the system they
increased the xylanase production combined with higher
cell viability. Overall, this work has supported the notion of
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genetic engineering in code optimization and a piece of novel
work for the recombinant biotechnology.

X. Jia and his colleagues have produced the recombinant
catalase in Escherichia coli from Geobacillus sp. gene (Kat).
This Kat gene has 1,467 bases and encoded a catalase with
488 amino acid residuals with 81% similarity to the previously
studied Bacillus sp. catalase. Fermentation broth of the
recombinant E. coli showed a high catalase activity level
up to 35,831 U/mL. The purified recombinant catalase had a
specific activity of 40,526 U/mg and a Km of 5.1 mM. The
optimal reaction temperature of this recombinant enzyme
is 60 to 70°C, and it exhibits a high activity over a wide
range of reaction temperatures. The enzyme retained 94.7%
of its residual activity after incubation at 60°C for 1 hour.
The high yield and excellent thermophilic properties of this
recombinant catalase have valuable features for industrial
applications.

In the work performed by M. Karkovska et al., a
laboratory column-type bioreactor for removing a toxic
D-lactate on permeabilized thermotolerant methylotrophic
yeast (Hansenula polymorpha “tr6”) cells and alginate gel
was constructed and tested. Using recombinant H. poly-
morpha “tr6” overproduced the D-lactate: cytochrome c-
oxidoreductase. At about 6-fold overexpression of D-lactate,
cytochrome c-oxidoreductase under a strong constitutive
promoter (prAOX) was demonstrated. Overexpression of D-
lactate dehydrogenase coupled with the deletion of L-lactate-
cytochrome c oxidoreductase activity opens the possibility for
usage of the strain as a base for construction of bioreactor
for removing D-lactate from fermented products due to the
oxidation to nontoxic pyruvate.

RNases are regarded as alternative to classical chemother-
apeutic agents due to their selective cytotoxicity towards
tumor cells. In the work demonstrated by Y. Sokurenko
et al., extracellular ribonuclease from Bacillus licheniformis
(balifase), a new member of the N1/T1 RNase superfamily, is
shown to have antitumor effects. The new RNase produced
is with a high degree of structural similarity with binase
(73%) and barnase (74%) having a molecular weight of
12422 Daltons and pI 8.9. The physicochemical properties of
balifase are similar to those of barnase. The gene organization
and promoter activity of balifase are closer to binase. In
this study, similar to the biosynthesis of binase, balifase
synthesis was induced under phosphate starvation; however,
in contrast to binase, balifase does not form dimers under
natural conditions. This study also proposed that the highest
stability of balifase allows retaining its structure without
oligomerization.

In their review, S. Gopinath et al. focused on impor-
tance of microbial amylase in the field of biotechnology.
In this article, the authors have discussed isolation and
screening of amylase from bacterial strains. They also dis-
cussed the improvement of enzyme production by opti-
mization and recombinant DNA technology. The major
advantages of microbial enzymes in many industries such
as food, detergent, pharmaceutical, paper, and textile indus-
tries are discussed. The technologies of high-throughput
screening and processing with efficient microbial species,
along with the ultimate coupling of genetic engineering of
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amylase-producing strains, will all help in enhancing amylase
production for industrial and medicinal applications.

Efficient delivery of drug to the target cell is very impor-
tant for treatment. Drugs with brain tissue related treatments
are hindered by the blood brain barrier. Flurbiprofen is one of
the potent drugs that may help to prevent Alzheimer’s disease
but it has problem with blood-brain barrier permeability. To
overcome this problem J. Xin et al. have worked to design
and modify this drug as L-ascorbyl flurbiprofenate with the
addition of ascorbic acid as a specific carrier system for brain
delivery. In the process they have tried to optimize lipase-
catalyzed esterification and transesterification. They found
that synthesis of L-ascorbyl flurbiprofenate was influenced by
the specific reaction conditions and the most important step
was the efficient removal of byproducts during the reaction.
While comparing those esterification and transesterification
methods, although the rate of esterification was found slower
than that of transesterification, from the standpoint of pro-
ductivity and the amount of steps required, lipase-catalyzed
esterification was found superior for the synthesis of L-
ascorbyl flurbiprofenate.

Periasamy Anbu

Subash C. B. Gopinath
Bidur Prasad Chaulagain
Thangavel Lakshmipriya
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The synthesis of L-ascorbyl flurbiprofenate was achieved by esterification and transesterification in nonaqueous organic medium
with Novozym 435 lipase as biocatalyst. The conversion was greatly influenced by the kinds of organic solvents, speed of agitation,
catalyst loading amount, reaction time, and molar ratio of acyl donor to L-ascorbic acid. A series of solvents were investigated,
and tert-butanol was found to be the most suitable from the standpoint of the substrate solubility and the conversion for both the
esterification and transesterification. When flurbiprofen was used as acyl donor, 61.0% of L-ascorbic acid was converted against
46.4% in the presence of flurbiprofen methyl ester. The optimal conversion of L-ascorbic acid was obtained when the initial molar
ratio of acyl donor to ascorbic acid was 5:1. kinetics parameters were solved by Lineweaver-Burk equation under nonsubstrate
inhibition condition. Since transesterification has lower conversion, from the standpoint of productivity and the amount of steps

required, esterification is a better method compared to transesterification.

1. Introduction

The treatment of Alzheimer’s disease is still a major chal-
lenge for the medical field. The clinical failure of efficient
Alzheimer’s disease drug delivery may be largely attributed to
the low permeability of drugs due to the blood-brain barrier
and a lack of appropriate drug delivery systems [1]. Flur-
biprofen is one of the most potent nonsteroidal anti-inflam-
matory drugs (NSAIDs) and may help to prevent Alzheimer’s
disease [2, 3]. However, poor brain delivery of flurbiprofen
and its serious gastrointestinal side effects have hampered the
application of flurbiprofen as neuroprotective agents [4].
Localized and controlled delivery of drugs at their desired
site of action can reduce toxicity and increase treatment effi-
ciency. L-Ascorbic acid is essential for many enzymatic reac-
tions, which is transported directly across the blood-brain
barrier via Nap-dependent vitamin C transporter SVCT2 and
particularly prevalent in the brain [1]. It has been reported
that L-ascorbic acid could be used as a carrier to promote
brain drug delivery [5-7]. To overcome the problems of

the low blood-brain barrier permeability of flurbiprofen and
to increase its delivery to the brain for the treatment of
Alzheimer’s disease, one attractive approach is to design and
synthesize flurbiprofen ester prodrug named L-ascorbyl flur-
biprofenate containing ascorbate as a specific carrier system
for brain delivery.

So far, there are very few reports on the lipase-catalyzed
synthesis of L-ascorbyl flurbiprofenate. Wang and Tang stud-
ied the synthesis of L-ascorbyl flurbiprofenate by lipase-
catalyzed esterification of L-ascorbic acid with flurbipro-
fen in tertiary amyl alcohol but no optimum operating
parameters were provided [8]. Liu and Tang investigated the
kinetics and thermodynamics of the lipase-catalyzed esteri-
fication of L-ascorbic acid with flurbiprofen in 2-methy-1,2-
butanol [9]. Only limited information on the lipase-catalyzed
esterification was available. There were no reports on the
lipase-catalyzed synthesis of L-ascorbyl flurbiprofenate by
transesterification. However, solvent properties, quantity of
enzyme, and molar ratio of L-ascorbic acid to flurbiprofen
may influence the biocatalytic reaction. So far, the influence
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of these factors for the synthesis of L-ascorbyl flurbiprofenate
has not been investigated in detail. To obtain high conversion,
it is important to determine the optimal reaction conditions
and understand the kinetics parameters.

The present study focused on lipase-catalyzed synthesis of
L-ascorbyl flurbiprofenate. The lipase-catalyzed esterification
and transesterification approaches have been compared. It
was worthwhile to compare the merits and demerits of the
two processes and optimize process conditions.

2. Experimental

2.1. Materials. Novozym 435 lipase (Lipase B from Can-
dida antarctica immobilized on macroporous acrylic resin;
specific activity: 10,000 U/g) was purchased from Novoz-
ymes, Denmark. Porcine pancreas lipase Type II (powder,
30-90 U/mg) and Candida rugosa lipase (Type VII, powder,
706 U/mg) were purchased from Sigma.

(R, S)-flurbiprofen (purity > 99%) was purchased from
Shanghai Mei Lan Chemical Co. Ltd. (Shanghai, China).
The purity of substrates is over 99.7% for L-ascorbic acid.
All solvents were dehydrated before use with activated 3 A
molecular sieves. Thin-layer chromatography (TLC) plates
were purchased from Merck (KGaA, Darmstadt, Germany).

2.2. Synthesis of Ester. The methyl ester of (R, S)-flurbiprofen
was prepared by the classical methodology using thionyl
chloride and methanol. Thionyl chloride, 15mL (0.20 mol),
was added dropwise to cooled, stirred suspension of (R, S)-
flurbiprofen (0.12mol) in methanol (250 mL). The reaction
mixture was refluxed for 2.5 h, and then the solvent was evap-
orated and the residue purified by column chromatography
using SiO, as adsorbent and petroleum ether purified as
eluant and its purity was > 98% using the HPLC methods
described in a later section.

2.3. Reaction Conditions. Unless otherwise stated, the ester-
ification and transesterification reactions were performed
in 50 mL closed, screw-capped glass vials containing 25 mL
of organic solvent, flurbiprofen or flurbiprofen methyl ester
(26-260 mmol/L), L-ascorbic acid (26 mmol/L), and 800 mg
of molecular sieve 3 A. The reaction had been started by
adding 40 mg of lipase. The headspace in the vials was
filled with nitrogen gas and refilled after each sampling.
The reaction mixture was stirred with a magnetic stirrer at
different temperature. In both cases, samples were withdrawn
at specified time intervals for measurement of the conversion.
Control experiments without enzymes were carried out in
parallel.

2.4. Analytical Methods. In order to monitor the reac-
tion progress, samples of 100 uL were withdrawn at inter-
vals and analyzed by thin-layer chromatography (TLC) on
silica gel 60 F,;, plates with fluorescent indicators. The
TLC migration was carried out with a solvent mixture of
chloroform/methanol/glacial acetic acid/water (80:10:8:2,
V/V/V/V). The TLC plates were visualized under UV. Results
were estimated from intensity of spots on TLC.
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Quantitative analysis was done by HPLC (Thermo
U3000), on a XDB C18 reversed phase column (5 ym, 4.6 x
150 mm) with acetonitrile/water/formic acid (80/20/0.2,
V/V/V) as mobile phase at 1 mL/min flow rate. Detection was
achieved using UV detection at 294 nm. Samples were filtered
to remove the enzyme and molecular sieves and 100 uL
of the solution was diluted with acetonitrile/water/formic
acid (80/20/0.2, V/V/V). L-Ascorbic acid was a limiting
substrate throughout this study; therefore, the conversion was
calculated as the ratio in moles of the product to initial L-
ascorbic acid. All experiments were performed in triplicate
and standard deviations were calculated.

The enantiomeric excess values of flurbiprofen and flur-
biprofen methyl ester (ee) were determined by HPLC (Agilent
1200) by using a chiral column (Chiralcel OD-H, 5um,
250mm x 4.6 mm) capable of separating the R- and S-
isomers of flurbiprofen and flurbiprofen methyl ester, and the
mobile phase was hexane/isopropanol/trifluoroacetic acid
solution (98:2:0.1, V/V/V), at a flow rate of 1.0 mL/min. UV
detection at 294 nm was used for quantification at the 25°C.
The enantiomeric excess (ee) was obtained from peak areas of
the R- and S-isomers of flurbiprofen or flurbiprofen methyl
ester by the following equation: ee = (Ag — AR)/(Ag+ Ap),
where Ay is peak areas of the S-isomer and A is peak areas
of the R-isomer.

2.5. Kinetic Study. Reactions were carried out no more than
5% conversion and the initial rate was determined as the slope
of the reaction curve tangent to the initial stage of the reaction
and expressed as mol of products h™' L™!. Because all exper-
iments were performed in triplicate, reaction curves were
constructed using average values of the reaction rate for each
experimental point. A linear portion of the reaction curve at
various substrate concentrations consisted of 5 experimental
points, where the number of experimental points included
was determined by the condition that correlation coefficients
of the initial straight line must be above 0.95.

3. Results and Discussion

3.1. Esterification and Transesterification. It was previously
reported that esterification of flurbiprofen with L-ascorbic
acid by lipase in tert-amyl alcohol produced L-ascorbyl flur-
biprofenate regioselectively, which was only the product iden-
tified in the HPLC analysis [9]. In this paper, lipase-catalyzed
acylation of L-ascorbic acid was performed in presence of
racemic flurbiprofen (esterification) or racemic flurbiprofen
methyl ester (transesterification). Both kinds of reaction led
to only one product identified as L-ascorbyl flurbiprofenate
in the HPLC analysis. Furthermore, the chiral HPLC analysis
indicated that the lipases also display stereospecificity in the
esterification and transesterification. The R-isomer reacted
with the Novozym 435 lipase; the S-isomer reacted with the
Candida rugosa lipase and porcine pancreas lipase cannot
catalyze the reaction. It has been reported that S-flurbiprofen
and R-flurbiprofen have the same physiological activity in
prevention of the development of Alzheimer's disease but R-
flurbiprofen has reduced side effects related to inhibition of
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TABLE 1: The effect of solvent on the conversion of esterification and transesterification.
- ) N
Solvent log P Conversion of L-ascorbic acid (%)
Esterification Transesterification
Acetone -0.23 4.6 30.0
Tert-butanol(2-methyl-2-propanol) 0.60 36.0 38.5
Ethyl acetate 0.68 111 9.8
Tert-amyl alcohol; 2-methyl-butanol 0.89 35.3 36.5
Benzene 2.00 — —
Chloroform 2.00 3.5 —
Toluene 2.50 — —
H,C COOH

HO HO
o o F
N435 COO 0]
+ _ -
F —
O HO OH

(S, R)-Flurbiprofen L-Ascorbic acid

H,C COOCH;

HO CH,
HO o o . HO
O / N435 COO 0 O
+ . - /
F o + F
HO OH
O HO OH

(S, R)-Flurbiprofen L-Ascorbic acid

methyl ester

(R)-L-Ascorbyl flurbiprofenate

(R)-L-Ascorbyl flurbiprofenate

HO

(S)-Flurbiprofen
methyl ester

FIGURE 1: Novozym 435 lipase-catalyzed esterification (a) and transesterification (b).

cyclooxygenase (COX) [10-12]. Thus, Novozym 435 lipase,
identified as a R-stereospecific catalyst, has been employed
in further experiments. The two reactions for the preparation
of L-ascorbyl flurbiprofenate are shown in Figure 1.

3.2. Effect of Solvent. Different organic solvents had different
ability to distort the essential water layer around lipase
and could greatly influence the activity of lipase. Moreover,
organic solvent relatively influenced the solubility of the
substrates, and thus it would affect the synthesis of the L-
ascorbyl flurbiprofenate. The polarity of L-ascorbic acid is
very different from those of flurbiprofen and flurbiprofen
methyl ester. Because of this significant difference in polarity,
such a solvent with relatively high solubility of flurbiprofen,
flurbiprofen methyl ester, and L-ascorbic acid needs to be
found.

Therefore, esterification and transesterification strate-
gies for the lipase-catalyzed synthesis of L-ascorbyl flur-
biprofenate were compared using different organic solvents.
The effect of various organic solvents on conversion of L-
ascorbic acid was studied under similar conditions using
50 mg Novozym 435 lipase, 800 mg of molecular sieve 3 A,
2.3mmoles of flurbiprofen or flurbiprofen methyl ester,
0.57 mmoles of ascorbic acid, and 25 mL organic solvent at
160 rpm, at 50°C for 72 h. It was clear from Table 1 that the
type of organic solvent strongly influenced the synthesis of
L-ascorbyl flurbiprofenate. In the case of esterification and
transesterification, tert-butanol was the best solvent with tert-
amyl alcohol as the next best. However, the reaction product
was not inspected in benzene and toluene.

log P is widely used to represent the characteristics of the
organic solvent system where P is the partition coeflicient of
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FIGURE 2: The effect of speed of agitation on the conversion of
esterification and transesterification.

the solvent between water and octanol [13]. It is generally
reported that solvents with logP < 2 are high polarity
that may strip water from enzyme molecules easily and are
less suitable for biocatalytic purpose [14]. In this case, no
correlation of the lipase activity with log P of the solvents
could be established. This could be attributed that L-ascorbic
acid had very low concentration in solvents with high log P.
Since tert-butanol was the optimum solvent for esterification
and transesterification, it was used as the solvent for transes-
terification and esterification in further experiments.

3.3. Effect of Speed of Agitation. In the case of immobilized
enzyme, external mass transfer limitations may be important.
The reactants have to diffuse from the bulk liquid to the
external surface of the catalyst. External mass transfer can
be minimized by carrying out the reaction at an optimum
speed of agitation. The effect of speed of agitation was
studied both for esterification and transesterification over the
range of 160-260 rpm by taking 50 mg Novozym 435 lipase,
800 mg of molecular sieve 3 A, 2.3 mmoles of flurbiprofen
or flurbiprofen methyl ester, 0.57 mmoles of ascorbic, and
25 mL tert-butanol at 50°C for 72 h. The conversions in both
the cases were independent of the speed of agitation at
and beyond 180 rpm for esterification and transesterification
(Figure 2). This indicated that the influence of external mass
transfer limitation was negligible and a speed of agitation
of 180 rpm did not limit reaction rate. So all subsequent
experiments were carried out at 180 rpm.

3.4. Effect of Catalyst Loading Amount. Internal diffusion
problems could happen when the substrate could not reach
the inner parts of the support. L-Ascorbyl flurbiprofenate
synthesis as a function of catalyst loading amount was studied
at 50°C and 180 rpm for 72 h. The conversion of the reaction
increased with increasing immobilized lipase loading ranging
from 15mg to 55mg in both the cases; a linear relationship
between the conversion and enzyme load demonstrated
that the internal diffusion limitations could be minimized.
Maximal conversion was achieved with 55mg lipase for
esterification and transesterification after conversion became
constant and no further increases (Figure 3).
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FIGURE 3: The effect of catalyst loading amount on the conversion of
esterification and transesterification.
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FIGURE 4: The effect of the molar ratio of acyl donor to ascorbic acid
on the conversion of esterification and transesterification.

Also, in the case of esterification reaction, the conversion
was lower than the transesterification reaction under 15 mg
and 25 mg lipase addition and the asymptotes were seen in
the conversion for transesterification and esterification when
the amount of enzyme added was beyond 35 mg. Since there
was no significant increase in the conversion with increased
catalyst loading from 55mg to 75mg, further parameters
were studied using 55 mg catalyst loading.

3.5. Effect of the Molar Ratio of Acyl Donor to Ascorbic
Acid. The molar ratio of one substrate to another is an
important parameter affecting the conversion. The solubility
of L-ascorbic acid in tert-butanol at 50°C was 26 mmol/L,
which is saturated in tert-butanol that would be limiting
as substrate. Therefore, the effect of the molar ratio of the
reactants was studied by keeping the concentration of L-
ascorbic acid and the catalyst quantity constant and varying
the concentration of acyl donor in both esterification and
transesterification. Figure 4 showed the effect of the molar
ratio on the conversion for the synthesis of L-ascorbyl
flurbiprofenate. Molar ratio of acyl donor to ascorbic acid
was varied from 1:1 to 7:1, and the L-ascorbic acid was
kept constant. The conversion at a reaction time of 72 h for
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FIGURE 5: Time course of the synthesis of L-ascorbyl flurbiprofenate.

esterification and transesterification was compared. Indeed,
within experimental error, at a fixed concentration of L-
ascorbic acid and loading amount of Novozym 435 lipase,
the conversion increased with increasing acyl donor con-
centrations up to a critical value. For esterification and
transesterification, when using higher ratios of flurbiprofen
or flurbiprofen methyl ester over L-ascorbic acid, conversion
increased and highest conversion (61.0% for esterification and
46.4% for transesterification) occurred at 5:1 molar ratio of
flurbiprofen or flurbiprofen methyl ester to L-ascorbic acid.
At molar ratios greater than 5:1, a constant conversion was
observed.

3.6. Effect of Reaction Time. Figure 5 showed the changes
in the conversion with time for the direct esterification and
transesterification in tert-butanol at 50°C with molar ratio
of acyl donor to ascorbic acid of 5:1. Direct esterification
and transesterification reaction had a different initial rate
and maximal conversion. In the case of transesterification
reaction, the rate was faster than that of the esterification reac-
tion under otherwise similar conditions within the reaction
time of 24 h. This could be attributed that lipase had higher
activity for flurbiprofen methyl ester and lower activity with
flurbiprofen. Also the difference consisted in the maximal
conversion of L-ascorbic acid, which was 61.0% occurring
after 144 h of incubation for esterification, against 46.4%
occurring after 72 h of incubation for transesterification. This
difference might be due to methanol production during
the transesterification reaction which was not eliminated
by the 3A molecular sieve and disadvantageous reaction
equilibrium for L-ascorbyl flurbiprofenate production. Even
if water was also produced as a coproduct during the
esterification reaction, the 3 A molecular sieve favors its
elimination by adsorption and then contributes to shift the
reaction equilibrium towards the synthesis of L-ascorbyl
flurbiprofenate.

3.7 Kinetic Study. The effects of several parameters including
organic solvent, speed of agitation, enzyme amount, substrate
molar ratio, and reaction time on conversion of L-ascorbic

1/V (L-h-mmol™")
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FIGURE 6: The Lineweaver-Burk plot of 1/V, versus 1/[S].

acid were investigated to optimize the conditions. Since L-
ascorbic acid was dissolved in tert-butanol with a saturated
concentration of 26 mmol/L, the effect of concentration of
flurbiprofen or flurbiprofen methyl ester on the rate of reac-
tion was investigated systematically over a wide range with
a constant L-ascorbic acid concentration. For the determina-
tion of initial rates, esterification and transesterification were
conducted by using 55 mg Novozym 435 lipase with appro-
priate quantities of acyl donor (flurbiprofen or flurbiprofen
methyl ester) and L-ascorbic acid. In esterification and trans-
esterification experiments, the amount of flurbiprofen was
varied from 35 to 568 mmol/L at a fixed quantity of L-ascorbic
acid (26 mmol/L). The initial rates were determined for each
experiment. From the initial rate determined, it showed
that when the concentration of acyl donor (flurbiprofen or
flurbiprofen methyl ester) was increased, by keeping the
concentration of L-ascorbic acid constant, the initial rate of
reaction increased proportionally. This presumed that there
was no evidence of inhibition by acyl donor (flurbiprofen
or flurbiprofen methyl ester) at all the concentrations tested.
According to the rate equation for the ping-pong bi-bi
mechanism without substrate inhibition [15], the Lineweaver-
Burk plot of 1/V;, versus 1/[S] in Figure 6 showed the kinetic
parameter values. The apparent Michaelis-Menten kinetics
are K., = 0.29 mol/L and apparent V,, = 0.563 mmol/L-h
for flurbiprofen. Apparent Michaelis-Menten kinetics are
K., = 014mol/L and apparent V,,. = 1.34mmol/L-h for
flurbiprofen methyl ester. This indicated that Novozym 435
lipase has higher affinity for flurbiprofen methyl ester and
lower affinity with flurbiprofen. Transesterification has higher
reaction rate than esterification.

4. Conclusion

The L-ascorbyl flurbiprofenate has been synthesized success-
fully by lipase-catalyzed transesterification and esterification
in tert-butanol. The goal of this work was to compare lipase-
catalyzed esterification and transesterification approaches.
Both approaches were studied in a systematic way including
the effect of various parameters. We have tried to opti-
mize lipase-catalyzed esterification and transesterification to
ensure meaningful and objective comparison among dif-
ferent approaches. Synthesis of L-ascorbyl flurbiprofenate
was influenced by reaction conditions. The equilibrium shift



towards the L-ascorbyl flurbiprofenate synthesis was limited
in spite of the presence of an excess of acyl donor. The
most important strategy seemed to be the efficient removal
of by-products, such as water or methanol. Addition of
molecular sieves 3 A during reaction could control water
activity of the system. However, addition of molecular sieves
3 A during reaction could not control methanol content.
It was observed that the rate of the transesterification was
much higher than that of esterification within 24 h. If the
experiments were conducted for a long time, the conversion
would reach asymptotic values and then the conversion of
esterification was higher than that of the transesterification.
This reflected a greater reactivity of flurbiprofen methyl ester
in the lipase-catalyzed transesterification reaction as com-
pared with esterification. However, the inherent drawback
associated with lipase-catalyzed transesterification was the
production of methanol and the equilibrium was usually not
in favor of transesterification. Also, in the transesterification,
flurbiprofen had to be chemically converted to its methyl
ester and then subjected to the transesterification catalyzed by
lipase. Although the rate of esterification is slower than that
of transesterification, if a choice is at all available, from the
standpoint of productivity and the amount of steps required,
lipase-catalyzed esterification has been judged to be superior
for the synthesis of L-ascorbyl flurbiprofenate.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

The authors thank the National Natural Science Foundation
of China (21573055), the Scientific Research Fund of Hei-
longjiang Province (GCI3Cl11), the Open Project Program of
the State Key Laboratory for Oxo Synthesis and Selective Oxi-
dation, and the State Key Laboratory of Chemical Resource
Engineering for support.

References

(1] Y. Zhao, B. Y. Qu, X. Y. Wu et al,, “Design, synthesis and bio-
logical evaluation of brain targeting L-ascorbic acid prodrugs
of ibuprofen with ‘lock-in’ function,” European Journal of
Medicinal Chemistry, vol. 82, pp. 314-323, 2014.

[2] B.P.Imbimbo, “The potential role of non-steroidal anti-inflam-
matory drugs in treating Alzheimer’s disease,” Expert Opinion
on Investigational Drugs, vol. 13, no. 11, pp. 1469-1481, 2004.

[3] L. Gasparini, E. Ongini, D. Wilcock, and D. Morgan, “Activity
of flurbiprofen and chemically related anti-inflammatory drugs
in models of Alzheimer’s disease,” Brain Research Reviews, vol.
48, no. 2, pp. 400-408, 2005.

[4] S. Coté, P.-H. Carmichael, R. Verreault, J. Lindsay, J. Lefebvre,
and D. Laurin, “Nonsteroidal anti-inflammatory drug use and
the risk of cognitive impairment and Alzheimer’s disease,”
Alzheimer’s & Dementia, vol. 8, no. 3, pp. 219-226, 2012.

[5] X.-Y. Wu, X.-C. Li, J. Mi, J. You, and L. Hai, “Design, synthesis
and preliminary biological evaluation of brain targeting L-
ascorbic acid prodrugs of ibuprofen,” Chinese Chemical Letters,
vol. 24, no. 2, pp. 117-119, 2013.

BioMed Research International

[6] S. Manfredini, B. Pavan, S. Vertuani et al., “Design, synthesis
and activity of ascorbic acid prodrugs of nipecotic, kynurenic
and diclophenamic acids, liable to increase neurotropic activ-
ity Journal of Medicinal Chemistry, vol. 45, no. 3, pp. 559-562,
2002.

[7] Y. Laras, M. Sheha, N. Pietrancosta, and J.-L. Kraus, “Thiazola-
mide-ascorbic acid conjugate: a y-secretase inhibitor with en-
hanced blood-brain barrier permeation,” Australian Journal of
Chemistry, vol. 60, no. 2, pp. 128-132, 2007.

[8] Z.Wangand L. H. Tang, “Design, synthesis and characterization
of ascorbic acid pro-drugs of flurbiprofen,” Strait Pharmaceuti-
cal Journal, vol. 22, no. 110, pp. 213-217, 2010.

[9] X.N. Liu and L. H. Tang, “Kinetics and thermodynamics of L-
ascorbyl profen esters synthesis catalyzed by lipase in 2-methyl-
2-butanol,” Chinese Journal of Bioprocess Engineering, vol. 8, no.
6, pp. 33-39, 2010.

[10] J. L. Eriksen, S. A. Sagi, T. E. Smith et al, “NSAIDs and
enantiomers of flurbiprofen target y-secretase and lower Af42
in vivo,” Journal of Clinical Investigation, vol. 112, no. 3, pp. 440-
449, 2003.

[11] H. Geerts, “Drug evaluation: (R)-flurbiprofen-an enantiomer
of flurbiprofen for the treatment of Alzheimer’s disease,” The
Investigational Drugs Journal, vol. 10, no. 2, pp. 121-133, 2007.

[12] C. Hansch, A. Leo, and D. Hoekman, Exploring QSAR: Hydro-
phobic, Electronic, and Steric Constants, American Chemical
Society, 1995.

(13] C. Hansch, A. Leo, and D. Hoekman, Exploring QSAR—
Hydrophobic, Electronic, and Steric Constants, American Chem-
ical Society, Washington, DC, USA, 1995.

[14] Q.-X. Song and D.-Z. Wei, “Study of Vitamin C ester synthesis
by immobilized lipase from Candida sp.;” Journal of Molecular
Catalysis B: Enzymatic, vol. 18, no. 4-6, pp. 261-266, 2002.

(15] G. D. Yadav and P. S. Lathi, “Intensification of enzymatic
synthesis of propylene glycol monolaurate from 1,2-propanediol
and lauric acid under microwave irradiation: kinetics of forward
and reverse reactions,” Enzyme and Microbial Technology, vol.
38, no. 6, pp. 814-820, 2006.



Hindawi

BioMed Research International

Volume 2017, Article ID 1272193, 9 pages
http://dx.doi.org/10.1155/2017/1272193

Review Article

Biotechnological Processes in Microbial Amylase Production

Subash C. B. Gopinath,"? Periasamy Anbu,’ M. K. Md Arshad,' Thangavel Lakshmipriya,'
Chun Hong Voon,! Uda Hashim,' and Suresh V. Chinni*

"nstitute of Nano Electronic Engineering, Universiti Malaysia Perlis, 01000 Kangar, Perlis, Malaysia

%School of Bioprocess Engineering, Universiti Malaysia Perlis, 02600 Arau, Perlis, Malaysia

’Department of Biological Engineering, College of Engineering, Inha University, Incheon 402-751, Republic of Korea
*Department of Biotechnology, Faculty of Applied Sciences, AIMST University, 08100 Bedong, Malaysia

Correspondence should be addressed to Subash C. B. Gopinath; subash@unimap.edu.my

Received 29 October 2016; Accepted 27 November 2016; Published 9 February 2017

Academic Editor: Nikolai V. Ravin

Copyright © 2017 Subash C. B. Gopinath et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

Amylase is an important and indispensable enzyme that plays a pivotal role in the field of biotechnology. It is produced mainly
from microbial sources and is used in many industries. Industrial sectors with top-down and bottom-up approaches are currently
focusing on improving microbial amylase production levels by implementing bioengineering technologies. The further support
of energy consumption studies, such as those on thermodynamics, pinch technology, and environment-friendly technologies, has
hastened the large-scale production of the enzyme. Herein, the importance of microbial (bacteria and fungi) amylase is discussed
along with its production methods from the laboratory to industrial scales.

1. Introduction

The International Enzyme Commission has categorized
six distinct classes of enzymes according to the reactions
they catalyze: EC1 Oxidoreductases; EC2 Transferases; EC3
Hydrolases; EC4 Lyases; EC5 Isomerases; and EC6 Ligases [1].
In general, biologically active enzymes can be obtained from
plants, animals, and microorganisms. Microbial enzymes
have been generally favored for their easier isolation in high
amounts, low-cost production in a short time, and stability at
various extreme conditions, and their cocompounds are also
more controllable and less harmful. Microbially produced
enzymes that are secreted into the media are highly reliable
for industrial processes and applications. Furthermore, the
production and expression of recombinant enzymes are
also easier with microbes as the host cell. Applications
of these enzymes include chemical production, bioconver-
sion (biocatalyst), and bioremediation. In this aspect, the
potential uses of different microbial enzymes have been
demonstrated [2-5]. With regard to industrial applications,
enzyme purification studies have predominantly focused on
proteases, lipases, and amylases [4-12]. Furthermore, several

microbes have been isolated from different sources for the
production of extracellular hydrolases [5, 13, 14], which are
either endohydrolases or exohydrolases. In this overview, we
focus on the microbial hydrolase enzyme amylase for its
downstream applications in industries and medicines.

2. Amylase and Its Substrates

Amylases are broadly classified into «, f3, and y subtypes,
of which the first two have been the most widely studied
(Figures 1(a) and 1(b)). a-Amylase is a faster-acting enzyme
than S-amylase. The amylases act on «-1-4 glycosidic bonds
and are therefore also called glycoside hydrolases. The first
amylase was isolated by Anselme Payen in 1833. Amylases
are distributed widely in living systems and have specific
substrates [15, 16]. Amylase substrates are widely available
from cheap plant sources, rendering the potential applica-
tions of the enzyme more plentiful in terms of costs. Amylases
can be divided into endoamylases and exoamylases. The
endoamylases catalyze hydrolysis in a random manner within
the starch molecule. This action causes the formation of linear
and branched oligosaccharides of various chain lengths. The
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FIGURE I: Three-dimensional structures of amylases. (a) a-Amylase (RCSB PDB accession code 1SMD; the calcium-binding regions are

indicated). (b) B-Amylase (RCSB PDB accession code PDB 2xfr).

exoamylases hydrolyze the substrate from the nonreducing
end, resulting in successively shorter end products [16].
All a-amylases (EC 3.2.1.1) act on starch (polysaccharide)
as the main substrate and yield small units of glucose
(monosaccharide) and maltose (disaccharide) (Figure 2).
Starch is made up of two glycose polymers, amylose and
amylopectin, which comprise glucose molecules that are
connected by glyosidic bonds. Both polymers have different
structures and properties. A linear polymer of amylose has
a maximum of 6000 glucose units linked by a-1,4 glycosidic
bonds, whereas amylopectin is composed of «-1,4-linked
chains of 10-60 glucose units with a-1,6-linked side chains
of 15-45 glucose units. Saboury [17] revealed the a-amylases
to be metalloenzymes that require metal (calcium) ions to
maintain their stability, activity, and structural confirmation.
Based on sequence alignments of a-amylases, Nielsen and
Borchert [18] revealed that these enzymes have four con-
served arrangements (I-IV), which are found as S-strands
3, 4, and 5 in the loop connecting fB-strand 7 to a-helix
7 (Figure 3). Despite the fact that amylases are broadly
available from different sources, past focus has been on only
microbial amylases, owing to their advantages over plant and
animal amylases, as discussed above. Microbial amylases have
been isolated from several stains and explored for amylase
production by the methods described below.

3. Isolation Methods

The isolation of potential and efficient bacterial or fungal
strains is important before being screened for their produc-
tion of enzymes of interest. As stated elsewhere, microbes are
ubiquitous and can be obtained from any source. However,

the most efficient strains are usually obtained from substrate-
rich environments, from which the microbes can be adopted
to use a particular substrate [5, 13]. The common method
of strain isolation is through serial dilution, whereupon the
number of colonies is minimized and thus easy to select
[13]. Another method is through substrate selection, where
efficient strains are isolated according to their affinity for
a particular substrate [14]. Through these methods, several
bacteria and fungi have been isolated and studied for amylase
production.

4. Microbial Amylase

Microbial amylases obtained from bacteria, fungi, and yeast
have been used predominantly in industrial sectors and sci-
entific research. The level of amylase production varies from
one microbe to another, even among the same genus, species,
and strain. Furthermore, the level of amylase production
also differs depending on the microbe’s origin, where strains
isolated from starch- or amylose-rich environments naturally
produce higher amounts of enzyme. Factors such as pH,
temperature, and carbon and nitrogen sources also play vital
roles in the rate of amylase production, particularly in fer-
mentation processes. Because microorganisms are amenable
to genetic engineering, strains can be improved for obtaining
higher amylase yields. Microbes can also be fine-tuned to
produce efficient amylases that are thermostable and stable
at stringent conditions. Such improvements can also reduce
contamination by background proteins and minimize the
reaction time and lead to less energy expenditure in the
amylase reaction [20]. The selection of halophilic strains is
also beneficial to the production of amylase under extreme
conditions (Figure 4).
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FIGURE 2: Scheme for the hydrolysis of starch by amylase. Starch is a polysaccharide made up of simple sugars (glucose). Upon the action of
amylase, either glucose (a monosaccharide) or maltose (a disaccharide with two glucose molecules) is released.

4.1. Bacterial Amylases. Among the wide range of microbial
species that secrete amylase, its production from bacteria is
cheaper and faster than from other microorganisms. Fur-
thermore, as mentioned above, genetic engineering studies
are easier to perform with bacteria and they are also highly
amenable for the production of recombinant enzymes. A
wide range of bacterial species has been isolated for amylase
secretion. Most are Bacillus species (B. subtilis, B. stearother-
mophilus, B. amyloliquefaciens, B. licheniformis, B. coagulans,
B. polymyxa, B. mesentericus, B. vulgaris, B. megaterium,
B. cereus, B. halodurans, and Bacillus sp. Ferdowsicous),
but amylases from Rhodothermus marinus, Corynebacterium
gigantea, Chromohalobacter sp., Caldimonas taiwanensis,
Geobacillus thermoleovorans, Lactobacillus fermentum, Lacto-
bacillus manihotivorans, and Pseudomonas stutzeri have also
been isolated [1, 12, 16, 20, 21]. Halophilic strains that pro-
duce amylases include Haloarcula hispanica, Halobacillus sp.,
Chromohalobacter sp., Bacillus dipsosauri, and Halomonas
meridiana [22]. More studies involving the isolation and
improvement of novel strains will pave the way to creating
important strains. For example, Dash et al. [23] identified a
new B. subtilis BI19 strain that produces amylase efficiently
and, upon optimizing the conditions, enhanced the enzyme
production about 3.06 folds. Three-dimensional structural
analysis of such amylases helps in improving their efficiency.

For example, the crystal structure of a-amylase from Anoxy-
bacillus has provided insight into this enzyme subclass [19].
Studies on the three-dimensional structure also aid in the
alteration or mutation of particular amino acids to improve
the efficiency and functions of the enzyme or protein [24-26].

4.2. Fungal Amylases. Fungal enzymes have the advantage of
being secreted extracellularly. In addition, the ability of fungi
to penetrate hard substrates facilitates the hydrolysis process.
In addition, fungal species are highly suitable for solid-
based fermentation. The first fungal-produced amylase for
industrial application was described several decades ago [27].
Efficient amylase-producing species include those of genus
Aspergillus (A. oryzae, A. niger, A. awamori, A. fumigatus,
A. kawachii, and A. flavus), as well as Penicillium species
(P brunneum, P. fellutanum, P. expansum, P. chrysogenum,
P, roqueforti, P. janthinellum, P. camemberti, and P. olsonii),
Streptomyces rimosus, Thermomyces lanuginosus, Pycnoporus
sanguineus, Cryptococcus flavus, Thermomonospora curvata,
and Mucor sp. [12, 16, 20, 21].

5. Recombinant Amylase

Genetic engineering and recombinant DNA technology are
the current molecular techniques used to promote efficient
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FIGURE 4: A flowchart for microbial amylase. Three-dimensional structure of the a-amylase from Anoxybacillus (RCSB PDB accession code
5A2C) [19] is shown.
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FIGURE 5: Recombinant DNA technology for amylase production. The steps involve selection of an efficient amylase gene, insertion of the
gene into an appropriate vector system, transformation into an efficient bacterial system to produce a higher amount of recombinant mRNA,

and overproduction of amylase from the bacterial system.

enzyme production [18, 28-30]. Recombinant DNA tech-
nology for amylase production involves the selection of an
efficient amylase gene, gene insertion into an appropriate
vector system, transformation in an efficient bacterial system
to produce a high amount of recombinant protein (in the
presence of an expression-vector promoter-inducing agent),
and purification of the protein for downstream applications
(Figure 5). In this technology, high-copy numbers of the gene
promote higher yields of amylase [30]. On the other hand,
screening mutant libraries for selection of the best mutant
variants for recombinant amylase production has been more
successful (Figure 6). Zhang et al. [31] deleted amyR (encod-
ing a transcription factor) from A. niger CICC2462, which led
to the production of enzyme/protein specifically with lower
background protein secretion. Wang et al. [32] generated a
new strategy to express the a-amylase from Pyrococcus furio-
sus in B. amyloliquefaciens. This extracellular thermostable
enzyme is produced in low amount in P. furiosus, but its
expression in B. amyloliquefaciens was significantly increased
and had good stability at higher temperature (optimum
100°C) and lower pH (optimum pH 5). By mimicking the
P, furiosus system, they obtained a novel amylase with yields
~3000- and 14-fold higher amylase units/milliliter than that
produced in B. subtilis and Escherichia coli, respectively.

6. Screening Microbial Amylase Production

Production or secretion of amylase can be screened by dif-
ferent common methods, including solid-based or solution-
based techniques. The solid-based method is carried out

on nutrient agar plates containing starch as the substrate,
whereas solution-based methods include the dinitro salicylic
acid (DNS) and Nelson-Somogyi (NS) techniques. In the
solid-agar method, the appropriate strain (fungi or bacteria)
is pinpoint-inoculated onto the starch-containing agar at the
center of the Petri plate. After an appropriate incubation
period, the plate is flooded with iodine solution, which
reveals a dark bluish color on the substrate region and a clear
region (due to hydrolysis) around the inoculum, indicating
the utilization of starch by the microbial amylase. Gopinath et
al. [7] applied this method to determine the amylase activity
of Aspergillus versicolor, as well as that of Penicillium sp., in
their preliminary study (Figure 7).

In the solution-based DNS method, the appropriate
substrate and enzyme are mixed in the right proportion and
reacted for 5 min at 50°C. After cooling to room temperature,
the absorbance of the solution is read at 540 nm. Gusakov et
al. [33] applied this method to detect the release of reducing
sugars from substrate hydrolysis by Bacillus sp. amylase. They
found that the amylase activity could reach up to 0.75 U mL ™"
after 24 h of incubation. Similarly, in the NS method, amylase
and starch are mixed and incubated for 5 min at 50°C. Then,
a Somogyi copper reagent is added to stop the reaction,
followed by boiling for 40 min and a subsequent cool-
down period. A Nelson arsenomolybdate reagent is then
added and the mixture is incubated at room temperature
for 10 min. Then, after diluting with water, the solution is
centrifuged at high speed and the supernatant is measured
at 610 nm [34]. Apart from these, several other methods are
available for amylase screening, but all use the same substrate
(starch).
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7. Enhancing Microbial Amylase Production

The primary objective in amylase production enhancement
is to perform basic optimization studies. This can be done
either experimentally or by applying design of experiments
(DOE) with further confirmation by the suggested experi-
ments from the DOE [35, 36]. Several DOE methods have
been proposed and, with the advancement of software, are
capable of better predictions [35-38]. Gopinath et al. [8]
performed an optimization study by using a Box-Behnken
design, involving three variables (incubation time, pH, and
starch as the substrate), for higher amylase production by
the fungus A. versicolor. The laboratory experiments were
in good agreement with the values predicted from DOE,
with a correlation coefficient of 0.9798 confirming the higher
production. Srivastava et al. [37] optimized the conditions for
immobilizing amylase covalently, using glutaraldehyde as the
crosslinker on graphene sheets. In this study, Box-Behnken-
designed response surface methodology was used, with the
efficiency of immobilization shown as 84%. This kind of
study is important when molecules such as glutaraldehyde are
used, owing to two aldehyde groups being available at both
ends of the molecule. By optimization study, the chances of
immobilizing a higher number of glutaraldehyde molecules
can be predicted. In another study, the enzyme-assisted

extraction and identification of antioxidative and a-amylase
inhibitory peptides from Pinto beans were performed, using
a factorial design with different variables (extraction time,
temperature, and pH) [38]. Another way to enhance the
action of amylase is by its encapsulation or entrapment on
alginate or other beads (Figure 8). This method facilitates the
slow and constant release of enzyme and increases its stability.

8. Industrial Applications of
Microbial Amylase

Amylase makes up approximately 25% of the world enzyme
market [1]. It is used in foods, detergents, pharmaceuticals,
and the paper and textile industries [12, 21]. Its applica-
tions in the food industry include the production of corn
syrups, maltose syrups, glucose syrups, and juices and alcohol
fermentation and baking [1]. It has been used as a food
additive and for making detergents. Amylases also play an
important role in beer and liquor brewing from sugars (based
on starch). In this fermentation process, yeast is used to ingest
sugars, and alcohol is produced. Fermentation is suitable for
microbial amylase production under moisture and proper
growth conditions. Two kinds of fermentation processes
have been followed: submerged fermentation and solid-state
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A. versicolor

FIGURE 7: Amylase production on agar plate. In this solid-based method, the starch-containing agar plate is pinpoint-inoculated with the
microorganism at the center of the Petri plate. After an appropriate incubation period, flooding the plate with iodine solution reveals a
dark bluish color on the substrate region. The clear region around the inoculum indicates the zone of hydrolysis. (a) Amylolytic activity by

Aspergillus versicolor; (b) amylolytic activity by Penicillium sp.

fermentation. The former is the one traditionally used and the
latter has been more recently developed. In traditional beer
brewing, malted barley is mashed and its starch is hydrolyzed
into sugars by amylase at an appropriate temperature. By
varying the temperatures and conditions for «- or 3-amylase
activities, the unfermentable and fermentable sugars are
determined. With these changes, the alcohol content and
flavor and mouthfeel of the end product can be varied.

The potential industrial applications of enzymes are
determined by the ability to screen new and improved
enzymes, their fermentation and purification in large scale,
and the formulations of enzymes. As stated above, different
methods have been established for enzyme production. In
the case of amylase, the crude extract can function well in
most of the cases, but for specific industrial applications (e.g.,
pharmaceuticals), purification of the enzyme is required.
This can be accomplished by ion-exchange chromatogra-
phy, hydrophobic interaction chromatography, gel filtration,
immunoprecipitation, polyethylene glycol/Sepharose gel sep-
aration, and aqueous two-phase and gradient systems [2],
where the size and charge of the amylase determine the

method chosen. Automated programming system with the
above methods has improved the processes greatly.

With these developments, microbial amylase production
has successfully replaced its production by chemical pro-
cesses, especially in industry [39]. Production of amylase
has been improved by using genetically modified strains
that reduce the polymerization of maltose during amylolytic
action [20]. For further improvement in the industrial pro-
cess, the above-mentioned DOE and encapsulation methods
can be implemented.

9. Future Perspectives

Among the different enzymes, amylase possesses the high-
est potential for use in different industrial and medicinal
purposes. The involvement of modern technologies, such
as white biotechnology, pinch technology, and green tech-
nology, will hasten its industrial production on a large
scale. This will be further facilitated by implementation
of established fermentation technologies with appropriate
microbial species (bacteria or fungi) and complementation
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FIGURE 8: Efficient application of amylase. Differences between the conventional methods of amylase utilization against alginate bead-

encapsulated amylase are shown.

of other biotechnological aspects. The technologies of high-
throughput screening and processing with efficient micro-
bial species, along with the ultimate coupling of genetic
engineering of amylase-producing strains, will all help in
enhancing amylase production for industrial and medicinal
applications.
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The N1/T1 RNase superfamily comprises enzymes with well-established antitumor effects, such as ribotoxins secreted by fungi,
primarily by Aspergillus and Penicillium species, and bacterial RNase secreted by B. pumilus (binase) and B. amyloliquefaciens
(barnase). RNase is regarded as an alternative to classical chemotherapeutic agents due to its selective cytotoxicity towards tumor
cells. New RNase with a high degree of structural similarity with binase (73%) and barnase (74%) was isolated and purified from
Bacillus licheniformis (balifase, calculated molecular weight 12421.9 Da, pI 8.91). The protein sample with enzymatic activity of 1.5
x 10° units/A,g,was obtained. The physicochemical properties of balifase are similar to those of barnase. However, in terms of its
gene organization and promoter activity, balifase is closer to binase. The unique feature of balifase gene organization consists in the
fact that genes of RNase and its inhibitor are located in one operon. Similarly to biosynthesis of binase, balifase synthesis is induced
under phosphate starvation; however, in contrast to binase, balifase does not form dimers under natural conditions. We propose
that the highest stability of balifase among analyzed RNase types allows the protein to retain its structure without oligomerization.

1. Introduction

Ribonuclease (RNase) is involved in many cellular processes
including control of gene expression, angiogenesis, apop-
tosis, and cell defense from pathogens [1-5]. At present,
RNase types possessing antitumor and antiviral activities
are at the peak of experimental investigation due to their
selective toxicity towards cancer or virus-infected cells [3,
6-11]. Among them are secreted RNase types of bacterial
origin which belong to N1/T1 (EC 3.1.27.3) superfamily.
Such RNase types are small (~12.5kDa) extracellular basic
proteins. Upon RNA hydrolysis these enzymes cleave the
3',5'-phosphodiester bond between guanosine 3'-phosphate
and the 5'-OH group of the adjacent nucleotide, while
generating 2',3'-cyclic guanosine phosphate in the first stage
of a catalytic reaction. This stage is reversible and faster
than the second one, wherein the cyclic intermediate is
converted into the corresponding 3'-phosphate derivative
[12]. This type of RNase was isolated from the cultural fluid
of B. amyloliquefaciens (termed barnase, P00648), B. pumilus
(binase, P00649), B. altitudinis (balnase, AOAOJ1IDI7), B.

circulans (P35078), and B. coagulans (P37203). The catalytic
activity, molecular structures, and some biological properties
of such RNase were explored and characterized [13-17]. The
most studied representatives of bacillary RNase are binase
and barnase produced by B. pumilus and B. amyloliquefaciens,
respectively. Consisting of ~110 amino acid residues, these
enzymes are highly similar in their structure. They also show
similar physicochemical and catalytic properties, namely,
stability over a wide pH range (3-10) with an optimum at
pH 8.5 and nonrequirement in metal ions for ribonucleolytic
activity [2].

Bacillus spp. are known to produce another type of
extracellular RNase with high molecular weight (~30 kDa)
and low level of catalytic activity, while lacking specificity
towards guanyl residues. These enzymes are exemplified by
B. subtilis Bsn and B. pumilus binase II [18, 19].

B. licheniformis, the endospore-forming, nonpathogenic
Gram-positive bacteria, is used extensively for industrial pro-
duction of exoenzymes (proteases, x-amylases) and peptide
antibiotics [20]. Despite its widespread industrial application,
the extracellular RNase from B. licheniformis has not yet
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been characterized. The RNase encoding BLI_RS18290 gene
(previously known as BLi03719) was found among the most
dominant protein spots in the extracellular proteome of the
B. licheniformis grown under phosphate deficiency [21].

Here, we have isolated, purified, and characterized the
B. licheniformis secreted RNase (balifase). Furthermore, we
have compared molecular properties of balifase with those of
binase and barnase. We have shown that the level of balifase
catalytic activity, as well as its physicochemical characteristics
and structural features, is similar to those of the main
representatives of bacillary N1/T1 RNase. The unique features
of balifase include the formation of an operon together with a
gene of its intracellular inhibitor, as well as high stability and
inability to form natural dimers.

2. Materials and Methods

2.1. Strain and Growth Conditions. Wild-type strain of B.
licheniformis ATCC 14580 was obtained from Bacillus Genetic
Stock Center (BGSC, USA). B. licheniformis was grown on
standard LB medium or on LP medium (low phosphate
peptone: 2%; glucose: 1%; Na,HPO,: 0.04%; CaCl,: 0.01%;
MgSO, x 7H,0: 0.03%; MnSO,: 0.01%; NaCl: 0.3%). Bac-
teria were cultivated at 37°C using a laboratory shaker with
oscillation intensity of 200 rpm (INFORS HT, Switzerland).
Culture growth was determined spectrophotometrically at
A =590 nm and expressed as optical density units (ODsg).

2.2. RNase Activity. Determination of RNase activity was
performed by the measurement of acid-soluble hydrolysis
products of high molecular weight yeast RNA as described
earlier [22]. The reaction mixture consisting of enzyme
solution, RNA, and 0.25M Tris-HCl buffer, pH 8.5, was
incubated for 15 minutes at 37°C. One unit was defined
as the amount of enzyme that increases the extinction of
acid-soluble products of RNA hydrolysis at 260 nm per min.
Specific activity was calculated as the ratio of the total enzyme
activity to the amount of the protein.

2.3. Enzyme Preparation. After 24-26 hours of cultivation on
LP medium, B. licheniformis cells were acidified with acetic
acid to pH 5.0, centrifuged at 9000 xg for 20 minutes at
4°C. The supernatant was diluted twice with sterile distilled
water and was applied onto the DEAE-cellulose (Serva-
cel, Germany) column (=30 mL), equilibrated with 0.01 M
Na-acetate buffer, pH 5.0. Then the solution was applied
onto the phosphocellulose P-11 (Whatman, England) column
(=50 mL), equilibrated with the same buffer. After that the
column was washed with 0.01 M Na-acetate buffer, pH 5.0,
until optical density of eluate at 280 nm decreased below 0.05.
Then the column was equilibrated with 0.01 M Na-phosphate
buffer, pH 7.0. The elution was carried out with 0.2 M Na-
phosphate buffer, pH 7.0. Fractions corresponding to RNase
activity peak were combined and desalted using centrifugal
filter units Ultracel-3K (Merck Millipore, USA). The addi-
tional purification was carried out using Biologic DuoFlow
FPLC system (BioRad, USA) on the UNOS, (BioRad, USA)
column, equilibrated with 20 mM Na-acetate buffer, pH 5.0.
Proteins were eluted using a linear gradient of 0-1 M NaCl.

BioMed Research International

2.4. SDS-PAGE and Immunoblotting. Proteins were sepa-
rated by SDS-PAGE [23] and transferred to a nitrocellulose
membrane by Mini Trans-Blot cell (BioRad, USA). For the
detection of proteins anti-binase antibodies were used [24].
Visualization of protein bands corresponding to RNase was
performed using anti-rabbit IgG-POD secondary antibodies
(Sigma-Aldrich, USA) and the LumiLight detection system
(Roche Diagnostics, Switzerland).

2.5. Zymography. To estimate in-gel RNase activity of pro-
teins we performed zymography analysis as described in [25].
Proteins were separated in 15% polyacrylamide gel with 0.1%
SDS (SDS-PAGE) [23]. The resolving gel contained RNA from
Torula yeast (Sigma-Aldrich, USA) as a substrate at final
concentration of 7mg/mL. Then the gel was washed with
buffer I (10 mM Tris-HCI, 20% isopropanol, pH 7.5) for 10 min
to remove SDS and then proteins were refolded by consequent
incubation for 10 min in 10 mM Tris-HCI, pH 7.5, and in
100 mM Tris-HCI, pH 7.5. The gel was stained for 10 min with
0.2% toluidine blue (Sigma-Aldrich, USA).

2.6. Bioinformatic Analysis. The RNase sequences were
extracted from the databases of the National Center for
Biotechnology Information NCBI (http://www.ncbi.nlm.nih
.gov/). Gene neighborhoods were compared at “Microbes
Online” server of the Virtual Institute for Microbial Stress
and Survival (http://www.microbesonline.org/). Orthologs of
intracellular RNase inhibitor (barstar) were identified with
the help of “EDGAR” server (https://edgar.computational.bio
.uni-giessen.de/). For multiple alignment of amino acid
sequences the program “MUSCLE” (http://www.ebi.ac.uk/
Tools/muscle/) was applied. Alignment was carried out on the
basis of standard criteria. The software package “MEGA 6.0”
was used for construction of phylogenetic trees [26]. Leader
peptide of the extracellular RNase of B. licheniformis ATCC
14580 was determined using PRED-TAT tool (http://www
.compgen.org/tools/PRED-TAT/submit/). Virtual Footprint
tool was used for analysis of the transcription factor binding
sites [27]. Comparison of physicochemical properties of
proteins was performed using ProtParam tool [28]. The three-
dimensional structure of balifase was modeled with the help
of I-TASSER server without specifying the template [29]. A
FATCAT web server was used for flexible structure compar-
ison and structure similarity search (http://fatcat.burnham
.org/).

3. Results and Discussion

3.1 Balifase Is Similar to Barnase by Molecular Properties.
To isolate the B. licheniformis extracellular RNase which was
found upon studies of bacterial cell response to starvation
[21], we first compared its gene and amino acid sequence
with those of well-studied barnase and binase. The RNase
of B. licheniformis is encoded by the BLI_RSI8290 gene; a
mature protein consists of 109 amino acids. The analysis
of the primary structure of B. licheniformis RNase showed
that the main differences of the B. licheniformis RNase from
binase and barnase are primarily concentrated in the region
of the signal and propeptides. The signal peptide of balifase
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FIGURE 1: Comparison of B. licheniformis RNase with the representatives of N1/T1 RNase family. (a) Sequence alignments of signal
peptide (SP), propeptide (PP), and mature peptide (MP) of B. licheniformis (bli), B. amyloliquefaciens (bam), and B. pumilus (bpu) RNase.
Identical amino acid residues are marked (*). Amino acid residues that incorporate to the active site of enzyme are red colored. (b) Gene

neighborhood of balifase gene in comparison to barnase and bin

ase genes. The data were adopted from the MicrobesOnline Database

(http://www.microbesonline.org/). (c) Promoter regions of guanyl-preferring RNase genes from B. pumilus (bpu), B. licheniformis (bli), and

B. amyloliquefaciens (bam). Putative PhoP-binding sites are boxed; (+1) regions are red colored. A colon “:

« »

indicates conservation between

groups of strongly similar properties. A period “.” indicates conservation between groups of weakly similar properties.

and binase are similar, whereas the propeptide resembles
barnase by length. Responsible for transport, maturation,
and activation of enzymes, signal peptide may have an effect
on spatial organization of proteins. The mature protein is
more conserved and differs by 30 and 28 amino acid residues
from barnase and binase, respectively (Figure 1(a)). Thus, the
RNase of B. licheniformis has the 73% and 74% degree of
similarity with barnase and binase, respectively. The overall
resemblance of the RNase composing the NI/T1 family is

reflected in a phylogenetic tree, which was reconstructed
based on the primary sequences of the mature RNase (Fig-
ure 2(d)). It is shown that the RNase of B. licheniformis is
equidistant from both B. amyloliquefaciens and B. pumilus
RNase, without forming a single cluster with the latter within
the genus.

The three-dimensional structure of balifase was predicted
by using the I-TASSER server (Figure 2(a)). The C-score of
1.72 corresponds to a model with high confidence. According
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FIGURE 2: (a) Top model of balifase three-dimensional structure predicted by I-TASSER server without specifying the template. (b)
Superimposed three-dimensional structures of binase (PDB ID 1buj) and balifase. (c) Superimposed three-dimensional structures of barnase
(PDB ID Ibnr) and balifase. The alignment was performed using the FATCAT server with flexible mode. (d) The phylogenetic tree constructed
on the basis of amino acid sequences of RNase from N1/T1 family. The scale bar indicates the average number of amino acid substitutions per

site.

to FATCAT pairwise alignment, balifase is very similar to
both binase (PDB ID 1buj) and barnase (PDB ID 1bnr) with
some minor differences (Figures 2(b) and 2(c)). The P value
is <0.05 (with the raw score of 298.54 and 282.20, resp.),
which means that the structure pairs are significantly similar.
The structure alignment has 109 equivalent positions with an
RMSD of 1.30 and 1.53, respectively, without twists.

A set of physicochemical parameters of the B. licheni-
formis RNase, such as molecular weight and pI, was predicted
by using the ProtParam tool (Table 1). It is shown that
despite some variations in these parameters, balifase, binase,
and barnase proteins are found to have similar properties.
However, balifase is closer to barnase than binase. It is a
more acidic protein compared to barnase. Furthermore, the
aliphatic index of balifase and barnase is lower than that
of binase, which indicates their lower thermostability. The
instability index is significantly higher for balifase than for
binase and barnase, which points to the high stability of
balifase (Table 1). Generally, a protein with an instability
index lower than 40 is predicted as stable [30]. Calculated
from the molar extinction coefficient of tyrosine, tryptophan,

TaBLE 1: Physicochemical properties of balifase as compared with
binase and barnase.

RNase/characteristics Balifase Binase Barnase
ililg;ber of amino 109 109 110
Molecular weight 12421.9 12211.6 12382.7
Theoretical pI 8.91 9.52 8.88
Extinction coefficient 19940 26930 26930
Abs 0.1% (=1g/L) 1.605 2.205 2175
E;g;‘fpi‘t’fliﬁ; of ~0.666 ~0.416 ~0.643
Instability index 8.92 27.25 24.27
Aliphatic index 72.48 78.81 71.00

and cystine [31], the extinction coeflicient of balifase allows
us to detail the calculation of the protein amount during
purification.
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Therefore, based on the similarities between barnase
and balifase proteins, we have found that the protocol for
barnase purification is also suitable for purification of balifase
[13].

3.2. Gene Context of B. licheniformis RNase Differs from
That of Barnase and Binase. Gene neighborhood informa-
tion supports a better understanding of putative functions
of a protein encoded by a gene of interest. Typically, the
neighborhoods combine several genes that are involved in
similar process; however, some of these genes can differ. The
exploration of the balifase gene BLI_RS18290 neighborhood
showed that it is organized differently from barnase and
binase (Figure 1(b)). The RNase gene forms an operon
with an intracellular inhibitor gene, downstream of ydfE
and ydfF genes responsible for metal resistance. Yet, these
features are not characteristic of binase (BPUM_3110) and
barnase (RBAM_031940). At the 5'-end, they are preceded
by the yvcT gene encoding gluconate 2-dehydrogenase, as
well as the prospective bicistronic operon formed by yvdA
and yvdB genes, which encodes carbonate dehydrogenase
and permease of the SuIP family. At the 3'-end, the genes
for balifase and its inhibitor are followed by yvcN (encod-
ing N-acetyltransferase), crh (encoding histidine-containing
phosphorus-carrying Hpr-like protein), yvcL (encoding a
DNA-binding protein WhiA, which controls the process of
sporulation in spore-forming bacteria), yvcK (encoding the
factor of gluconeogenesis), and yvc/ (encoding a nucleotide-
binding protein which hydrolyzes nucleoside triphosphates).
The gene context of balifase reflects its participation in
phosphorus and carbon metabolism.

The B. licheniformis RNase gene context differs from the
gene context of other closely related species of bacilli given
the fact that balifase gene forms an operon with the gene of
intracellular inhibitor YrdF (Figure 1(b)). Our further analysis
using the EDGAR server has revealed that the YrdF inhibitor
of balifase represents the ortholog of a well-known barnase
inhibitor barstar.

The ydfF gene encodes a transcriptional regulator,
belonging to the family of ArsR-like repressors that activate
the transcription of proteins involved in the efflux of metals
and/or detoxification by dissociation from operators [32].
The YdfE gene product contains flavin reductase domain of
various oxidoreductases and monooxygenases. The protein
performs an antioxidant function in the oxidation of lipid
membrane caused by heavy metals. The expression of the ydfE
gene is controlled by the ydfF gene.

3.3. Regulation of Balifase Gene Expression Is Similar to
Binase One. To understand how balifase gene expression
is regulated we analyzed its promoter structure. Using
computational approach it was impossible to identify (-10)
and (—35) regions clearly. Two possible (+1) positions were
predicted (Figure 1(c)). Therefore, we compared balifase gene
promoter to promoters of binase and barnase. The RNase of
Bacillus with low molecular weight can be divided into two
groups: binase-like and barnase-like RNase [33]. In contrast
to barnase, the promoters of binase and balifase genes possess
(-10) and (-35) regions.

Besides that, the detection of the transcription factor
binding sites was performed (Table 2). It was found that
expression of balifase, binase, and barnase could be regulated
by AbrB, GerE, and PucR transcription factors. This indicates
the involvement of the RNase in scavenge of purines (PucR
regulation) as well as in general transition from exponential
growth to stationary phase (AbrB regulation). Expression
of RNase genes during sporulation could be inhibited by
GerE. Binding sites for ComK, which is required for the
transcription of late competence genes, were not detected
in balifase gene promoter in contrast to binase and barnase
ones. Genes for barnase and balifase are potentially con-
trolled by DegU, the regulator of extracellular degradative
enzymes biosynthesis in response to nitrogen starvation.
Furthermore, we identified the potential binding sites for
the PhoP transcription factor, which controls cell response
to phosphate deficiency in Bacillus, in the B. licheniformis
RNase gene promoter, and in the binase promoter (Fig-
ure 1(c)). Potential binding sites for Hpr, which provides
the link between phosphorous and carbon metabolism, and
SpollID, which regulates gene expression during sporulation,
were found in binase and balifase gene promoters as well.
Thus, analysis of balifase promoter structure and activity
revealed its higher similarity to promoter of binase than of
barnase.

3.4. Purification of Balifase. To identify the most suitable
media for high-level production of the B. licheniformis
RNase, we have grown bacteria in LB and low phosphate
peptone media (LP) differing by the amount of phosphorus
(275 pg/mL and 120 pg/mL, resp.). It was found that the cells
produce twice as much amount of RNase when grown on
LP medium during 24h at 37°C. Balifase appears in the
culture fluid after 6 h of cultivation and reaches the maximum
after 22-24h corresponding to the early stationary phase
(Figure 3(a)).

The purification protocol for barnase [13] was applied
for balifase. However, this procedure failed to generate large
amounts of pure balifase and, therefore, was modified. For
protein purification, samples were collected at 22-24 h and all
steps of purification shown in Table 3 were performed. After
elution from phosphocellulose, a protein sample with the
yield of 75% by activity was obtained. The final purification
step was made using the FPLC BioLogic Duo Flow system.
Protein was eluted by 0.35 M NaCl (Figure 3(b)). The elution
profile was characterized by two additional peaks which
had no RNase activity. It was detected via SDS-PAGE that
the first fraction contained the protein with the molecular
weight of 12kDa (Figure 4(a)) and RNase activity in the gel
(Figure 4(b)). The purity of the sample was shown by mass
spectrometry analysis, which also proved the presence of the
B. licheniformis RNase only (AAU25168.1). Finally, the protein
sample with enzymatic activity of 1.5 x 10° units/A,g, was
obtained.

It was observed that the oligomeric forms of balifase
with catalytic activity in the gel (Figure 4(c)) appear after
concentrating, freezing, and storage. The immunoblot anal-
ysis showed that anti-binase antibodies interact with low
order oligomers of balifase too (Figure 4(d)). Therefore, we
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TABLE 2: Putative binding sites for transcription factors in barnase, binase, and balifase promoters.

Transcription factors Barnase Binase Balifase
CAAAAATC
AbrB (controls the expression .
. . TAAAAAAT (119-126 noncoding strand)
of genes involved in (125-132) GAAAAAAG (54-61) CATAAACA

starvation-induced processes)

ComK (is required for the
transcription of the late
competence genes)

AAAGAACTATTTT (50-62)

DegU (regulates the
degradative enzyme
expression, genetic
competence, biofilm
formation, and capsule
biosynthesis)

GAAAAATCCCGGCCGTTTCAG
(4-24)

GerE (regulates gene
transcription in the terminally
differentiated mother-cell
compartment during late
stages of sporulation)

Hpr (provides the link
between phosphorous and
carbon metabolism)

AAATGGGAGGTA (129-140)

Not detected

PucR (regulation of purine ATACAATGAAA (95-105)
utilization)

ResD (regulation of aerobic
and anaerobic respiration)
SpolIID (key regulator of
transcription during the
sporulation process)

AACTATTTTTAAA (54-66)

Not detected

(219-226 noncoding strand)

AAAGCCTCATTTT (58-70) Not detected

ATAGTTCTCGATCGTTTTCCG
(7-27)
ACAATAATATAATGATTTTTG
(106-126)

Not detected

AAATAAATAAAA (25-36
noncoding strand)

AAATAGTTCTCG (5-16)
ATATAATGATTT (112-123)

GGTGCTATAATATGAGGTA
(109-127)

ATGTTTATGTTATAAAGTC
(218-236)

TTTCATGGAAA (91-101)
ATTCGGAGCTG (9-19) GTCCTCGGCTT (82-92)
TCATTTTAGCAAA (64-76)

CTCATTTTAGCAA (63-75) AAATTTACAATAA (100-112)

AGGACAGCAT (141-150)
TAGACAAGCA (126-135)

GGCACATTCT (206-215)
GGTACAATTC (139-148)

I
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FIGURE 3: (a) The time-course of B. licheniformis ATCC 14580 growth and RNase production on LP medium at 37°C. (b) Elution of balifase
fraction in a linear gradient of 0.0-1.0 M NaCl using FPLC Biologic DuoFlow system; AU: absorbance units, mS x cm™': conductivity.

can conclude that balifase can exist in oligomeric forms in
solution but unlike binase, not under natural conditions of
biosynthesis [25].

4. Conclusions

The new low molecular weight RNase isolated from B. licheni-
formis (named balifase) has been characterized according to
its physicochemical properties, gene context, and promoter

organization. Balifase combines physicochemical properties
of barnase (pl, grand average of hydropathicity, and aliphatic
index) with the regulatory mode of biosynthesis typical for
binase. Both balifase gene and gene for its inhibitor are
located in one operon which makes the gene organization
of balifase unique. Balifase synthesis is induced under phos-
phate starvation similarly to biosynthesis of binase; however
in contrast to binase balifase does not form dimers under
natural conditions. We propose that the highest stability of
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TaBLE 3: The isolation and purification of B. licheniformis RNase.

e . Specific activity, Degree of . .
Vol (V), mL A, unit > 9
Stage of purification ol (V), m 280> UNIts units/ Ay, purification Yield (by activity), %
Culture fluid after 24 h of cultivation 1200 8 763 1 100
After DEAE-cellulose, pH 5.0 1200 7.8 780 1.02 99.7
After elution from phosphocellulose in
20 0.7
200 mM sodium phosphate bufter, pH 7.0 225000 353 7
After chror.natography on UNOS, 4 0.45 15 x 10° 2353 50
column using FPLC system
(kDa) M 1 23 4 5
180 -
130
100 e —
70—
55 o = (kDa) M 1 2 3
40 — — am
35—
35
- -—
25
25 —
15 ‘\; — 15
10 -— —— 10 c—
(a) (b)
(kDa) M 1 2
180 (kDa) M 1 2
130
-
100 35 s
7o .
55 25 —— , w——
40 W
35 - 15 et
25
——
15 10
10 —
(c) (d)

FIGURE 4: Electrophoretic analysis of purity, enzymatic activity, and antibody specificity of balifase. (a) SDS/PAGE of balifase samples at
different stages of purification. 1: before purification in culture fluid, 2: after chromatography on DEAE-cellulose, 3: after chromatography
on phosphocellulose P-11, 4: after chromatography on UNOS, column, 5: binase. (b) Zymography analysis of balifase sample. 1: after
chromatography on phosphocellulose P-11; 2: after chromatography on UNOS, column; 3: binase. (¢) Zymography analysis of balifase sample
after concentrating, freezing, and storage. 1: balifase; 2: binase. (d) Western Blot analysis of balifase after chromatography on UNOS, column.

1: binase; 2: balifase.



balifase among analyzed RNase types allows the protein to
retain its structure without oligomerization.
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Catalases are widely used in many scientific areas. A catalase gene (Kat) from Geobacillus sp. CHBI encoding a monofunctional
catalase was cloned and recombinant expressed in Escherichia coli (E. coli), which was the first time to clone and express this type of
catalase of genus Geobacillus strains as far as we know. This Kat gene was 1,467 bp in length and encoded a catalase with 488 amino
acid residuals, which is only 81% similar to the previously studied Bacillus sp. catalase in terms of amino acid sequence. Recombinant
catalase was highly soluble in E. coli and made up 30% of the total E. coli protein. Fermentation broth of the recombinant E. coli
showed a high catalase activity level up to 35,831 U/mL which was only lower than recombinant Bacillus sp. WSHDZ-01 among the
reported catalase production strains. The purified recombinant catalase had a specific activity of 40,526 U/mg and K,,, of 5.1 mM.
The optimal reaction temperature of this recombinant enzyme was 60°C to 70°C, and it exhibited high activity over a wide range of
reaction temperatures, ranging from 10°C to 90°C. The enzyme retained 94.7% of its residual activity after incubation at 60°C for 1
hour. High yield and excellent thermophilic properties are valuable features for this catalase in industrial applications.

1. Introduction

Catalases (EC1.11.1.6) are a class of enzymes that specifically
catalyze the decomposition of H,0, to H,O and O, [1]. H,O,
has been applied to sterilization and bleaching processes in
the medical, food, textile, and paper-making industries [2, 3].
Residual H,O, in products or by-products is harmful to
human health and environment. Thus, the removal of residual
H,0, is necessary in textile production processes, food
health, pollution prevention, and other fields [2]. Catalase is
an ideal choice for removing H,O, due to its efficiency and
lack of secondary pollution compared with chemical decom-
position methods [4].

Catalase can be divided into four classes: monofunctional
heme catalases, catalase-peroxidases, non-heme catalases,
and minor catalases [5]. Catalases are widely present in
animals, plants, fungi, most aerobic bacteria, and some anaer-
obic bacteria [5]. Commercial catalase produced by animals
liver, plant tissues, and microbial fermentation is mainly
mesophilic catalase, but many industrial applications need

thermostable catalase; for example, textile bleaching temper-
ature is always up to 60°C [6], so thermophilic catalase is
more comparable on that condition. There have been some
thermophilic catalases reported [7-10], but they were either
catalase-peroxidase or Mn-dependent catalase. Thermophilic
monofunctional heme catalases are rarely reported as we
know.

High yielding strains are also necessary for enzyme pro-
duction in fermentation processes. Recombinant expression
is a practical method to increase the yield of a target gene.
Currently, Pichia pastoris [11], Hansenula polymorpha [12],
Lactococcus lactis [13], Bacillus subtilis (B. subtilis) [14, 15],
and Escherichia coli (E. coli) [9] are used as host cells to pro-
duce recombinant catalase, but those recombinant catalases
were mainly mesophilic, successfully recombinant expression
precedents of thermophilic catalases which were few. The
advantages of E. coli systems, such as their convenience, high
yields, and ease of purification promote their wide application
in genetic engineering. But many thermophilic enzymes can-
not be overproduced in active forms in mesophilic host [8].
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For example, though Thermus thermophilus catalase could
solubly be expressed in E. coli, the recombinant catalase
was absolutely inactive [8]; recombinant E. coli with Bacillus
stearothermophilus catalase-peroxidase gene also showed a
comparatively lower catalase level (1055.3 U/mL) [16]. So high
soluble expression with an active form in E. coli is important
for thermophilic catalase.

Previously, we screened thermophilic bacteria strains
isolated from different high-temperature compost samples
and Geobacillus sp. CHBI was found to be a high catalase
production strain. So, in this work, we cloned a novel Kat
gene encoding a monofunctional catalase from thermophiles
Geobacillus sp. CHBI and recombinant expressed this gene in
E. coli in a highly soluble form. The recombinant catalase was
also purified and characterized.

2. Materials and Methods

2.1. Materials, Bacterial Strains, Plasmids, and Medium. E.
coli BL21 (DE3) was cultured in our laboratory, and the
expression vector pEASY-E2 was purchased from Beijing
TransGen Biotech. The Geobacillus sp. CHBI was isolated
in Fuzhou, China. LB medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, pH 7.0) was used in culturing E. coli
BL21 (DE3). Auto-induction medium ZYM-5052 [17] was
used for inducing the expression of recombinant catalase. The
medium for culturing the Geobacillus sp. CHBI consisted of
soya peptone 0.9%, yeast extract 0.5%, NaCl 0.1%, K,HPO,
0.1%, and KH,PO, 0.075%, at pH 7.2.

2.2. Expression Vector Construction. Geobacillus sp. CHBI
was incubated at 60°C for 18 h at 180 r/min; then the genome
was extracted according to the method of Zhou et al. [18]. The
Kat gene was amplified using primers CatalaseF: (5'-GCA-
GATACAAAAAAGCTCACAAC-3') and CatalaseR: (5'-
TGCGTTTGTAATCACATCGTCCG-3'). Polymerase chain
reaction (PCR) was performed with ExTaq DNA polymerase
(TaKaRa, Dalian, China) under the following conditions:
95°C initial denaturation for 5 min, followed by 32 cycles of
40s at 94°C, 40s at 55°C, and 1min 30s at 72°C. The PCR
product was purified using a PCR purification kit (Omega
Bio-Tek, Inc., USA) and sequenced by Sangon Biotech Co.,
Ltd. (Shanghai, China).

Homology search of gene and amino acid sequence was
carried out at BLAST server (http://blast.ncbi.nlm.nih.gov).
Program blastp was used to analyze homology of the amino
acid sequences; nonredundant protein sequences (Nr) data-
base and Swiss Prot database were both used for blastp pro-
gram. Sequences with high similarity in Swiss Prot database
were selected to construct phylogenetic tree and do multiple
alignment. MEGA 4.0.2 was used to construct the phyloge-
netic tree. Multiple alignment of the amino acid sequences
was carried out using DNAMAN V6.0.3.99.

The purified fragment was ligated with pEASY-E2 using
the described protocol of the kit. The ligated product was
transformed into the competent E. coli cell strain Trans-T1
(TransGen Biotech, Beijing, China). A positive clone was
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selected using the T7 promoter primer (5'-TAATAC-
GACTCACTATAGGG-3') and CatalaseR (5'-TGCGTT-
TGTAATCACATCGTCCG-3') and then cultured with LB
medium containing 100 ug/mL of ampicillin. The recombi-
nant vector pEASY-E2-Kat was extracted using a Plasmid
Mini Kit (Omega Bio-Tek, Inc., USA) and then transformed
into competent E. coli BL21 (DE3) cells. A positive clone for
BL21/pEASY-E2-Kat was selected using PCR as described
above.

2.3. Inducing Expression and Purification of Recombinant
Catalase. Positive clones were cultured in 5mL of LB
medium containing 100 yug/mL of ampicillin at 37°C at
220 rpm for 12h. Next, 1mL of the above culture was inoc-
ulated into 50 mL of ZYM-5052 medium and was cultured
at 30°C and 220 rpm for 16 h to induce the expression of the
enzyme. To confirm expression, 8 mL of the induced culture
was centrifuged at 10,000 xg for 2 min and then suspended
with 3mL PBS (50 mM, pH 70). The suspended culture
was subjected to ultrasonication at 400 W until clear. Then,
200 uL of ultrasonicated sample was centrifuged at 12,000 xg
for 5 min at 4°C, and the supernatant was transferred to a new
centrifuge tube. The supernatant and sediment sample were
both subjected to 12% SDS-PAGE to detect the expression of
the recombinant enzyme; a sample containing an empty vec-
tor was used as a blank control. Electrophoresis parameters
were set as follows: 30 V for 30 min, followed by 80 V until the
end. The coomassie brilliant blue R250 protocol [23] was used
to dye the gel.

2.4. Recombinant Strain Enzyme Production Curve. First,
1mL of seed liquid was inoculated into shake flasks contain-
ing 50 mL of ZYM-5052 medium, and the flasks were placed
in shaking tables at 220 rpm and 30°C. Every 4 h, samples
were collected and analyzed for catalytic activity. The samples
were ultrasonicated before activity measurement collection.
Enzyme production curves were then obtained.

2.5. Purification of Recombinant Catalase. First,100 mL of the
induced recombinant E. coli was centrifuged at 10,000 xg for
5min and washed once with Buffer A (50 mM NaH,PO,,
300 mM NaCl, pH 8.0). After centrifugation, the recombinant
E. coli pellet was resuspended with 3mL of Buffer A. The
resuspended sample was ultrasonicated until clear. The ultra-
sonicated sample was centrifuged, and the supernatant was
subjected to a Nickel-iminodiacetic acid (Ni-IDA) column.
Then, 10 volumes of Buffer A (50 mM NaH,PO,, 300 mM
NaCl, pH 8.0) were used to wash proteins that were non-
specifically bound to the column. Then, 10 volumes of Buffer
B (50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, pH
8.0) were used to remove other proteins. Finally, 5 volumes of
Buffer C (50 mM NaH,PO,, 300 mM NaCl, 100 mM imida-
zole, pH 8.0) and 5 volumes of Buffer D (50 mM NaH,PO,,
300 mM NaCl, 500 mM imidazole, pH 8.0) were applied to
elute the recombinant catalase. The purity of catalase was
confirmed by SDS-PAGE. The purified catalase was placed
into a dialysis bag and dialyzed against Buffer A to remove the
high concentrations of imidazole. Buffer A was replaced every
several hours until the imidazole was removed. The quantity
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of purified catalase was assayed using the Bradford method
[24].

2.6. Recombinant Catalase Characteristics. A catalase activity
assay was performed according to the method described by
Beers Jr. and Sizer [25]. Purified recombinant catalase was
diluted several times with PBS (20 mM, pH 7.0) to a suitable
concentration, and 2.7 mL of 30 mM H,O, (diluted with
20mM PBS, pH 7.0) was then immediately added to 300 uL
of diluted enzyme. The absorbance changes at 240 nm were
measured every 5s for 1min. 1U of activity was defined as
the amount of enzyme to decompose 1 ymol of H,O, per min.
Each measurement was performed at least three times.

To assess the optimal reaction temperature, 30 mM H, O,
was preincubated at different temperatures from 10°C to
90°C (in 10°C increment), and then activities at different
temperatures were measured with above preincubated H,O,.

To assess enzyme thermostability, diluted enzyme was
incubated at 40, 50, 60, 70, 80, and 90°C for 30 min and
1 hour. After the incubation time, the heated enzyme was
immediately transferred onto ice. Residual activities were
measured with method described above.

The optimum pH was assayed with 30 mM H,O, pre-
pared in the following 50 mM buffers: sodium citrate 50 mM
(pH 4-6), sodium phosphate 50 mM (pH 6-8), and glycine-
NaOH 50 mM (pH 9-11). Activities at different pH values
were measured as above in least three replicates.

Kinetic parameters were assayed by calculating the activ-
ity of the enzyme under different concentrations of H,O,
ranging from 2.5 to 25 mM in 20 mM PBS (pH 7.0) at 30°C.
K,, was obtained by double-reciprocal plots according to
Lineweaver and Burk [26].

3. Results and Discussion

3.1. Kat Sequence. The PCR product (Figure 1) and sequenc-
ing results showed that the total length of the Kat gene was
1,467 bp, which encoded a protein with 488 amino acids.
Nucleotide sequence was submitted to GenBank, and Gen-
Bank accession number KP202252 was assigned. blastp was
run in the nonredundant protein sequences of NCBI database
for homologs of the amino acid sequence. The amino
sequence had higher similarity with the catalase sequences
of other Geobacillus spp.; however, all of these highly similar
Kat genes were submitted in the form of sequenced genomes,
and none had been previously cloned or expressed. Among
all studied catalase sequences obtained from Swiss Prot
database, this catalase was most similar to that of a Bacillus
sp. [27], and its identity was 80%. Phylogenetic tree (Figure 2)
based on the amino acid sequences similarity showed this
catalase shared closest phylogenetic relationship with catalase
of Bacillus subtilis and Lactobacillus sakei in Swiss Prot
database. Multiple alignment of the amino acid sequence
showed this catalase has seven typically conserved amino acid
residuals for heme binding (Figure 3). All of the reported
thermostable catalases [28, 29] from Geobacillus stearother-
mophilus were different from this catalase herein because they
belonged to the second group of catalase family (catalase-
peroxidase) and were encoded by Per gene, but catalase in
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FIGURE 1: PCR product showing a 1,452-length band that corre-
sponds to Kat from a Geobacillus sp. CHBI. Lanes: M, DNA marker;
Lane 1, PCR product.

this paper belonged to the first group (monofunctional heme
catalase) which was encoded by gene Kat [5]. Therefore, to
our knowledge this study was the first to clone and express
this type of Geobacillus spp. Kat gene.

3.2. Construction of Recombinant Expression Vector pEASY-
E2-Kat. A positive clone was selected, and its sequence was
confirmed by sequencing. The expression vector pEASY-E2-
Kat (Figure 4) was transformed into BL21 (DE3) cells. Then,
SDS-PAGE was applied to confirm whether the catalase was
expressed and to determine the molecular weight of the
enzyme. A band was observed between 60 and 70 kDa, and
the recombinant catalase was highly soluble (make up to 30%
of the total E coli protein) with a low inclusion body content
(Figure 5). The theoretical molecular weight of the recombi-
nant enzyme herein, calculated using its amino sequence, was
56 kDa, including the 6xHis tag, which conflicted with the
molecular weight of 65kDa observed via SDS-PAGE. Some
studies [30] have found that the 6xHis tag might result in a
recombinant protein with a greater molecular weight; how-
ever, the reason for this phenomenon remains unclear. The
specific activity of the purified catalase was 40,526 U/mg
under optimal conditions (60°C, pH 7.0).

3.3. Production Curve for Recombinant Catalase. Production
curves for the recombinant catalase were constructed at 30°C.
When cultured at 30°C for 20h, the total activity of the
fermentation broth reached a maximum level of 35,831 U/mL
assayed under optimal conditions (Figure 6). This level was
much higher than many catalase production strains and only
lower than recombinant Bacillus sp. WSHDZ-01 (Table 1) as
we know. High production ensured further application of this
catalase.
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65 Rattus norvegicus (P04762.3)
86 Canis lupus familiaris (097492.3)
98 Rattus norvegicus (P04762.3)
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FIGURE 2: Phylogenetic tree of CHBI catalase amino acid showing the relationship with other strains on catalase amino acid sequence. Protein
sequences were selected by running blastp program with CHBI catalase sequence in Swiss Prot database; accession numbers in brackets were
the corresponding accession numbers of the strains in Swiss Prot database. Phylogenetic tree was constructed with MEGA 4.0.2 with the
method Neighbor-Joining. Test of inferred phylogeny was Bootstrap for 1000 replications.

TaBLE 1: Catalase production levels of recombinant E. coli BL21 and
other strains.

Activity

Strains (U/mL) Reference
Recombinant E. coli BL21 (DE3) 35,831 This study
Recombinant Bacillus sp.

15
WSHDZ-01 17 1l
Bacillus sp. WSHDZ-01 28,990 (19]
Exiguobacterium oxidotolerans

20
T.2.2T 22,000 (20]
Serratia marcescens SYBC08 20,353 [21]
Rhizobium radiobacter strain 2-1 17,035 [22]
M. luteus 6920 [22]

3.4. Purified Recombinant Catalase Characteristics

3.4.1. Effect of Temperature and pH on This Catalase. Temper-
ature is a major factor in the application of many enzymes.
The activity and stability of our purified catalase at different
temperatures were assayed. The catalase in this study showed
ahigh activity over a wide range of temperatures, from 10°C to
90°C (Figure 7(a)), and showed maximum activity at 60°C to
70°C. The temperature range was wider and optimal tempera-
ture was higher than many reported catalases, such as Serratia
marcescens SYBCO8 at temperatures ranging from 0°C to

70°C with optimal temperature of 20°C [31]; Psychrobacter
piscatorii T-3 from 10°C to 60°C with optimal temperature
of 45°C [32]; and Bacillus altitudinis SYBC hb4 from 20°C
to 40°C with optimal temperature of 30°C [33]. This catalase
was stable at temperatures <60°C (Figure 7(b)) and when
incubated at 70°C for 1h, the enzyme maintained >70%
residual activity; however, when the incubation temperature
was >80°C, the residual activity was <10% after incubation for
1h. Although this enzyme was inactive at >80°C, it still main-
tained high activity when added to reaction systems at 80°C
and 90°C. Thermophilic catalase isolated from thermophilic
Thermoascus aurantiacus [34] can retain 100% residual activ-
ity after incubation at 60°C for 1 h, which was similar to that of
CHBI catalase. This thermophilic property was much better
than the properties of other catalases, such as those from
Psychrobacter piscatorii (P. piscatorii) (65°C, 15min, 20%)
[32, 35], Vibrio salmonicida (60°C, 20 min, 0%) [36], Vibrio
rumoiensis S-1T (65°C, 10 min, 0%) [37], and Halomonas sp.
SK1 (55°C, 30 min, 0%) [38]. These properties enable the
enzyme to be applied in both low and high-temperature pro-
cesses in industry. The optimal pH of the enzyme was 6-7, and
the enzyme retained >50% of its activity between pH 5 and
9 (Figure 8).

3.4.2. Kinetic Parameters of This Catalase. The enzyme
kinetics of the recombinant catalase were assayed using
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FIGURE 3: Multiple alignment of amino acid sequences for CHBI catalase and catalase from Swiss Prot database. The sequences were those
from Bacillus subtilis subsp. str. 168 (Swiss Prot number P26901), Methanosarcina barkeri str. Fusaro (Swiss Prot number 093662), Streptomyces
venezuelae ATCC 10712 (Swiss Prot number P33569), and Geobacillus sp. CHB1 (GenBank number AJO27032.1). Identical amino acid residuals
were shaded in black and conserved residuals were shaded in gray. Arrows showed the conserved residuals of home binding pocket of this

kind of catalase.

Lacl pEASY-E2-Kat 6 x His
6860 bp T f10ri
Amp

pBR322 ori

FIGURE 4: Recombinant expression construction of vector pEASY-
E2-kat. A schematic diagram of recombinant expression vector
pEASY-E2-kat. The kat gene encoding catalase was inserted into
an expression vector with upstream RBS and T7 promoters and
downstream 6xHis.

different H,O, concentrations as substrates; a Lineweaver—
Burk plot was used to calculate K,,, 51.1mM, and V,

max>

151.5 mol/min-mg (Figure 9), which is similar to previously
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FIGURE 5: SDS-PAGE analyses of recombinant catalase expression
and the purified enzyme. Lanes: M, protein marker; Lane 1, total
bacterial protein of BL21 (DE3) cells with empty vector pEASY-
E2; Lane 2, insoluble bacterial proteins of BL21 (DE3) with vector
pEASY-E2-kat after induced expression; Lane 3, soluble bacterial
proteins of BL21 (DE3) with vector pEASY-E2-kat after induced
expression; Lane 4, SDS-PAGE analysis of purified catalase using a
Ni-IDA column.
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FIGURE 6: Catalase production curve of the recombinant E. coli BL21 (DE3).

120

110

100

90

Relative activity (%)

80

70

0 20 40 60 80 100

Temperature (°C)

()

150
=
= 100
=
3
=
3
‘% 50
L
~
0 T T —T
0 0.5 1.0
Time (h)
—o— 40°C - 70°C
—& 50°C —— 80°C
—A— 60°C - 90°C

(b)

FIGURE 7: Effect of temperature on recombinant catalase activity. (a) Relative activity of the enzyme at 10, 20, 30, 40, 50, 60, 70, 80, and 90°C;

1h.

reported values (52.5mM [23] and 40.1 mM [2]). Many other
catalases from P. piscatorii T-3, Micrococcus luteus, Bac-
teroides fragilis, Helicobacter pylori, Serratia marcescens, and
Xanthomonas campestris have higher K,, values compared to
the purified catalase [39]. The relatively low K,,, indicates that
the enzyme has a high affinity for H, O, and that the enzyme s
stable under high H,O, concentrations. K,, is an important
characteristic of enzymes and is vital for the assessment of
their potential applications.

4. Conclusions

In this paper, we cloned, expressed, purified, and character-
ized a Kat gene of thermophilic bacteria Geobacillus sp. CHBI

(b) temperature stability of the enzyme. Residual activity of the recombinant enzyme by incubation at 40, 50, 60, 70, 80, and 90°C for 0.5 and

for the first time. The recombinant enzyme could maintain
its stability and showed a high activity over a wide range
of temperatures from 10°C to 90°C. Specific activity of the
purified recombinant catalase was 40,526 U/mg of protein,
and recombinant E. coli BL21 strain reached a high level of
catalase production to 35,831 U/mL. This enzyme’s wide range
of reaction temperatures, good thermostability, and high
production may be suitable for the textile, paper-making, and
other industries.

Competing Interests

The authors declare no conflict of interests.



BioMed Research International

150

100

50

Relative activity (%)

T T T T
4 5 6 7 8 9 10 11

pH

FIGURE 8: Optimal pH of the recombinant catalase. The buffers used
for each pH region were 50 mM sodium citrate (pH 4-6), 50 mM
sodium phosphate (pH 6-8), and 50 mM glycine-NaOH (pH 9-11).
Each pH was assayed at least three times.

0.2
7 = 0.3393x +0.0066
015 R? =0.9972
=
g o1
=
g
E 005
<
21
-01 — 0.1 0.2 0.3 0.4 0.5
1/s (mmol/L) ™
-0.05
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D-lactate is a natural component of many fermented foods like yogurts, sour milk, cheeses, and pickles vegetable products.
D-lactate in high concentrations is toxic for children and people with short bowel syndrome and provokes encephalopathy.
These facts convincingly demonstrate a need for effective tools for the D-lactate removal from some food products. The main
idea of investigation is focused on application of recombinant thermotolerant methylotrophic yeast Hansenula polymorpha
“tr6,” overproducing D-lactate: cytochrome ¢ oxidoreductase (EC 1.1.2.4, D-lactate cytochrome ¢ oxidoreductase, D-lactate
dehydrogenase (cytochrome), DLDH). In addition to 6-fold overexpression of DLDH under a strong constitutive promoter
(prAOX), the strain of H. polymorpha “tr6” (gcrl catX/Acyb2, prAOX_DLDH) is characterized by impairment in glucose repression
of AOX promoter, devoid of catalase and L-lactate-cytochrome ¢ oxidoreductase activities. Overexpression of DLDH coupling with
the deletion of L-lactate-cytochrome ¢ oxidoreductase activity opens possibility for usage of the strain as a base for construction
of bioreactor for removing D-lactate from fermented products due to oxidation to nontoxic pyruvate. A laboratory prototype of
column-type bioreactor for removing a toxic D-lactate from model solution based on permeabilized cells of the H. polymorpha

“tr6” and alginate gel was constructed and efliciency of this process was tested.

1. Introduction

D-lactate is a natural component of many fermented foods
like yogurts [1, 2], sour milk [3], cheeses [4], and pickles vege-
table products [5].

D-lactate can be metabolized slowly in the human body
in comparison with L-lactate isomer and can cause metabolic
disorders if ingested in excess. Therefore, the World Health
Organization (WHO) recommends a limited daily consump-
tion of D-lactate up to 100 mg-kg™' bodyweight. Moreover,
some countries, for example, Germany, have decided to min-
imize the D-lactate content of fermented dairy products [6].
The high concentration of D-lactate is toxic for children [7]
and people with short bowel syndrome [8-10]. Also D-lactate
toxicity depends on physiological state of renal excretion.
Hingorani et al. demonstrated that, in healthy men continu-
ously infused with a D-lactate solution, excretion rates ranged

between 61 and 100% [11]. In 1993, there was reported a case of
chronic D-lactate encephalopathy occurring in a patient with
short bowel syndrome and end-stage renal disease [12].

Originally, it was believed that, due to the lack of enzyme
D-lactate dehydrogenase in humans, they are not able to
metabolize D-lactate to pyruvate. However, in the past two
decades there is an abundance of literature suggesting the
presence of a D-lactate metabolizing enzyme D-2-hydroxy
acid dehydrogenase (D-2-HDH) that is mainly found in
the liver and kidney [10, 13]. This enzyme is inhibited by
low-pH states, which assumes importance in the relative
overproduction of D-lactate in certain clinical situations. D-
lactic acidosis or D-lactate encephalopathy is a rare condition
that occurs primarily in individuals who have a history of
short bowel syndrome (SBS).

The predominant organ system affected by D-lactic acido-
sis is the central nervous system (CNS). Presenting symptoms
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may include slurred speech, ataxia, altered mental status,
psychosis, or even coma [8, 9, 14, 15].

The aim of the current work is construction of an
effective laboratory prototype of bioreactor for removing D-
lactate from fermented products based on the use of yeast
cells overproducing D-lactate oxidoreductase. The D-lactate
oxidoreductase (cytochrome c-dependent dehydrogenase,
DLDH, ECI1.1.2.4) isa FAD- and Zn?* -containing membrane-
associated protein found in yeast and bacteria. The enzyme
catalyzes D-lactate oxidation to pyruvate coupled with ferri-
cytochrome ¢ reduction to ferrocytochrome c. It is charac-
terized as a mitochondrial protein with a molecular weight
of 63kDa for DLDH from Kluyveromyces lactis and 64 kDa
for DLDH from Saccharomyces cerevisiae, respectively [16,
17]. DLDH is highly selective to D-lactate; however, D,L-a-
hydroxybutyric acid can be used as an alternative electron
donor. The enzyme is not selective with respect to electron
acceptors and can reduce, in addition to its native acceptor
(cytochrome c¢), different low molecular artificial redox medi-
ators (ferricyanide, dichlorphenol indophenols, etc.).

We propose using recombinant DLDH-overproducing
strain H. polymorpha “tr6” (gcrl catX/Acyb2, prAOX_DLDH)
as a base for construction of laboratory prototype of bioreac-
tor for removing a toxic D-lactate from fermented products.
The column-type bioreactor includes alginate gel formations
with incorporated permeabilized yeast cells.

2. Material and Methods

2.1. Materials. Sodium D-lactate, sodium alginate, and phe-
nylmethylsulfonyl fluoride (PMSF) were purchased from
Sigma-Aldrich Corp. (Deisenhofen, Germany) and cetyltri-
methylammonium bromide (CTAB) was purchased from
Chemapol Sp. (Bratislava, Slovakia). D(+)-glucose monohy-
drate was purchased from J. T. Baker (Deventer, Netherlands).
(NH,),SO,, Na,HPO,, KH,PO,, MgSO,, and CaCl, were
obtained from Merck (Darmstadt, Germany). All chemicals
and reagents were of analytical grade and all solutions were
prepared using deionized water. D-lactate standard solution
and appropriate dilutions were prepared in 100 mM phos-
phate buffer (PB), pH 7.8.

2.2. Cultivation and Permeabilization of Yeast Cells. Recom-
binant DLDH-overproducing strain H. polymorpha “tr6”
(gerl catX/Acyb2, prAOX_DLDH) is characterized by 6-fold
overexpression of DLDH, impaired in glucose repression,
devoid of catalase and specific L-lactate-cytochrome ¢ oxi-
doreductase activities, which was constructed by us earlier
(18].

Cultivation of the H. polymorpha “tr6” was performed
in flasks on a shaker (200 rpm) at 28°C until the middle of
the stationary growth phase (~52h) in a medium containing
(gL™"): (NH,),S0,, 3.5; KH,PO,, 1.0; and MgSO, x 7H,0,
0.5, supplemented with 0.75% yeast extract. A mixture of
glucose (10 g~L_1) and D-lactate (2 g~L_1) was used as a carbon
and energy source and (1g-L™") methanol as an inductor for
AOX promoter. After washing, the cells were suspended in
50 mM PB, pH 7.8, containing 1 mM PMSE
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Before experiments, the freshly prepared yeast cells were
resuspended to 30 mg-mL™" in 50 mM PB, pH 7.8, and stored
in refrigerator.

The procedure of the cells permeabilization was as fol-
lows: the same volume of permeabilizing reagent (0.85 mM
CTAB) was added to the cell suspension (30 mg-mL™" in
50 mM PB, pH 7.8). The resulting solution was treated at 30°C
in a water bath for 15 min under mixing every 3-4 min. The
permeabilized cells were washed by centrifugation (6000 xg,
5min) in 10 mM PB, pH 7.8. The precipitated permeabilized
cells were resuspended to 30 mg-mL™" in the same buffer
solution and stored at +4°C. A half-life of the permeabilized
yeast cells was about three weeks of storage at such conditions.

2.3. Assay of DLDH Activity in Permeabilized Cells. One unit
(1U) of the DLDH activity is defined as that amount of the
enzyme which forms 1 gmol hexacyanoferrate(II) per minute
under standard conditions of the assay (20°C, 30 mM PB, and
pH 7.8). Activity was estimated by spectrophotometric moni-
toring of hexacyanoferrate(IlI) reduction at A = 420 nm [19].
During this process, optical density of the analyzed solution
becomes lower. Assay mixture consisted of 30 mM PB, pH 7.8;
16 mM sodium D-lactate; 0.83 mM K;Fe(CN)g4; and 20 uL of
diluted permeabilized cell suspension (30 mg-mL™").

The specific activity of DLDH was calculated by the
following formula:

SA = AE/min-V -n

= 1
EmM - Ceells - Veells’ M

where AE/min is change of optical density at A = 420 nm per
min; V is total volume of the assay solution, mL; » is dilution
of the enzyme before assay; EmM is millimolar extinction of
hexacyanoferrate(III), 1.04 mM " em™; Veells is volume of
the added permeabilized cell suspension, mL; and Cecells is
permeabilized cell concentration, mg-mL™".

Specific DLDH activity in the cells was calculated by the
following formula, considering difference between specific
DLDH activity (+D-lactate) and nonspecific ferrireductase
activity (without D-lactate): A = A ,pjact — A _Dolact-

3. Results and Discussion

The possibility of usage of DLDH-producer as a perspective
tool for D-lactate removing from fermented products was
investigated. For analysis of D-lactate utilization ability of the
recombinant thermotolerant methylotrophic yeast Hansenula
polymorpha “tr6” (gcrl catX/Acyb2, prAOX_DLDH) con-
structed by us earlier, overproducing DLDH was chosen.
The H. polymorpha DLDH-producer was constructed in two
steps. First, the gene CYB2 was deleted on the background
of the C-105 (gerl, catX) strain of H. polymorpha impaired
in glucose repression and devoid of catalase activity to avoid
specific L-lactate-cytochrome ¢ oxidoreductase activity.
Second, the homologous gene DLDI coding for DLDH was
overexpressed under the control of the strong H. polymorpha
alcohol oxidase promoter in the frame of a plasmid for multi-
copy integration in the Acyb2 strain. The selected recombi-
nant strain possesses 6-fold increased DLDH activity as
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TABLE I: The residual D-lactate concentration by Buchner method
in the samples selected using two types of the H. polymorpha “tr6”
cells analyzed.

Time of D-lactate, mM D-lactate, mM
incubation, min (permeabilized cells) (intact cells)
0 20.0 = 0.00 20.0 = 0.00
10 19.3 £ 0.15 19.87 + 0.14
20 155+0.2 18.5+0.18
30 1.9 £ 0.23 15.51 £ 0.25
40 11.98 + 0.28 14.48 + 0.29
50 12.5 £ 0.30 14.5+0.22
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FIGURE 1: The profile of D-lactate oxidation using recombinant
H. polymorpha “tr6” cells: (a) permeabilized and (b) living cells.
Conditions: 10 mM PB, pH 7.8, 30°C, and shaking (200 rpm) at 30°C;
the initial concentration of D-lactate was 20 mM.

compared to the initial strain [18]. Two types of yeast cells
(intact and permeabilized) were tested. The experiment was
carried out as follows: to 50 mL of 10 mM PB, pH 7.8, we added
D-lactate (with a final concentration 20 mM) and 0.1 g of the
intact yeast cells with specific enzymatic activity 12.6 U-mg ™.
An incubation of the same amount of permeabilized cells of
the H. polymorpha “tr6” (with DLDH activity of 11.7 U-mg ")
in the same mixture was performed in parallel. The amount
of the added yeast cells of two types was calculated related
to the specific DLDH activity. The obtained cell mixture was
incubated about one hour at a shaker (200 rev.-min ') at 30°C.
Every 10 minutes, 2 mL of the mixture was taken, centrifu-
gated (6000xg, r = 8cm, 2min) and the eluates were
frozen at —20°C. The residual D-lactate in the frozen samples
was analyzed chemically by Buchner method [20] after
completing the experiment (Table 1).

The profile of D-lactate utilization using recombinant H.
polymorpha “tr6” cells is represented in Figure 1.

As shown in Figure 1, effectiveness of D-lactate oxidation
(during 40-minute incubation) was calculated as 28% for
intact yeast cells (activity of DLDH, 12.6 U-mg "), whereas for
the permeabilized cells (with activity of DLDH, 11.2 U-mg ")

Model solution of D-lactate

1

Control column O 0-0 Bioreactor
00 0O
OO (N0
0O 0O
OOOO OOOO
(e)(e (oX(®

70

FIGURE 2: Principal scheme of bioreactor prototype based on
permeabilized recombinant yeast cells for removing D-lactate from
aqueous solution. The control column contains alginate gel without
the cells.

it was about 41%. The average productivity of the process (for
30 min incubation) was about 9.0 mmol-L™'-h ™. It was shown
that the permeabilized yeast cells are 1.5-fold more effective
agent for removal of D-lactate in comparison with intact
living cells. Probably this effect could be explained by higher
permeability of permeabilized cells to substrate. Thus, for
construction of cell-based bioreactor for D-lactate oxidation,
permeabilized yeast cells of H. polymorpha “tr6” are more
effective.

A column-type bioreactor based on permeabilized yeast
cells of H. polymorpha “tr6” incorporated in alginate gel was
constructed. The immobilization of the yeast cells in calcium
alginate gel was performed as follows: 2 mL suspension of
permeabilized H. polymorpha “tr6” cells (60 mg-mL™") was
mixed with 2 mL of 4% (w/v) sodium alginate. The obtained
mixture was put to medical syringe and dropped through
a needle into solution of CaCl, (40 mg-mL™"). The formed
alginate beads (diameter around 3 mm) with incorporated
permeabilized yeast cells were placed to columns 1 x 10 cm
(4 mL gel). As a control, “bare” alginate gel without the cells
(Figure 2) was used.

The packed columns were washed by 3mL of PB, pH
7.8, prior to the experiment beginning. As a model solution,
20 mM of D-lactate in 50 mM PB, pH 7.8, containing 1 mM
CaCl, was used.

For optimisation of flow rate for high efficiency of D-lac-
tate oxidation, the model solution was simultaneously passed
through both columns with different speed: 50 mL-min™"
and 10mL-min~". Due to difference in flow rate through
the alginate gel the first column with a speed 50 mL-min™"
was marked as a “bioreactor 17 and the other one (flow
rate 10 mL-min~") was marked as “bioreactor 2,” respectively.
Every 15min, a small amount (0.2mL) of mixture flowing
through the columns was collected and frozen at —20°C. After
finishing the experiment, a residual D-lactate in the frozen
samples was analyzed by Buhner chemical method of lactate
assay (Figure 3).
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FIGURE 3: Optimisation of flow rate for enzymatic D-lactate
conversion using a column bioreactor, (a) flow rate 50 mL-min~"
and (b) flow rate 10 mL-min~?, and (c) control column, flow rate
10 mL-min~". Conditions: enzymatic activity of DLDH in perme-
abilized cells was 80 U-mL™!, and the initial D-lactate concentration
was 20 mM in the presence of 1mM CaCl,.

As was shown in Figure 3, both columns are able to remove
D-lactate from the model solution. However, the effectiveness
of this process was significantly different and depended on the
flow rate through the columns. Thus, in the case of “biore-
actor 17 enzymatic conversion of 2 mL 20 mM D-lactate was
ranged between 15 and 28%. “Bioreactor 2” showed a twofold
higher efficiency of D-lactate oxidation at the same volume of
model solution (45-53%). The control alginate column was
used to analyze the possibility of nonenzymatic conversion
of D-lactate. As was clearly shown in Figure 3, nonenzymatic
conversion of D-lactate in control reactor did not occur and
the observed decrease in D-lactate concentration (about 14%)
was caused by a partial dilution of sample as a result of
washing the column by buffer.

The obtained results clearly confirmed the possibility of
using permeabilized cells, immobilized in alginate gels, of
recombinant DLDH-overproducing strain of H. polymorpha
“tr6” as a catalyst for bioreactor able to remove D-lactate
from fermented food products. It was shown that efficiency
of enzymatic conversion of D-lactate for bioreactor prototype
tightly depends on the flow rate through the column.

The usage of the developed cell-based prototype for
removing toxic D-lactate from fermented products is in
progress.

4. Conclusions

A laboratory prototype of column-type bioreactor for D-
lactate removing from model solution based on permeabi-
lized yeast cells of the H. polymorpha “tr6” and alginate
gel has been constructed and efficiency of this process
has been demonstrated. The optimal concentration of the
permeabilized cells (with DLDH activity of 11.2 U-mg_l) was
estimated as 30 mg per 1mL of 4% alginate. It was shown

BioMed Research International

that efficiency of enzymatic oxidation of D-lactate by the
bioreactor prototype tightly depends on flow rate through the
column. The laboratory cell-based bioreactor would be useful
in food technology for removing toxic D-lactate.
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A series of strategies were applied to improve expression level of recombinant endo-f-1,4-xylanase from Aspergillus usamii (A.
usamii) in Pichia pastoris (P. pastoris). Firstly, the endo- 8-1,4-xylanase (xynB) gene from A. usamii was optimized for P. pastoris and
expressed in P, pastoris. The maximum xylanase activity of optimized (xynB-opt) gene was 33500 U/mL after methanol induction
for 144 h in 50 L bioreactor, which was 59% higher than that by wild-type (xynB) gene. To further increase the expression of xynB-
opt, the Vitreoscilla hemoglobin (VHb) gene was transformed to the recombinant strain containing xynB-opt. The results showed
that recombinant strain harboring the xynB-opt and VHb (named X33/xynB-opt-VHb) displayed higher biomass, cell viability, and
xylanase activity. The maximum xylanase activity of X33/xynB-opt-VHb in 50 L bioreactor was 45225 U/mL, which was 35% and
115% higher than that by optimized (xynB-opt) gene and wild-type (xynB) gene. Finally, the induction temperature of X33/xynB-
opt-VHb was optimized in 50 L bioreactor. The maximum xylanase activity of X33/xynB-opt-VHb reached 58792 U/mL when the
induction temperature was 22°C. The results presented here will greatly contribute to improving the production of recombinant

proteins in P. pastoris.

1. Introduction

Xylan, the major hemicellulose component in plant cell wall
and the most abundant renewable hemicellulose, is a hetero-
geneous polysaccharide consisting of a 3-1,4-linked D-xylose
backbone [1]. Xylan occupies one-third of the overall plant
carbohydrate and is the second most prevalent biomass after
cellulose in nature [2]. Xylanase (EC 3.2.1.8) can hydrolyze
xylan into xylooligosaccharides and D-xylose. Xylanases have
generated considerable research interest and are becoming
a major group of industrial enzymes. Xylanases have wide
commercial applications in industrial processes, such as the
paper and pulp industry, the foodstuff industry, the feed
industry, and the energy industry [3, 4]. In recent years,
increasing numbers of xylanases have been identified and
characterized from various microorganisms, such as bacteria
and fungi [5]. Among microbial sources, the filamentous
fungi Aspergillus are especially interesting as they secrete
these enzymes into the medium and their xylanase activities

are higher than those produced by other microorganisms
[6-8]. In previous studies, an endo- 3-1,4-xylanase with high
specific activity and good enzymatic properties was isolated
from A. usamii. Furthermore, the gene encoding endo-f3-
1,4-xylanase from A. usamii was cloned and expressed in P
pastoris [9, 10]. However, the low expression level does not
allow the recombinant xylanase to be applied practically and
economically in industry. For commercial exploitation of the
recombinant A. usamii endo- 3-1,4-xylanase, it is essential to
achieve high yield of the protein.

P, pastoris is now widely used for heterologous production
of recombinant proteins. As a single-celled microorganism,
P. pastoris has been proved as a highly successful system for
variety of recombinant proteins. There are many advantages
in this expression system such as high level expression,
efficient extracellular protein secretion, proper protein fold-
ing, posttranslational modifications, and the potential to
high cell density fermentation [11, 12]. Due to the wide
use of this system, many strategies have been developed to
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further improve expression level of heterologous protein in
P, pastoris, including codon optimization, intracellular coex-
pression of Vitreoscilla hemoglobin (VHb), high heterologous
gene copy number, altering the secretion signal peptide in
expression vector, high efficient transcriptional promoters,
and cultivation optimization [13-15]. However, there is little
report about integrating these optimization methods as a
whole to optimize gene expression.

In order to improve production of A. usamii endo-f-1,4-
xylanase in P. pastoris, the xynB from A. usamii was firstly
expressed in P. pastoris. To further improve the production
of recombinant A. usamii endo- 3-1,4-xylanase, we combined
codon optimization, intracellular coexpression of VHb, and
optimization of induction temperature as a whole to optimize
xynB expression in P. pastoris. To our knowledge, this is the
first report to improve A. usamii endo--1,4-xylanase pro-
duction in P, pastoris by integrating these three optimization
methods. The results presented here will greatly contribute
to improving the production of recombinant proteins in
P pastoris and offer a greater value in various industrial
applications.

2. Materials and Methods

2.1. Strains, Plasmids, Reagents, and Media. The P. pas-
toris strain X33 and the expression vector (pPIC3.5K and
pPICZ«xA) were purchased from Invitrogen (Carlsbad, CA,
USA). The E. coli strain Top 10 is routinely conserved in
our laboratory. Restriction enzymes, T4-DNA ligase, and
Pfu DNA polymerase were purchased from Sangon Biotech
(Shanghai, China). All other chemicals used were analytical
grade reagents unless otherwise stated. Yeast extract peptone
dextrose (YPD) medium, buffered glycerol complex (BMGY)
medium, and buffered methanol complex (BMMY) medium
were prepared according to the manual of Pichia Expres-
sion Kit (Version F, Invitrogen). Fermentation Basal Salts
Medium (BSM) and PTMI1 Trace Salts used for fermentation
were prepared according to the Pichia Fermentation Process
Guidelines (Invitrogen).

2.2. Codon Optimization and Screening of
High Xylanase Activity Clones

2.2.1. Codon Optimization and Synthesis of the Gene. The
codon usage of xynB gene (GenBank DQ302412) from A.
usamii and VHb gene (GenBank AY278220) was analysed
using Graphical Codon Usage Analyser (http://gcua.schoedl
.de/) and they were optimized by replacing the codons
predicted to be less frequently used in P pastoris with
the frequently used ones (https://www.dna20.com/). The
optimized genes (xynB-opt and VHb) were synthesized by
Sangon (Shanghai, China).

2.2.2. Vector Construction, Transformation, and Screening of
High Xylanase Activity Clones. The synthetic gene encoding
the mature region of xylanase without the predicted signal
sequence was digested by EcoRI and Notl and then lig-
ated into pPICZaA to form pPICZaA-xynB-opt. The native
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xylanase gene (xynB) was cloned from A. usamii by reverse
transcription PCR and then inserted into plasmid pMD20-T
to form pMD20-T-xynB. The pMD20-T-xynB was digested by
EcoRI and Notl and then ligated into pPICZaA, resulting in
the recombinant plasmid pPICZ«A-xynB. The synthetic VHb
gene was digested by EcoRI and Notl and then ligated into
pPIC3.5K to form pPIC3.5K-VHb. The recombinant plasmids
were checked by DNA sequencing.

P. pastoris X33 was transformed with 10 ug of Pmel-
linearized pPICZaA-xynB-opt and pPICZaA-xynB vector by
electrotransformation, according to Invitrogen’s recommen-
dations. Transformants were plated on YPDS plates (10 g/L
yeast extract, 20 g/L peptone, 20 g/L dextrose, 20 g/L agar, and
1 M sorbitol) containing 100 pg/mL Zeocin to isolate resistant
clones. The method for screening transformants was the same
as our previous described method except the microplates
[16]. In this study, transformants were picked and cultured
in 24-deep-well microplates containing 1.2 mL/well BMGY
medium at 30°C for 24 h. After this, the cells were harvested
by centrifugation, resuspended, and cultured in 1 mL/well
BMMY medium. After 24 h, plates were subjected to cen-
trifugation again and supernatants were used in subsequent
activity assays. The clones showing higher activities were
checked by shaking flask fermentation.

2.2.3. Expression of xynB-opt and xynB in P. pastoris Shake-
Flask Cultures. Thirty clones which had higher enzyme
activity were selected for shake-flask cultures. The seeds were
inoculated in 10 mL of BMGY medium in a 100 mL shake
flask and incubated at 30°C until the culture reached ODy,
= 2.0-6.0. The cells were harvested by centrifugation and
resuspended in 50 mL of BMMY medium and incubated at
30°C. The methanol induction temperature was set at 30°C,
and 0.7% (v/v) methanol was fed at 24 h intervals for 5 days.
The activities of the xylanase were checked at 24, 48, 72, 96,
and 120 h. The colony with the highest activity was selected
as the host for the transformation of the pPIC3.5K-VHb and
pPIC3.5K vectors.

2.3. Intracellular Coexpression of VHb

2.3.1. Construction of Recombinant Strains Containing VHb
and xynB-opt. A clone named X33/xynB-opt (the recombi-
nant strain containing xynB-opt) exhibiting the maximum
xylanase activity under shake-flask cultures was chosen
as the host for the transformation of the pPIC3.5K-VHb
and pPIC3.5K vectors. The plasmids pPIC3.5K-VHb and
pPIC3.5K were both linearized by Sacl and transformed into
X33/xynB-opt to form X33/xynB-opt-VHb and X33/xynB-
opt-p. The X33/xynB-opt-p was used as control during the
experiments. The transformants were plated on YPDG plates
(10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose, 20 g/L
agar, and 1 M sorbitol) containing 4 mg/mL G418 to isolate
resistant clones.

2.3.2. Expression of Recombinant Strains in P. pastoris Shake-
Flask Cultures. The G418-resistant clones were cultivated
in shaking flask. The cultivation conditions and medium
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composition were the same as described above. The clone
exhibiting higher enzyme activity in shaking flask was
selected for further experiments.

2.4. High Cell Density Fermentation. The transformed strains
(X33/xynB, X33/xynB-opt, X33/xynB-opt-p, and X33/xynB-
opt-VHb) showing the highest xylanase activity in shake-
flask culture were cultivated in high cell density fermentor.
High cell density fermentation was carried out in 50L
bioreactor (Baoxing Co., Shanghai, China). The cultivation
conditions and medium composition were the same as the
previous described method [17]. The enzyme activity of the
supernatant and dry cell weight (DCW) were monitored
throughout the cultivation.

2.5. Optimization of the Induction Temperature. To investi-
gate the effects of temperature on the production of xylanase
of recombinant strain X33/xynB-opt-VHb, the induction
temperature was optimized in a 50 L bioreactor. During the
methanol fed-phase, the temperature was designed in the
range of 30°C to 22°C.

2.6. Assay of Xylanase Activity, Protein Determination, Cell
Viability, Oxygen Uptake, and Dry Cell Weight. Xylanase
activity was assayed according to the method described by
previous study and with some modification [18]. All enzyme
assays, unless otherwise stated, were carried out at 50°C for
30 min in 100 mM acetic acid-sodium acetic acid buffer (pH
5.0). 2mL basic reaction mixture (containing 1mL of 1.0%
(w/v) oat spelt xylan and 1 mL of a suitably diluted enzyme
solution) was incubated at 50°C for 30 min and reducing
sugar (xylose) was measured by the dinitrosalicylic acid
(DNS) according to the standard method and xylose was used
as a standard. One unit of xylanase activity was defined as the
amount of enzyme that produced 1 M reducing sugar from
substrate solution per minute under the assay conditions. The
protein content was determined according to the Bradford
method using BSA as standard. The measurement of cell
viability was performed by methylene blue dye exclusion
technique as described by the previous study [19]. The oxygen
uptake (OUR) was determined according to the previous
studies [20, 21]. Cell density was expressed as grams of dry
cell weigh (DCW) per liter of broth and was obtained by
centrifuging 10 mL samples in a preweighted centrifuge tube
at 8000 g for 10 min and washing twice with deionized water,
then allowing the pellet to dry at 100°C to constant weight.

3. Results and Discussion

3.1. Improved Production of A. usamii Xylanase in P. pastoris
by Codon Optimization. As an easy and simple system, P
pastoris is now widely used for heterologous production of
recombinant proteins [22]. Due to the discrepancy of codon
usage between the host and their original strains, researchers
have used codon optimization to increase the expression of
heterologous gene. Codon optimization by using frequently
used codons in the host is an efficient strategy to improve
the expression level of heterologous gene. Generally, this is

accomplished by replacing all codons with preferred codons,
eliminating AT-rich stretches, and adjusting the G+C content
[8, 23]. Analysis of the DNA sequence of VHb and native
xynB using Graphical Codon Usage Analyser revealed that
some amino acid residues were encoded by codons that are
rarely used in P. pastoris. These codons TCG (Ser), CCG
(Pro), GGC (Gly), AGC (Ser), and GCG (Ala) shared less than
15% of usage percentage, which may result in a much lower
expression level of xynB in P. pastoris (Tables 1 and 2). To
solve this problem, we took a strategy of rewriting the native
xynBand VHb according to P. pastoris preferred codon usage.
G+C content affects the secondary structure of mRNA and
then affects the expression level of heterologous gene. In this
study, the G+C content of VHb was increased from 42 to 51%
and the native xynB was reduced from 57.6 to 55.1%, which is
in the appropriate range for Picha system. Totally, there were
105 and 57 amino acids optimized in native xynB and VHb,
respectively (Tables 1 and 2). As shown in Figures 1 and 2,
the optimized gene (xynB-opt and VHb-opt) shared 83% and
86% of nucleotide sequence identity with that of the native
gene (xynB and VHD).

The recombinant plasmids pPICZaA-xynB-opt and
pPICZaA-xynB were transformed into P. pastoris X33 and
hundreds of transformants were obtained on YPDZ plates.
The positive clones were cultured in 24-deep-well microplates
and further screened by xylanase activity assay. Two clones
(one carrying xynB-opt named X33/xynB-opt and the other
carrying xynB named X33/xynB) showing the higher activity
were chosen for shake-flask cultures. The recombinant strains
X33/xynB-opt and X33/xynB were cultivated in shaking flask.
After 120h of cultivation under inducing conditions, the
xylanase activities of X33/xynB-opt and X33/xynB were
920 U/mL and 520 U/mL, respectively. The total protein
content of X33/xynB-opt and X33/xynB were 0.25mg/mL
and 0.15mg/mL, respectively. The recombinant strain
X33/xynB-opt was chosen as the host for the transformation
of the pPIC3.5K-VHb and pPIC3.5K vectors.

3.2. Intracellular Coexpression of VHb. Oxygen supply is one
of the most critical parameters for cell growth and heterolo-
gous protein expression in recombinant P. pastoris. VHDb is
a suitable oxygen uptake improving protein for expression
in P, pastoris due to its high oxygen trapping and releasing
ability, enabling it to satisty extremely high oxygen demand
during fermentations [24]. In this study, in order to enhance
oxygen uptake and improve the production of recombinant
xylanase, we attempted to coexpress the VHb with xynB-opt
in P, pastoris. The recombinant plasmids pPIC3.5K-VHb and
pPIC3.5K were linearized and transformed into recombinant
strain X33/xynB-opt to form recombinant strains VHb"
(X33/xynB-opt containing VHb) and VHb™ (X33/xynB-
opt containing pPIC3.5K). Transformants were plated on
YPDG plates. Then the G418-resistant clones were cultured
in shaking flasks. The VHb" (named X33/xynB-opt-VHDb)
showed higher cell density and xylanase activity than VHb™
(named X33/xynB-opt-p). The cell density of X33/xynB-opt-
VHb was approximately 2.5 g/L higher than X33/xynB-opt-
p- Moreover, the xylanase activity of X33/xynB-opt-VHb was
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xynB mC‘CETCCCECT CCGCGCTGCTGGCTGTTCCCACG TCGCGCCTTGCACAT c 100
xynB-opt ACINA AGAACINTIECTIMNTET G T T®GCCGCEGCHA AIGC TGO TGGCTGTTCCICACGAWTC®GTCGC \GINTCloG ABGCCTTGCACATGEMES T
xynB CETEECG'GAGG €GAGAACAACGGY TCTACTACTCCTTCTGGACCGACGG ACCTACACCAACGGIG AR
xynB-opt  IGINeC IVTOpACCCCINROCTCOACCGGIGAGAACAACGGITTCTACTACTCCTTCTGGACCGACGGINGGI 8 ACCTACACCAACGGHGAREBIN
xynB GCTGGTGCCTACAC GAGTGGTCCAACGT TCGGTGGMAAGGGH GGAACCC AGGACATCACCTA 300
520l e C TG TGCCTACACEGT®GAGTGGTCCAACGT,] A TCGGTGGIAAGGGINTGGAACCCIGGINNWY AGGACATCACCTACHN®CGGHNA ISR
xynB TTCACCCCAACG cﬁzﬂc CCGTCTANGG®TGGACCACTGACCCMSTGATCGAGTAS ACATCGTCGAGTGACTACAACCC 400
xynB-opt  IgKINGGEAT INAACGGH T CCGTCTAMGGINTGGACCACTGACCCIMITGATCGAGTANTACATCGTCGAGTOINTACGGINGACTACAACCCHGIEN]
xynB ECAG GGAGGEACNTACAAGGG®ACCGTCACCTC ic GATCCG! TCTACACACCCGTACCA CTTCCATCCGC 500
PSR T CIWNOT GG AGGINAC MTACAAGGGINACCGTCACCTCOGAIGGATCCGTI®TACGAMATCTACACOGC #ACCCGTACCAAM CTTCCATMCAGGGHACCGCIEINY
xynB INACCTT®ACICAGTACTGGTC®GTCCGECAGAACAAGH GGlGGINACINGTIACCACCTCCAACCACTTCAAMGCTTGGGCHAAGETGGGAATGAACNSYY
SV a a6 CCTTHACSCAGTACTGGTCHGTCCGICAGAACAAGS ®GGINGGINACEGTI®ACCACCTCCAACCACTTCAAMGCTTGGGCOAAGHTGGGAATGAAC N
xynB CACAACTACCAGA C Cl¥GAGGGTTACCAGINEA CCATCAC] CAETAA 678
xynB-opt (TN CINI NG YXIININI T CIGAGGGTTACCAGI oW C CCATCACOGT®CAIATAA 678

FIGURE 1: Sequence comparison between the original (xynB) and the optimized (xynB-opt) genes. Identical residues are marked in black

background.

VHb ATGTTGGATCAACAEAC ATOAACATCATCAAGGC CCAGTCTTGAAGGAGT ACTTCTACAAAACTTGTT
5 RV ATGTTGGATCAACAMACEATIAACATCATCAAGGCEACEGT®CCAGTCTTGAAGGAECARGGIGT® ACEATIACACEACETTCTACAAMAACTTGTT]
CTAAGCACCAGAAGTATGGGTAGACACCAAAGGCTTTGGCTATGACTTGGCTGCTGCCAGAA
CTAAGCA®CCAGAAGT e GA®ATGGGTAGACA de ECACCAAAGGCTTTGGCTATGAC®GTINTTGGCTGCTGCECAGAA
VHb GAGAACTTGCCAGCATCTTGCCAGCGTTAAGAAGA AAGCA GTCAAGCTGGTGTTGCTGCTGCTCATTACCCiA

VHb-opt ®GAGAACTTGCCAGCEATCTTGCCAGCOGTTAAGAAGA AAGCATGTCAAGCTGGTGTTGCTGCTGCTCATTACCCHA G
VHb TTGTTGGGTGCOAAGGA'GTCTTGGGTGA GCTGCTACTGA GATTGGGCTTGGGGTAAGGCTTACGGTGT GTCTTCA
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FIGURE 2: Sequence comparison between the original (VHD) and the optimized (VHb-opt) genes. Identical residues are marked in black

background.

1300 U/mL, which was 31% and 60% more than that of
X33/xynB-opt-p and X33/xynB.

3.3. High Cell Density Fermentation. In order to obtain alarge
amount of active protein, the recombinant strains X33/xynB-
opt, X33/xynB, X33/xynB-opt-p, and X33/xynB-opt-VHb were
cultivated in 50L fermentor. As shown in Figure 3, the
maximum xylanase activity and total protein concentra-
tion produced by X33/xynB-opt reached 33500 U/mL and

3.8 g/L, respectively. Compared with X33/xynB, the maxi-
mum xylanase activity and total protein concentration were
increased by 60% and 80%, respectively. In this study, the
fermentation conditions and DCW of X33/xynB-opt and
X33/xynB were almost the same during the high cell density
fermentation (data not shown). These results showed that the
improved production of recombinant xylanase in P. pastoris
was reached by codon optimization. Codon optimization
is an effective method to improve the expression level of
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TaBLE 1: Comparison of the codon usage for native (xynB) and TaBLE 1: Continued.
synthetic (xynB-opt) targeted genes at Pichia pastoris for expression. AA Codon Host fraction nB synB-opt
AA Codon Host fraction xynB xynB-opt Phe TTT 0.54 2 1
GGG 0.10 0 0 TTC 0.46 6
Gly GGA 0.32 9 1 Gln CAG 0.39 8 7
GGT 0.44 5 18 CAA 0.61 0 1
GGC 0.4 15 0 His CAT 0.57 0 0
GAG 0.43 6 6 CAC 0.43 4 4
Glu GAA 057 o 0 ccc 0.15 4 0
Aop GAT 058 3 2 Pro ggi %gj . °
GAC 042 7 8 CCT 0.35 1 0
GTG 0.19 3 0
Val GTA 0.15 0 0 35000 oo
GTT 0.42 6 1 — |
145
GTC 0.23 6 14 30000 | / s
GCG 0.06 2 0 {40 _
¢ g— @ =
GCA 0.23 0 0 25000 | 135 E
Ala = Y
GCT 0.45 12 7 g % 130 E
= 20000 | STT~a Rt
GCC 0.26 4 1l S} g * .8
& i 177 €
AGG 0.16 0 0 E 15000 / / — 2 1o S
AGA 0.48 1 2 3 A B R
< / I {15 8
A CGG 0.05 0 0 10000 - — 1 -
rg o) &
CGA 0.10 0 0 so00 | ;?g/ 110
CGT 0.16 2 3 = 105
CGC 0.05 2 0 0 ! ! ! - : : : 0.0
AAG 0.53 6 5 24 48 72 96 120 144 168
Lys AAA 0.47 0 1 Induction time (h)
AGT 0.15 3 0 —A— Activity of X33/xynB
AGC 0.09 4 0 —e— Activity of X33/xynB-opt
—%— Protein content of X33/xynB
Ser TeG 0.09 > 0 —o— Protein content of X33/xynB-opt
TCA 0.19 0 0
TCT 0.29 3 6 FIGURE 3: Xylanase activity and total protein content of X33/xynB-
TCC 0.20 9 18 opt and X33/xynB during fed batch fermentation in 50 L bioreactor.
Stop TAA 0.53 1 1
AAT 0.49 2 0
Asn . . .
AAC 0.51 13 15 heterologous gene in P. pastoris. In our previous study, the
Met ATG 1.00 3 3 a-amylase gene from Bacillus licheniformis was codon opti-
ATA 0.19 0 0 mization according to the codon usage of P. pastoris and the
Tle ATT 0.50 1 1 optimized gene was expressed at a significantly higher level
ATC 0.30 6 6 than the wild-type gene [17]. Through codon optimization
ACG o1l 1 0 the glucanase gene from Fibrobacter succinogenes resulted in
ACA 0.24 1 0 a 2.34-fold increase of target protein production [25].
Thr ' Th hand xyl ivity profile of -opt-
ACT 0.40 4 4 e growth and xylanase activity profile of X33/xynB-opt
ACC 0'25 19 23 p and X33/xynB-opt-VHb in 50 L bioreactor were shown in
y Figure 4. The DCW and xylanase activity of X33/xynB-opt-
Trp TGG 1.00 6 6 . .
TGT 0.65 0 . VHb were higher than those of X33/xynB-opt-p during the
Cys TGC 0' 25 ) 0 methanol induction phase. The highest xylanase activity of
TAT 0' 16 5 0 X33/xynB-opt-VHb was 45225 U/mL which was about 1.35-
Tyr TAC 0‘ = 5 6 fold higher than that of X33/xynB-opt-p. The higher xylanase
TG '3 activity and DCW of X33/xynB-opt-VHb were probably
0.33 L 8 caused by coexpression of VHb. The function of VHDb is
TTA 0.16 0 0 usually considered to be the enhancement of respiration,
Leu CTG 0.16 4 0 cell viability, and energy metabolism by facilitating oxygen
CTA 0.1 0 0 uptake. As shown in Figure 5(a), SOUR of both strains was
CTT 0.16 ! 3 almost the same before methanol induction. After induc-
CTC 0.08 5 0

tion, SOUR of X33/xynB-opt-VHb increased higher than



TABLE 2: Comparison of the codon usage for native (VHD) and
synthetic (VHb-opt) targeted genes at Pichia pastoris for expression.
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TaBLE 2: Continued.

AA Codon Host fraction VHb VHb-opt
AA Codon Host fraction VHb VHb-opt Phe TTT 0.54 0 2
GGG 0.10 0 0 TTC 0.46 4 2
Gly GGA 0.32 1 0 Gln CAG 0.39 6 2
GGT 0.44 7 8 CAA 0.61 3 7
GGC 0.14 0 0 His CAT 0.57 ! 4
ol GAG 0.43 7 1 gég ‘())"1153 (3) 8
GAA 0.57 2 8 .
np | GAT 0.58 2 8 o Coy oo ° ’
GAC 0.42 6 0
GTG 019 0 0 CCT 0.35 1 0
GTA 0.15 0 0
vl GTT 0.42 4 10 20000 300
GTC 0.23 10 4 /‘"\‘
GCG 0.06 0 0 40000 - . 1250
Al GCA 0.23 0 0 - / — 2
GCT 0.45 17 23 E 30000 7 b s
GCC 0.26 6 0 % . / :/ff/ﬁ §°
AGG 0.16 0 0 E 20000 |- /{/—g g—8— " {150 §
AGA 0.48 1 2 é . /D/ =
Arg CGG 0.05 0 0 /‘ %5 A
10000 - {100
CGA 0.10 0 0 . 7/4
CGT 0.16 1 0 .
CGC 0.05 0 0 0 ' ; ' ! : 5 — 50
AAA 0.47 1 0
AGT 0.15 0 0 —A— Activity of X33/xynB-opt-VHb
AGC 0.09 0 0 —e— Activity of X33/xynB-opt-p
—*— DCW of X33/xynB-opt-VHb
Ser TCG 0.09 0 0 —o- DCW ofX33;x§nB-o§t—p
TCA 0.19 0 0
TCT 0.29 0 1 FIGURE 4: Xylanase activity and DCW of X33/xynB-opt-p and
TCC 0.20 1 0 X33/xynB-opt-VHb during fed batch fermentation in 50 L bioreactor.
Stop TAA 0.53 1 1
Asn AAT 0.49 0 0 <33 ) ) ) )
AAC 0.51 4 4 /xynB-opt-p during the whole induction phase, which
Met ATG 100 3 3 was probably caused by VHb expression improving oxygen
ATA 019 0 0 utilization and respiratory efficiency. The VHb-expressing
Tle ATT 0.50 5 5 strain with higher oxygen demand was similar to previous
studies [26]. Furthermore, we also compared the cell via-
ATC 0-30 ’ / bilities of X33/xynB-opt-p and X33/xynB-opt-VHb. The cell
ACG 0.1 0 0 viabilities of X33/xynB-opt-p and X33/xynB-opt-VHb at the
Thr ACA 0.24 0 0 end of 144 h of cultivation were 75% and 60%, respectively
ACT 0.40 ! 8 (Figure 5(b)). This indicates that VHb expression resulted
ACC 0.25 / 0 in an increase in cell viability. In this study, coexpression
Trp TGG 1.00 ! ! of VHb increased SOUR and then improved cell viability
Cys TGT 0.65 1 1 and DCW of X33/xynB-opt-VHb. Our results indicated that
TGC 0.35 0 0 coexpression of VHD is also an effective method to improve
Tyr TAT 0.46 0 0 the production of heterologous protein in P. pastoris.
TAC 0.55 4 4
G 0.33 14 14 3.4. Optimization of the Induction Temperature. Temperature
TTA 0.16 0 0 is a key factor for optimization of heterologous proteins
Leu CTG 016 0 0 expressed in P. pastoris. In order to evaluate the effects of
CTA 0.11 0 0 cultivation temperature on cell growth, cell viability, and
gig 8(1)2 8 g xylanase production, X33/xynB-opt-VHb was grown in BSM

(pH 5.0) at 22, 25, 28, and 30°C (Figure 6). As shown in
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Figure 6(a), xylanase activities at lower induction temper-
ature were higher than that at higher induction tempera-
ture. The maximum xylanase activity of 58792 U/mL with
a cell density of 213g DCW was obtained after 144h of
culture at 22°C, which was 1.29-fold and 1.17-fold higher
than that at 30°C. Until now, several Aspergillus endo-3-1,4-
xylanases have also been successfully expressed in P, pastoris.
The Aspergillus sulphureus and Aspergillus niger endo-3-1,4-
xylanases were functionally expressed and secreted in the
P pastoris, the enzyme activity of which reached 105 and

20424 U/mL [8, 27], which were lower than the expression
level of A. usamii endo-f3-1,4-xylanase in this study. However,
these values are not fully comparable since different cultiva-
tion conditions and activity assays with different substrates
and conditions have been used. Meanwhile, the cell viabilities
of X33/xynB-opt-VHb under different temperature were also
determined. The cell viability remained below 80% under
the temperature at 30°C and 28°C and above 90% in the
cultivation with a temperature of 22°C (Figure 6(b)). These
results indicated that lower induction temperature could



facilitate production of recombinant xylanase. According to
the findings by other researchers, lowering induction tem-
perature can reduce cell death and increase cell viability and
then improved the production of heterologous proteins in P.
pastoris [28]. Furthermore, lowering induction temperature
can enlarge VHb effect on cell performance of P. pastoris
and then obtain a higher final cell density and viability in
comparison with higher temperature [24].

4. Conclusions

In this study, we combined codon optimization, intracel-
lular coexpression of VHb, and optimization of induction
temperature as a whole to improve the expression level of
recombinant A. usamii endo-f3-1,4-xylanase in P. pastoris.
To our knowledge, this is the first report to combine these
methods as a whole to improve the production of A. usamii
endo-f3-1,4-xylanase in P. pastoris. Our results indicated that
combined codon optimization, intracellular coexpression of
VHb, and optimization of induction temperature are an
effective method to improve the production of heterologous
protein in P. pastoris. Furthermore, our results presented
here will greatly contribute to improving the production of
recombinant proteins in P. pastoris and offer a greater value
in various industrial applications.
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