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Abstract

Introduction: Enterokinase (EK) is an enzyme of the serine protease family which is widely used in protein purification. EK acts at the C terminus
of the DDDDK site in a protein chain. The enzyme has gained commercial importance in recent times owing to its specificity in biosimilar
processing and also while removing the fusion tags in the course of protein purification.

Materials and Methods: The commercial production of EK has faced several challenges and demands the usage of novel strategies. This research
shows the construction of a vector using TrpLE1413 (TrpE) as a fusion tag that pushes the produced EK inside the cell towards the inclusion body
fraction and produced more of the desired protein in the BL21 (DE3) strain of £scherichia coli. The inclusion bodies produced by fed-batch
fermentation were solubilized, refolded, activated, and purified by a single step of anion exchange chromatography.

Results: We purified 241 mg/L of recombinant EK, and its purity confirmed by RP-HPLC was greater than 97%. However, the maximum EK yield
reported by other researchers is only 106 mg/L.

Conclusions: Overall, our results demonstrate the potential of the TrpE fusion tag along with novel expression and purification strategies to
increase the enzyme yield by 2-2.5 times when compared to the yield achieved using traditional methods. Hence, this study has paved the way
for the industrial production of EK in an economically viable manner. The same strategy could possibly be implemented on the expression of
other industrially important recombinant enzymes depending on the protein characteristics.
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Introduction
Enterokinase (EK) (EC 3.4.21.9) is a mammalian intestinal
serine protease that catalyzes the conversion of trypsinogen
into trypsin by cleaving at the C terminus of the DDDDK
site. Owing to its wide reaction temperature of 4.0-45.0 °C
and pH of 4.5-9.5, the enzyme is considered as a potent tool
in protein engineering.! It is a heterodimer and consists of a
heavy chain (115 kDa), which helps in enzyme anchorage as
well as substrate recognition, and a light chain (35 kDa),
which is paramount in mediating the catalytic activity.® Until
recent times, EK has been purified from different sources
such as porcine,? bovine,®* and human intestine;> however,
with the recognition of its role in fusion protein engineering,
recombinant EK is being extensively produced. Evidently, E.
coli remains to be an ideal recombinant protein expression
system because of its rapid growth rate and amenability to
fermentation processes.® Moreover, its genome is easy to
manipulate as per the needs, facilitating high expression
levels of recombinant proteins.”

Proteins have so far been overexpressed in E. coli by using

conventional fusion tags such as thioredoxin,® glutathione S-
transferase [GST],® and histidine.’® The most commonly
used one is the 6-histidine residual tag, which serves the dual
purpose of enhancing protein expression and functioning as
a useful tool in purification.!! Moreover, proteins have also
been expressed in the soluble form by using signal peptides
such as OmpA and MalE for secretion into the periplasm.?
Nonetheless, both the approaches have been reported to
result in a substantial reduction in the protein quantity and
enzyme activity due to lower expression levels and the
protein to tag ratio, which compromises the commercial
viability of the process. There have been reports that have
demonstrated the difficulty in expressing EK in prokaryotes
like E. coli and several eukaryotes due to the autocatalytic
activation of the enzyme leading to degradation in case of
eukaryotes. This is mainly observed is case of autocatalytic
enzymes. EK is one such autocatalytic enzyme that can
cleave and make other inactive EK molecules active.
Wolfgang Skala et al. have tried to express EK with a
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histidine fusion tag where they claim of getting 1.7 mg
folded protein per litre of culture and the expression pattern
images seem to be promising, therefore histidine EK
construct was designed in order to check out the expression
levels in our hands.’® Gasparian et al. expressed EK with
thioredoxin fusion tag to purify 1 mg from 100 ml of
culture.!* Haidong Tan et al. when expressed EK with GST
fusion tag yielded 106 mg/L of active folded protein.'® Thus,
based on the above statistics, it could be inferred that 106
mg/L is the maximum EK vyield obtained in E. coli with
fusion tag or with signal sequences. It also makes a way for
the researchers to make a commercially viable process for
production at a cheaper cost. A range of eukaryotic hosts
have also been exploited. For instance, when expressed in
Aspergillus niger, Pichia pastoris and Saccharomyces cerevisiae
produced 1.9, 6.3 and 1 mg/L of culture respectively.16-18

EK plays a leading role in biosimilar processing and also
in removing the fusion tags from proteins. For the
expression of tough to express proteins or enzymes, fusion
tag such as TrpLE needs to be exploited. A deleted outer
region of TrpL and initial peptide region of TrpE operon
constitute the TrpLE fusion tag.’® In the past few years, over
30 or more proteins and peptides have been expressed
successfully using TrpE fusion tag.?° TrpE fusion has been
fused and successfully expressed with proteins such as
somatostatin,?* Insulin A and B chain? and Mature TGF
alpha.?® TrpE mainly prevents the proteolytic action of the
host proteases on the heterologous protein by pushing it
towards inclusion body fraction. As the TrpE fusion tag does
not consist of cysteine groups, it is well understood that the
tag would not interfere in refolding any protein fused to it.
The cleavage of the fusion tag is easier as the fusion tag is
short and is exposed for cleavage from outside. As the
expression of an enzyme like EK desires to be expressed in
an inclusion body form, TrpE fusion tag was selected for the
current study. The innovativeness of the current study was to
produce EK with a novel fusion tag and develop a cost-
effective and non-time consuming fermentation process with
a new purification strategy to increase the yield of EK. This
in turn reduced the cost of biosimilar production.

Materials and Methods

Strains, Plasmids, Reagents and Media

E. coli DH5a cells were used to maintain the plasmid and E.
coli BL21 (DE3) was used as the expression host. The
histidine EK gene was synthesized and supplied by GeneArt.
The TrpE and T7 oligonucleotides were procured from
Sigma Aldrich, and pET20b (+) vector was sourced from
Novagen. Plasmid isolation and gel elution kits were purchased
from Qiagen. The PCR clean-up kit was purchased from
Sigma. Standard EK was acquired from Invitrogen and
roche. InsTAclone PCR cloning kit and Pierce bicinchoninic
acid assay kit were obtained from Thermo Fisher. Anti-6X

His tag antibody was procured from Abcam. Restriction
enzymes and polymerases required were sourced from New
England Bio Labs. Z-lys-SBZL substrate, ampicillin, and
isopropyl B-D-1-thiogalactopyranoside (IPTG) were from
Sigma. The ion exchange resins were from Bio-Rad, and the
bioreactors were from Applikon and Sartorius.

Design of Oligonucleotides, PCR Amplification, and
Construction of Expression Vector

The codon-optimized DNA sequence encoding a histidine
fusion tag followed by a DDDDK cleavage site with an EK
light chain at its C terminus overall composed of 746 base
pairs was synthesized and supplied by GeneArt (ABB
44/pMA-T). The synthetic gene was designed with Ndel and
BamHlI sites, which served as flanking regions in the pMA-T
vector. After assessing the lower expression levels of histidine
EK construct in the pET20b (+) vector when expressed in E.
coli BL21 (DE3), the same gene was used as a template for
generating the TrpE histidine EK (TrpE H EK) construct
through overlapping PCR amplification. The vector map of
ABB 44/pMAT obtained from GeneArt is shown in Figure 1.
TrpFP1, TrpFP2, and TrpFP3 as well as EK RP oligonucleotides
were synthesized to add TrpE fusion tag base pairs to the
histidine EK gene at its 5’ end. The amino acid sequence of
the fusion tag is shown in Table 1.

Table 1: Amino Acid Sequence of the TrpE Fusion Tag

Construct Sequence
TrpE 1413 tag amino acid sequence KAIFVLKGSLDRDPEF
Note: *Start Codon is not Included in the Amino Acid Sequence

Sil(361)
Sacl(385)
Ndel(388)

Scal (2699

Pvul(2589)
AmpR

15ACELOC_ABB_44_pMA-T
3133 bp

Kpnl(1150)
Sfil(1173)

Col E1 origin

Figure 1. Vector Map of the Synthesized Histidine EK (+) Gene.

The PCR was performed in three steps, and every
oligonucleotide had around 14-18 overlapping nucleotides at
both ends except TrpFP1-bearing the Ndel restriction site at
its 5 end. The EK RP oligonucleotide was designed to encode
the EK enzyme at the 3’ end, followed by the BamHI site 5'-
GGATCCTTAATGCAGAAAGCTCTGAATCCATTCG-3'
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(Ndel and BamHI sites are in bold letters). The first set of
oligonucleotide (TrpFP3-5-GGATCGTGATCCGGAATTT
CATCATCATCATCATCACGATGA-3' and EK RP) was
designed to encode six nucleotides of the TrpE fusion tag,
whereas the rest overlapped with the histidine gene of
histidine EK. The second set (TrpFP2-5-TTTTGTTCTGAA
AGGTAGCCTGGATCGTGATCCGGA-3' and EK RP) was
used to add 21 nucleotides to the product obtained from the
previous PCR reaction. However, the third set (TrpFP1-5'-
CATATGAAAGCAATTTTTGTTCTGAAAGG-3' and EK
RP) added 21 nucleotides to the second product of PCR in
addition to the Ndel restriction site at the 5’ end of the desired
gene. The diagrammatic representation of the amplification
process is shown in Figure 2.

FP1 FP2 FP3
—_—
-7 -7

RP

Figure 2. Diagrammatic Representation of TrpLE 1413 Fusion Tag Using
3 Primers to Histidine-tagged EK Synthesized Gene.

In all the PCR procedures, 1.2 pmol of primers and 100-300
ng of template DNA were employed for 100 pl of the
reaction mixture. The used conditions were 95 °C for 5 minutes;
30 cycles at 95 °C for 60 seconds, 54-58 °C for 45-60 seconds
(primer annealing), and 72 °C for 60 seconds; and an
extension cycle for 10 minutes at 72 °C. The primer annealing
temperature was in the range of 54-58 °C for all three
reactions. After agarose gel electrophoresis, the obtained
amplicons were purified by the Qiagen gel extraction Kit.
The purified DNA obtained from the third amplification
reaction of TrpE H EK was ligated into the pTZ57R/T
vector and then sub cloned into the pET20b (+) vector. Five
micrograms each of TrpE H EK/pTZ57R/T vector and
pPET20b (+) vector were digested with Ndel and BamHI sites
and incubated for 3 hours at 37 °C temperature. The samples
were electrophoresed on an agarose gel, and the desired
digested bands (801 bp and 3627 bp) were excised and taken
ahead for gel extraction. The insert and vector concentration
was estimated and the ligation reaction was set as per
NEBiocalculator software. The ligation mixture was transformed
into DH5a cells using the polyethylene glycol (PEG) method
with the supplementation of 100 pg/ml ampicillin. Eight
colonies were selected after ligation and colony PCR was
performed with the help of T7 primers. The positive clones
among them were screened by choosing particular restriction
sites within the vector and insert. After 3 hours of digestion,
samples were run on 1.2% agarose gel. As clone 2 and 3

plasmid showed prerequisite pattern, both were sent for
sequencing using T7 forward and reverse primers.

Small-scale Expression and Induction Studies

Initially, six clones of histidine EK were selected from the
transformed plate of histidine EK/pET20b (+) in BL21
(DE3). These clones were inoculated into 10 ml super broth
containing 100 pg/ml ampicillin and cultivated at 37 °C.
Based on the lower expression levels observed with histidine
EK, TrpE H EK/pET20b (+) plasmid was generated and
transformed into E. coli BL21 (DE3). The above shake flask
studies were carried out by inducing with 1 mM IPTG
concentration. In order to optimize IPTG concentration, we
induced the cells with IPTG ranging from 0.25 to 2 mM
concentration. Once 0.5 mM IPTG showed maximum level
of expression, induction temperature studies (37-42 °C) were
carried out keeping IPTG concentration constant. The grown
culture was induced with 0.5 mM IPTG when the ODggo Was
in the range of 0.6-0.8 and incubated at different
temperatures of 37-42 °C for 16 hours. The temperature of
39 °C showed better expression levels than our previous
experiments. The cells were grown and induced with the
optimized temperature and IPTG concentration for induction.
After overnight induction, 0.5 ODego cells were centrifuged
and the sample were prepared using PBS (Phosphate buffer
saline) and SSB (Sample solubilization buffer) and boiled at
100 °C for 10 minutes. Uninduced and induced cells (20 ul)
were loaded in separate wells of 12.5% SDS PAGE.?® Based
on the highest expression levels determined by Biorad EZ
imager quantitation tools, clone five was carried forward for
bioreactor batch on a bench scale.

Western Blotting

The protocol for western blotting was as described by
Mahmood T et al.?* After running the TrpE histidine EK
induced samples on SDS PAGE, the presence of protein
tagged to histidine was exploited for the detection of EK.
Antibodies raised against histidine residues were used as
primary antibody and an alkaline phosphatase-conjugated
antibody was treated as a secondary antibody. The nitrocellulose
membrane was used for blot transfer. The blotting process
was carried at 70 Volts for 90 minutes followed by blocking
with 5% BSA for 1 hour. The blot was incubated in 1X
TBST (Tris Buffer Saline Tween 20) buffer with the primary
antibody added at a ratio of 1:1000 with shaking for 1 hour
at room temperature. Alkaline phosphatase (ALP) conjugated
secondary antibody (1:5000) incubation was for 1 hour with
shaking followed by the development of blot with nitro-blue
tetrazolium chloride-5-bromo-4-chloro-3'-indolyl phosphate
p-toluidine salt (NBT-BCIP) substrate for color development.
Once the blot development was completed, the membrane
was thoroughly washed with water to terminate the blot
development.
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Fed-batch Fermentation

Various media compositions were tried out at shake flask
levels and the best media composition was carefully chosen
for bioreactor studies. By varying the concentrations in the
range of £ 20% the final fermenter media composition was
developed. The same media was used during the fermentation
batches. The fermentation process was divided into four
stages: Seed, batch phase, fed-batch phase and induction
phase. For this purpose, 1 ml of glycerol stock was
inoculated into seed medium and incubated for 4-6 hours at
37 °C. Once its ODgo reached 3.0, 37.5 ml was transferred
into a 2-L bioreactor containing 750 ml of production medium
consisting of the following: 9 g/L of magnesium sulfate, 35
g/L of yeast extract, 20 g/L of dextrose monohydrate, 4.8
o/L of ammonium sulfate, 10 g/L of di-potassium hydrogen
orthophosphate, and 20 ml/L of trace salts. The batch phase
was terminated once the pH started spiking, and the fed-
batch phase was commenced with the addition of feed
containing 400 g/L of carbon source and 90 g/L of nitrogen
source at regular intervals.?> During optimization trials, Wet
Cell Weight (WCW) and induction time studies were carried
out with 200, 300 and 350 g/L WCW and 4, 6, 8 and 10-
hour induction time. After optimization, 300 g/L WCW
proved to be the best among the others. Whereas, during
induction with 300 g/L WCW, 6-hour induction showed
better levels of protein expression and further increase in
time led to the degradation of protein. So, once a WCW of
300 g/L was attained, the culture was induced with 0.5 mM
of IPTG based on the broth volume during induction. The
feeding rate after induction was adjusted in such a way that
it prevented acetate production as well as the accumulation
of glucose. The temperature during the growth phase was 37
°C, and it was adjusted to 39 °C during the induction phase
to stimulate enhanced protein production. The samples
collected every 2 hours after induction till 6-hour induction
were electrophoresed on 12.5% SDS PAGE.

Cell Lysis and Recovery of Inclusion Bodies

One liter of broth was centrifuged at 10000 g for 20 minutes
at 4 °C. The pelleted biomass was subjected to lysis with a
buffer composed of 100 mM Tris and 10 mM ethylenediamine
tetra-acetic acid (EDTA) (pH 8.0). For every 1 g of the cell,
9 g of lysis buffer was added. A high-pressure homogenizer
with 1000 bar pressure was used, and the cells were passed
thrice for enhanced lysis efficiency.?® All the centrifugation
steps were carried out at 10000 g for 20 minutes at 4 °C.
The supernatant was discarded, and the inclusion bodies
were separated from the cell debris by washing with 100
mM Tris, 10 mM EDTA (pH 8.0), and 0.5% Triton X-100.
The ratio of washing buffer addition was 1:8 based on the
pellet weight, and the last washing step was repeated with
buffer lacking Triton X-100 to remove traces of the
detergent.

Solubilization and Refolding of EK

The solubilization buffer was prepared by using 6 M
guanidine HCI with 100 mM Tris (pH 9.0). The inclusion
body was diluted with solubilization buffer in a ratio of 1:60
(w/v) and was kept under gentle stirring for 4 hours. The
solubilized protein mixture was exposed to 5 mM DTT for
reduction and stored under anaerobic conditions with gentle
stirring for 45 minutes. The reduced inclusion body was
added in a pulsated manner to the pre-cooled (10 °C) refolding
buffer such that it was diluted up to 40 times the initial volume.
The novel refolding step was carried out at 10 °C using 0.5 M
arginine, 50 mM Tris, 20 mM calcium chloride, 1 mM EDTA
containing 1 mM cysteine set to pH 8.5, and 3 mM cystine.
Disulfide bond formation was induced by incubating the
protein mixture with gentle stirring at 4 °C for 72 hours. It
was ensured that the refolding pH was maintained in the
range of 8.5 £ 0.2 for 72 hours. The refolded protein solution
was concentrated with a refolding buffer by using 5 kDa
ultrafiltration membranes and centrifuged at 8000 rpm for 30
minutes at 4 °C. The pellet was discarded, and the supernatant
was mixed with a pre-chilled activation buffer.

Activation of EK

The novel activation mixture with the supernatant was
prepared by using 50 mM Tris, 50 mM sodium chloride, and
4 mM calcium chloride of pH 7.4 maintained under continuous
stirring at 10 °C for 12 £ 2 hours. The activation of EK was
initiated by adding a unit of standard EK to the protein mixture
in the activation buffer and incubated at 37 °C for 1 hour.
The activation pH was also maintained in a range of 7.4 £ 0.2.

Purification and Storage

The removal of the fusion tag from the mixture using anion
exchange chromatography was performed at 4 °C. Sepharose
Q high-performance column was equilibrated with four
volumes of equilibration buffer composed of 50 mM Tris,
pH 8.0, which would be used as a buffer A during protein
elution. The activated protein mixture was loaded onto the
column, followed by washing with four column volumes of
50 mM Tris and 100 mM sodium chloride of pH 8.0 to
eliminate the unbound proteins. The protein was eluted with
a seven-column volume with a gradient of 0-100% buffer B
(200 mM Tris—HCI (pH 8.0) and 1 M sodium chloride) and
Buffer A. Multiple fractions of 3-5 ml were collected after
an increase in Ajgo was observed. The fractions were diluted
1:1 with glycerol to obtain a final concentration of 100 mM
Tris—HCI (pH 8.0), sodium chloride of 500 mM with 50%
glycerol which was utilized for the storage of EK. The eluted
fractions were pooled and absorbance was measured at 280 nm.

Estimation of Protein Concentration
The protein concentration was estimated using the BCA
(Bicinchoninic acid assay) kit along with the BSA (Bovine
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serum albumin) standards provided in the kit. The samples
were diluted to obtain protein concentrations falling within
the range of the standards.

EK Activity Assay

The activity of the final product of EK was estimated by
using the Z-L-Lys-SBZL hydrochloride substrate. The assay
buffer consisted of 50 mM Tris, 150 mM sodium chloride,
and 10 mM calcium chloride set to pH 7.5. Fifty micromoles
of SBZL were prepared in 1 mM dimethyl sulfoxide, and
200 uM DTNB was prepared in 1 mM DMSO. Sixty
microliters of SBZL, 200 pl of DTNB, and 1 ml of assay
buffer constituted the reaction mixture. The reaction was
initiated by the addition of 1 pl of in-house EK. The same
protocol was followed for the standard too. The absorbance
values were noted at 405 nm, and the kinetic measurements
were made at an interval of 15 seconds.

HPLC for EK

Enzyme sample was injected into the reverse phase high
pressure liquid chromatography (RP-HPLC) instrument,
using ZORBAX column for analysis. The used mobile
phase was 0.2 M Sodium Phosphate, pH 7.0, sample flow
rate was 1 ml/minute, and ambient temperature was maintained
during analysis. The Detection was at 214 nm wavelength.

Substrate Reaction Assay Using In-house EK

TrpE fusion tag-infused protein containing the DDDDK
cleavage site was used to test the cleavage efficiency of the
in-house enzyme. Initially, 15 micrograms of the tagged
protein were used per reaction. One unit of in-house EK
was added to cleave the fusion tag in 20 pl of the reaction
mixture (50 mM Tris, 1 mM calcium chloride, and 50 mM
sodium chloride set to pH 8.0), which was incubated at 37
°C for 10 hours. In order to mimic the same reaction set
with in-house EK, another reaction was set with a unit of
standard EK into 15 pg of substrate with a reaction volume
of 20 ul. Substrate blank without any enzyme was used as a
substrate control. During optimization, a unit of EK was
kept constant for all the reactions by varying the quantity of
protein taken for assay and time taken for complete cleavage
of the substrate. The sample before and after cleavage was
loaded on Tricine SDS PAGE for estimating the cleavage
efficiency of in-house EK and standard EK. The cleavage
percent analysis was estimated from SDS PAGE using the
Biorad gel doc EZ imager quantitation tools.

Results

Cloning and Construction of the Expression Vector
Histidine EK gene was cloned into pET20b (+) vector using
Ndel and BamHI restriction sites. Based on the lower
expression levels obtained, the TrpE tag was fused to
histidine EK with the help of primers. Later TrpE H EK

gene was cloned into pET20b (+) vector and transformed
into E. coli DH5 alpha cells. Two positive clones derived
from colony PCR were subjected to restriction digestion
with three different combinations of enzymes (EcoRV +
BamHI, Blpl and Ndel + EcoRlI) and screening displayed a
prerequisite pattern (Figure 3). Clone three after sequencing
with T7 forward and reverse primers matched with the exact
sequence of the TrpE H EK gene. Clone three plasmid was
selected for the BL21 (DE3) transformation

Figure 3. Restriction Digestion Pattern for TrpE H EK. Lane 1: TrpE H
EK #2 uncut (4428 bp); Lane 2: TrpE H EK #2 FcoRV + BamHI
digested (435 + 3993 bp); Lane 3: TrpE H EK #2 B/p/ digested (374 +
4054 bp); Lane 4: TrpE H EK #2 Ndel/ + EcoR/ digested (807 + 3621
bp); Lane 5: Marker (Quick-Load Purple 2-Log DNA Ladder); Lane 6:
TrpE H EK #3 uncut (4428 bp); Lane 7: TrpE H EK #3 £coRV + BamH|/
digested (435 + 3993 bp); Lane 8: TrpE H EK #3 B/p/ digested (374 +
4054 bp); Lane 9: TrpE H EK #3 Nde/+ EcoR/ digested (807 + 3621 bp).

Histidine
Enterokinase
27.79 kDa

16 kDa

Figure 4. Histidine Enterokinase Expression in £.coli BL21 DE3 Cells
Transformed with Enterokinase/pET20b (+) Plasmid. Lane 1: Clone 1
uninduced sample; Lane 2: See blue prestained protein ladder; Lane 3
to Lane 8: 6 induced clones of histidine enterokinase.

Small-scale Induction and Expression Studies
Six clones of histidine EK were grown and induced in super
broth with 100 pg/ml ampicillin in it. During the screening
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of the clones on SDS PAGE, expression levels obtained at
27.79 kDa was less (Figure 4). As a counterpart, TrpE H EK
was amplified and cloned into pET20b (+) vector and
transformed into E. coli BL21 (DE3). Eight clones of
TrpE H EK/pET20b (+) in BL21(DE3) were grown in
super broth for induction studies and 0.1 OD cells after
overnight induction were electrophoresed on 12.5% SDS
PAGE (Figure 5). Expression of TrpE H EK was observed
at ~29.89 kDa in the induced samples and no leaky
expression of the desired protein was seen in the uninduced
samples. During the optimization of temperature and IPTG
concentration for induction, 39 °C and 0.5 mM was found to

be effective in increasing the desired protein concentration
in the samples loaded on SDS PAGE. Once the induced
samples were quantitated using Biorad gel doc EZ imager,
we found that the desired protein percentage varied from
60-70%, while the rest was host cell protein. The ratio
contributed by the inclusion body comprised a major
portion in the cells.

Based on the results of the shake-flask experiments, the
TrpE fusion tag was found to be suitable for the expression
of EK. The fifth clone (#5) was selected for optimized
enzyme production in the bioreactor based on the Biorad gel
doc EZ imager quantitation tools.

10 11 12 13 14 15 16 17 18

TrpE H EK-
29.89 kDa

Figure 5. TrpE H EK Expression at Shake-flask Levels with 0.5 mM IPTG and 39 °C Induction Temperature. Lane 1 and 10: Pre-stained protein ladder from
Himedia; Lanes 2, 4, 6,8, 11, 13, 15, and 17: Uninduced clones 1-8 of TrpE H EK; Lanes 3, 5, 7, 9, 12, 14, 16, and 18: Induced clones 1-8 of TrpE H EK.

Western Blotting

Complete transfer of protein was observed with the transfer
of pre-stained protein ladder bands onto the membrane and
no bands were observed on SDS PAGE after transfer. After
the development of blot with NBT BCIP substrate, a brown
color band appeared parallel to TrpE H EK band on the blot
without any non-specific bands. This result signifies that the
samples contain the protein of interest with a histidine tag in
it (Figure 6).

Fed-batch Fermentation

Once the optimum parameters such as media composition,
induction temperature and IPTG concentration were determined
from the shake-flask experiments, further studies were
performed using a 2-L bench-scale bioreactor to validate the
expression levels. Based on the gel image electrophoresed
post-fermentation batch, it was inferred that the expression
levels constantly increased from the second hour until the
end of fermentation (Figure 7).

Even though we tried optimizing the fermenter media
composition, the previous media worked better in all the
aspects except with WCW during induction, IPTG
concentration, induction temperature, induction time and the

@ L L2 L () 1 2 13

TIpE HEK-
29.89 kDa

25 kDa

Rt
20 kDa

17 kDa

11 kDa

Figure 6. (@) SDS PAGE for Induced Samples of TrpE Histidine
Enterokinase; (b) TrpE Histidine Enterokinase Expression Confirmed by
Western Blotting on Nitrocellulose Membrane. Lane 1: Hi media prestained
protein ladder; Lane 2: induced sample 1; Lane 3: induced sample 2.

refolding conditions. A 0.5 mM IPTG concentration and
39 °C temperature showed better expression both at shake
flask and bioreactor levels. Reduction in IPTG concentration
drastically reduced the cost of EK production, as half of the
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media cost is accommodated by IPTG. The WCW study was
carried out with 200, 300 and 350 g/L, but 300 g/L proved to
be the best for producing EK. Whereas the two other WCW
trials showed a reduced inclusion body percentage. Optimization
of IPTG induction time was evaluated by harvesting small
amount of broth at 4, 6, 8 and 10 hours. The desired protein
concentration reduced after 6 hour induction. Consequently,
6 hour induction was concluded for enhanced protein production.

L1 L2 L3 L4

35 kDa

o 1 <«— TrpEHEK-29.89 kDa

25 kDa

20 kDa

17 kDa

Figure 7. TrpE H EK Expression Levels from Bioreactor Studies. Lane 1:
Himedia pre-stained protein ladder; Lane 2: 2 hour of induction; Lane
3: 4 hour of induction, Lane 4: 6 hour of induction.

L1 L2 L3
90 .
B 7 ki
£ m— :
500 . o Crude fraction of
MR - oc o5 kDa
36—

Ell

Figure 8. Tricine SDS PAGE Profile of the Crude and Purified Sample.
Lane 1: See blue prestained protein ladder; Lane 2: Protein fraction
eluted after Anion exchange chromatography; Lane 3: Crude protein
after EK digestion to be loaded into ion exchange chromatography
column.

Cell Lysis and Recovery of the Inclusion Bodies

From the fermentation batches of TrpE H EK, 34.3 g/L of
inclusion bodies were obtained. The inclusion body percentage
obtained after cell lysis was found to be 11.43%. No loss
occurred during subsequent washing steps; hence, the
process was efficient.

Solubilization and Refolding of EK

After solubilizing the inclusion bodies with a higher
concentration of denaturants at a ratio of 1:60 (w/v), the
solubilized protein was not subjected to Ni-NTA purification
even though histidine tag was added during gene construction
as most of the HCP’s were eliminated with the efficient
washing steps. The complete process of refolding was performed
at <10 °C to prevent the activation of EK. During the
refolding step, the concentration of protein was maintained
between 0.6-1 mg/ml for increasing the efficiency of refolding.
The protein mixture was diluted to 1:40 ratio with novel
refolding buffer and was allowed to refold at pH 8.5 for 72
hours at 4 °C, enhanced the refolding efficiency, reduced the
amount of early activation, and resulted in maximum recovery
during the activation steps. Refolding efficiency was completely
uplifted by pH maintenance in a range of 8.5 + 0.2 for 72
hours. However, implementation of refolding conditions
with pH above 8.5 proved to be effective in avoiding auto
activation during refolding and reduced the degradation of
protein. Refolding for 72 hours to form disulfide bonds also
influenced in increasing the refolded protein concentration.

Activation of EK

Novel activation buffer composition defined for activation of
EK resulted in complete removal of TrpE fusion tag that
could be observed on Tricine SDS PAGE (Figure 8).%” The
refolded mixture was thoroughly mixed with the activation
buffer for 12-14 hours to achieve maximum activation of
EK. The addition of EK led to auto-activation of the
enzyme, and the fusion tag was removed. Almost 90% of
EK was devoid of fusion tag after the activation step. As the
size of the fusion tag was too small (< 2.5 kDa), proper
resolution of the bands was not possible and the difference
could not be observed on SDS PAGE. The crude mixture
containing cleaved TrpE and EK was electrophoresed on
Tricine SDS PAGE as per the protocol from Schagger et al.
is shown in figure 8. The EK samples after refolding seems
to run higher than the desired molecular weight due to the
disulfide bond formation whereas the samples before
refolding ran according to its molecular weight. The activation
buffer pH maintained at a range of 7.4 = 0.2 helped in
maximum activation of the protein and removal of fusion tag
after 1 hour of incubation.

Purification and Storage
Purification involving Sepharose Q anion exchange
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chromatography was performed to selectively bind the protein
and elute it. The samples were collected when the A280
peak rose at around 50% and the collection was stopped
when the peak started descending after adding 70% of buffer
B. lon exchange chromatography led to the complete removal
of host cell proteins and other contaminating proteins. The
fractions eluted with 200 mM Tris—HCI (pH 8.0) and 1 M
sodium chloride was diluted with 1:1 of sterile 100%
glycerol to obtain 100 mM Tris—HCI (pH 8.0), sodium
chloride of 500 mM with 50% glycerol that was used for
storage of EK at -20 °C. The purified sample of EK (26.25
kDa) eluted after the chromatography step was loaded on
Tricine SDS PAGE (Figure 8).

Estimation of Protein Concentration

The samples showing absorbance at 280 nm were pooled,
and their final concentration was estimated to be 1.102 mg/ml
using the BCA method by running them against BSA
standards. The final concentration of the enzyme was 22.04
mg/ml (1:20) after taking the dilution factor into consideration.
The volume of the sample obtained after purification was
10.94 ml, leading to 241 mg of EK production per liter of
the broth. The recovery and yield percentage obtained at

Table 2. Recovery and Yield Obtained at Each Stage of Purification

each stage of purification are shown in Table 2.

EK Activity Assay

The conversion rate of the EK in-house sample, which was
noted at intervals of 15 seconds, increased with time and the
linearity difference ranged between 0.008 and 0.012. The
average difference obtained for the standard and sample was
0.0163 and 0.01125 respectively. The in-house EK activity
was 2.37 Units/ul upon comparison with the invitrogen
standard (3.43 Units/ul). The increased values after enzyme
addition were lined up and R-squared value obtained was
0.99, revealing the maintenance of enzyme efficiency for the
initial 5 minutes.

HPLC for EK

EK in-house sample was injected into the RP-HPLC column
eluted EK at 9.45 minutes that matched with the retention
time of standard EK. One pl of protein was injected into the
column irrespective of the concentration. 2-3% non-specific
protein peaks were observed in case of in-house sample
(Figure 9). As the achieved purity is comparably better than
standard, it could be considered that our process leads to the
production of EK with higher purity.

Process Steps Recovery (%) Loss (%) Protein(g/L) Total Enterokinase yield (%)
Inclusion bodies 100 0 34.300 100.00
Solubilization 7 93 2.401 7.00
Refolding 47 43 1.128 3.29
Concentration 78 22 0.880 2.57
Enzyme reaction for fusion 54 26 0.475 139
tag removal
After lon Exchange 59 41 0.280 0.82
Chromatography
Overall Recovery (Storage
buffer after dialysis) 86 14 0.241 0.70
mv
| Detector | A 214nm
3004
200.
100,
o
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
7.5 8.0 8.5 9.0 95 100 105 110 115 120 min

Figure 9. Figure Represents Pooled Fraction of Purified In-house Enterokinase HPLC Profile at 9.45 Minutes.
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Figure 10. Tricine-SDS PAGE Profile of the Substrate Cleavage Assay
for Inhouse Enterokinase. Lane 1: See Blue pre-stained protein ladder;
Lane 2: Cleaved Protein standard; Lane 3: Substrate control - 15 pg
protein (without digestion- 6.03 kDa); Lane 4: Substrate digested
sample- 15 pg protein (1 unit) (Not optimized); Lane 5: Control- 5 pg
Substrate protein (without digestion - 6.03 kDa); Lane 6: Digested
substrate after optimization- 5 pg protein (16 hours digestion) & Lane 7:
Digested substrate after optimization- 5 pg protein (20 hours digestion).
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Figure 11. Tricine-SDS PAGE Profile of the Substrate Cleavage Assay
for Standard Enterokinase. Lane 1: Substrate digested with standard (1
unit)- 15 pg protein; Lane 2: Cleaved protein standard (3.48 kDa)- 15
pg; Lane 3: Cleaved protein standard - 5 pg; Lane 4: See Blue pre-
stained protein ladder.

Substrate Reaction Assay for the In-house Enzyme

After substrate cleavage assay studies, it was concluded that
almost 70-80% cleavage was observed when five microgram
of the tagged protein was used per reaction with an
incubation period of 16-20 hours at 37 °C for complete
cleavage efficiency of the enzyme on the substrate. As the
fusion tag (2.55 kDa) and protein (3.48 kDa) are of equimolar
ratio (3 + 0.6 kDa), an equal quantity of cleaved tag and
protein was observed on Tricine SDS PAGE. Optimization

of the activation buffer composition, quantity of protein to
be taken, units of EK to be added, and the time of incubation
has augmented the efficiency of the inhouse enzyme and
cleaved the maximum amount of the protein (Figure 10).
About 10-25% ratio of cleaved protein has been observed
when the same substrate was cleaved with a unit of standard
EK. In case of standard both the bands are merged, due to
the lower concentration of protein being cleaved. The upper
band without cleavage has run higher than required
molecular weight due to the salt concentration in the buffer
used for the standard as per the protocol mentioned with the
standard (Figure 11). Standard EK (1 unit) was able to
cleave around 25-30% of the protein, whereas in house EK
was able to cleave 40-50% of the protein when one unit is
used to cleave 15 pg of protein.

Discussion

Enzymes play a major role in the human body and in the
production of major end products by their specific action on
the substrate and product formation. Demand for a biosimilar
is rapidly increasing not mainly because of the increased
population using the biosimilar, but due to the costly reagents
used in the processing of biosimilars like trypsin, EK and
carboxypeptidase B. Although these enzymes could be isolated
from the natural host, regulatory issues linked to the viral
load in the final product prevents them from doing so. Unlike
other organisms, E. coli is known for its faster growth and
fermentation with inexpensive media. It should also be noted
that the enzymes without fusion tags in E. coli are either
prone to degradation or expression levels are reduced. Fusion
tags >10 kDa leads to a reduction in the yield of the final
product as the molar ratio of protein to tag plays a major role
in the final recovery of protein. Histidine fusion tag yielded
less EK as described by Wolfgang Skala et al. with their
process achieving around 2.6 grams of inclusion bodies per
liter of broth leading to the production of 1.7 mg/L of EK at
shake flask levels in the end. The same fusion tag was
exploited for our process with a novel fermentation process
with fed-batch strategy which led to the production of 78 mg/L
of EK proving the fermentation and purification process to be
more beneficial for an increased production of the recombinant
enzyme. Previously we had expressed trypsin using TrpE
fusion tag that showed better expression levels than before.?®
Taking the advantage and disadvantages of the above strategies
into consideration to increase the final yield of protein, we
expressed EK with TrpE fusion tag to push the protein
towards the inclusion body in E. coli as an expression host
and produce a commercially viable clone. The obtained high
level of expression was mainly due to the hydrophobic core of
the fusion tag that boosted the production of inclusion bodies.
The present study involved a reduction in the concentration
of IPTG from 1 mM to 0.5 mM, the expression of TrpE H
EK almost remained unchanged even after a reduction in
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IPTG concentration, thereby reducing the cost of the
fermenter run. The Dissolved Oxygen (DO) level maintained
above 20% throughout the fermentation and helped in
achieving higher biomass within a short span of time (8 to
10 hours). The use of carbon and nitrogen feed as a mild
acid of pH-6, encouraged the growth of cells by reducing the
consumption of acid. The induction time of 6 hours showed
better expression levels, when compared to 8-hour induction
that is a usual induction time used in E. coli Bioreactor
batches. Based on the gel images of shake flask and
bioreactor studies, the protein expression at the bench-scale
bioreactor level was superior when compared with that
obtained at the shake-flask level which was confirmed by
estimating the protein by Biorad EZ gel imager. The growth
and induction phases were completed within 16 £ 2 hours,
and the higher induction levels in bioreactor enhanced the
cost-effectiveness of the process. The reduction in the
number of hours for fermentation and IPTG addition led to a
reduction in cost per fermenter run by several folds. Finally,
300 g/L WCW during induction with 0.5 mM IPTG at 39 °C
temperature with 6-hour induction and refolding at pH 8.5
produced a yield of EK higher than the levels achieved never
before. For the production of EK, optimization of conditions
during induction played a major role, when compared to
media and growth of the cells.

The pH needs to be maintained in a range of £ 0.2 during
refolding and activation steps to obtain highly refolded and
completely cleaved EK with better quality. Novel buffer
formulations used for refolding, activation of EK and
chromatography along with optimization in bioreactor
parameters helped in increasing the yield of the desired
protein from 78 mg/L (Histidine EK) to 241 mg/L (TrpE
histidine EK) in our lab. The yield has increased drastically
when compared with the conventional methods in which the
maximum yield achieved was only 106 mg/L. An enzymatic
assay using standard protocol revealed better activity by
showing a constant difference between the values over time
inferring the enhanced efficiency of the enzyme. Anion
exchange chromatography based on its charge allowed
specific protein binding to the column and removed all other
impurities. EK after purification was used to cleave the
fusion tag attached to the protein in order to estimate the
efficiency of the enzyme. In-house EK was able to cleave
almost 70-80% of the fusion tag from the protein. The in-
house enzyme matches almost with the standard in case of
activity. Thus, our process sets a benchmark for the
production of enzymes in the future at a commercial scale.

Conclusion

In this study, new methods have been adopted to enhance
the production of EK. Suitable fusion tag, fermentation
process, and buffer compositions were exclusively developed
for this study and the use of anion exchange chromatography

yielded 241 mg/L of active EK. We observed around 2-2.5-
fold increase in the enzyme titer when compared to traditionally
used fusion tags. The findings from this research could aid
in cost reduction, enabling the production of EK in a
commercially viable manner. Therefore, this fusion tag as
well as the fermentation strategies could possibly be
explored for the production of other industrially relevant
recombinant enzymes to achieve an improved yield.
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