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Abstract

Structural engineering of the recombinant thrombolytic drug, Reteplase, and its cost-effective production are important goals
in the pharmaceutical industry. In this study, a single-point mutant of the protein was rationally designed and evaluated in
terms of physicochemical characteristics, enzymatic activity, as well as large-scale production settings. An accurate homol-
ogy model of Reteplase was used as the input to appropriate tools to identify the aggregation-prone sites, while considering
the structural stability. Selected variants underwent extensive molecular dynamic simulations (total 540 ns) to assess their
solvation profile and their thermal stability. The Reteplase-fibrin interaction was investigated by docking. The best variant
was expressed in E. coli, and Box-Behnken design was used through response surface methodology to optimize its expres-
sion conditions. M72R mutant demonstrated appropriate stability, enhanced enzymatic activity (p <0.05), and strengthened
binding to fibrin, compared to the wild type. The optimal conditions for the variant’s production in a bioreactor was shown
to be 37 °C, induction with 0.5 mM IPTG, for 2 h of incubation. Under these conditions, the final amount of the produced
enzyme was increased by about 23 mg/L compared to the wild type, with an increase in the enzymatic activity by about
2 IU/mL. This study thus offered a new Reteplase variant with nearly all favorable properties, except solubility. The impact
of temperature and incubation time on its large-scale production were underlined as well.

Keywords Expression optimization - Escherichia coli - Molecular dynamic simulation - Rational design - Reteplase -
Response surface methodology

Introduction

Biopharmaceuticals production is one of the major goals
considered by drug manufacturers. Protein engineering tech-
nology plays a central role to achieve this goal by improving
the functional properties of protein drugs, while maintain-
ing their effectiveness (Assenberg et al. 2013). In order to
eliminate the complex and expensive stages associated with
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recombinant protein production, strategies such as enhanc-
ing the physicochemical properties of engineered proteins,
appropriate cell line choice, and optimization of culture
medium as well as the expression conditions, can help
achieve quality cost-effective production with higher yields
of the final product (Gupta et al. 2019; Sinha and Shukla
2019). Computational methods are a notable hallmark in the
pharmaceutical biotechnology research to design new types
of protein drugs with enhanced features.

Reteplase (recombinant plasminogen activator, r-PA),
a 39-kDa serine protease integrating the fibrin-binding
Kringle2 domain, is used to treat thromboembolic disor-
ders such as heart attack by converting plasminogen to
plasmin and subsequent blood clot lysis through breaking
the crosslinks of fibrin network (Chester et al. 2019). This
recombinant drug has been produced as the third generation
of thrombolytic agents, with faster activity and lower bleed-
ing tendency in comparison with the second-generation vari-
ant, Alteplase. The expression of Reteplase in Escherichia
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coli (E. coli) with elimination of sugar side chains is a
more economical method compared to the production
of glycosylated forms, such as t-PA, in mammalian cell
lines (Mohammadi et al. 2021). Additionally, compared to
Alteplase and Streptokinase, it has lower hepatic clearance
as well as lower molecular weight, and does not create aller-
gic reactions (Adivitiya and Khasa 2017; Nordt and Bode
2003). However, the production and storage of Reteplase
is problematic due to protein aggregation, a well-known
challenge in pharmaceutical biotechnology (Ghaheh et al.
2020). Therefore, production of the active enzyme requires
the use of time-consuming and expensive procedures such
as protein extraction from E. coli, dissolving, refolding and
purification.

Designing new enzyme variants with more solubility
and stability in E. coli, will help mitigate the mentioned
drawbacks by minimizing the need for the complex refolding
process. In this study, we apply the rational mutagenesis as
an approach to improve the solubility along with increasing
the stability, as well as maintaining the biological activity of
Reteplase. For this purpose, aggregation-prone regions were
identified bioinformatically, while monitoring the protein
stability, and taking into consideration to keep the function-
ally important residues intact (Ghaheh et al. 2020). A novel
variant was introduced and underwent experiments on its
biological and physicochemical properties. To reduce the
production cost of Reteplase, optimization of the expres-
sion procedure is also essential. Accordingly, we integrated
investigations to find the optimal conditions for the produc-
tion of Reteplase variants in large-scale by the response sur-
face methodology (RSM).

Materials and methods
Structural modeling of Reteplase

3D structure of Reteplase was constructed by Modeler v9.18
software using the structure of t-PA catalytic and Kringle-2
domains (PDB IDs 1BDA and 1PML) as templates with
100% sequence identities with the query. The best model
with the lowest value of discrete optimized protein energy
(DOPE) score was selected from among 1000 contrasted
models, for the next step. The quality of the model was
verified by PROCHECK software (Laskowski et al. 1993),
VADAR algorithm (Willard et al. 2003) and Verify3D web
server (Eisenberg et al. 1997).

Exploring for mutagenesis sites
To improve the biophysical properties, amino acid substitu-

tions with optimal effect on protein stability were first identi-
fied based on the folding free energy changes (AAG), using
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ERIS (http://eris.dokhlab.org) (Yin et al. 2007), POPMU-
SIC (https://soft.dezyme.com) (Dehouck et al. 2011), DUET
(http://biosig.unimelb.edu.au/duet/) (Pires et al. 2014), and
Elaspic (http://elaspic.kimlab.org/) (Witvliet et al. 2016).

AggreScan3D (http://biocomp.chem.uw.edu.pl/A3D/)
was subsequently used in order to detect and eliminate the
effect of aggregation-prone residues on the aggregation pro-
pensity (Gil-Garcia et al. 2018). This analysis was performed
in a structure-based manner in dynamic mode, setting 10 A
as the default distance in the aggregation analysis for iden-
tifying the residues involved in the formation of aggrega-
tion prone regions. Due to the importance of protecting
the active site residues in the protease family and prevent-
ing alteration of the enzyme activity, the server-proposed
mutations ~7.5 A away from the active site of the enzyme
were identified through distance analysis, and residue sub-
stitutions interacting with the catalytic site were excluded
(Ghaheh et al. 2019). Point mutations approved unanimously
by all bioinformatics tools, were introduced into Reteplase
using Rosetta Backrub program.

Molecular dynamic simulations and analyses

Molecular dynamic simulations were performed by
Gromacs-5.1 software package (Van Der Spoel et al. 2005)
under GROMOS96 (G43al) force field (Wei et al. 2019) to
evaluate the structural changes of wild type and designed
mutant Reteplase variants at the atomic level. The 3D
structure of Reteplase wild type and mutant models were
solvated using the simple point charge model of water
(SPC216) as solvent in a triclinic box with the 1.0 nm
distance between the edges of the box and the surface of
protein, where periodic boundary conditions were applied.
CI™ ions were added to neutralize the total charge of each
protein system. Energy minimization was first done by
steepest descent algorithm to relax the substituted resi-
dues at their position. Then, the system was equilibrated
with 500 ps simulation in the canonical (NVT) ensemble
followed by 1000 ps simulation in the isothermal-isobaric
(NPT) ensemble. Nose—Hoover thermostat and Parrinello-
Rahman barostat were adopted to keep the temperature of
300 K and pressure of 1 bar at the system, respectively.
Temperature and pressure coupling constants were consid-
ered 0.1 and 1 ps, respectively. The particle mesh Ewald
(PME) method was applied for controlling the electrostatic
interactions at cutoff distance of 10 A; the same cutoff was
used for van der Waals (vdW) interactions. Bonds involv-
ing a hydrogen atom were constrained by LINCS algo-
rithm. In the production step, 20 ns MD simulations were
applied to evaluate the dynamic behavior of Reteplase
variants, compared to wild type. Analysis of the MD out-
puts included root mean squared deviation (RMSD), root
mean squared fluctuation (RMSF), radius of gyration (Rg),
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number of hydrogen bonds, and average solvent acces-
sible surface area (SASA) (Nemaysh and Luthra 2017;
Sadrjavadi et al. 2020; Yu et al. 2020). The solvation free
energy of wild type and mutant structures were calculated
using APBS-1.5 software from the last ten structures of
the MD trajectory (Baker et al. 2001). To assess the con-
formational stability, lambda parameter (A) (Zeiske et al.
2016) was computed as follows from output of 20-ns MD
simulations at three temperatures: 300, 350 and 400 K:

_ dln(1 - §?x0.89)
B dinT

A

S? is the squared value of the so-called order parameter,
which describes the orientational fluctuations of the back-
bone NH vectors, as obtained from MD simulations in low,
medium and high temperatures. A values are then calculated
by linear regression, where the quality of the fit is measured
by the regression coefficient, R? (Zeiske et al. 2016).

Molecular docking of Reteplase to fibrin

Fibrin has been shown as an important cofactor for t-PA-
mediated plasminogen activation (Hudson 2017). Despite
the slight changes of the Reteplase variants compared to
the normal protein, we investigated the affinity of the new
variants for binding to fibrin, to ensure that the plasmino-
gen activation function of the enzyme would be preserved.
The interaction of Reteplase variants with fibrin was
assessed using HADDOCK 2.2 web server (Van Zundert
et al. 2016), where residues 37—127 of Kringle2 domain of
Reteplase and residues 148—160 of fibrin «C domain (PDB
ID: 3GHG) were selected as residues actively contributing
to the protein—protein binding.

Gene constructs

The bio-physicochemical properties of the designed vari-
ant of Reteplase with the best profile in the computational
analyses were verified through experimental tests. The wild
type and mutant protein encoding sequences integrating
HindIlI and Xbal restriction sites were designed using Vec-
tor NTI software (Lu and Moriyama 2004) to clone into
the pDEST527 vector. A 6X His-tag and the TEV protease
sequence was also added at the 5° end of the sequence and
the whole construct was inserted into pDEST527 vector,
ordered to be synthesized by Iranian Institute of Cell & Gene
Therapy (Tehran, Iran). In order to determine the accuracy
of mutant Reteplase gene, digestion with HindlIIl and Xbal
restriction enzymes and gel electrophoresis assays were per-
formed, in addition to DNA sequencing.

Small-scale expression of wild type and mutant
Reteplase

Reteplase variants were expressed after transformation (heat
shock method) of E. coli BL21 (DE3) cells with each of
the pDEST527-wild type 1-PA and pDEST527-mutant r-PA
vectors. In order to select the positive transformants, LB-
agar plate containing 100 mg/ml ampicillin was used for
overnight culture at 37 °C. Selected recombinant colonies
were inoculated into 300 mL fresh medium culture. After
reaching an OD600 of 0.6 in each culture, the expression
was induced by 1 mM IPTG for a period of 4 h at 37 °C.
The protein expression was evaluated by SDS-PAGE 12%
followed by western blot analysis using anti-His antibody.
The solubility of protein variants was determined based on
the formation of inclusion bodies, represented by the pres-
ence of the protein in sample pellets instead of supernatants,
as described in the next section.

Preparation, solubilization and refolding
of inclusion bodies

Inclusion body preparation, purification and refolding were
carried out according to our established protocol (Esmaili
et al. 2018; Ghaheh et al. 2020). In brief, about 150 g of bac-
terial pellets were suspended in 13 ml of solubilizing buffer
and three 30-s sonication cycles were run to cell lyses. Then,
lysis buffer was added to the sample and incubated at room
temperature for 45 min. This was followed by centrifuging
for 20 min at 4 °C (11,000xg). The pellets were washed
in 10 ml Triton buffer and the sample was re-sonicated as
before. The pellets were then washed with non-triton buffer.
The final pellet containing inclusion bodies was obtained
after sonication and centrifugation. In order to solubilize
the inclusion bodies, 6 M guanidine hydrochloride, 25 mM
Tris—HCI, 10 mM EDTA and 1% p-mercaptoethanol were
added. Reduced glutathione 1 mM, oxidized glutathione
0.1 mM, L-arginine 0.5 M, 0.01% tween 80 and bovine
serum albumin 1 mg/mL, were used to refold the solubilized
inclusion bodies and incubated at 22 °C overnight. Finally,
the reducing agent and buffer components were separated
using dialysis buffer containing Tris 0.1 M, EDTA 1 mM and
L-arginine 0.5 M (pH 8). This step was repeated every one
hour for three times at 4 °C and finally overnight. Refolded
samples were stored at — 20 °C for further study. In each
stage, the protein expression and inclusion body extraction
were analyzed by 12% (v/v) SDS-PAGE.

Refolded Reteplase bioactivity assessment
Evaluation of the plasminogen activation by mutant

Reteplase in comparison to the wild type was measured
by AssaySense Human t-PA Chromogenic Activity Kit
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(AssayPro, USA). After determining the concentration of
samples using absorbance measurement at 280 nm with
Take3 plate of Epoch microplate reader (BioTek Instruments
Inc. Winooski VT, USA), 20 pL of tPA standard and sam-
ples in concentration of 180 pg/mL were added to 80 puL of
assay mix containing assay diluents (60 pL), plasminogen
(10 pL) and plasmin substrate (10 pL). Finally, the plate
containing samples was incubated at 37 °C in an incubator
and the absorbance was measured at 405 nm at various time
intervals for each sample.

The activity test was done in three independent experi-
ments with 2 repeats for each sample and with various
standards. Analysis of variance (ANOVA) as implemented
in SPSS software (version 16; Chicago, IL, USA) was
performed to analyze the differences between groups of
repeated measures.

Experimental design and optimization of Reteplase
production

The Box-Behnken experiment design method was imple-
mented to evaluate the effect of three independent variables
(temperature, IPTG concentration, time of incubation) on
the expression of Reteplase using RSM. Each of the three
variables was evaluated in three levels (coded with — 1, 0,
1) to explore the optimum condition (Table 1). Expression
evaluation experiments were conducted based on the data
obtained from Design Expert software (version 11; Stat-Ease
Inc. Miniapolis, USA), applying 3 repeatable central points
to increase precision and accuracy of the experiments.

Large-scale expression of the protein in bioreactor

Large-scale production of Reteplase was performed using
2-L autoclavable glass stirred-tank fermenter (BioG-Micom,
Biotron Inc. Korea) with two six-blade Rush-ton turbines.
In order to prepare pre-inoculum culture, 5 ml of wild type
and mutated Reteplase were added to 150 ml of fresh LB
medium separately, and incubated overnight at 37 °C while
shaking at 180 rpm. Then, each of the samples was added
to LB broth with ampicillin in the final volume of 150 ml of
over-night culture under sterile conditions to reach the final
volume of 1500 ml. After reaching an OD600 of 0.6, the

Table 1 Coded and actual values of independent variables used in the
designing of RSM experiments

Symbol Variable Coded level Unit
-1 0 1

A Temperature 17 27 37 °C

B IPTG 0.1 0.55 1 mM

C Incubation time 2 4 6 h

@ Springer

protein expression was induced by adding 1 mM IPTG for
4 h. Sterile HC1 or NaOH solution (0.5 N) was automatically
added to control the pH of media during the process.

Results
Quality validation for the 3D model of Reteplase

Ramachandran plot of Reteplase structural model using
PROCHECK web server revealed the lowest DOPE score
with high percentage of residues in the most favored regions
(Fig. 1a). The overall G-factor of -0.37 showed that the
model quality was acceptable. Concordantly, the analysis
by Verify3D indicated that 89.27% of residues had aver-
age 3D-1D score >0.2. In addition, the ERRAT web server
accepted the model by reporting the overall quality factor of
80.57. The final structure is illustrated in Fig. 1b.

Reteplase variants with enhanced stability
and solubility

The consensus findings from the applied tools suggested
eight new variants M72R, E275V, D342M, G368R, A2311,
E214I1, E295M and E119I, were the most stabilizing muta-
tions with negative AAG values (Table 2). Aggregation
propensity analyses identified one point mutation in the
Kringle2 domain of Reteplase, as seen in M72R, which
contributed significantly to the protein solubility (Table 2).

Simulations and output analyses

MD simulations were performed to allow more profound
structural, dynamic, and physicochemical analyses on all
the eight designed variants. The analyses included dynamic
parameters for the structures from the second half of the
simulations, and bioinformatics predictions for the final
coordinates (Table 3). Specifically, the solvation free energy
was calculated to obtain an insight of variants’ solubility
(Table 3). We also carried out stability analysis in different
temperatures (300, 350 and 400 K), implementing simula-
tions for an overall duration of 540 ns (9 variants in three
temperatures each for 20 ns). The obtained A parameter is
an inverse measure of order in macromolecular structures
(Zeiske et al. 2016) (Table 3). Compared to the wild type,
the best profile among all variants was demonstrated by
MT72R, particularly in terms of solvation free energy, water
interactions (hydrophilic/hydrophobic surface, hydrogen
bonds, vdW and electrostatic energies), and conformational
stability (A and associated R?).

The structures reached a stable state after nearly 10 ns
of simulation time, with the M72R variant showing a more
stable dynamics in comparison to the wild type (Fig. 2a,
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Fig. 1 Validation and display of the designed Reteplase. a Ramachan-
dran plot generated for Reteplase. The plot shows that 83.2%,
15.5%, 0.7%, and 0.7% residues were located in most favored (red
color), additionally allowed (brown), generously allowed (yellow)

and disallowed regions (pale yellow), respectively. b The 3D model
of Reteplase structure. The Kringle2 and catalytic serine protease
domains are represented in turquoise and tan color, respectively. Cat-
alytic triad residues are shown in ball and stick mode

Table 2 Analyses of wild type and designed mutant Retepalse variants, based on structure, SASA, stability (AAG), and aggregation scores

Mutations Domain Solvent Secondary Structure Relative flexibility AAG (kcal.mol™") Aggrescan3D
accessibility B B average score
(%) PopMusic DUET ERIS (flexible) ELASPIC

Wild type na na na na na na na na - 0.6

MT72R K2 86 3-10 helix Low - 0.84 1.009 -202 -1.075 -093

E275V Sp 7 Extended strand Moderate -1.25 1443 —12.88 - 0468 —0.66

D342M  SP 0 Loop Moderate -09 0264 —1591 -1672 -0.61

G368R SP 72.86 Bend Low - 0.64 0.156 —18.31 -0.116 -0.76

A2381 SP 0 Extended strand Low -0.82 0952 -1.22 -1306 —-0.64

E2141 SP 5.59 Loop Moderate - 054 0305 —19.46 -0514 -0.56

E295M SP 7.53 Extended strand High -0.78 0501 -11.7 -0835 -0.57

E1191 K2 17 Extended strand Moderate - 0.96 0.672 —-17.65 -0.175 -0.64

na: not applicable, K2: Kringle2 domain, SP: Serine protease domain

Table 3). Radius of gyration (Fig. 2b, Table 3) demon-  Molecular docking

strated the Reteplase mutant was slightly more compact
than the wild type, probably due to the effect of the muta-
tion on amplification of intermolecular interactions. Local
structural fluctuations as shown by RMSF plot (Fig. 2c)
indicated no difference between wild type and M72R vari-
ants at the site of mutation in Kringle2 domain. These
results were consistent with SASA (Fig. 2d) and lambda
(Table 3) analyses, confirming higher stability and solubil-
ity of the new Reteplase variant. Considering the promis-
ing profile shown by M72R r-PA, this variant was consid-
ered for further tests on binding properties and biological
activity.

The best cluster among HADDOCK clusters was consid-
ered for each Reteplase/fibrin complex. The results indicated
a lower docking score and more favorable binding energy
for M72R r-PA/fibrin, in comparison to the wild type/fibrin
complex (Table 4). This indicates that the applied mutation
in Kringle2 domain enhanced the binding of Reteplase to
fibrin. Electrostatic interactions were shown to be the major
energy contributing to the stronger binding of new variant to
fibrin, compared to the wild type. In addition, the interaction
was also reinforced by van der Waals nonpolar contributions
(Table 4).
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Fig.2 Dynamics of the best Reteplase variant, in comparison with the wild type. Plots represent the a RMSD, b Radius of gyration, ¢ RMSF,

and d SASA trends for the wild type and M72R r-PA in 300 K

Table 4 Binding properties for fibrin docked to Reteplase variants

Parameters Fibrin/wt r-PA complex Fibrin/M72R
r-PA complex

HADDOCK score —77.0+8.5 —90+4.8

Cluster size 8 13

RMSD (A)* 31.3+0.7 0.8+0.7

E; e (kcal mol™1) © —268.3 —-355.2

E, g, (kcal mol™') ¢ - 58.6+1.5 -59.9+1.5

E,je. (kcal mol™1) —209.7+20.6 —2953+27

Ejosory (kcal mol~1) ¢ 23+11.0 13+10.1

E,, (kcal mol~1)® 213.0+95.83 159+34.23

BSA (A% 1543.9+33.5 1853 +54.5

Z-Score -1.5 -2

#Average RMSD and standard deviation from the lowest HADDOCK
score structure for the 10 best structures in the cluster

“Intermolecular energy: sum of the van der Waals and electrostatic
energies

“Nonbonded energies were calculated with OPLS parameters
4Desolvation energy
“Restraint violation energy

fTotal buried surface area

Enzyme expression, and refolding of inclusion
bodies

The presence of a band of about 1289 bp of the recom-
binant pDEST527 containing mutant Reteplase cod-
ing sequence was confirmed by restriction endonucle-
ase digestion. The expression of mutant and wild type
Reteplase with IPTG induction at 37 °C was verified by
SDS-PAGE analysis with an estimated protein size about
43 kDa (Fig. 3a). As shown in Fig. 3b, there was no obvi-
ous expression of M72R Reteplase in soluble form. Fur-
thermore, the results of the western blot analysis of the
supernatant and bacterial pellets which were treated by
anti-His HRP conjugated antibody, showed the related
band for the pellet sample but not for the supernatant,
indicating almost no soluble expression (Fig. 3c). The
preparation and refolding of inclusion bodies was con-
firmed by SDS-PAGE analysis showing a band of about
43 kDa (Fig. 3d).

Bioactivity assessment of wild type and mutated
Reteplase

Figure 4 shows the enzymatic activity of mutant Reteplase
was increased in comparison with the wild type (p <0.05)
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Fig.3 Evaluation of Reteplase expression on SDS-PAGE gel (12%).
a SDS-PAGE analysis of wild type (wt) and M72R r-PA expression
after induction. Lane 1: Protein marker (kDa), Lane 2: wild type
r-PA, Lane 3: M72R r-PA; b SDS-PAGE analysis of wild type and
M72R r-PA pellet and supernatant: Lane 1: Protein marker (kDa),
Lane 2: Host cells supernatant containing pDest527-wt 1-PA, Lane
3: Host cells pellet containing pDest527-wt r-PA, Lane 4: Host cells
supernatant containing pDest527-M72R r-PA, Lane 5: Host cells pel-
let containing pDest527-M72R r-PA, Lane 6: Host cells supernatant
containing BL21, Lane 7: Host cells pellet containing BL21; ¢ West-
ern blot analysis of wild type and M72R r-PA pellet and supernatant:

either immediately after the dialysis or after two weeks of
production. The maximum activity of wild-type and mutant
Reteplase variants were 26.89 TU/mL and 28.99 TU/mL,
respectively. Furthermore, the specific activity of each sam-
ple in 1.2 mg/ml concentration were obtained as 22.4 IU/mL
and 24.15 IU/mL, respectively.

RSM experimental design and modeling
for expression optimization

After conducting 17 designed experiments, samples were

analyzed by SDS-PAGE (Table 5, and Supplementary file
1-3). The concentration of Reteplase was considered as the

@ Springer

@

Lane 1: Pre-stained protein marker (kDa), Lane 2: Host cells super-
natant containing pDest527-wt r-PA, Lane 3: Host cells pellet con-
taining pDest527-wt r-PA, Lane 4: Host cells supernatant containing
pDest527-M72R r-PA, Lane 5: Host cells pellet containing pDest527-
MT72R r-PA, Lane 6: E. coli BL21 (DE3) cells supernatant (negative
control); Lane 7: E. coli BL21 (DE3) cells Pellet (negative control);
d SDS-PAGE of the inclusion bodies and refolded form from pro-
teins extracted: Lane 1: Protein marker (kDa), Lane 2: Refolded wild
type 1-PA, Lane 3: Purified inclusion body of wild type r-PA, Lane 4:
Refolded M72R r-PA, Lane 5: Purified inclusion body of M72R r-PA

chosen response to evaluate the effect of three variables
i.e. temperature, IPTG concentration and induction time,
on production of the enzyme. Based on the results of the
experiments, the relation between production of wild type
and mutated Reteplase variants and the three independent
variables in fermentation (Table 1) can be explained by the
following quadratic equations:

Wild type r — PA expression (ug/ml)
=85.20 +33.35A —9.05B —-10.35C
+41.01 AB —94.14 AC + 122.28 A2
—53.86 B* +31.44 C*



World Journal of Microbiology and Biotechnology (2022) 38:29

Page9of12 29

Activity (IU.ml?)

(a) Immediately after dialysis
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Fig.4 Comparison of the enzymatic activity up to 20 h. a Activity of Reteplase variants after dialysis. b Activity of Reteplase variants after
2 weeks of dialysis. Error bars shows mean+SD; n=3; p <0.05 assumed as significant difference

Table 5 Box-Behnken experiment design with 3 factors and 3 levels
for the wild type and M72R Reteplase

Experiment A (°C) B (@mM) C(h) Protein expression
number (mg/L)

Wild type  New

variant
(M72R)

1 17 0.55 2 115.36 107
2 17 0.55 6 251.7 252
3 17 0.1 4 198.75 86
4 17 1 4 85.86 81
5 27 0.1 6 78.30 71
6 27 0.1 2 53.56 37
7 27 0.55 4 90.60 80
8 27 0.55 4 85.40 66
9 27 0.55 4 74.55 78
10 27 0.55 4 92.96 72
11 27 0.55 4 82.50 78
12 27 1 6 57.80 77
13 27 1 2 62.45 86.5
14 37 0.1 4 139.36 146
15 37 0.55 6 174.20 74.55
16 37 0.55 2 414.40 423
17 37 1 4 190.50 186

M27R r — PA expression (ug/ml)
=74.80 +3794 A +11.31B —-22.37C
+11.25 AB —123.36 AC —10.88 BC
+98.11 A® - 48.16 B> + 41.23 C*

Analysis and validation of the expression models

The statistical significance of the quadratic expression
models was determined by F-test and Analysis of Variance
(ANOVA). The Lack of Fit test results obtained from the
models showed p value of less than 0.05 for both wild type
and mutant variants (Supplementary file 4 and 5, respec-
tively). Therefore, the models were confirmed for predicting
the effect of the independent variables on Reteplase expres-
sion. The R-squared values of 0.8936 and 0.8908, and F
values of 15.93 and 15.51 confirmed the accuracy of the
expression models, respectively for wild type r-PA and the
new variant. Precision is also another index for signal to
noise ratio. Precision greater than 4 shows the workability of
the model for defining the design environment. This model
had a proper accuracy of 14.733 and 14.791 for wild type
and mutant Reteplase types, respectively, showing proper
signal and suitable model.

The F-value of 15.93 (p <0.0007) showed statistical
significance of the expression model for the wild type
enzyme. Based on this model, A, AB, AC, A%, B? are
significant parameters (p <0.05), and B, C, C? and BC
are non-significant parameters (p > 0.05) in production of
wild type Reteplase. Therefore, among the three independ-
ent variables, temperature had the greatest impact on the
protein production (Supplementary file 4). For mutated
Reteplase, the F value of 15.51 (p<0.0007) showed the
statistical significance of the relevant model. A, A2 B2,
C? and AC were significant parameters (p < 0.05), and BC,
AB, B and C were non-significant (p > 0.05) in produc-
tion of the new variant of Reteplase. Therefore, among the
three factors investigated, the temperature of incubation
and in the next rank, the time of incubation were shown
to be the most contributing parameters to the expression
of the new Reteplase variant (Supplementary File 5). The
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assumption of normality was investigated by the normal
distribution plot of studentized residuals (Supplementary
File 6).

Expression of Reteplase variants in bioreactor

Based on the introduced statistical models, the optimal
conditions for the expression of Reteplase for the wild
type and M72R variants were shown to be: induction time
of 2 h, 0.55 mM IPTG, and temperature of 37 °C (Supple-
mentary File 7). These conditions produced 375.64 mg/L
of Reteplase for the wild type and 397.81 mg/L for the
MT72R variant in the bioreactor.

Discussion

Despite the lower probability of intra-cranial hemorrhage
upon Reteplase administration and its lower hepatic clear-
ance compared to its older ancestors (Chester et al. 2019),
the production of this pharmaceutical protein is cost-inten-
sive, and demands better strategies to produce it optimally.
In addition to engineering new forms of the enzyme with
improved properties, optimization of its large-scale expres-
sion is also a big step towards effective and economical pro-
duction of this important bio-drug. In this study, we designed
a new mutant form of Reteplase by inserting rational single-
point mutations in both catalytic and Kringle2 domains, and
evaluated the physicochemical profile of several variants.

Backbone deviations in the dynamics of mutant struc-
tures showed their more stable conformation than wild type
r-PA. Consistent with each other, structural compaction and
surface accessibility also reflected preserved structural con-
formation of the mutants in comparison with the normal
enzyme (Kumar et al. 2014). The residue substitutions led
to increased number of intra-molecular hydrogen bonds in
some mutants (M72R, E2141 and E295M). We also imple-
mented extensive dynamic investigations to assess the sta-
bility of designed variants against a range of thermal con-
ditions. These analyses revealed reduced fluctuations and
increased order in the M72R and E214I mutants compared
to wild type, as demonstrated by the decrease in A parameter
value.

Protein solubility is an important characteristic to miti-
gate the problem of aggregation. Theoretically, the highly
negative solvation free energy of M72R compared to the
wild type indicated improved solubility upon replace-
ment of the aggregation-prone residue, and this finding
was consistent with other computational analyzes such as
hydrophilic/hydrophobic surface and the number of inter-
molecular hydrogen bonds. The new variant was thus pre-
sumably more soluble than wt r-PA. Replacing Met with
the positively charged Arg residue on the protein surface

@ Springer

could lead to strengthened hydrogen bonding and electro-
static interactions with the aqueous environment. Several
studies suggested that arginine replacement is an effective
strategy for enhancing the protein solubility and stability
(Osire et al. 2019; Strickler et al. 2006; Turunen et al. 2002;
Warwicker et al. 2014). Both mutant and wild type r-PA
were expressed in E. coli BL21 (DE3) (Zhang et al. 2015)
in high-level. However, contrary to the computational results
and literature, our experiments indicated low solubilization
of the protein (Fig. 3b, ¢). This may be due to the increased
stabilization (Cabrita et al. 2007), specifically considering
the presence of nine disulfide bonds in the r-PA structure.
The limited fluctuations in the three catalytic residues of
new mutant variants of Reteplase compared with the wild
type revealed that the introduced mutations will not interfere
with its enzymatic activity. This was confirmed for M27R
r-PA in the bioactivity assay, showing the improved bioac-
tivity and specific activity of this variant compared to the
wild type. In fact, charged hydrophilic amino acids, specifi-
cally arginine, can positively contribute to protein activity
by improving its fold and strengthening the binding of clus-
ters of water molecules to the protein surface via H-bonds
and electrostatics (Mosavi and Peng, 2003; Sokalingam
et al. 2012; Strickler et al. 2006; Turunen et al. 2002). In
our previous study, similar results were reported regarding
the important role of superficially charged amino acids in
increasing protein catalytic function, which confirms the
effective role of surface hydration in protein activity. In this
study, fortnight storage of the enzyme led to no change in
its activity trend, comparable to wild type r-PA, indicating
considerable stability and conformational fidelity.
Reteplase binds to fibrin via Kringle2 domain, which is a
lysine-dependent binding (Hudson 2017). The effect of the
M27R mutation on Reteplase affinity to fibrin was investi-
gated to check whether it would disturb r-PA’s binding to
the aC domain fibrin. A more favorable binding of the new
variant, than the wild type, to fibrin was observed, where
electrostatics demonstrated the dominant contribution, prob-
ably due to the charged nature of inserted arginine residue.
Bioreactor systems allow larger-scale production of
proteins, compared to shaking flasks (McNeil and Harvey
2008). Sadeghi et al. integrated the design of experiments
to optimize the Reteplase expression in E. coli in bioreac-
tors, to obtain higher protein yields (2011). Previous RSM
experiments have shown that culture conditions and con-
centration of IPTG were the most effective factors on the
protein expression (Bezerra et al. 2008; Chen et al. 2005;
Gutiérrez-Gonzélez et al. 2019). In the present study, the
use of mathematical modeling for optimization of fermen-
tation conditions (Shafiee et al. 2017) revealed the essen-
tial contribution of temperature and incubation time to the
expression in E. coli BL21(DE3). High temperatures in
microbial fermentation system can increase the reaction
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speed, enhance cell growth and protein synthesis, but it
also can be harmful to expression rate, hence the optimum
temperature for cell growth and accumulation of metabo-
lites can be different (Zhou et al. 2018). Here, the optimal
temperature was 37 °C, in accordance with similar experi-
ments on Reteplase (Zare et al. 2019) and HSPA protein
(Malik et al. 2016), and can be attributed to the effect of
temperature on hydrophobic interactions and the protein
aggregation (de Groot and Ventura 2006). Increasing IPTG
concentrations up to 2 mM has been established to lead
to increase in protein expression with no toxic effects on
the producing host cells (Ramirez et al. 1994); however,
the amount of IPTG is directly related to the inclusion
body formation and the final production cost. In the cur-
rent research, the highest yield of expressed protein was
achieved with 0.5 mM of the inducer, which could reduce
the final cost of the protein production.

Conclusion

The new Reteplase variant introduced by this study, M72R
r-PA, features increased enzymatic activity, suitable stable
structure, and more favorable interaction with fibrin than
the wild type. The novel mutant, however, failed to show
an efficient change in the protein solubility, which is a
salient challenge in the expression of many recombinants,
specifically Reteplase. On further process optimization, a
high Reteplase titer of 423 mg/L was achieved. Our study
also stressed the importance of the culture conditions on
the r-PA expression rate at the large-scale. We suggest
that the present M72R r-PA with increased activity can be
considered for further modification in future experiments
to design new soluble variants of this thrombolytic drug
to treat acute myocardial infarction. We also hope that
our research will serve as a basis for future studies on
accelerating the process of optimal production of other
recombinant pharmaceutical proteins.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11274-021-03204-1.
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