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Background: Reteplase (recombinant plasminogen activator, r-PA) is a recombinant protein designed to imitate the 
endogenous tissue plasminogen activator and catalyze the plasmin production. It is known that the application of reteplase 
is limited by the complex production processes and protein’s stability challenges. Computational redesign of proteins 
has gained momentum in recent years, particularly as a powerful tool for improving protein stability and consequently 
its production efficiency. Hence, in the current study, we implemented computational approaches to improve r-PA 
conformational stability, which fairly correlates with protein’s resistance to proteolysis. 
Objectives:  The current study was developed in order to evaluate the effect of amino acid substitutions on the stability of 
reteplase structure using molecular dynamic simulations and computational predictions.
Materials and Methods: Several web servers designed for mutation analysis were utilized to select appropriate mutations. 
Additionally, the experimentally reported mutation, R103S, converting wild type r-PA into non-cleavable form, was also 
employed. Firstly, mutant collection, consisting of 15 structures, was constructed based on the combinations of four 
designated mutations. Then, 3D structures were generated using MODELLER. Finally, 17 independent 20-ns molecular 
dynamics (MD) simulations were conducted and different analysis were performed like root-mean-square deviation 
(RMSD), root-mean-square fluctuations (RMSF), secondary structure analysis, number of hydrogen bonds, principal 
components analysis (PCA), eigenvector projection, and density analysis.
 Results: Predicted mutations successfully compensated the more flexible conformation caused by R103S substitution, so, 
improved conformational stability was analyzed from MD simulations. In particular, R103S/A286I/G322I indicated the 
best results and remarkably enhanced the protein stability. 
Conclusion: The conformational stability conferred by these mutations will probably lead to more protection of r-PA in 
protease-rich environments in various recombinant systems and potentially enhance its production and expression level.

Keywords:  Amino Acid Substitution, Homology Modeling, Molecular Dynamics Simulation, Protein Stability, Reteplase, 
Recombinant plasminogen activator
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1. Background
Reteplase (recombinant plasminogen activator, r-PA) 
is a serine protease, which mimics endogenous tissue 
plasminogen activator (t-PA) by catalyzing the production 
of plasmin from plasminogen, leading to fibrinolysis 
(1). Being a third-generation thrombolytic agent, r-PA 
works in the presence of fibrin. Since r-PA is a non-
glycosylated protein, it can be produced in prokaryotic 
as well as eukaryotic expression system, and for 
its activation requires in vitro folding. The in vitro 
enzymatic activity of r-PA is comparable to the native 
t-PA, and in clinical setting, it is a potent thrombolytic 
drug with prolonged half-life in humans. These 
properties result from the fact that r-PA diffuses more 
easily into clots instead of binding only on the surface 
because of its decreased affinity for fibrin. Additionally, 
the long half-life of r-PA is due to the removal of its 
binding domain for hepatocytes involved in the hepatic 
clearance of t-PA (2). Notwithstanding all merits, there 
are still some challenges associated with the production 
and application of reteplase need to be addressed, such 
as aggregation tendency, low solubility and instability. 
Therefore, researchers all around the world are 
recruiting different approaches to design novel forms 
of reteplase with improved features (2-4).
 r-PA is constructed from only two domains of t-PA 
(kringle-2 and catalytic serine protease domains), and 
like t-PA is primarily synthesized as a single-chain 
polypeptide. The subsequent proteolytic cleavage 
generates a two-chain form of the enzyme with increased 
activity. However, unlike other serine proteases, both 
agents are also active in single-chain form, which is the 
preferred form for therapeutic administration in acute 
myocardial infraction (5, 6) .
Therapeutic proteins such as r-PA can be expressed 
and produced in a wide range of recombinant systems, 
however, their susceptibility to proteolytic degradation 
represents a major problem related to the production 
process (7). For instance, cleavage and degradation of 
t-PA has been detected in plants, one of the valuable 
expression systems for therapeutic and industrial 
proteins. Moreover, production of desmoteplase in 
tobacco is inhibited by proteolysis (8). Other proteins 
such as human growth hormone, equistatin and 
different antibodies are also cleaved during production, 
as confirmed by immunoblot analysis of transgenic 
plant extracts (9, 10). It has been demonstrated that 
the resistance to proteolysis is strongly associated with 

the relative inherent stability of polypeptide chains 
expressed in heterologous environment. This factor 
influences recombinant protein quality and determines 
the overall yield of foreign proteins in plant cells 
as well. Besides, protein stability is also an essential 
issue in the storage of harvested plant biomass (11,12).  
Conversely, instability and more flexible conformation 
can potentially make proteins liable to proteolysis. This 
relies on the fact that proteolysis can happen only if 
the polypeptide chain can bind and easily adapt to the 
specific spatial conformation of the protease’s active 
site (13). The other contributing factor that renders 
proteins vulnerable to cleavage and degradation is the 
existence of protease-susceptible amino acids sites, 
which interact favorably with endogenous proteases 
in the transgenic host system.  In the case of t-PA, 
conversion of the two-chain to its one chain form is 
the main proteolytic susceptible reaction that has been 
observed during purification in the pH range of 5-9. 
In natural pH range, however, the stability-limiting 
reaction is conversion of one chain to two chain form, 
which occurs after proteolytic cleavage at Arg276 on a 
t-PA molecule (14, 15).
It has been shown that R276S mutation generates a 
non-cleavable single-chain form of t-PA, characterized 
with both lack of neurotoxicity and reduced amidolytic 
activity, while conserving fibrinolytic activity (16). 
Additionally, among various fibrinolytic drugs, 
desmoteplase is exclusively non-cleavable single chain 
protein secreted by the D.rotundus salivary glands and 
numerous studies have emphasized the absence of 
neurotoxicity for this protease. Indeed, the deleterious 
effects of r-PA in the brain parenchyma is mediated 
through its interaction with the N-methyl-D-aspartate 
receptor (NMDAR), with a subsequent NMDA-induced 
calcium influx and ultimately neuronal death. Studies 
with mutant enzymes that lack either the cleavage site 
of t-PA (Arg276) or the kringle-2 lysine-binding site 
have demonstrated the attenuation of this side effect 
(17-19). Therefore, in the current study, mutation at 
the cleavage site was employed in the r-PA structure 
to produce non-cleavable single chain enzyme, with 
the aim of increasing overall stability of protein, as 
well as enhancing its production and the expression 
level. Generally, expression and production of r-PA 
is limited by recombinant systems such as eukaryotic 
expression systems, owing to the complicated and 
expensive processes (20). The low expression level of 
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r-PA in transgenic tobacco plants has been also reported 
previously (21). 

2. Objective 
In the current study, in addition to the experimentally 
reported mutation at the cleavage site of r-PA (Arg103), 
we utilized stabilization strategy and stability 
prediction upon mutation servers to select appropriate 
mutations in order to attenuate the structural flexibility 
and solvent accessibility of this protein. The most 
conformationally stable mutant was attempted to be 
identified by performing computational procedures, 
including homology modeling and molecular dynamics 
(MD) simulations. 

3. Materials and Methods

3.1. Protein Structure Prediction
Primary amino acid sequence of human r-PA was 
submitted to NCBI Protein BLAST (blastp) (http://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) and 
searched against the latest version of PDB data bank 
for identifying suitable homologous template. The 
structural models of wild type r-PA and its non-cleavable 
form (R103S) were generated with MODELLER 9V15 
(22) using 1TPK (kringle-2 domain of human t-PA) 
and 1BDA (catalytic domain of human single chain 
t-PA) X-ray crystal structures as templates. The input 
files used to build the models were template coordinate 
files in PDB format, alignment file of r-PA and Python 
commands file. After completion of modeling, a model 
with lowest discrete optimized energy (DOPE score) 
was chosen among 10000 models calculated for wild 
type and non-cleavable form of protein. Then, the 
model generated for r-PA was successfully submitted 
in protein model database (PMDB) available at http://
srv00.recas.ba.infn.it/PMDB/ with the accession 
number of PM0080444.

3.2. Stabilizing Strategy and Mutant Designation 
Hydrophobic interactions are primarily responsible for 
the stabilization of globular conformation of proteins. 
According to ΔΔG values calculated for hydrophobic 
mutants in experimental studies, burying -CH2- group 
contributes largely to protein stability through two 
terms. The first one is the constant term, which depends 
on the hydrophobicity difference between mutant and 
wild-type side chains. The second is a variable term that 

depends on the difference in Van der Waals interaction 
of the side chains (23, 24). All possible mutations 
that increase hydrophobicity in the protein core were 
submitted to stability prediction upon mutation servers, 
including SDM (Site Directed Mutator), mCSM, and 
DUET to calculate the difference between ΔG of wild 
type and mutant (ΔΔG). Stabilizing mutations were 
designated based on ΔΔG calculated for all possible 
mutations. SDM is energy which calculated based 
statistical potential function that recruits environment-
specific amino-acid substitution frequencies, especially 
within homologous protein families to calculate a 
stability score. This score is analogous to the free energy 
difference between the wild-type and mutant protein 
(25). mCSM, which relies on graph based signatures, 
was successfully applied and evaluated in different 
predictive tasks and was shown to outperform earlier 
methods (26). DUET is a web server for an integrated 
computational approach to study missense mutations 
in proteins. DUET consolidates two complementary 
approaches (mCSM and SDM) in a consensus 
prediction, obtained by combining the results of the 
separate methods in an optimized predictor using 
Support Vector Machines (SVM) (27). Finally, the 
most stabilizing mutations (four mutations) among all 
possible mutations, were selected for the next steps.

3.3. In Silico Mutant Collection
All combinations of the four designated mutations were 
calculated and 3D structures of all models were built 
using MODELLER 9V15 through homology modeling. 
For each protein, a model with the lowest DOPE score 
was chosen from 10000 generated models. In silico 
mutant collection is comprised of four non-cleavable 
point mutants, six non-cleavable double mutants, four 
non-cleavable triple mutants and one non-cleavable 
quadruple mutant (Fig. 1A).

3.4. Structure Minimization and Validation
Gromacs 5.0.2 was used for the structure minimization 
of the models. Computations were done with parameters 
of Amber ff99SB-LIDN forcefield. The minimization 
protocol included 500 steps of steepest descent 
algorithm (28, 29). After optimization procedure, the 
generated models were validated by using ProSA-web 
(Protein Structure Analysis), RAMPAGE and Verify3D 
servers. ProSA-web server is widely used to assess the 
quality of three dimensional models. 
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The Z-score calculated by ProSA-web server is 
representative of model quality and indicates whether 
the modeled structure is within the range of scores 
obtained from native proteins of similar size. 
Backbone conformation was assessed by the Psi/Phi 
Ramachandran plot obtained from RAMPAGE server. 
Verify3D assesses compatibility of each residue against 
three dimensional structure which is based on 3D-1D 

profile derived from statistical potentials (22, 30).

3.5. Molecular Dynamics Simulation
Molecular dynamics simulation of wild type, non-
cleavable form and mutants were performed with 
Gromacs 5.0.2 software under Amber ff99SB-LIDN 
forcefield. Each initial structure was centered in a cubic 
box with 1.0 nm distance from the box edge. Periodic 

Figure 1. Combination of mutations, Z-score and Ramachandran plots. A) All possible combination of 
four designated mutations (A201I, A286I, G322I, and G337I). B) Z- score of reteplase structure, generated 
using x-ray structures of its two domains,  is -8.76 marked as block dot and has similar quality as native 
structures. C) Ramachandran plot shows that the reteplase structure has 98.8% amino acids in allowed 
region, hence confirming the reliability of the structure. 
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boundary conditions were applied to avoid artificial 
effects due to finite size of simulation box. The box 
was then filled with appropriate amount of TIP3P 
water molecules. System was made electrically neutral 
by replacing water molecules with required number 
of counter-ions using the genion tool of Gromacs 
package (31). Energy minimization was done using 
steepest descent algorithm. The energy-minimized 
system was equilibrated by the position restrained 
simulation under canonical ensemble (NVT) followed 
by isothermal isobaric ensemble (NPT) in 500 and 1000 
ps respectively. The initial velocities were derived from 
Maxwell-Boltzman distribution at 300 k. Productive 
unrestrained MD simulations were carried out in the 
NPT ensemble for 20 ns and bond lengths constrained 
with LINCS algorithm. The leapfrog algorithm with 
2 fs time step was applied to integrate the equation 
of motion. Conditions of constant pressure 1 bar and 
temperature 300 K were accomplished by application 
of the Parinello-Rahman barostat and Nosé-Hoover 
thermostat. The particle mesh Ewald (PME) method 
was used for calculating the long-range electrostatics 
interactions. The utilities of Gromacs 5.0.2 such as 
gmx rms, gmx rmsf, gmx gyrate, gmx sasa, gmx 
density and gmx hbond were used to analyze MD 
simulation trajectories (32, 33). The program DSSP 
was used to study the secondary structure fluctuations 
(34). Principal components analysis (PCA) reduces 
the dimensionality of the data obtained from MD 
simulations. PCA is described in detailed by Giuliani 
(35). Here, it was performed to examine the protein 
global motions. The Gromacs utility “gmx covar” was 
used to calculate and diagonalize the covariance matrix 

of Cα atomic positions from the 20 ns trajectories of the 
wild type r-PA and its mutants. Then, the eigenvalues 
and corresponding eigenvectors of the matrix were 
produced. The gmx anaeig was used for analysis and 
plotting the eigenvectors (35, 36). All graphs were 
plotted using Xmgrace (37). The gmx sham was used to 
calculate the free energy (G) by the first two eigenvectors 
extracted after PCA. 2D and 3D representation of 
the free energy landscape (FEL) were plotted using 
GNUplot 5.2 (www.gnuplot.info). The dynamic cross-
correlation matrix (DCCM) that shows the fluctuations 
of the fluctuations between any two pair of Cα atoms 
were calculated by the Bio3D package.

4. Results

4.1. Protein Modeling and Mutant Library Construction
Since there is no experimentally solved 3D structure for 
r-PA, the structure of wild type r-PA was modeled based 
on the available x-ray structures of its two domains 
through homology modeling and using the program 
MODELLER. The structure quality was confirmed with 
online servers, including ProSA-web, Rampage and 
Verify3D (Fig. 1B , 1C). This structure includes 355 
amino acids, which comprise amino acids 1-3 and 176-
527 of human t-PA. Thus, it contains only the kringle 
2 and the protease domains of human t-PA. However, 
similar to t-PA, wild type r-PA undergoes proteolytic 
cleavage at Arg103 to generate a two-chain form of the 
enzyme, which is the stability-limiting reaction. This 
cleavage site is equal to Arg276 on wild type t-PA. 
In this study all structures, other than wild type r-PA, 
had R103S mutation and therefore were non-cleavable 

Mutation Secondary 
structure

Wild 
Propensity 

(Pβ) *

Mutant 
Propensity 

(Pβ) 

mCSM
(ΔΔG) †

Kcal.moL -1

SDM
(ΔΔG) 

Kcal.moL -1

DUET
(ΔΔG) 

Kcal.moL -1

A201I β-sheet 0.83 1.6 0.744 1.00 1.082
A286I β-sheet 0.83 1.6 0.724 1.00 1.063
G322I β-sheet 0.75 1.6 1.505 2.81 1.820
G337I β-sheet 0.75 1.6 1.354 4.25 1.718

*   Based on Chou-Fasman algorithm
 † ΔΔG = ΔG wild – ΔG mutant upon single point mutation, The difference in folding free energy between wild  type and mutant 
structure.                         

Table 1. List of in-silico mutations were chosen based on biophysical principals of mutation and prediction servers. 
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Protein ProSA-web
(Z-score) *

Ramachandran plot 
Verify- 3D ‡

Favored 
region †

Allowed 
region †

Disallowed 
region †

Wild (Reteplase) -8.76 92.0 % 6.8 % 1.2% 99.15 %

R103S -8.75 91.2 % 6.8 % 2.0 % 97.7 %

R103S/A201I -8.78 92 % 6.2 % 1.7 % 98.87 %

R103S/A286I -8.53 92 % 6.2 % 1.7 % 96.90 %

R103S/G322I -8.67 93.2 % 5.7 % 1.1 % 96.62 %

R103S/G337I -8.77 92 % 6.0 % 2.0 % 96.06 %

R103S/A201I/A286I -8.75 93.2 % 4.8 % 2.0 % 95.21 %

R103S/A201I/G322I -8.84 94 % 4.5 % 1.4 % 95.49 %

R103S/A201I/G337I -9.00 92 % 5.7 % 2.3 % 97.18 %

R103S/A286I/G322I -8.76 92 % 6.2 % 1.7 % 97.75 %

R103S/A286I/G337I -8.84 93.8 % 4.8 % 5 % 96.62 %

R103S/G322I/G337I -8.81 92.6 % 5.1 % 2.0 % 96.34 %

R103S/A201I/A286I/G322I -8.74 93.5 % 4.8 % 1.7 % 93.80 %

R103S/A201I/A286I/G337I -9.15 93.2 % 5.7 % 1.1 % 97.18 %

R103S/A201I/G322I/G337I -8.85 91.8 % 6.5 % 1.7 % 96.90 %

R103S/A286I/G322I/G337I -8.77 92.9 % 5.4 % 1.7 % 98.59%

R103S/A201I/A286I/G322I/G337I -8.85 93.2 % 5.1 % 1.7 % 99.72 %

Table 2. Assessment of selected models quality and reliability

* Indicative of overall homology model quality using ProSA-web server
† Based on Ramachandran plot of predicted model by RAMPAGE server
‡ Based on 3D-1D profile of verify3D server and indicative of the percentage of residues having scores greater than 0.2 in 
each model.

single chain form of the protein (16). The rationale 
behind this approach is that this form is resistant to the 
main stability-limiting reaction and also causes less 
neurotoxicity than the wild type. 
Since hydrophobic interaction in the core of protein 
has the major influence on the stability of protein, all 
possible mutations that enhance this interaction were 
investigated by using stability prediction servers, 
including SDM, mCSM and DUET. Then, the more 
stabilizing mutations were selected based on the 
folding free energy differences in wild type and 
mutant structures (Table 1). In addition to stabilizing 
strategy and prediction servers, biophysical principals 
of mutation   for the improvement of the secondary 
structure stability were taken into consideration as 
well. For example, isoleucine is a strong beta-sheet 
former and has a higher propensity in beta-sheet 
rather than alanine and glycine (38). Finally, among 

all possible mutations, four more stabilizing mutations 
were selected according to stabilizing strategy, ΔΔG 
of SDM, mCSM and DUET as well as amino acid 
propensity in corresponding secondary structure. All 
combination of designated mutations, consist of four 
non-cleavable point mutants, six non-cleavable double 
mutants, four non-cleavable triple mutants and one 
non-cleavable quadruple mutant are represented in 
Figure 1A . The structure of mutants were modeled and 
the selected model from 10000 calculated ones (based 
on DOPE score), was submitted to energy minimization 
with Amber ff99SB-Lidn parameters. Energy minimized 
models were assessed by ProSA-web, Rampage and 
Verify3D servers. All Z-scores of ProSA-web were 
inside the range of characteristics for native proteins 
with similar size (Table 2). Based on the Ramachandran 
plot, all structures had noticeable number of residues in 
the favored and allowed regions. Verify3D scores near 
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the zero indicates erroneous in model and the great 
percentage of residues had an average scores greater than 
0.2 in all models constructed in this study (Table 2).

4.2. Molecular Dynamics Simulation

4.2.1. Root Mean Square Deviation (RMSD)
To evaluate the stability of the mutant structures, 
RMSDs of the Cα atoms after 20 ns simulations 
with respect to the modeled structure was calculated. 
The RMSD of all Cα atoms was evaluated to study 
the convergence of protein structure through the 
simulations. RMSD analysis indicated that wild type 
and mutant structures are relatively stable. The average 
and standard deviation of RMSD values for all proteins 
have been presented in Table 3. From the RMSD values 
and deviations we could find out that non-cleavable 
double mutant, R103S/A286/G322I, is the most stable 
mutant. Therefore, the RMSD plot of this mutant 
has been shown in Figure 2A along with the plots of 
wild type and non-cleavable form. Moreover, RMSD 
analysis indicated non-cleavable forms of one point 
mutant (R103S/G337I), one double mutant (R103S/
G322I/G337I), two triple mutants (R103S/A201I/
G322I/G337I, R103S/A201I/A286I/G337I) and the 
quadruple mutant have stable structures in comparison 
with wild type, non-cleavable form and other mutants 
(Table 3).

4.2.2. Root Mean Square Fluctuation (RMSF)
To investigate the effect of mutations on dynamic 
behavior of flexible regions of protein, the RMSF values 
were calculated for all systems (Table 3). In addition 
to RMSF profile, average and standard deviation of 
RMSF values indicated that, among all mutations, 
non-cleavable double mutant (R103S/A286I/G322I) 
has significant decrease in the RMSF values globally. 
Hence, the RMSF plot of this mutant along with the 
plots of wild type and non-cleavable form has been 
illustrated in Figure 2B. The N-terminal of r-PA was 
quite flexible throughout MD simulations as shown 
in the RMSF plots (Fig. 2B). The large fluctuation 
of N-terminal of the protein would trigger instability 
in the structure of protein. According to RMSF plots 
of mutant proteins, one point mutant (R103S/G337I), 
two double mutants (R103S/A286/G322I and R103S/
G322I/G337I), two triple mutants (R103S/A201I/G322I/
G337I and R103S/A201I/A286I/G337I) and quadruple 

mutant are affected structurally by mutations, as 
evidenced by less flexibility especially at N-terminus 
(Table 3). Analysis of fluctuation of each residue in 
mutant structures indicated that the highest flexibility 
reduction occurs in 1-80 residues as compared to wild 
type and non-cleavable form of r-PA. Therefore, the 
kringle2 domain of r-PA shows significant decrease 
in RMSF value in R103S/A286I/G322I mutant than 
in the wild type and R103S protein structure (Fig. 
2B).

4.2.3. Solvent Accessible Surface Area (SASA)
The compactness of hydrophobic core of protein 
was analyzed by the solvent accessible surface area 
(SASA). Decreased values in mutant structures 
indicated that these structures have more compressed 
core compared with the wild type and non-cleavable 
structures (Fig. 2C, Fig. 3B) (Table 3). The average 
values of SASA indicated that R103S/A201I (183.333 
± 3.889 nm2), R103S/A286I (183.753 ± 3.422 nm2), 
R103S/G337I (184.528 ± 2.641 nm2) and R103S/A286I/
G322I (184.712 ± 2.938 nm2) have more compacted 
structures than wild type and non-cleavable form of 
r-PA. The profile of SASA of these mutant structures in 
Figure 3A illustrates that R103S/A286I/G322I mutant 
has a relatively steady SASA profile in comparison 
with R103S/A201I, R103S/A286I and R103S/G337I 
mutants during simulation.

4.2.4. Radius of Gyration (Rg)
The radius of gyration (Rg) is the mass weighted 
root mean square distance of group of atoms from 
their common center of mass. The radius of gyration 
provided an observation into dimension of the 
protein through the simulation. Radius of gyration 
graph for Cα atoms of proteins with time at 300 K 
are tabulated in Table 3. Also, Rg plots of R103S/
A286/G322I mutant, wild type, and non-cleavable 
form are depicted in Figure 3B. The wild type and 
mutant structures have a similar Rg profile and average 
values of Rg have limited range of variations (Fig. 
3B, Table 3). Maximum and minimum Rg values are 
2.252 ± 0.022 and 2.113 ± 0.020 nm for R103S/A201I/
A286I and R103S/G337I mutant, respectively. Values 
and trend of variations of Rg showed that dimensions 
of proteins had no noticeable differences among wild 
type and mutant structures through mutations.
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Figure 2. RMSD, RMSF, SASA, Rg and DSSP plots. A) The plots of Cα RMSD, and B. RMSF in wild-
type reteplase (blue), R103S mutant as a non-cleavable form(red) and R103S/A286I/G322I mutant (black) 
structures at 300 K. B) This plots indicated that designated mutant has more stable and less flexible structure 
related to aim of the stabilization of Reteplase. C) the Plots of SASA, and D) The Plots of Rg of Cα atoms, 
and E) the number of intra-molecular hydrogen bonds of wild-type reteplase (blue), R103S mutant as a 
non-cleavable form (red) and R103S/A286I/G322I mutant (Black) structures at 300 K. F) Time evolution 
of the secondary structure fluctuations by DSSP analysis of wild-type reteplase A, R103S mutant as a non-
cleavable form B and R103S/A286I/G322I C mutant structures at 300K.
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4.2.5. Number of Hydrogen Bonds (NH bonds)
Hydrogen bonds play a major role on keeping the 
stable conformation of proteins. A variable profile 
of hydrogen bonds were observed among wild and 
mutant structures during simulation (Table 3). Mutant 
structures showed relatively greater number of intra-
molecular hydrogen bonds formation than wild 
type and non-cleavable form. More intra-molecular 
hydrogen bonds might help protein to preserve rigidity. 
Plots of NH bonds for the R103S/A286/G322I mutant, 
wild type, and non-cleavable form of r-PA are shown 
in Figure 3C.

4.3. Analysis of Secondary Structure
Further information on the structural stability of 
protein was found by the analysis of time-dependent 
secondary structures. The DSSP algorithm was applied 
to study changes in secondary structure throughout the 
simulations (34). As evidenced from RMSF plots, the 
trend of variations in flexibility behavior of protein 

from its N terminus to the end of its C terminus was 
obviously related to the secondary structure content 
and variation of both ends of protein. Based on this 
conclusion, we easily distinguished 1-70 regions 
from the rest of the structure according to RMSF 
and secondary structure analysis (Fig. 2B, Fig. 2F). 
To understand how the mutations affect secondary 
structure and leads to more stable structures, variation 
in secondary structure of these mutants were carefully 
monitored. The severe secondary structure changes in 
the 100-110 region of wild and non-cleavable form 
of r-PA were observed. Tendency to loss of these 
variations and β-sheet formation were observed in 
all mutants that successfully control N-terminus 
fluctuations and have better RMSD values (Fig. 2A). 
Due to the massive data and for easier interpretation, 
secondary structure profiles of just R103S/A286/
G322I mutant, wild type, and non-cleavable form are 
represented in Figure 2F.

Protein RMSD *

(nm)
RMSF †

(nm)
Rg ‡

(nm)
SASA §

(nm2)
NH bonds ǁ

Wild (Reteplase) 0.777 ± 0.102 0.248 ± 0.143 2.223 ± 0.027 189.025 ± 3.732 232.162 ± 8.890

R103S 0.849 ± 0.155 0.226 ± 0.151 2.188 ± 0.025 192.053 ± 3.119 229.767 ± 7.929

R103S/A201I 0.824 ± 0.130 0.188 ± 0.128 2.153 ± 0.035 183.333 ± 3.889 239.775 ± 9.314

R103S/A286I 0.694 ± 0.092 0.172 ± 0.116 2.138 ± 0.020 183.753 ± 3.422 243.040 ± 9.364

R103S/G322I 0.682 ± 0.124 0.195 ± 0.148 2.162 ± 0.020 188.482 ± 2.486 236.203 ± 8.000

R103S/G337I 0.573 ± 0.070 0.138 ± 0.090 2.113 ± 0.020 184.528 ± 2.641 241.430 ± 7.090

R103S/A201I/A286I 0.575 ± 0.064 0.163 ± 0.087 2.252 ± 0.022 189.821 ± 3.177 234.522 ± 7.370

R103S/A201I/G322I 0.651 ± 0.079 0.154 ± 0.098 2.161 ± 0.013 186.443 ± 2.424 232.412 ± 7.538

R103S/A201I/G337I 0.794 ± 0.137 0.192 ± 0.129 2.182 ± 0.018 188.188 ± 2.938 235.264 ± 7.443

R103S/A286I/G322I 0.406 ± 0.062 0.120 ± 0.060 2.209 ± 0.023 184.712 ± 2.938 236.645 ± 7.262

R103S/A286I/G337I 0.677 ± 0.101 0.199 ± 0.132 2.223 ± 0.028 188.177 ± 3.269 235.740 ± 7.298

R103S/G322I/G337I 0.517 ± 0.059 0.138 ± 0.088 2.167 ± 0.016 185.654 ± 2.873 237.176 ± 7.274

R103S/A201I/A286I/G322I 0.666 ± 0.156 0.205 ± 0.175 2.148 ± 0.016 187.638 ± 3.069 235.409 ± 7.573

R103S/A201I/A286I/G337I 0.530 ± 0.071 0.135 ± 0.089 2.184 ± 0.018 185.954 ± 3.198 239.987 ± 8.063

R103S/A201I/G322I/G337I 0.592 ± 0.062 0.137 ± 0.070 2.198 ± 0.014 186.262 ± 2.488 232.796 ± 7.158

R103S /A286/G322I/G337I 0.564 ± 0.090 0.151 ± 0.068 2.168 ± 0.015 189.570 ± 3.296 227.314 ± 6.991

R103S/A201I/A286I/G322I/G337I 0.534 ± 0.057 0.146 ± 0.087 2.130 ± 0.012 185.295 ± 2.743 239.619 ± 8.030

* Root mean square deviation 

 † Root mean square fluctuation
 ‡ Radius of gyration
§ Solvent accessible surface area
ǁNumber of hydrogen bond

Table 3. Summarized parameters of 20 ns molecular dynamics simulations at 300 K.
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Figure 3. The projection of motion, density map, secondary structure, 3D structure and superimposition. A) The 
projection of motion of wild-type reteplase (blue), R103S mutant as a non-cleavable form (red), and R103S/A286I/
G322I mutant (black) structures in phase space along the first two principal eigenvectors at 300 K. B) The protein 
density plot of wild-type (left), non-cleavable form (middle), and R103S/A286I/G322I mutant (right) proteins. C) A 
simple secondary structure of r-PA depicted the Amino acid sequence witch indicated helixes, sheets, and loops.  D) 
3D structure of r-PA indicating its two domains, namely kringle 2 and the protease as well stabilizing mutations. E) 
Superimposition of structures illustrated the highest flexibility reduction in 1-80 residues of R103S/A286I/G322I 
mutant (black) as compared to wild-type (blue) and non-cleavable form (red) of r-PA.
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4.4. PCA and Density Maps
PCA was performed to obtain a broader view of change 
in overall motion of protein, and also to support our MD 
simulation results (35, 39). The projection of the first 
two eigenvectors, containing the maximum motions, in 
conformational space for wild-type, non-cleavable form 
and R103S/A286I/G322I mutant, which was identified 
as the most stable structure, was done (Fig. 3A). The 
results demonstrated that the cluster of R103S/A286I/
G322I mutant occupied less area in space and showed 
narrow variations in the conformational motion along 
the first two principle components, demonstrating 
its rigidity and compactness. Whereas wild type and 
non-cleavable form of r-PA were expanded in the 
conformational space due to flexibility. Furthermore, 
we examined the density of system as a function of 
a specified box vector. The average atomic density 
of R103S/A286I/G322I structure was 52.1 nm, while 
this value for the wild type and non-cleavable form of 
r-PA were 44.7 nm and 61.8 nm, respectively (Fig. 3B 
left, middle & right).the secondary structure of r-PA 
shown in Figure 3C and the tertiary structure of r-PA 
which indicating two cringle 2 and protease domains 
(Fig. 3D). in addition, Super imposition of structures 
of R103S/A286I/G322I mutant (black) as compared 
to wild-type (blue) and non-cleavable form (red) of 
r-PA illustrated the highest flexibility reduction in 
1-80 residues in R103S/A286I/G322I mutant (Fig. 
3E). Altogether, as a result of R103S/A286I/G322I 
mutations, the structure becomes more rigid than the 
wild type r-PA (Fig. 3E), which is evident from the 
PCA and density analysis.

4.5. DCCM and FEL
To gain further insight into the conformational changes, 
correlations between the dynamic motions of the intra- 
and inter-domains of reteplase were quantified through 
the dynamic cross-correlation matrix (DCCM). In 
comparison with the wild type and non-cleavable form 
of r-PA (Fig. 4A left & middle), negative correlative 
motions were found to weaken in the mutant structure 
(Fig. 4A right). This result suggests that mutation 
decreases the residue motions and the protein acquires 
rigid conformation. Specifically, more positive corre-
lative motions were noticed in the kringle2 domain 
(residues 1–80) of the wild type structure, which is 
well supported by RMSF plot. To examine the sub 
conformational structural transitions of reteplase, we 

studied the Gibbs free energy landscape (FEL) against 
the first two principal components, namely PC1 and 
PC2, which describes how protein’s free energy 
correlates with the three dimensional arrangement 
of the molecule. Figure 4B represents 2D and 3D 
views of the FEL analysis and ΔG value 0 to 15.3 
15.0 and 14.0 kJ.moL-1 for wild type, non-cleavable 
form and mutant structure, respectively. The global 
energy minima conformations were designated by 
blue color. The size and shape of the minimal energy 
area indicates the stability of structure. Since the 
thermodynamically most stable structure resides in 
a minimum on the  free-energy (ΔG) surface, more 
concentrated blue areas suggest more stability of the 
corresponding structures during MD simulation (40). 
The mutant showed more concentrated minima (in 
2D) and less dispersed basins (in 3D) (Fig. 4B right), 
whereas the wild type and non-cleavable form of r-PA 
displayed more dispersed blue regions (Fig. 4B left & 
middle). 

5. Discussion
Computational re-design of proteins is a promising 
strategy for improving the desired features of these 
biopharmaceuticals such as stability, affinity, solubility, 
and even production yield. In particular, there are 
numerous investigations for development of more 
stable therapeutic proteins via in silicon screening 
methods (41-43). In the same manner, we recruited 
computational approaches to design novel forms of 
r-PA with the improved conformational stability, which 
fairly correlates with protein’s resistance to proteolysis. 
An appropriate 3D model is a prerequisite for any 
computational design of novel proteins. Therefore, we 
employed homology modeling approach for generating 
proper models of the wild type and mutant r-PAs. Protein 
structures were predicted using MODELLER which is 
a reliable software and widely utilized for comparative 
modeling (44). Modeling, energy minimization, and 
refinement processes were carried out meticulously to 
obtain high quality models which were confirmed by 
validation servers (Table 2). It has been well established 
that the r-PA proteolytic cleavage at Arg103 is a 
stability-limiting reaction. Accordingly, this cleavage 
site has been mutated to serine in all mutant forms 
studied in this work, because this substitution (R103S) 
confers resistance to the main stability-limiting reaction 
and also is less neurotoxic than the wild type (16, 17).
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Figure 4. Cross-correlation matrix and free energy landscape.  A) Cross-correlation matrix of the fluctuations of 
coordinates for Cα atoms, wild-type reteplase (left), non-cleavable form (middle) and R103S/A286I/G322I mutant 
(right) around their mean positions during the MD simulation: Cyan represents positive correlations, whereas 
magenta represents negative correlations. B) Gibbs free energy landscape (FEL) of wild-type reteplase (left), 
non-cleavable form (middle) and R103S/A286I/G322I mutant (right) along the two principal eigenvectors. The 
blue region depicts conformations with lower energy, the yellow color signifies the meta-stable states and the red 
corresponds to conformations having high energy.
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Similarly, desmoteplase, an exclusively single chain 
form of t-PA, has been shown to have no interaction 
with  NMDAR and consequently is devoid of neurotoxic 
effects compared to t-PA (19). Previous studies also 
have shown that mutations substituting serine for Arg 
(less hydrophobic properties) in the protein core could 
increase the compactness and enhance stability (24).  For 
instance, circular dichorism (CD) study indicated that 
R157S lipase had increased thermostability with higher 
Tm value (71.6 °C) than its wild type (63.9 °C) showing 
a better compactness as revealed by spectrofluorescence 
study.  Furthermore, MD results of R157S lipase showed 
lower values of RMSD, RMSF, SASA and Rg than 
native lipase, which corroborates with experimental data 
of CD (45).
In addition to the R103S substitution, other mutations 
were also introduced to r-PA in order to generate 
more stable forms of the enzyme. These mutations 
were selected based on the fact that hydrophobic 
interactions in the proteins core have a great impact on 
the stability of the protein (46), so, various mutations 
with this effect were created and studied using stability 
prediction servers, including SDM, mCSM and DUET. 
Then, considering ΔΔG and biophysical principals of 
substitutions for the improvement of the secondary 
structure stability, four more stabilizing mutations were 
selected including A201I, A286I, G322I, and G337I. 
Subsequently, all possible combinations of these four 
non-cleavable point mutants were generated and listed 
in Figure 1A. Overall, our mutant collection in this 
work is comprised of 16 non-cleavable members: the 
R103S mutant, four point mutants, six double mutants, 
four triple mutants and one quadruple mutant. 
To understand the structural behavior of the wild 
type and mutant proteins, the molecular dynamics 
simulations were performed. Following mean factors, 
including RMSD, RMSF, solvent accessible SASA, 
number of intera-molecular hydrogen bonds (NH 
bonds), Rg and the density of system, which correspond 
to conformational stability were calculated. The advance 
analysis of the trajectories from MD simulation was 
performed by essential dynamics (ED) or PCA, which 
identifies the large concerted motions of protein (36). 
The compactness of proteins was analyzed by SASA 
and Rg values. Although Rg values were almost similar 
in the wild type and mutant proteins, decreased SASA 
values in mutants unveiled that these proteins were 
more compressed in comparison with the wild type and 

non-cleavable forms (Table 3). Similar trend of Rg 
in wild type and mutants, despite decrease in SASA, 
was observed in the study of in silico stabilization 
of Pseudomonas mendocina Lipase (47) which is in 
agreement with the data obtained in the present study. Our 
findings of MD simulations revealed that R103S/A201I, 
R103S/A286I and R103S/A286I/G322I mutants have 
lesser SASA values than wild type and other mutants, 
which is attributed to the compactness in hydrophobic 
core of protein and less structural flexibility, giving rise to 
conformational stability. RMSD analysis is a well-known 
tool for providing a reliable estimation of the protein 
stability (48). According to the RMSD values tabulated 
in Table 3, the non-cleavable double mutant, R103S/
A286/G322I, showed the lowest RMSD and deviation 
among all proteins (0.406 ± 0.062 nm) which indicates 
its noticeable stability during MD simulation. Also, 
based on the RMSF profiles, this mutant displayed the 
lowest average and standard deviation of RMSF among 
all mutants (0.120 ± 0.060 nm). Detailed analysis of 
the fluctuation of each residue showed that the highest 
decrease in the flexibility was occurred in the kringle2 
domain. 
On the basis of RMSD and RMSF observations as well 
as SASA analysis and the formation of less number of 
hydrogen bonds, it was confirmed that R103S mutation 
led to a more flexible conformation but removes the main 
susceptible site of proteolysis. The fewer propensities 
for proteolysis is advantageous to the production and 
extraction process of r-PA in protease-rich environments 
in various recombinant systems. In this study, the more 
flexible conformation and the consequent instability 
caused by R103S mutation in the protein structure 
was transparently compensated by introducing several 
mutations in the protein structure that improved 
parameters of conformational stability. 
In fact, there is plenty of evidence in the literature 
indicating that structural properties such as conforma-
tional stability and flexibility can influence resistance 
to proteolysis. For instance, structural characteristics 
of nonspecific lipid transfer proteins explain their 
resistance to proteolysis (49). In the case of Apo A-I 
protein, flexibility is important factor on susceptibility 
to proteolysis (50). Moreover, investigations of limited 
proteolysis and MD simulation on Cu, Zn superoxide 
dismutase demonstrated that the high level of accessi-
bility of the peptide bond is a necessary requirement but it 
is not sufficient to permit proteolysis. Thus, accessibility 
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must be coupled to flexibility to permit an efficient 
proteolytic cleavage (51). These evidences point to the 
fact that the introduction of mutations in the  protein 
structure in such a way that enhance  conformational 
stability will probably help to rationally design proteins 
that are less vulnerable to proteolysis during production 
and extraction in a wide range of recombinant systems. 
In this study, after MD simulations, the non-cleavable 
double mutant (R103S/A286I/G322I) was identified as 
the most stable structure based on the results of RMSD, 
RMSF and SASA values. The steady profile of Rg in 
R103S/A286I/G322I mutant showed that the protein 
was not undergoing an important structural transition. 
This finding was also supported by the similar trend of 
SASA profile. However, in contrast to the Rg profile 
in R103S/A286I/G322I mutant, we observed the 
major fluctuation in Rg in the wild type and the non-
cleavable form of r-PA  (Fig. 2D).  In order to gain a 
comprehensive perspective of change in overall motion 
of proteins, their detailed conformational alterations, 
and also to corroborate our results, PCA and DCCM 
analysis were performed. PCA and density analysis 
revealed that the structure of R103S/A286I/G322I 
mutant was more rigid than the wild type r-PA (Fig. 
3C). Moreover, this deduction was supported with the 
observation that negative correlative motions were 
found to weaken in the R103S/A286I/G322I compared 
to the wild type and R103S structures (Fig. 4A). 
Reteplase, the recombinant clot-dissolving drug, is 
widely prescribed for the treatment of myocardial 
infarction. The main issue regarding the expression and 
production of this therapeutic protein by recombinant 
systems is its susceptibility to proteolytic degradation. 
Since conformational stability correlates remarkably 
to protein’s resistance to proteolysis, several mutations 
including R103S, A201I, A286I, G322I, and G337I 
were employed in the reteplase structure to enhance its 
stability. The 3D structure of mutants were subjected 
to computational analysis to investigate the changes 
in parameters corresponding to structural flexibility 
and solvent accessibility. The introduction of R103S 
mutation was conducive to a more flexible conformation 
but removes the main susceptible site of proteolysis 
and produces non-cleavable single chain form of wild 
type r-PA. The other mutations, predicted by online 
servers,  compensated the more flexible conformation 
caused by R103S mutation in the protein structure, 
and thus improved parameters of conformational 

stability calculated by molecular dynamics simulation. 
Collectively, among all in silicon mutants, R103S/
A286I/G322I had better structural stability (RMSD), 
noticeable reduction in flexibility (RMSF), more 
compactness (SASA), steadier profile of Rg and 
more rigid structure (NH bonds) than wild type r-PA. 
PCA and density analysis also indicated its stability. 
However, experimental studies and in vitro assessments 
are required for further structural and clinical validation 
of this in silicon mutant. 

6. Conclusion
Findings of this study showed that selected mutations 
have fundamentally changed the stability of protein 
structure. These mutations will probably lead to more 
protection of r-PA in protease-rich environments in 
various recombinant systems and potentially enhance 
its production and expression level.
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