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Abstract 

 

Background and purpose: Excitotoxicity in nerve cells is a type of neurotoxicity in which excessive 

stimulation of receptors (such as N-methyl-d-aspartate glutamate receptors (NMDAR)) leads to the influx of 

high-level calcium ions into cells and finally cell damage or death. This complication can occur after taking 

some of the plasminogen activators like tissue plasminogen activator and reteplase. The interaction of the 

kringle2 domain in such plasminogen activator with the amino-terminal domain (ATD) of the NR1 subunit of 

NMDAR finally leads to excitotoxicity. In this study, we assessed the interaction of two new chimeric 

reteplase, mutated in the kringle2 domain, with ATD and compared the interaction of wild-type reteplase with 

ATD, computationally. 

Experimental approach: Homology modeling, protein docking, molecular dynamic simulation, and 

molecular dynamics trajectory analysis were used for the assessment of this interaction.  

Findings/Results: The results of the free energy analysis between reteplase and ATD (wild                           

reteplase: -2127.516 ± 0.0, M1-chr: -1761.510 ± 0.0, M2-chr: -521.908 ± 0.0) showed lower interaction of this 

chimeric reteplase with ATD compared to the wild type. 

Conclusion and implications: The decreased interaction between two chimeric reteplase and ATD of NR1 

subunit in NMDAR which leads to lower neurotoxicity related to these drugs, can be the start of a way to 

conduct more tests and if the results confirm this feature, they can be considered potential drugs in acute 

ischemic stroke treatment.   
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INTRODUCTION 
 

Plasminogen activators (PAs) are a group of 

serine protease enzymes that can fibrin clot 

lyses by converting plasminogen to plasmin. 

Following the formation of vascular thrombi, 

the epithelial cells secret tissue plasminogen 

activators (tPA) that bind to fibrin and 

plasminogen as a tertiary complex. Then, tPA 

cleaves Arg/Val bond in the plasminogen and 

converts it to plasmin. Finally, with the 

fibrinolytic action of plasmin, the fibrin clot is 

degraded. PAs are utilized in several disorders 

such as pulmonary embolism, myocardial 

infarction, and acute ischemic stroke that are 

linked to clot formation (1). So far, three 

generations of PAs have been developed. The 

first generation (urokinase and streptokinase) 

lacks fibrin specificity (2), a weakness that 

increases the risk of hemorrhage and 

plasminemia (3).  
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Alteplase is a recombinant form of tPA that 

belongs to the second generation of PAs, a 

fibrin-specific medication. For the treatment of 

patients with pulmonary embolism, acute 

myocardial infarction, and acute ischemic 

stroke, the Food and Drug Administration 

(FDA) has approved alteplase (2). The finger 

domain, the epidermal growth factor, the 

kringle1 (K1) and kringle2 (K2) subunits and 

the protease domain are the five domains that 

constitute the alteplase. It has also three 

glycosylation sites. The finger domain and K2 

play roles in fibrin binding (4,5). However, 

alteplase demonstrates fibrin specificity as a 

favorite feature compared to the first generation 

of PAs, it has certain disadvantages, including 

a short half-life, the possibility of hemorrhage, 

also neurotoxicity such as excitotoxicity (6-8). 

Alteplase and every plasminogen activator with 

a K2 domain can cause excitotoxicity as a side 

effect (8,9). Alteplase binds to NR1 subunit 

from N-methyl-d-aspartate glutamate receptors 

(NMDAR) in brain parenchyma via the lysine 

binding site that includes aspartate 148 and 

tryptophan 253. Then, by cleaving the amino-

terminal domain (ATD) of this subunit, calcium 

influx to the neural cells increases which 

ultimately results in excitotoxic necrosis               

(Fig. 1). Despite this side effect, alteplase is still 

the only FDA-approved medication for the 

treatment of ischemic stroke (10). However, 

research continues to find more effective drugs. 

Reteplase, tenecteplase, and desmoteplase are 

examples of the third generation of PAs that 

were developed to improve favorable features, 

such as enhancing fibrin specificity and 

expanding half-life. Among these drugs, 

reteplase has no essential glycosylation site, so 

it can be produced in Escherichia coli as a             

cost-effective production approach (11). 

Reteplase is a truncated form of alteplase that 

only has K2 and serine protease domains, 

compared to alteplase, so it has a longer half-

life (11). Reteplase has been approved for acute 

myocardial infarction but not for acute 

ischaemic stroke (11). Since the greater fibrin 

specificity, is one of the main goals for 

designing novel drugs for acute ischemic stroke 

treatment (12), the lower fibrin specificity of 

reteplase compared to alteplase is a 

disadvantage that can hinder its success as a 

candidate in treating this disorder. Also, it can 

exhibit an excitotoxic effect in the presence of 

its K2 domain (1). Nevertheless, due to its 

desirable properties, including a prolonged 

half-life and cost-effective production 

procedure, reteplase can be improved with the 

aid of protein engineering to increase fibrin 

selectivity and reduce excitotoxicity. 

Previously, we designed new chimeric 

reteplases (M1-chr and M2-chr) with some 

desirable features such as enhanced fibrin 

affinity (13). These two chimeric reteplases are 

consisting of mutations in the lysine binding 

site of the K2 domain to decrease its interaction 

with the NR1 subunit. These mutations 

(D102N, D104N, and W119N for M1-chr and 

D102A, D104N, and W119N for M2-chr) 

decrease the drug's neurotoxicity without 

disrupting its fibrinolytic activity (14). 

Therefore, they can be potential candidate for 

acute ischemic stroke treatment. In this study, 

the interaction between these chimeric 

reteplases and the ATD of NR1 was assessed 

using a computational technique. Molecular 

dynamics (MD) simulation is a relevant 

computational tool in the biomolecules study 

because of its predictive potency and 

trustworthy analysis of the structure, functions, 

and dynamics of proteins (15,16). Furthermore, 

MD simulation is an accurate method in 

conception of the correlation between the 

proteins via the simulating of protein-protein 

interactions in the presence of water                            

and analysis of the features in this interaction 

(17-19). 

 

 
 

Fig. 1. The interaction between the kringle 2 domain of 

plasminogen activators such as reteplase with ATD of 

NR1 subunit in NMDAR leads to cleavage and 

increasing influx of Ca2+ and high levels of this ion in 

neurons. ATD, Amino-terminal domain; NMDAR, N-

methyl-d-aspartate glutamate receptors. 
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MATERIALS AND METHODS 

 

Homology modeling  

In order to obtain an exact assessment of the 

interaction between chimeric reteplase and wild 

reteplase with the ATD of NR1, the three-

dimensional structure of this domain in the site 

of interaction (20) was constructed by Modeller 

9.17 software. PDB ID 6MM9 was used as a 

template and among 1000 constructed PDB 

models using Modeller software, the model 

with the lowest discrete optimized protein 

energy (DOPE) value was considered the best 

model. This 3D structure was improved by MD 

modeling and prepared for protein docking. 

 

Protein docking 

Interaction between the ATD subunit with 

M1-chr, M2-chr, and wild reteplase was 

assessed by protein docking via the 

HADDOCK web server (21). The docking 

process in HADDOCK web tools is directed by 

ambiguous interaction restraints, which are 

obtained from the available experimental data 

on the residues involved in the intermolecular 

interaction (22). Given the site of interaction 

(20), for ATD residues 230-255, wild-reteplase 

residues 60-96, and chimeric reteplase residues 

98-134 were considered as active radiuses, 

whereas residues neighboring were used as 

passive residues in the docking procedure.  

 

MD simulation  

The structure of wild and chimeric reteplase 

was simulated in the previous study (13). In this 

study, the GROMACS (version 5.5.1) software 

package was used to simulate the 3D structure 

of ATD and its protein complex with reteplase. 

This simulation used the GROMOS96 43a1 

force field and a basic point charge model of 

water as the solvent using 3D periodic 

boundary conditions. A 10 Å distance between 

the box's borders and the protein's surface was 

taken into account in the triclinic solvation box. 

Depending on the overall charge of each 

protein, Cl ions are added to the system to 

neutralize it as much as necessary. The initial 

phase was utilizing the steepest descent 

algorithm to minimize energy use. The system 

was calibrated in the second phase using a 500 

ps MD simulation in the canonical (NVT) 

ensemble at 100 Kelvin (K) and a 2000 ps MD 

simulation in the isothermal-isobaric (NPT) 

ensemble at the same temperature. To have a 

better structure, NPT was achieved with a 

temperature coupling constant and pressure 

coupling constant of 0.1 and 1 ps, respectively. 

In this phase, the pressure was set using the 

Berendsen technique and the linear constraint 

solver algorithm was utilized to manage the 

bond lengths in interactions with the H atoms. 

In the production phase, 20 ns for ATD and               

50 ns for protein complexes, simulation was 

performed with a duration time of 0.001 ps in 

300 K temperature systems. The temperature 

was set at 300 using the Nose-Hoover 

thermostat and the pressure was maintained at 

1 bar using the Parrinello-Rahman pressure 

coupling method. The cutoff for electrostatic 

and van der Waals interactions was specified as 

12 Å. 

 

MD trajectory analysis 

To analyze docking complexes, the 

interaction between ATD and each reteplase 

was analyzed after simulation. These analyses 

are including root mean squared fluctuation 

(RMSF), root means squared deviation 

(RMSD), average solvent accessible surface 

area (SASA), the radius of gyration (Rg), the 

minimal distance between two proteins in each 

docking complex, number of contacts between 

residues of two proteins in each docking 

complex, the total number of intermolecular 

hydrogen bonds formed between two proteins 

(23-25). Also, The molecular mechanics 

Poisson-Boltzmann surface area (MMPBSA) 

method was used which has been broadly 

applied as an effective and trustworthy free 

energy simulation method for the assessment of 

molecular interactions like protein-ligand 

binding or protein-protein interactions (26). 

  

RESULTS 

 

Homology modeling 

Using the homology modeling, several 

models were presented by the Modeller 

software for ATD of the NR1 subunit, which 

was selected based on the lowest DOPE value, 

and this model was then optimized through MD 

simulation (Fig. 2). 
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Before the MD simulation of ATD     

structure, the assessment of this structure                     

with the PDBsum web server (http:// 

www.ebi.ac.uk/thornton-srv/databases/pdbsum 

/Generate.html), showed that 86.4% of residues 

are located in the most favored regions of 

Ramachandran plot which indicated a usual 

structure (Fig. 3) 

 

Molecular docking 

Three structures of reteplase (M1-chr, M2-

chr, and wild type) were docked with ATD by 

the HADDOCK web server. The docking 

procedure was performed in the site of the K2 

domain of reteplase and around arginine 260 of 

ATD (20). Docking results showed that the M1-

chr interacted better than the M2-chr and even 

the wild type, with ATD. But the interaction of 

M2-chr with ATD was weaker than the others 

(Table 1). 

Figure 4 illustrates the schematic of docked 

complexes and the amino acids involved in the 

interaction. In particular, the three amino acids 

asparagine 102, 104, and 119 of chimeric 

reteplase are found in the interaction between 

them and the ATD of the NR1 subunit. 

 

 

 

 

 
 

Fig. 2. The best model for the amino-terminal domain 

from the NR1 subunit was obtained through modeller and 

optimized by molecular dynamics simulation. 

 

 
Fig. 3. Ramachandran plot of amino-terminal domain 

structure. 

 

 

 

Table 1. The molecular docking results between ATD of the NR1 subunit of the NMDA receptor and reteplase (wild 

and mutants). 

 Wild reteplase-ATD M2-chr_ATD M1-chr_ATD 

HADDOCK score -61.6 ± 3.3 -36.0 ± 5.3 -78.8 ± 2.1 

Cluster size 268 113 47 

RMSD from the overall lowest-energy 

structure 

0.6 ± 0.4 0.5 ± 0.3 0.7 ± 0.4 

Van der Waals energy -95.3 ± 8.0 -97.7 ± 2.7 -101.4 ± 3.2 

Electrostatic energy -371.4 ± 60.6 -339.8 ± 34.5 -392.8 ± 44.7 

Desolvation energy 11.1 ± 9.0 33.8 ± 6.1 41.5 ± 11.7 

Restraints violation energy 969.0 ± 77.77 958.6 ± 23.30 595.8 ± 34.52 

Buried Surface Area 3423.6 ± 168.1 2691.8 ± 88.2 2855.5 ± 94.0 

Z-Score -1.7 -1.3  -1.7 

ATD, Amino-terminal domain; NMDAR, N-methyl-d-aspartate glutamate receptors; RMSD, root means squared deviation; M-chr, chimeric 

reteplases. 

 

http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
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Fig. 4. Schematic representation of docked complexes including (A) wild reteplase complex; (B) M1-chr; and (C)                    

M2-chr. The green structure represents reteplase and the purple structure represents the amino-terminal domain of the 

NR1 subunit of the N-methyl-d-aspartate glutamate receptors receptor, M-chr, chimeric reteplases.  

 

 

 
Fig. 5. RMSD plot analysis of wild-type and mutants of reteplase. (A) Wild-type form; (B) M1-chr; and (C) M2-chr. 

RMSD, root means squared deviation; M-chr, chimeric reteplases. 

 

 

 
Fig. 6. Backbone RMSF of wild-type reteplase and mutants. (A) wild-type form; (B) M1-chr; and (C) M2-chr. The score 

of RMSF related to critical residue in the interaction is marked on each graph. RMSF, Root mean squared fluctuation; M-

chr, chimeric reteplases. 

 

MD simulation 

MD simulation was performed for the 

accurate assessment of protein-protein 

interaction. All three complexes were examined 

for 50 ns. According to RMSD analysis, the 

complexes reached a stable status after 10 ns 

(Fig. 5).  

The mean values of RMSD for 20%                                 

of the final nanoseconds were 0.34 ± 0.01,                 

0.24 ± 0.02, and 0.43 ± 0.01 for wild-type,               

M1-chr, and M2-chr, respectively.  

When a simulation is equilibrated, the 

protein structure fluctuates around a stable 

average conformation. The computation of the 

fluctuations relative to the reference structure 

and the number of atoms showed residue 

flexibility as RMSF. Figure 6 showed the 

RMSF graph of reteplase for each of the 

complexes. The score of RMSF related to 

critical residue in the interaction is mentioned 

on each graph. The value of two residues in 

chimeric reteplase was higher compared to the 
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wild-type corresponding residues. Also, the Rg 

of all three does not show many changes over 

time, which indicates the compactness and 

relative stability of the proteins (Fig. 7). These 

parameters and other parameters for all three 

complexes are summarized in Table 2. 

 

MMPBSA analysis 

The interaction-free energies between two 

moieties of the complexes were evaluated by 

MMPBSA as an efficient method to determine 

structural stability and predict binding 

affinities. Table 3 shows different energies 

between wild type and both chimeric                   

reteplases and ATD of NR1 subunit also                   

their total binding energy. The result indicates 

that the total binding energy of wild reteplase 

and ATD (-2127.516 ± 0.0 kJ/mol)                             

was stronger than the binding of two                  

chimeric reteplases with this domain. However, 

the M2-chr_ATD complex showed lower 

binding energy than the M1-chr_ATD 

complex, indicating that M2-chr establishes 

weaker interaction with the NR1 subunit                     

and can be a better choice with lower 

neurotoxicity.  

 

 
Fig. 7. The Rg of (A) M1-chr_ATD complex; (B) M2-chr_ATD complex; and (C) wild reteplase_ATD complex. Rg, 

radius of gyration; M-chr, chimeric reteplases; ATD, Amino-terminal domain. 

 

 

 
Table 2. The average parameters of molecular dynamics analysis for wild-type, M1-chr_ATD complex and M2-chr_ATD 

complexes. 

Analysis Wild reteplase-ATD  M1-chr_ATD M2-chr_ATD  

RMSD reteplase (nm) 0.34 ± 0.01 0.24 ± 0.02 0.43 ± 0.01 

RMSD NR1 subunit (nm)    

RMSF reteplase (nm)    

RMSF NR1 subunit (nm)    

The sum of electrostatic and van der Waals energy 

between reteplase and NR1 (KJ/mol) 
-1784.68 -1513.25 -771.83 

The minimum distance between reteplase and NR1 0.16 ± 0.0 0.16 ± 0.0 0.14 ± 0.0 

Number of contacts between reteplase and NR1 568 ± 32 446 ± 15 462 ± 15 

Number of hydrogen bonds between reteplase and 

NR1 

26 ± 3 18 ± 3 19 ± 3 

hydrogen bonds between complex protein and solvent 1195 ± 23 1309 ± 23 1244 ± 23 

RMSD, root means squared deviation; M-chr, chimeric reteplases; ATD, Amino-terminal domain. 

 

 

 

Table 3. The calculated free energies of binding (kJ/mol) of the reteplase and NR1 subunit of the N-methyl-d-aspartate 

glutamate receptor using molecular mechanics Poisson-Boltzmann surface area. 

Analysis Wild reteplase-ATD  M1-chr_ATD M2-chr_ATD 

Van der Waal energy (kJ/mol)  -1084.37 -776.40 -546.90 

Electrostatic energy (kJ/mol) -2867.25 -2607.08 -626.83 

Polar solvation energy (kJ/mol) 1930.16 1693.30 704.83 

Solvent accessible surface area energy 

(kJ/mol) 

-106.05 -71.33  -52.99 

Binding energy -2127.51 -1761.51 -521.90 

M-chr, Chimeric reteplases 
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DISCUSSION 

 

Despite the fibrinolytic effect, tPA displays 

life-threatening activity in the brain, such as 

excitotoxicity, that can diminish the overall 

advantage from thrombolysis during the stroke. 

Regarding the complications related to tPA, the 

next generations of this drug were designed to 

improve as much as possible. One of them is 

that reteplase has a prolonged half-life than 

tPA. Because of the K2 domain involved in the 

interaction of these proteins with NMDAR and 

the indication of an excitotoxic effect (27), 

reteplase can have such an effect on the brain. 

Previously we designed two new chimeric 

reteplase (M1-chr and M2-chr) with enhanced 

fibrin affinity which can be potential drugs for 

ischemic stroke with some other desirable 

properties in particularly decreased 

neurotoxicity. These chimeric reteplase consist 

of three mutations in the K2 domain which 

disrupts their interaction with the NR1 subunit. 

In this study, we examined the interaction of 

these two chimeric reteplase with ATD of NR1 

subunit in silico. The 3D structure of ATD was 

constructed at the site of interaction according 

to the sequence reported by Fernández-Monreal 

and co-workers (20). The interaction was 

assessed with the HADDOCK web server. This 

docking result showed weaker interaction 

(greater HADDOCK score) between M2-chr 

and ATD compared to M1-chr and wild type (-

36 ± 5.3 compared to -78.8 ± 2.1 and -61 ± 3.3, 

respectively), but the wild type score was 

greater than M1-Chr. For a more accurate 

assessment of these interactions, an MD 

simulation analysis was performed. According 

to the various analysis with MD, both mutants 

showed weaker interaction with ATD 

compared to wild type. However, M2-Chr 

showed the weakest interaction with 

ATDPreviously, some methods were conducted 

to reduce the neurotoxicity caused by the use of 

tPA (as an ischemic stroke drug). Macrez and 

coworkers used polyclonal immunoglobulins 

against the aminoterminal domain of the 

NMDAR NR1 subunit (termed αATD-NR1) in 

mice. They demonstrate that this 

immunotherapy leads to decreasing excitotoxic 

damage, BBB leakage, and related brain injury 

and neurological debits (28). Parcq et al., 

designed some mutated tPA in the kringle2 

domain to interfere in tPA interaction with the 

NR1 subunit they reported these mutants to 

show fibrinolytic activities similar to that of 

wild-type tPA without promoting NMDAR-

mediated neurotoxicity (14). A non-neurotoxic 

tPA variant was also designed by Goulay and 

his coworker. This mutant was named OptPA 

and contained two single-point mutations, a 

substitution R275S to prevent the processing of 

tPA by plasmin (sc-tPA to tc-tPA), and a 

second substitution (W253R) in the K2 domain 

to prevent its interaction with NMDA receptor. 

Their results showed that this mutant prevent 

excitotoxicity and also improved 

neurobehavioral effects in intracerebral 

hemorrhage pig models (14). In another study, 

it was reported that applying an NMDAR 

antagonist which is much more selective to the 

NR2D unit, can rectify tPA-enhanced 

excitotoxicity in a thrombotic stroke model in 

mice, effectively. Administration of UBP145 

prevented the deleterious effect of late 

thrombolysis by tPA (29). Our result also 

showed weaker interaction between chimeric 

reteplase and ATD of NR1 subunit compared to 

wild reteplase. RMSF value which is indicating 

residue fluctuation can show variability in the 

residues involved to the interaction. High value 

in RMSF indicates that such amino acids do not 

create strong interactions with the receptor (30). 

In our study we performed mutation in residues 

in lysine binding site of K2 domain which are 

involved to the interaction with ATD (D102N, 

D104N, W119N for M1-chr and D102A, 

D104N, W119N for M2-chr). The results of 

RMSF showed an increase in value of two 

residues in chimeric reteplase compared to wild 

type corresponding residues (Fig. 2). Since the 

mutations are designed to disrupt the interaction 

between the chimeric ratplases and the receptor, 

this can be an expected result. Decreasing in the 

number of hydrogen bonds between reteplase 

and ATD in the case of two chimeric reteplase 

compared to wild type (18 ± 3 in M1-chr,                

19 ± 3 in M2-chr and 26 ± 3 in wild type 

reteplase) and the number of contacts (446 ± 15 

in M1-chr, 462 ± 15 in M2-chr and 568 ± 34 in 

wild type reteplase) can also indicate less 

interaction between two chimeric reteplase and 

ATD of NR1 subunit. Finally, more positive 
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binding energy for chimeric reteplase and ATD 

calculated in MMPBSA analysis confirmed 

weaker interaction between them compared to 

wild type reteplase (-1761.510 ± 0.0 for                     

M1-chr, -521.908 ± 0.0 for M2-chr                              

and -2127.516 ± 0.0 for wild type reteplase).  

In a previous study, we showed the enhanced 

fibrin affinity of these mutants compared to 

wild reteplase (13). According to the advantage 

of reteplase compared to tPA for example 

prolonged half-life and the possibility of 

affordable production in bacteria, these mutants 

are designed to be a potentiate drug for 

ischemic stroke. The present study showed 

these mutants can be considered safe 

fibrinolytic drugs in terms of neurotoxicity and 

considered potential alternatives to tPA in 

ischemic stroke treatment. However, an 

experimental study is suggested to prove this 

claim. 

 

CONCLUSION 

 

In this study, we assessed the interaction of 

two new chimeric reteplase with NMDA 

receptors. These mutants have been designed to 

have lower interaction with the receptor leading 

to lower excitotoxicity. Results showed such 

decreased interaction between mutated 

reteplase and NMDA receptor compared to 

wild type. The experimental assessment also 

proposed verification of this feature and 

considering these chimeric reteplases a 

potential cost-effective drug in the treatment of 

ischemic stroke.  

 

Acknowledgments 

This study was financially supported by the 

Pharmaceutical Sciences Research Center, 

Isfahan University of Medical Sciences, 

Isfahan, Iran through Grant No. 240067. 

 

Conflict of interest statement 

The authors declared no conflict of interest 

in this study. 

 

Authors’ contributions 

P. Mohammadipour wrote the article; K. 

Mahnam conducted scientific guidance and 

revised the manuscript; M. Taherzadeh 

contributed to article writing and editing; Sh. 

Ahangarzadeh contributed to article writing and 

editing; A. Alibakshi contributed to MD 

simulation analysis and visualization of results; 

E. Mohammadi conceptualized the project and 

performed MD simulation and analysis. The 

finalized article was approved by all authors.  
 

REFERENCES 

 
1. Novakovic R, Toth G, Purdy PD. Review of current 

and emerging therapies in acute ischemic stroke. J 

Neurointerv Surg. 2009;1(1):13-26.  

DOI: 10.1136/jnis.2009.000117. 

2. Adivitiya, Khasa YP. The evolution of recombinant 

thrombolytics: current status and future directions. 

Bioengineered. 2017;8(4):331-358.  

DOI: 10.1080/21655979.2016.1229718. 

3. Prasad K, Singh P, Kanabar K, Vijayvergiya R. 

Pulmonary haemorrhage following thrombolysis with 

streptokinase in myocardial infarction. BMJ Case 

Reports. 2020;13(1):e232308,1-3. 

DOI: 10.1136/bcr-2019-232308. 

4. He Z, Jiang L, Zhang T, Zhou M, Wu D, Yuan T, et 

al. Efficient increase of the novel recombinant human 

plasminogen activator expression level and stability 

through the use of homozygote transgenic rabbits. Int 

J Mol Med. 2018;42(4):2269-2275. 

DOI: 10.3892/ijmm.2018.3754. 

5. Gebbink MFBG. Tissue‐type plasminogen activator‐
mediated plasminogen activation and contact 

activation, implications in and beyond haemostasis. J 

Thromb Haemost. 2011;9:174-181.  

DOI: 10.1111/j.1538-7836.2011.04278.x. 

6. Nordt TK, Bode C. Thrombolysis: newer 

thrombolytic agents and their role in clinical 

medicine. Heart. 2003;89(11):1358-1362. 

DOI: 10.1136/heart.89.11.1358. 

7. Mican J, Toul M, Bednar D, Damborsky J. Structural 

biology and protein engineering of thrombolytics. 

Comput Struct Biotechnol J. 2019;17:917-938.  

DOI: 10.1016/j.csbj.2019.06.023. 

8. Lopez-Atalaya JP, Roussel BD, Levrat D, Parcq J, 

Nicole O, Hommet Y, et al. Toward safer 

thrombolytic agents in stroke: molecular 

requirements for NMDA receptor-mediated 

neurotoxicity. J Cereb Blood Flow Metab. 

2008;28(6):1212-1221.  

DOI: 10.1038/jcbfm.2008.14. 

9. Benchenane K, Castel H, Boulouard M, Bluthé R, 

Fernandez-Monreal M, Roussel BD, et al. Anti-NR1 

N-terminal-domain vaccination unmasks the crucial 

action of tPA on NMDA-receptor-mediated toxicity 

and spatial memory. J Cell Sci. 2007;120(Pt 4):              

578-585.  

DOI: 10.1242/jcs.03354. 

10. Kadir RRA, Bayraktutan U. Urokinase plasminogen 

activator: a potential thrombolytic agent for 

ischaemic stroke. Cell Mol Neurobiol. 

2020;40(3):347-355.  

DOI: 10.1007/s10571-019-00737-w. 



Mohammadi pour et al. / RPS 2023; 18(4): 404-412 

 

412 

11. Mohammadi E, Seyedhosseini-Ghaheh H, Mahnam 

K, Jahanian-Najafabadi A, Mir Mohammad Sadeghi 

H. Reteplase: structure, function, and production. 

Adv Biomed Res. 2019;8:19,1-6.  

DOI: 10.4103/abr.abr_169_18. 

12. Dillon GM, Stevens S, Dusenbury WL, Massaro L, 

Toy F, Purdon B. Choosing the correct “-ase” in acute 

ischemic stroke: alteplase, tenecteplase, and 

reteplase. Adv Emerg Nurs J. 2019;41(3):271-278. 

DOI: 10.1097/TME.0000000000000254. 

13. Mohammadi E, Mahnam K, Jahanian-Najafabadi A, 

Mir Mohmmad Sadeghi H. Design and production of 

new chimeric reteplase with enhanced fibrin affinity: 

a theoretical and experimental study. J Biomol Struct 

Dyn. 2021;39(4):1321-1333.  

DOI: 10.1080/07391102.2020.1729865. 

14. Parcq J, Bertrand T, Baron A, Hommet Y, Anglès‐
Cano E, Vivien D. Molecular requirements for safer 

generation of thrombolytics by bioengineering the 

tissue‐type plasminogen activator A chain. J Thromb 

Haemost. 2013;11(3):539-546. 

DOI: 10.1111/jth.12128. 

15. Lazim R, Suh D, Choi S. Advances in molecular 

dynamics simulations and enhanced sampling 

methods for the study of protein systems. Int J Mol 

Sci. 2020;21(17):6339,1-20.  

DOI: 10.3390/ijms21176339. 

16. Huggins DJ, Biggin PC, Dämgen MA, Essex JW, 

Harris SA, Henchman RH, et al. Biomolecular 

simulations: from dynamics and mechanisms to 

computational assays of biological activity. WIREs 

Comput Mol Sci. 2019;9(3):e1393,1-23.  

DOI: 10.1002/wcms.1393. 

17. Chong WL, Chupradit K, Chin SP, Khoo MM, Khor 

SM, Tayapiwatana C, et al. Protein-protein 

interactions: insight from molecular dynamics 

simulations and nanoparticle tracking analysis. 

Molecules. 2021;26(18):5696,1-13.  

DOI: 10.3390/molecules26185696. 

18. Gao Q, Ming D. Protein-protein interactions enhance 

the thermal resilience of SpyRing-cyclized enzymes: 

A molecular dynamic simulation study. PloS One. 

2022;17(2):e0263792,1-16.  

DOI: 10.1371/journal.pone.0263792. 

19. Celik I, Yadav R, Duzgun Z, Albogami S, El-

Shehawi AM, Idroes R, et al. Interactions of the 

receptor binding domain of SARS-CoV-2 variants 

with hACE2: insights from molecular docking 

analysis and molecular dynamic simulation. Biology 

(Basel). 2021;10(9):880,1-20.  

DOI: 10.3390/biology10090880. 

20. Fernández-Monreal M, López-Atalaya JP, 

Benchenane K, Cacquevel M, Dulin F, Le Caer JP, et 

al. Arginine 260 of the amino-terminal domain of 

NR1 subunit is critical for tissue-type plasminogen 

activator-mediated enhancement of N-methyl-D-

aspartate receptor signaling. J Biol Chem. 

2004;279(49):50850-50846.  

DOI: 10.1074/jbc.M407069200. 

21. Dominguez C, Boelens R, Bonvin AMJJ. 

HADDOCK: a protein-protein docking approach 

based on biochemical or biophysical information. J 

Am Chem Soc. 2003;125(7):1731-1737.  

DOI: 10.1021/ja026939x. 

22. Balu K, Rajendran V, Sethumadhavan R, Purohit R. 

Investigation of binding phenomenon of NSP3 and 

p130Cas mutants and their effect on cell signalling. 

Cell Biochem Biophys. 2013;67(2):623-633.  

DOI: 10.1007/s12013-013-9551-6. 

23. Banisharif-Dehkordi F, Mobini-Dehkordi M, 

Shakhsi-Niaei M, Mahnam K. Design and molecular 

dynamic simulation of a new double-epitope 

tolerogenic protein as a potential vaccine for                         

multiple sclerosis disease. Res Pharm Sci. 

2019;14(1):20-26.  

DOI: 10.4103/1735-5362.251849. 

24. Nemaysh V, Luthra PM. Computational analysis 

revealing that K634 and T681 mutations modulate the 

3D-structure of PDGFR-β and lead to sunitinib 

resistance. RSC Adv. 2017;7(60):37612-3726.  

DOI: 10.1039/c7ra01305a. 

25. Nasab RR, Mansourian M, Hassanzadeh F, Shahlaei 

M. Exploring the interaction between epidermal 

growth factor receptor tyrosine kinase and some of 

the synthesized inhibitors using combination of in-

silico and in-vitro cytotoxicity methods. Res Pharm 

Sci. 2018;13(6):509-522.  

DOI: 10.4103/1735-5362.245963. 

26. Wang C, Greene DA, Xiao L, Qi R, Luo R. Recent 

developments and applications of the MMPBSA 

method. Front Mol Biosci. 2018;4:87,1-18.  

DOI: 10.3389/fmolb.2017.00087. 

27. Vivien D, Gauberti M, Montagne A, Defer G, Touzé 

E. Impact of tissue plasminogen activator on the 

neurovascular unit: from clinical data to experimental 

evidence. J Cereb Blood Flow Metab. 

2011;31(11):2119-2134.  

DOI: 10.1038/jcbfm.2011.127. 

28. Macrez R, Obiang P, Gauberti M, Roussel B, Baron 

A, Parcq J, et al. Antibodies preventing the interaction 

of tissue-type plasminogen activator with N-methyl-

D-aspartate receptors reduce stroke damages and 

extend the therapeutic window of thrombolysis. 

Stroke. 2011;42(8):2315-2322.  

DOI: 10.1161/STROKEAHA.110.606293. 

29. Jullienne A, Montagne A, Orset C, Lesept F, Jane DE, 

Monaghan DT, et al. Selective inhibition of GluN2D-

containing N-methyl-D-aspartate receptors prevents 

tissue plasminogen activator-promoted neurotoxicity 

both in vitro and in vivo. Mol Neurodegener. 

2011;6:68,1-11.  

DOI: 10.1186/1750-1326-6-68. 

30. De Vita S, Chini MG, Bifulco G, Lauro G. Insights 

into the ligand binding to bromodomain-containing 

protein 9 (BRD9): a guide to the selection of potential 

binders by computational methods. Molecules. 

2021;26(23):7192,1-27.  

DOI: 10.3390/molecules26237192.

 


