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 RESEARCH PAPER 

Breast cancer is one of the most cancers worldwide. It is associated with many 

problems due to the structural heterogeneity of the treatment process. Many patients 

with breast cancer (HER2) are positive. Current cancer treatment methods are not 

very effective in reducing mortality. However, immunotherapy is less effective in 

treating cancer and damages the body. An anti-cancer immunotoxin molecule that 

contais an immune component, which is an antibody or a binding component of an 

antibody, and the other part is a toxin, which is a lethal compound. The anti-HER2 

receptor trastuzumab is derived from a single-stranded variable fragment (scFv) that 

binds to part of a scorpion toxin called neurotoxin Bmk. We investigated the 

physicochemical properties, secondary structure, and solubility of the chimeric 

protein using ProtParam and GORIV, PORCalc, PepCalc, and protein-sol, 

respectively. The structure and solubility of the model were evaluated using 

PROCHECK, protein-sol, and PepCalc. ALLERTOP server was used to predict 

sensitivity, and mRNA stability was assessed using RNAfold. Finally, docking of 

immunotoxin and HER2 was performed using ClusPro server. The results showed 

that the chimeric protein is a protein with a stable secondary structure in solution 

and a three-dimensional structure, which also has a stable mRNA and can bind to 

HER2. The results showed a stable and soluble protein with the desired binding 

ability to HER2, which made it a suitable immunotoxin candidate for the treatment 

of breast cancer whose safety needs to be evaluated in clinical phases. 

 Breast cancer is one of the most 

cancers worldwide. 

 New methods of cancer treatment 

with the help of modern technologies 

in the field of software are expanding 

today.  

 Immunotoxins based on new toxins 

is one of the new and effective 

methods in the treatment process of 

many common cancers in the world. 

 Nowadays, drug design with the 

help of software is very efficient in 

reducing the cost and time in the field 

of producing new drugs. 
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Introduction 

Breast cancer is one of the most common cancers known worldwide. Due to structural heterogeneity, the 

treatment process is associated with many problems (1). Therefore, modern methods of cancer treatment such 

as surgery, radiation therapy and chemotherapy are not effective enough in reducing mortality. Evidence shows 

that 25-30% of cases of human HER2 breast cancer are positive (2). HER2 or ERBB2 belongs to a group of 

proteins involved in signal transduction pathways and is a member of the human epidermal growth factor 

receptor family with intracellular domains and tyrosine kinase activity. These receptors are associated with 

morphogenesis, the natural regulation of cell growth, and cell differentiation (3). The significant role of HER2 in 

the development of cancer and its biological properties such as increased recurrence of malignancy, high risk of 

metastasis, resistance to conventional chemotherapy, has made it a very attractive target for cancer treatment 

(4). HER2 monoclonal antibody (mAb), (Herceptin) significantly improved the outcomes of HER2-positive 

cancers. But the development of resistance in cancer patients has limited the ability to use these agents (5). 

Hence, there is a need for new and advanced therapies to target HER2.  

Immunotoxins (IT) are a group of targeted therapies composed of two functional proteins, mAb and toxin, 

which are covalently linked together. The toxin component in immunotoxins was obtained through various 

sources, including plant or bacterial derivatives and the venom of various organisms (6). In recent years, 

researchers have made great efforts to engineer living bacterial cells to target tumors and induce cell death in 

tumors (7). Many researchers today have also found that some scorpions, such as Buthus martensii Karsch 

(BmK), known as the Chinese red scorpion, belong to the Buthidea family and have many medical uses, 

including in the field of cancer (5, 6). The medical use of the BmK scorpion dates back to the Song Dynasty of 

China. To date, several active molecules have been isolated and identified from the scorpion venom as anti-

epileptic, analgesic, anti-rheumatic and anti-cancer (7, 8).  

Therefore, the toxic compounds in scorpion venom also have the potential to participate in the production of 

immunotoxins. Binding, a toxin to mAb and following HER2 dimerization, tyrosine residual phosphorylation 

leads to the onset of various intracellular signaling cascades such as PI3K/AKT and ERK/MAPK (aka 

Ras/Raf/MEK /ERK) pathways that proliferate with cell proliferation. Apoptosis is associated with initiating cell 

death, either by entering the cytosol and catalytically inactivating cell stem processes or by altering the 

membrane properties of tumor cells, allowing cells whose antigens are detected by mAbs to be selected (9, 10). 

Bioinformatics is a branch of science that uses various methods to solve biological problems, especially at the 

molecular level (11). In bioinformatics studies, related methods for DNA/protein sequence analysis and 

secondary prediction and tertiary structures of protein molecules, protein-protein interactions, etc. on these two 

chimeric proteins are studied and used (12). 

In the present study, bioinformatics-based Insilico strategies for designing chimeric structures consisting of 

scFv and part of the venomous neurotoxin toxin derived from Buthus scorpion (Bmk) that binds to HER2-

specific scFv via a flexible binder. HER2-positive breast cancer cells were used to target. Once a 3D model has 

been developed for this chimeric protein, its structure, stability, solubility, and binding to HER2 will be 

predicted and then evaluated using in silico methods. 

 

Materials and Methods 

Sequence analysis and chimeric structure design 

Neurotoxin BmK and trastuzumab scFv amino acid sequences, including VL and VH sequence levels, were 

obtained from the NCBI database with access number(UniProt: G4V3T9.1) and the protein database (PDB ID: 

1n8z), respectively. First, the VL and VH of Herceptin were ligated by the KKKKSKKKKSKSKKKKS binder to 

form scFv. Subsequently, the GGSGG sequence was selected as the optimal linker between BmK and scFv. In 

this construct, a Furin protein identification site with RGRR amino acid sequence between GGSGG linker and 

BmK neurotoxin fragment was also designed (Figure 1). 
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Figure 1. GORV web server results. 

 

Predicting secondary structure 

After scFv formation, using the GORV server, the secondary structure of scFv after binding to the BmK 

neurotoxin was analyzed via a short circuit, and finally, the percentage of secondary structures in the final 

structure was calculated. Physicochemical properties and predictability of solubility Various physicochemical 

properties of immunotoxins, including molecular weight, theoretical isoelectric point (pI), net charge, instability 

index, aliphatic index and large hydropathic mean (GRAVY) were analyzed using the ProtParam web server. 

Online protein-sol and pepCalc software were used to predict the solubility of the immunotoxin, which uses 

experimental data to assess the accuracy of the prediction and solubility. 

 

Predicting, refining and validating the third structure 

I-TASSER was used to investigate three-dimensional models for the chimer structure. This hybrid operating 

system was used to analyze protein structure and predict performance. Then PROCHECK servers were used to 

validate 3D models. The PROCHECK server, which evaluates the stereochemical properties of the protein 

structure, showed the number of residues in the desired and desirable regions and the quality of the 3D model 

before and after modification. Also, ALLERTOP is a bioinformatics tool used to predict the potential 

allergenicity of the chimeric structure. 

 

Predicting mRNA stability 

Foldweb server RNA was used to predict the RNA structure of the chimeric protein concerning the lowest 

energy content. 

 

Docking immunotoxin and HER2 

Docking between chimeric protein and HER2 receptor was performed using a ClusPro server. This server 

can estimate protein-ligand binding. HER2 and the three-dimensional structure of the scFv + Bmk chimeric 

protein were sent to the ClusPro server as receptors and ligands in the form of PDB. Default parameters were 

used to perform the calculations. 

 

Results 

Results of secondary structure prediction 

The GORV web server results showed that the connection of VL and VH through the flexible linker and 

constituent scFv does not change their secondary structure. In addition, the secondary structure of scFv does 

not change with the binding of Bmk and scFv via short linkers and the formation of scFv + Bmk. The secondary 

structure of the chimeric protein contains 9.81% alpha-helix, 34.18% extended strand, and 56.01% random screw 

(Figure 1). 
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Results of physicochemical properties and predictability of solubility 

Physicochemical properties and solubility of chimeric protein sequences were observed using ProtParam 

and protein-sol, respectively. According to ProtParam results, molecular weight, theoretical pI and net charge 

were 34668.95, 9.17, and +14, respectively. The aliphatic and gravitational indices of Chimer protein were 58.32 

and -0.559, respectively. scFv + Bmk was identified as a stable protein (instability index=36.58, the index below 

40 means protein stability), and based on the prediction of solubility based on protein-sol server and pepCalc 

chimeric protein, it was shown that is a soluble protein (0.536=protein-sol solubility score) because a 

combination with a score above 0.45 is considered soluble protein on this server. 

 

Results of forecasting, refining and validating the third structure 

Five three-dimensional models of chimeric protein were made by I-TASSER and SWISSMODEL servers and 

the model with the highest reliability score (-1.94) (c- score) was selected. C scores were between -2.64 and -1.94. 

A higher value of the score indicates a safer model and vice versa. Among the five models obtained from the I-

TASSER server, the model with the highest desirable area (64.4%) and it’s allowable (26.2%) in total (90.8%) and 

(c-Score=-1.94) in the Ramachandran design were selected. Improved by 3Drefine server and changed its high 

(70.4%) and permissible (20.6%) total area (91%). And SWISSMODEL model with the desired allowable area 

above (97.5%) in the Ramachandran design and the optimal Z score (z-Score=-7.55) from ProSa-web was 

selected. The quality of the models was evaluated by PROCHECK and ProSa-web servers after modification. 

Through the Ramachandran diagram, the selected model obtained from PROCHECK, this model was 

determined in terms of the location of residues in its structure. Also, through the diagram obtained from ProSa-

web, the selected model was determined in terms of position among natural patterns in the NMR range (Figure 

2). 

 

      

(A)                                                                       (B) 

      

(C)                                                                       (D) 
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(E)                                                                       (F) 

Figure 2. Figures A and B, respectively, the model image obtained from SWISSMODE and I-TASSER, and figure 

C and D, respectively, related to the selected models obtained from I-TASSER and SWISSMODE, respectively, 

in terms of the location of ProSa-web in the NMR approved area. Figures F and E are the evaluation of the 

correct position of the amino acids of the models obtained from I-TASSER and SWISSMODEL servers, 

respectively, by the Ramachandran diagram obtained from PROCHECK software. 

 

Allergy prediction results 

To assess allergy, ALLERTOP server is a bioinformatics tool that was used to predict the potential 

allergenicity of the chimeric structure. The method is based on auto cross covariance (ACC) transformation of 

protein sequences into uniform equal-length vectors. ACC is a protein sequence mining method developed by 

Wold et al. (Anal. Chim. Acta 1993; 277: 239-253). It has been applied to quantitative structure-activity 

relationships (QSAR) studies of peptides with different lengths. The principal properties of the amino acids 

were represented by five E descriptors. They describe amino acid hydrophobicity, molecular size, helix-forming 

propensity, relative abundance of amino acids, and β-strand forming propensity. The proteins are classified by 

k-nearest neighbor algorithm (kNN,k=1) based on training set containing 2427 known allergens from different 

species and 2427 non-allergens. 

 

Docking results  

From the results of docking ten three-dimensional models of HER2 receptor and Bkm scFv + chimeric 

protein were generated by ClusPro server. The immunotoxin protein binded to the HER2 receptor with high 

affinity and specificity to the HER2 receptor. One of the best illustrated models for this connection with the 

amount of energy -1057.7, which is shown compared to other models displayed by Pymol software (Figure 3). 

 

 
Figure 3. Image of Bkm scFv + docking with HER2 receiver by ClusPro server provided by PYMOL software. 
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Discussion 

Breast cancer is one of the most common cancers known worldwide. Due to the structural heterogeneity of 

the treatment process, it is associated with many problems. Evidence shows that 25-30% of human HER2 breast 

cancer cases are positive. This type of cancer is known as the most common malignancy in different races and 

ages and is the second leading cause of cancer death (13). Numerous studies and observations have shown that 

conventional breast cancer treatments such as surgery, radiation and chemotherapy have not reduced mortality 

(14). Among the various types of breast cancer, HER2-positive patients have been found to have a worse 

prognosis and shorter survival. On the other hand, resistance to chemotherapy is a significant barrier to cancer 

treatment (15, 16). HER2 has been an attractive target for chemotherapy. Different groups have identified 

unique sequences that are high affinity for the HER2 receptor, and using modified variants of these sequences 

that bind to a cytolytic peptide, we have successfully killed cells (17, 18). We have obtained specific HER2-

positive cancers. Therefore, HER2 is a receptor with overexpression on the surface of breast cancer cells that is 

selected for targeted treatment, which as a result of this type of treatment and over the years, the survival of 

HER2 positive patients has increased (19, 20). The first human anti-HER2 monoclonal antibody is trastuzumab 

(Herceptin). Only 20% of patients with overexpression of HER2 respond to trastuzumab, according to research. 

Although it improves the condition of HER2-positive patients and reduces metastasis, there is considerable 

evidence of trastuzumab resistance (21, 22).  

Nowadays, immunotoxin treatment has received a lot of attention due to its specificity and effectiveness on 

cancer cells. Immunotoxins acquire their toxicity through a protein toxin attached to a portion of specific 

antibodies, such as monoclonal antibodies (23, 24). Studies have shown that in recent years, several different 

research groups have observed the anti-cancer effects of raw scorpion venom BmK in vitro or in vivo. Parts of 

BmK toxin extract cause apoptosis of malignant glioma U251-MG cells in vitro, especially at a dose of 10 mg/ml 

(25, 26). Another study by Gao et al., (27) showed that BmK toxin can also inhibit the growth of Jurkat and Raji 

human lymphoma cells by inhibiting cell cycle and causing apoptosis. It is also suspected that compounds 

isolated from BmK scorpion venom have anti-cancer potential (28). One of them is a serine-like proteinase 

called BmK-CBP, which can bind dose-dependently to human breast cancer cells MCF-7.31. Another, BmHYA1, 

a homogeneous hyaluronidase from the BmK scorpion, showed that CD44 expression modulates a cell surface 

marker in the MDA-MB-231 breast cancer cell line (29, 30). The poison of Buthus martensii Karsch and its 

extracts have been used for many decades in Asia and some parts of the world to treat cancer and pain. 

Scorpion, analgesic peptide Buthus martensii Karsch, BmK AGAP belongs to a group of long-chain scorpion 

peptides and has a molecular mass of 7142 Da with 66 amino acid residues (31-33). BmK AGAP has been 

reported to have both analgesic and antitumor effects. Today, bioinformatics is changing biology and medicine 

(34, 35).  

In the present study, we used insilico methods to design a specific chimer (immunotoxin), including 

trastuzumab-derived HER2-specific scFv and a functional part of the neurotoxin toxin in scorpion venom 

(Bmk), for the treatment of breast cancer patients. This immunotoxin design was similar to the 2017 study by 

Sokolova et al. (32). They used the scFv fragment of HER2-specific monoclonal antibody "trastuzumab" and 

PE40, which is part of Pseudomonas a (PE) oxidotoxin, to make a toxic chimera. These chimeric proteins were 

effective immunotoxins against HER2-positive breast cancer cells in vitro and in vivo. The results of their work 

confirmed the potent anti-cancer potential of scFv-PE40. In this study, we first generated a scFv using 

trastuzumab VL and VH and ligated these small antibody fragments via a short peptide linker. In fact, the 

reason for using scFv was its superior properties, including low molecular weight, less antigen, higher binding 

and greater specificity compared to antibodies (36).  

In fact, VL and VH are joined together by a flexible binder KKKKSKKKKSKSKKKKS to form scFv. The 

length and composition of the peptide-binding amino acids are important in maintaining the structure and 

stability of scFv (37). In order to produce an effective anti-cancer immunotoxin, scFv was attached to the Bmk 

neurotoxin, which is a subunit of the toxin obtained from the venom of buchus scorpions (38). In order to 
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establish the association between scFv and Bmk, the hydrophobic amino acid GGSGG was selected as the 

optimal flexible binder. Zhang et al. (36) developed two immunotoxins based on trastuzumab scFv and the 

cytotoxic drug DM1 called T-SA1-HAS-DM1 and TSA2-HAS-DM1. T-SA1-HAS-DM1 showed potential 

antitumor activity and was used in xenograft models. Our immunotoxin design was almost identical to T-SA1-

HSA. T-SA1-HAS consisted of VL and VH of trastuzumab, which are linked together by the 

GGGGSGGGGSGGGGS linker. In addition, the linker between scFv and HSA was the GGSGG sequence (38). 

Recently, Goleij and colleagues developed an immunotoxin containing scFv, the VL and VH of which were 

linked together by the GGGGSGGGGSGGGGS linker. Their results showed that this scFv is stable and can bind 

effectively to HER2 (39). Consistent with this study, our scFv was also stable and showed a favorable binding of 

immunotoxin and HER2. The efficacy of the immunotoxin depends on successful endocytosis, which is based 

on scFv and receptor interaction and immunotoxin binding to the receptor (40). The immunotoxin-HER2 

complex is mediated by endocrine-mediated endocytosis. After internalization, the assemblage can be arranged 

in primary endosomes or in multicellular bodies. Finally, HER2 is recycled in the membrane and the 

immunotoxin can go to Golgi (41). Toxic degradation is initiated by the Golgi system of proteins; it then travels 

to the endoplasmic reticulum (ER) and eventually to the nucleus, causing DNA damage. In line with this 

pathway and the fact that furine acts as a protease for protein breakdown in the Golgi complex, a protein 

protein identification site (RGRR amino acid sequence) was placed between the GGSGG binder and HSA. It is 

predicted that when the scFv + Bmk chimeric protein enters the Golgi, the furin detects this site and breaks the 

peptide linker, leading to the separation of scFv and Bmk, and that the separation of Bmk can reach the nucleus 

alone.Weldon et al. Immunotoxins based on Pseudomonas exotoxin A, which contain furin cleavage sites. The 

results of their study showed that the site of furin degradation is essential for the activation of toxin in the Golgi 

apparatus and after removal of scFv, the toxin can be released into the cytoplasm (42).  

According to the results of this study, in our immunotoxin, when scFv is broken down by the furin protein 

in Golgi, the toxin can be transported to the ER and then to the nucleus. In the present study, the GORV web 

server was used to predict the scFv and scFv + Bmk secondary structures. This server estimates the possible 

secondary structures of proteins by predicting the effect of amino acids on the condition and structure of 

adjacent amino acids. Comparison between scFv secondary structures and fusion proteins showed no change in 

their secondary structures when Bmk was attached to scFv via short linkers. Based on the analysis of 

physicochemical properties, the fusion protein instability index was 36.58, which indicates that the scFv + Bmk 

protein is stable and its high aliphatic index is related to the stability of the protein over a wide range of 

temperatures. I-TASSER and SWISSMODEL web servers were used to create a three-dimensional model of the 

recombinant scFv + Bmk protein in I-TASSE based on a c score. The C score is usually in the range of -5 to +2, 

and a more positive indicates more confidence in the model and vice versa (43). From the 5 3D models proposed 

using this server for chimeric protein, the model with the highest c-score was selected for further analysis. After 

modifying the model structure, evaluation of the modified models was performed using PROCHECK. The 

results of the Ramachandran design showed the stability of the model.  

As shown in the results of the PROMECECK Ramachandran diagram, most of the residues are determined 

in the desired and desirable regions, and with the modification of the model even, the degree of desirability 

increases, and this shows that the models in terms of bond and location Amino acids have been improved. 

These results were confirmed by PROCHECK. Also, the models obtained from SWISSMODEL and I-TASSER 

were evaluated using software, the resulting Z score of -7 and -7.2, respectively, which indicates the acceptable 

quality of the models and the location of the resulting models in the NMR range of this server. Fold RNA server 

used to predict mRNA Secondary structures consistent with minimization of energy obtained. Because the 

chimeric structure contains Bmk, which is part of the neurotoxin Buthus scorpion venom, it may act as an 

allergen for humans. Therefore, evaluation of its allergenic ability is required. Allergenic elements stimulate the 

immune system and lead to adverse allergic diseases (44). The ALLERTOP web server predicted that the 

chimera protein was not allergenic to the human body. Ligand receptor binding was used to investigate 
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whether trastuzumab-derived scFv could maintain its binding capacity to the HER2 receptor and transmit Bmk 

to HER2-positive breast cancer cells. Docking or molecular connection was performed using the ClusPro server. 

The results of the ClusPro server showed that the scFv + Bmk chimeric protein can bind to HER2 receptors with 

high affinity and specificity. 

 

Conclusion 

New methods of treatment with the help of modern technologies in the field of software are being 

developed today, based on which we designed a new immunotoxin in this study. Their results showed that 

scFv + Bmk could be a stable and non-allergenic chimeric protein with a good affinity for increasing HER2 

receptors in breast cancer cells.  Therefore, the scFv + Bmk structure can be considered a new candidate for 

immunotoxin against HER2-positive breast cancer. Of course, proving these results requires laboratory and 

clinical processes. 
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