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Abstract 
 

The purpose of this study is to computationally model proteins to view double-stranded 

break repair complexes. Double-strand breaks (DSBs) in DNA are extremely problematic 

and require intricate, complicated repair. DSBs also have an unknown mechanism. A lack 

of repair can result in a loss of a region of chromosome, while incorrect repairs result in 

cancer development. In order to prevent cancer development, the mechanism must be 

more well understood. Protein-protein docking, the modeling technique used in this study, 

is a snapshot of two proteins interacting with each other on their surfaces and was used 

to look at a combination of the yeast proteins RAD52, MST1, and HIP1. Comparing 

computational data with experimental results will give better insights as to what is 

happening among the protein complexes involved with DSB repair. Tertiary yeast 

structures (RAD52, MST1, and HIP1) were generated using homology modeling of the 

corresponding primary sequences in the yeast strain s. pombe. Each of the protein-

protein docking calculations provided ten solutions with different intermolecular 

interactions to be analyzed. Interactions between side chains, such as hydrogen bonding, 

become extremely important in order to predict residues of interaction needed for 

experimentation. In the future, these computational methods could predict the outcomes 

of yeast experimentation with mutational analysis. Once the mechanism is well 

understood, further studies may find a way to ensure DSBs are repaired correctly.  
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1.  Introduction 

1.1: Cancer Background and Statistics 

 Cancer is defined as an uncontrollable cell growth within the body. The word 

“cancer” dates back to ca. 460 B.C. when Hippocrates, known as “the father of medicine,”1 

used the word “karkinos” to describe a carcinoma, a tumor arising in the epithelial tissue 

of the skin.2 The disease itself, was discovered earlier in ancient Egypt where proof of 

cancer was found in mummies and on inscriptions. While some procedures performed in 

the ancient days are still being used today, like surgically removing tumors, in large part 

cancer treatments have progressed throughout centuries. Techniques like targeted 

chemotherapy have been developed instead of using more harmful approaches such as 

nonspecific, high-dose therapy, and have given new avenues of treatment to those 

affected by cancer.3 Although there has been an advancement in medicine, cancer is still 

the second leading cause of death in the United States.4  

 Statistics taken over several decades give researchers the ability to predict the 

number of new cancer cases each year. Worldwide, there are estimated to be around 

1,762,450 new cancer cases, which translates to about 606,880 cancer related deaths 

just in 2019.5 Although the numbers seem high, the cancer death rate has been declining 

over the years. From 1991 to 2016, 25 years, the death rate due to cancer has decreased 

by about 27% (Figure 1.1). A 27% decrease means that there have been 2,629,200 less 

deaths in those 25 years.5 As treatments and medicine progressed, the death rate due to 

cancer has decreased by more than 1% a year in that time span.  
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Figure 1.1: Trends in cancer mortality showing overall, male, and female deaths. Y axis 

represents the deaths per 100,000; X axis represents the year of the death. Shows a significant 

decrease after the year 1990 for most cancer types.5 
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1.2: Development of Chemotherapy  

 Chemotherapy treatment began in the early 20th century during the first and 

second world war. The use of chemical warfare agents, such as mustard gas, throughout 

the wars was deadly. As many soldiers inhaled this lethal weapon, they experienced 

trouble with the respiratory tract and blistering of the skin.6 The soldiers that survived 

experienced a lower level of leukocytes, white blood cells, which was followed by 

lymphoma years later due to the exposure of this agent. This type of cancer was first 

treated in 1943 when the first chemotherapy agent was used. 7 The newly found cytotoxic 

chemotherapy agent was a derivative of mustard gas called nitrogen mustard, or sulfur 

mustard.8 From here, different drugs were synthesized and tested in order to fight cancer. 

The 1950’s introduced the Cancer Chemotherapy National Service Center (CCNSC), 

which tested different drugs in hopes to find a cure.9 Shortly after, followed the first 

successful treatment of choriocarcinoma, cancer of uterus.7 Cancer therapy continued 

advancing and by the 1960’s radiotherapy and surgery was being used on tumors. In 

1990, targeted chemotherapy was created; this specifically focused on the cancer’s 

proteins that caused the constant cell division and allowed for growth.7 With the 

technology that exists now, death by cancer can be reduced if caught in the earlier stages.  

 

1.3: Damage, Mutation, and Repair 

Researchers have found that 58% of people that are diagnosed with cancer are 

over the age of 65.10 This shows that people are exposed to carcinogen factors 

throughout their lifetime, and it doesn’t appear until later in life (Figure 1.2). Only a small  
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Figure 1.2: Cancer incidence in males (right) and females (left) related to age.10 

 

 

 

 

Figure 1.3: Cancer development from the role of genes and the environment. The compared 

percentages from hereditary cancer to cancer contracted from the outside environment (A). The 

internal factors showing ratios of family risk (B) and the acquired factors (C).11 
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percentage of cancer is hereditary. Most cancer is contracted from the outside 

environment and lifestyle choices made by the individual (Figure 1.3).11 Choices such as 

smoking, drinking, and an unhealthy diet can result in cancerous consequences. There 

are endogenous and exogenous sources that contribute to the damage or mutation of 

deoxyribonucleic acid (DNA). This can become an extremely problematic situation if gone 

uncorrected because the cell could go into genetic instability and increase the rate of 

cancer development.12  

Exogenous, or induced, mutations occur when an individual is exposed to a 

mutagen. A mutagen interacts with DNA to cause a mutation. Alkylating agents, 

intercalating agents, and radiation are all examples of induced mutations. Alkylating 

agents add methyl groups to nucleotide bases resulting in the pairing of an incorrect 

nucleotide. Intercalating agents cause frameshift mutations, which induce errors in DNA 

replication. There are two types of radiation, ultraviolet (UV) rays and X-rays, that cause 

thymidine dimers. 13 Thymidine dimers are covalent bonds that form between adjacent 

thymine base pairs, which can lead to single-strand breaks (SSB) and double-strand 

breaks (DSB). The newly formed kinks in the DNA can even lead to melanoma if not 

corrected by the body’s excision repair mechanism. Only about 1-5% of mutations are 

induced; the other 95% are occurring within the body while DNA replication takes place.  

Endogenous, or spontaneous, mutations are random and appear after two cycles 

of DNA replication, due to its semiconservative nature. The most common type of 

mutation is base pair substitution. This includes mutations such as frameshift, silent, 

missense, and nonsense. There are also point mutations and knockout mutations. Point 

mutations change a single base, while knockout mutations completely inactivate a gene. 
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The most dangerous type of mutation is a double-stranded break (DSB) because DNA 

cannot correct itself by using the antiparallel strand as a template.  

There are four types of DNA damage repair mechanisms. Cells will respond with 

DNA- damage response (DDR) once a mistake is detected.12 This will activate one of the 

repair mechanisms or trigger apoptosis, programmed cell death. The base-excision repair 

(BER) is triggered in response to a spontaneous mutation, such as a deamination of 

cytosine. Mismatch repair occurs in bacteria, and it methylates the new strand to allow 

differentiation between the good and bad strand. Nucleotide excision repair is used for 

the repair of thymidine dimers. Finally, if all other repair mechanisms fail, then 

homologous recombination (HR) is used. This occurs in cases where major damage 

repair is needed. Most cases involve DSBs, the most threatening type of cell damage. 

This repair mechanism is able to find homology elsewhere on the strand and copies the 

missing segment. It works by finding non-tandem repeats, which can be troubling if an 

important gene is between those repeats. The gene would be deleted and therefore 

deactivated. HR is prone to many mistakes. If the gene that is lost was a suppressor, then 

cancer could begin to form. Although this mechanism is possible, it is still lacking some 

validation due to its intricacy. The assembly and collaboration of proteins in these repair 

complexes are still unknown.  

 

1.4: Yeast Studies  

 Yeast is used in many experiments as a model for cancer systems due to its rapid 

growth and division. Like human cells, they have a eukaryotic structure making it easy to 

observe the nucleus, cytoplasm, and mitochondria, as well as test for genes. Two types 
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of yeast that are widely used in molecular studies include Saccharomyces cerevisiae (S. 

cerevisiae) and Schizosaccharomyces pombe (S. pombe). They are commonly known as 

“budding yeast” (S. cerevisiae) and “fission yeast” (S. pombe). Researchers have found 

that S. pombe contains a lot of genes that S. cerevisiae lacks.14 For example, genes that 

are required for spliceosomes (removing introns) are preserved in S. pombe, while there 

is an absence in S. cerevisiae. Fission yeast is also more effective in the study of repair 

pathways because it is more resistant to UV light. In recent years, researchers have 

adopted the use of S. pombe over S. cerevisiae. Using yeast in laboratories facilitates 

experiments by reducing the cell division time to get results faster. The following study 

was performed by modeling protein structures derived from the S. pombe fission yeast. 
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2. Protein-Protein Docking of RAD52, MST1, and HIP1 

2.1: Introduction  

 DNA double-stranded break (DSB) repair is a complicated and intricate process 

because it needs multiple proteins to collaborate with each other to fix the chromosomal 

breaks. Fixing the breaks is vital for not allowing chromosomal instability to occur. When 

high levels of chromosomal instability are introduced, cancer cells may begin to form.1 

The three proteins studied in this project are RAD52, MST1, and HIP1. These 

proteins work together to form a complex and aid in DSB repair. The processes behind 

the interaction between the proteins is still unknown. All three protein models examined 

in this work were derived from the yeast strain Schizosaccharomyces pombe (S. pombe), 

also known as fission yeast. S. pombe is a unicellular organism that can rapidly divide 

and grow, which is a critical quality for experimental studies after computational results 

have been obtained.2  

 By computationally modeling the surface interactions between these proteins, we 

can gain further insight into how these DSB repair complexes come together. Once 

important residues, amino acids, are highlighted through our computational results, 

further experimentation can take place by mutating a desired residue into another that is 

unable to hydrogen bond, for example. This disruption of our discovered surface 

interactions is important to see if the communication between the proteins will continue. 

If the mutated proteins fail to interact, then that means our modeling experiments have 

discovered an important residue responsible for the association of two or more of these 

proteins involved in DSB repair.   
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2.2: Methodology 

 Computational methods were used to perform protein-protein molecular docking 

experiments between s. pombe proteins RAD52, MST1, and HIP1. Crystal structures of 

these yeast proteins were not available on the RCSB Protein Data Bank.3 Instead, the 

primary sequence of all three proteins was found on the Pombase website.4 In order to 

visualize these proteins from their primary sequence, a three-dimensional (3D) structure 

was generated using a technique known as homology modeling.5 This technique 

calculates a potential tertiary protein structure based on a target protein sequence, the 

ones obtained from the Pombase database, and compares it to other known structures 

which can serve as templates. The tertiary structure generated for RAD52 consisted of 

residues from Phe17 to Thr204 (Figure 2.1); HIP1 consisted of residues from Asp584 to 

Asp923 (Figure 2.2); MST1 consisted of residues from Ser170 to Trp463 (Figure 2.3). 

This process was done on a website called Swiss Model.6 After the proteins were 

modeled, .pdb files of each protein were generated. These proteins could then be opened 

on a visualization program called Molecular Operating Environment (MOE).7 
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Figure 2.1: RAD52 template from Swiss model showing residues from Phe17 to Thr204. 

 

Figure 2.2: HIP1 template from Swiss model showing residues from Asp584 to Asp923. 



 
12 

 

Figure 2.3: MST1 template from Swiss model showing residues from Ser170 to Trp463.  

 

 In order to visualize surface-surface interactions between two proteins, the 

proteins have to be docked together. Protein-protein docking is a fairly new process that 

has not had much testing. Normally, a large protein, or other macromolecule, is docked 

with a small ligand. This docking will result in the ligand in the defined region of the 

macromolecule, such as the active site of a protein. This computational technique 

approximates the hypothesized lock and key8 type of interaction between a ligand and 

active site. Similarly, protein-protein docking allows the visualization of the interaction 

between proteins on their surfaces. This is done on a free, online program called 

Patchdock.9 The .pdb files obtained from Swiss Model are uploaded onto this website in 

order to generate docked poses (“solutions”) between the two surfaces of the two 

proteins. RAD52 and HIP1 were docked with MST1 individually. Only the N-terminus half 

of the RAD52 protein was able to be obtained from the primary sequence. The top ten 

solutions for each of the two protein-protein docking experiments were downloaded from 
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Patchdock as .pdb files and manually scored to discover possible non-covalent 

interactions on the surfaces of the proteins which would be responsible for association 

between the two tertiary structures. The PatchDock website generated the ten solutions 

from rigid, blind docking between the two proteins;9 however, the analysis of interacting 

residues was done manually to locate intermolecular interactions, such as hydrogen 

bonding. Due to this subjective scoring, there is potential room for error.  

 

2.3: RAD52 and MST1 Results 

 After the protein-protein complexes were generated by Patchdock, visualization of 

the ten solutions for each modeling experiment was performed using MOE. The modeling 

experiment to calculate the surface interactions between RAD52 and MST1 showed 

MST1 docked on to RAD52 in two different regions of the protein. Seven out of the ten 

solutions given from Patchdock showed MST1 docked in the center of RAD52. The other 

three solutions had MST1 docked on the outside of the RAD52 protein (Figure 2.4). The 

solutions with MST1 docked in the center showed the most observable interactions 

between the proteins’ surfaces.  
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Figure 2.4: Representative Protein-Protein Docking Solutions from PatchDock between 
Generated Tertiary Structures of s. pombe Rad52 (red) and MST1 (blue). Some solutions had 
MST1 in the center of Rad52 (left) while others had MST1 on the outside (right). 
 
 
 Not only does MOE allow for the overall images of protein-protein docking to be 

visualized, but the program also allows for a more precise viewing of specific, individual 

residues that might be responsible for the association of the two proteins on their surfaces 

through non-covalent interactions. From the ten manually scored solutions, the only 

observed non-covalent interaction was hydrogen bonding (H-bonding). H-bonding 

occurred in one of three ways: between sidechains, between backbones, or between a 

sidechain and a backbone residue. Since this was done manually, the distance was also 

measured, in angstroms (Å), to justify the observed hydrogen bond. A very strong 

hydrogen bond is considered between 1.2-1.5 Å and 2.2-2.5 Å and a weak bond is 

considered between 3.0-4.0Å.10 All of the residues with distances below 3.0Å were 
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recorded, including how many times they appeared to contribute to the interaction 

between the two proteins throughout the ten solutions.  

 RAD52 interacted with MST1 a total of 20 times over the ten solutions (Table 2.1). 

Asn18 and Arg79 were the most frequently observed interacting residues in RAD52. 

Arg79 interacted three different times (Table 2.3), while Asn18 interacted a total of five 

times with other residues from MST1 (Table 2.4). All of these interactions were H-bonding 

and three of the five showed a sidechain amine bonding to a backbone carbonyl. Asn18 

H-bonded to: Asn316 at a distance of 2.42 Å (Figure 2.5), Asn442 at a distance of 2.10 Å 

(Figure 2.6), Asp249 at a distance of 2.20 Å (Figure 2.7), Glu384 at a distance of 2.59 Å 

(figure 2.8), and Val378 at a distance of 1.82 Å (Figure 2.9). 

 

 

Figure 2.5: Solution #2 from PatchDock results of docking between RAD52 (red) and MST1 (blue) 
showing interaction between Asn18 (RAD52) sidechain carbonyl H-bonding to the sidechain 
amine of residue Asn316 (MST1) at 2.42Å. 
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Figure 2.6: Solution #7 from PatchDock results of docking between RAD52 (red) and MST1 (blue) 
showing interaction between Asn18 (RAD52) sidechain amine H-bonding to the backbone 
carbonyl of residue Asn442 (MST1) at 2.10Å.  
 

 
 

Figure 2.7: Solution #2 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Asn18 (RAD52) sidechain amine H-bonding to the sidechain 
carboxylate of residue Asp 249 (MST1) at 2.20Å.  
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Figure 2.8: Solution #8 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Asn18 (RAD52) sidechain amine H-bonding to the backbone 
carbonyl of residue Glu384 (MST1) at 2.59Å.  
 

 

Figure 2.9: Solution #8 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Asn18 (RAD52) sidechain amine H-bonding to the backbone 
carbonyl of residue Val378 (MST1) at 1.82Å.  
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RAD52 Total Interactions 
Asn 18 5 
Arg 79 3 
Ala 20 2 

Arg 104 2 
Asn 92 2 
Phe 17 2 
Tyr 21 2 

Asn 202 2 
Lys 185 2 
Asn 27 1 
Ser 203 1 
Thr 204 1 
Met 170 1 
Arg 44 1 
Arg 35 1 
Ser 193 1 
Ser 80 1 
Thr 19 1 
Lys 171 1 
Thr 206 1 

 

Table 2.1: RAD52 interactions with MST1. Showing amino acids and the number of times they 
interacted.  
 

MST 1 Total Interactions 

Thr 385 2 
Asn 399 2 
Glu 384 2 
Gln 429 1 
Asn 388 1 
Asp 249 1 
Trp 197 1 
Gln 173 1 
Lys 393 1 
Gln 406 1 
Val 378 1 
Glu 431 1 
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Glu 428 1 
Gln 458 1 
Gln 448 1 
Arg 296 1 
Lys 437 1 
Arg 180 1 
Ala 179 1 
Leu 411 1 
Asp 400 1 
Arg 367 1 
His 403 1 
Glu 315 1 
Asn 316 1 
Tyr 413 1 
Leu 408 1 
Gln 327 1 

 

Table 2.2: MST1 interactions with RAD52. Showing amino acids and the number of times they 
interacted.   
 
 
 
 

RAD52 MST1 Interaction (H-bonding) 

Arg 79 Leu 408 Sidechain amine and backbone carbonyl 

Arg 79 Gln 406 Sidechain amine and sidechain carbonyl 

Arg 79 Gln 429 Sidechain amine and sidechain carbonyl 

 
 
Table 2.3: RAD52 amino acid, Arg79, interacting with amino acids on MST1 chain and the type 
of interactions.  
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RAD52 MST1 Interaction (H-bonding) 

Asn 18 Asn 316 Sidechain carbonyl and sidechain amine 

Asn 18 Asn 442 Sidechain amine and backbone carbonyl 

Asn 18 Asp 249 Sidechain amine and sidechain carboxylate 

Asn 18 Glu 384 Sidechain amine and backbone carbonyl 

Asn 18 Val 378 Sidechain amine and backbone carbonyl 

 
 
Table 2.4: RAD52 amino acid, Asn18, interacting with amino acids on MST1 chain and the type 
of interactions.  
 

 

MST1 results had a wider variation of amino acid residues that showed 28 residues 

that were involved in interactions with Rad52. Three of the residues, Thr385, Asn399, 

and Glu384, had two interactions, while the other 25 residues had only one. Thr385 H-

bonded to Asn92 in two different complexes between the sidechain carbonyl and 

backbone amine (Figure 2.10). Asn399 H-bonded from the sidechain amine to the 

sidechain carbonyl of Arg104 at 1.92 Å (Figure 2.11) in one complex. In another, there 

was an H-bonding interaction between the sidechain amine and the sidechain carbonyl 

of residue Thr206 at 2.44 Å (Figure 2.12). Glu384 also interacted twice a total of two times 

in different complexes. One interaction was with Asn27 and the other with Asn18 (Figure 

2.9).  
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Figure 2.10: Solution #1 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Asn92 (RAD52) sidechain carbonyl H-bonding to the 
backbone amine of residue Thr385 (MST1) at 2.34Å.  
 
 

 
 

Figure 2.11: Solution #2 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Arg104 (RAD52) sidechain amine H-bonding to the sidechain 
carbonyl of residue Asn399 (MST1) at 1.92Å.  
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Figure 2.12: Solution #6 From PatchDock results of docking between RAD52 (red) and MST1 
(blue) showing interaction between Thr206 (RAD52) sidechain carbonyl H-bonding to the 
sidechain amine of residue Asn399 (MST1) at 2.44Å.  
 

 

2.4: HIP1 and MST1 Results 

MST1 was also docked with HIP1 (Figure 2.13) and similarly PatchDock generated 

ten solutions from the protein-protein docking modeling experiment. HIP1 had a total of 

33 residues that interacted with others, but Asn841 had the most interactions between all 

of them (Table 2.5; Table 2.7).  

  



 
23 

 
 
 
Figure 2.13: Representative Protein-Protein Docking Solutions from PatchDock between 
Generated Tertiary Structures of s. pombe HIP1 (yellow) and MST1 (blue).  
 
 
 

Asn841 interacted a total of 4 times with other MST1 amino acids. It interacted 

twice with Tyr413 and once with Lys412 and Arg367. Both interactions between Asn841 

and Tyr413 occurred between the sidechain of the HIP1 residue and the backbone of the 

MST1 residue (Figure 2.14; Figure 2.15). The H-bonding interactions between Asn841 

and Lys412 occurred between the backbone carbonyl of Asn841 and the sidechain amine 

of Lys412 at 2.33 Å (Figure 2.16). Arg367 H-bonded to Asn841 via a sidechain-sidechain 

interaction (Figure 2.17). 

MST1 had 37 different residues that interacted with HIP1 (Table 2.6). The results 

for MST1 showed six of the residues having a total of two interactions, while all others 

only interacted once with the HIP1 chain. 
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HIP1 Total Interactions 
Asn 841 4 
Asn 722 3 
Cys 765 2 
Met 810 2 
Arg 814 2 
His 872 2 
Arg 921 2 
Asn 599 2 
Thr 888 1 
Lys 878 1 
Arg 851 1 
Arg 768 1 
Glu 844 1 
Thr 791 1 
Gln 602 1 
Leu 786 1 
Gln 767 1 
Asp 732 1 
Asn 593 1 
Thr 731 1 
Ser 752 1 
Arg 589 1 
Val 720 1 
Cys 892 1 
Ser 893 1 
Gly 884 1 
Arg 910 1 
Asn 923 1 
Lys 891 1 
Asn 728 1 
Ser 778 1 
Glu 828 1 
Thr 705 1 

 
 
Table 2.5: HIP1 interactions with MST1. Showing amino acids and the number of times they 
interacted.  
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MST 1 Total Interactions 

Tyr 413 2 

Lys 356 2 

Lys 412 2 

His 176 2 

Asp 424 2 

Leu 358 2 

Ser 423 1 

Asn 174 1 

Trp 463 1 

Glu 298 1 

Arg 259 1 

Arg 262 1 

Glu 233 1 

Arg 230 1 

Glu 244 1 

Asp 360 1 

Ser 170 1 

Arg 262 1 

Pro 241 1 

Thr 263 1 

Met 280 1 

Gln 428 1 

Ala 407 1 

Gln 406 1 

Asn 392 1 

Thr 398 1 

Arg 367 1 

Glu 389 1 

Asn 409 1 

Glu 431 1 

Thr 263 1 

Gln 450 1 

Cys 220 1 

Asp 284 1 

Gly 223 1 

Arg 432 1 

Gln 329 1 
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Table 2.6: MST1 interactions with HIP1. Showing amino acids and the number of times they 
interacted. 
 
 
 

HIP1 MST1 Interaction (H-bonding) 

Asn 841 Tyr 413 Sidechain carbonyl and backbone amine 

Asn 841 Tyr 413 Sidechain amine and backbone carbonyl 

Asn 841 Lys 412 Backbone carbonyl and sidechain amine 

Asn 841 Arg 367 Sidechain carbonyl and sidechain amine 

 
 
Table 2.7: HIP1 amino acid, Asn841, interacting with amino acids on MST1 chain and the type 
of interactions. 

 

 
 
Figure 2.14: Solution #1 From PatchDock results of docking between HIP1 (yellow) and MST1 
(blue) showing interaction between Asn841 (HIP1) sidechain carbonyl H-bonding to the backbone 
amine of residue Tyr413 (MST1) at 2.47Å.  
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Figure 2.15: Solution #10 From PatchDock results of docking between HIP1 (yellow) and MST1 
(blue) showing interaction between Asn841 (HIP1) sidechain amine H-bonding to the backbone 
carbonyl of residue Tyr413 (MST1) at 1.98Å.  
 

 
 
Figure 2.16: Solution #1 From PatchDock results of docking between HIP1 (yellow) and MST1 
(blue) showing interaction between Asn841 (HIP1) backbone carbonyl H-bonding to the sidechain 
amine of residue Lys412 (MST1) at 2.33Å.  



 
28 

 

 
 

Figure 2.17: Solution #1 From PatchDock results of docking between HIP1 (yellow) and MST1 
(blue) showing interaction between Asn841 (HIP1) sidechain carbonyl H-bonding to the sidechain 
amine of residue Arg367 (MST1) at 1.61Å.  
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3. Building Multi-Protein Complexes 

3.1: Introduction  

Patchdock1 is a free, online program used for docking. Normally, docking involves 

a large protein, or other macromolecule, with a small ligand. This program lets us visualize 

the docking of fairly large proteins (RAD52, HIP1, MST1) that work together in DSB repair 

complexes through protein-protein docking calculations. These proteins assemble and 

recruit one another in order to correct DSB repair.2 When introducing a third protein (HIP1) 

to the already docked proteins (RAD52 and MST1), different interactions between the 

amino acids in larger complexes can be noted.  

Building on our protein-protein docking studies (Chapter 2), a completely novel 

approach has been developed, referred to as “seeding” (Figure 3.1), in order to create 

multi-protein complexes. Seeding calculations involve an initial protein-protein docking 

calculation when two subunits are docked together to create a complex, such as Complex 

A. Complex A then becomes one of the macromolecules involved in a subsequent 

protein-protein docking calculation where a third subunit would be docked, which results 

in Complex B, a three-protein complex. This process could continue by adding a fourth 

subunit to Complex B, thus creating Complex C, etc. This allows visualization of multi-

protein complexes of various sizes. Amino acids in the larger, multi-protein complexes 

may interact differently than individual proteins in isolation, due to competition for similar 

residues, depending on the order that these proteins are docked. Thus, fresh analysis of 

these seeded complexes must also be performed. 
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Figure 3.1: Seeding approach for building multi-protein complexes. 

 

3.2: Methodology (Seeding Approach)  

The yeast proteins RAD52 and MST1 were docked together using Patchdock. Ten 

solutions were generated and manually scored, as described in Chapter 2. From these 

ten solutions, Solution 2 was chosen as a starting point for the above described “seeding 

approach” due to the amount of interactions between RAD52 and MST1. This 

RAD52/MST1 complex, Complex A, was then docked with HIP1, generating ten more 

solutions and creating Complex B (RAD52/MST1/HIP1). Solution 2 was chosen because 

of its multiple interactions, making it easier to determine if any HIP1 residues disrupt any 

of the previous interactions.  These new solutions from this seeding approach were then 

manually scored to view interacting residues between Complex A and the HIP1 protein 

(Complex B).  

 

3.3: Results 

 After Patchdock generated ten solutions for Complex B, they were able to be 

visualized in MOE.3 Throughout the solutions, HIP1 docked in different regions. HIP1 
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either docked onto RAD52 or MST1 individually (Figure 3.2), or it made interactions with 

both proteins at the same time (Figure 3.3). Only three of the ten solutions included HIP1 

interacting with both RAD52 and MST1 residues.  

 

   

Figure 3.2: Representative Protein-Protein Docking Solutions from PatchDock between 

Generated Tertiary Structures of S. pombe RAD52 (red), MST1 (blue), and HIP1 (yellow) 

(Complex B). Some solutions had HIP1 docked to MST1 (left) while others had HIP1 docked to 

RAD52 (right). 
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Figure 3.3: Representative Protein-Protein Docking Solutions from PatchDock between 

Generated Tertiary Structures of S. pombe RAD52 (red), MST1 (blue), and HIP1 (yellow) showing 

simultaneous interactions of the proteins.  

 

 After the multi-protein complex was created, each solution was carefully observed 

to find interacting residues. HIP1 residues interacted with MST1 residues eight times 

(Table 3.1) and with RAD52 residues nine times (Table 3.2) throughout the ten solutions. 

The initial docking of Complex A (RAD52/MST1) had multiple interactions but three 

specific RAD52 residues stood out; these residues were Thr206, Ser80, and Lys171. All 

three residues were found in different solutions for Complex A.  

When HIP1 was added to Complex A, it formed a new complex, Complex B. This 

complex now includes the three yeast proteins used in this study. In different solutions, 

amino acids from HIP1 interacted with RAD52. Three of these RAD52 residues, in the 

seeding calculation, that interacted with HIP1 were Thr206 at 1.29Å (Figure 3.4), Ser80 

at 1.56Å (Figure 3.5), and Lys171 at 2.82Å (Figure 3.6), residues shown to interact with 

MST1 in the previous docking calculation (Chapter 2). This showed that MST1 and HIP1 

could potentially be competing for a specific amino acid interaction on RAD52. This might 

also mean that the order in which these proteins are docked may dictate which protein 

interacts with those specific residues.   

When looking at the newly added HIP1 protein results (Table 3.1; Table 3.2), all of 

the interacting residues from HIP1 were different from each other except for Asn16, which 

appeared twice. Asn16 interacted with Ser80 (Figure 3.5), and Ile81 (Figure 3.7). All of 

the interactions consisted of H-bonding between sidechains or backbone and sidechains. 

There were no backbone-backbone interactions found.  
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Except for the three RAD52 residues that were found in both studies, the results 

from generating Complex B displayed interacting residues that were different from the 

results in the single protein-protein docking experiment. 

 

HIP1 MST1 Interaction (H-bonding) 

Ser 614 Arg 382 Backbone carbonyl and sidechain amine 

Asp 857 Lys 234 Backbone carbonyl and sidechain amine 

Asp 811 Glu 177 Backbone amine and sidechain carboxylate 

Met 810 Glu 177 Backbone amine and sidechain carboxylate 

Ser 752 Arg 262 Sidechain hydroxyl and sidechain amine 

Arg 382 Lys 615 Backbone carbonyl and sidechain amine 

Lys 676 Asp 448 Sidechain amine and backbone carbonyl 

Thr 592 Glu 427 Sidechain hydroxyl and sidechain carboxylate  

 

Table 3.1: Interactions between HIP1 and MST1 yeast proteins showing their amino acids and 
interactions from all ten solutions. 
 
  
 

HIP1 RAD52 Interaction (H-bonding) 

Tyr 590 Thr 206 Sidechain hydroxyl and sidechain terminal amine 

Asn 16 Ser 80 Backbone amine and sidechain hydroxyl 

Asn 16 Ile 81 Sidechain carbonyl and backbone amine 

Cys 765 Lys 197 Sidechain thiol and sidechain amine  

Asn 593 Glu 24 Sidechain carbonyl and backbone amine 
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Lys 629 Arg 205 Sidechain amine and backbone carbonyl 

Asn 722 Lys 90 Sidechain carbonyl and sidechain amine 

Lys 854 Lys 196 Backbone carbonyl and sidechain amine 

Arg 910 Lys 171 Backbone carbonyl and sidechain amine 

 
 
Table 3.2: Interactions between HIP1 and RAD52 yeast proteins showing their amino acids and 
interactions from all ten solutions. 
 
 
 

 
 
 
Figure 3.4: Solution #2 From Patchdock results of docking between HIP1 (yellow) and RAD52 
(red) showing interaction between Tyr590 (HIP1) sidechain amine H-bonding to sidechain 
hydroxyl of residue Thr206 (RAD52) at 1.29Å. 
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Figure 3.5: Solution #4 From Patchdock results of docking between HIP1 (yellow) and RAD52 
(red) showing interaction between Asn16 (HIP1) backbone amine H-bonding to sidechain 
hydroxyl of residue Ser80 (RAD52) at 1.56Å. 
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Figure 3.6: Solution #10 From Patchdock results of docking between HIP1 (yellow) and RAD52 
(red) showing interaction between Arg910 (HIP1) backbone carbonyl H-bonding to sidechain 
amine of residue Lys171 (RAD52) at 2.82Å. 
 
 

 
 

Figure 3.7: Solution #4 From Patchdock results of docking between HIP1 (yellow) and RAD52 
(red) showing interaction between Asn16 (HIP1) sidechain carbonyl H-bonding to back amine of 
residue Ile81 (RAD52) at 1.79Å. 
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4. Conclusion and Future Work 

4.1: Conclusion  

This study allowed the visualization of the interactions between the three yeast 

proteins, RAD52, MST1, and HIP1. It was meant to provide further insight as to how the 

proteins worked together in DSB repair. The study took a proof of concept approach using 

the program Patchdock to perform protein-protein docking modeling experiments. 

Interestingly, residues Thr206, Ser80, and Lys171 in Rad52 were found to interact with 

both MST1 in the individual protein-protein docking experiment (Chapter 2) and HIP1 in 

our seeding experiment (Chapter 3).  Since this is the first time this study has been done, 

further experimentation is needed from our collaborators to accurately verify our findings. 

Our collaborators will mutate the amino acids from our findings into one that is unable to 

participate in H-bonding, such as Ala or Gly. If the proteins fail to interact, then that amino 

acid is essential for the docking of the proteins and the ability for them to work together, 

thus validating our computational methodology and adding insight into how these proteins 

involved in DSB repair interact.  

 

4.2: Future Work 

 Future work for this study depends on the results of the experimentation done by 

our collaborators. If experimental results are successful and they find that the residues 

identified by our calculations are essential for the proteins to work together, then our study 

can proceed. The multi-protein complex can be composed differently by docking the three 

proteins in a different order, again, using the seeding approach. Mutations that have been 

found through research can also be done on these proteins on MOE before docking them 
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together. If experimental results show that the findings are inaccurate, then the methods 

will need to be altered. Additional computational techniques may also need to be added, 

such as energy minimization and molecular dynamics, to refine the results.   


