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within the RecFOR pathway for Homologous 

Recombination  
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INTRODUCTION  

 

Study of Meiothermus ruber with Escherichia coli as a control 

 

 The study of Meiothermus ruber (M. ruber) is an important one, as it is an 

organism that has a lack of research (Scott, 2016b). M. ruber is gram-negative bacterium 

of red pigmentation; it grows in very restricted and extreme habitats, anywhere with a 

temperature range of 35-70°C (Tindall et al., 2010). It is advantageous to research 

organisms that are poorly studied to determine identification of proteins and families, to 

make phylogenetic connections, to understand processes and evolutionary history  (JGI, 

2017). The JGI’s Genomic Encyclopedia of Bacteria and Archaea (GEBA) is program to 

sequence bacterial and archaeal genomes from poorly studied branches of the Tree of life  

(JGI, 2017). In this research project, I researched three open reading frames from M. 

ruber for the purpose of predicting their function. E. coli  was used as a “positive control” 

because its genome has been sequenced, all of its gene identified and many functionally 

confirmed. This information is available and searchable through numerous online 

databases. This project focuses on the database (Keseler et al., 2013), which is devoted to 

the study of Escherichia coli K-12 MG1655 strain. It provides literature-based curation 

of the entire genome, and of transcriptional regulation, transporters, and metabolic 
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pathways. Ecocyc, plus other databases housed with the GENI-ACT platform, helped 

predict the function of the genes within the M. ruber genome.  

Homologous Recombination  

 Homologous recombination is an important pathway for DNA double strand 

break repairs, especially for breaks that can be lethal. Homologous recombination takes 

place within the S-G2 phase of the cell cycle and adds to the genomic integrity of cells by 

repair the DNA through strand invasion, Holliday junction, branch migration and DNA 

synthesis (Kinesha et al., 2016b). Specifically, this homologous recombination via the 

RecFOR pathway can also be called Gap-filling Recombinational Repair, which 

incorporates the filling of single strand DNA gaps by sister or homologous chromosomes 

by strand transfer reactions (Persky & Lovett, 2008).  

 As shown in Figure 1, homologous recombination (in prokaryotes) using the 

RecFOR pathway begins with one broken strand of DNA. This mechanism uses RecJ, an 

exonuclease, and SSB, single-stranded binding protein, to bind with its complement on a 

DNA molecule (Persky & Lovett, 2008). The RecF, RecO, and RecR proteins act 

together to promote the function of RecA. This allows RecA to have less inhibition by 

SSB (Kinehisa et al., 2016b). RecFOR and RecA are utilized in the second step; RecFOR 

are gap repair proteins, and RecA is a central strand exchange protein. These proteins are 

used to form a presynaptic filament between the broken DNA parts. The third step uses 

DpoI, DNA polymerase I, with DNA strand invasion to form the Holliday junction 

intermediate. The Holliday junction is a structure formed between two double-stranded 

DNA to exchange information to bind them together. Branch migration takes place for 

this information to be exchanged. The fourth step in the process is the use of RuvA, 
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RuvB and RuvC (RuvABC) or RuvG, which are ATP-dependent helicases used to 

separate the DNA strands and complete the repair and recombination (Kanehisa et al., 

2016b).  
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Figure 1. Homologous recombination pathway 

showing the proteins within each step of the process 

(Kinehisa et al., 2016b). 
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Bioinformatics 

 The use of bioinformatics tools was extremely important to this project and to the 

study of science as a whole. The main tools consist of computer programs and internet 

databases. Bioinformatics is serving as a way to identify genes and pathogenic pathways 

and will continue to be a way to discover cellular networks, complex interactions 

identifying roles (Debouk &Metcalf, 2000). For those who are knowledgeable about 

bioinformatics, finding data can be advantageous and easier to do for them to succeed 

with the field of science (Bayat, 2002). 

 This project exploited various bioinformatics tools housed within the GENI-ACT 

platform to determine if Mrub_0860 and E. coli b2892, Mrub_0701 and E. coli b2562, 

and Mrub_2285 and E. coli b3863 are orthologs, respectively. Databases such as Ecocyc 

(Keseler et al., 2013) are dedicated to the study of the Escherichia coli K-12 MG1655 

genome. Ecocyc provides literature-based curation of the entire genome, and of 

transcriptional regulation transporters, and metabolic pathways. Due to these resources, 

E. coli K12 MG1655 is used as a “positive control” because we know much more about 

E. coli as it is the model organism.  

 By using various bioinformatics tools, I could identify similarities and differences 

between the amino acid/nucleotide sequences between two proteins/genes of interest. The 

output of many of these tools is an Expect Value (E-value). A low value between two 

sequences is indicative of a high sequence similarity, which can be implied that the two 

sequences have functional similarity. These data can therefore lead to the assumption that 

two sequences are orthologous to each other and that they have the same function.  
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Hypothesis  

 I predict that Mrub_0860 and E. coli b2892, Mrub_0701 and E. coli b2562, and 

Mrub_2285 and E. coli b3863 are orthologs, respectively.   

 

METHODS 

 

 I started this research project using the instructions on the GENI-science site 

(Scott, 2016b). I decided to do research on DNA repair since I have done research on 

Non-homologous End Joining, another type of DNA repair. When I searched for the M. 

ruber and E. coli KEGG pathways to determine what proteins were present, two genes in 

the E. coli pathway were not predicted in the M. ruber RecFOR pathway. T. 

thermophilus, an organism in the same phylum as M. ruber, had the same set of genes as 

E. coli, however. Next, I did a protein BLAST between the putative T. thermophilus 

orthologs and the M. ruber genome. The missing genes were pulled from the M. ruber 

genome. Lab notebook pages were created on GENI-ACT for the three E. coli and three 

putative M. ruber orthologs.  

 Using the different bioinformatics housed within the GENI-ACT platform (Scott, 

2016a), the bioinformatics data was complied for each gene. Within the eight modules – 

Basic Information, Sequence-based Similarity Data, Cellular Localization Data, 

Alternative Open Reading Frame, Structure-based Evidence, Enzymatic Function, 

Duplication and Degradation and Horizontal Gene Transfer – I compared the outputs of 

the various tools between the E. coli genes and the M. ruber genes to determine if these 

genes are orthologous to each other. I started off with the basic information module to 

find the nucleotide and amino acid sequences that must be used throughout the rest of the 
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modules. BLAST was used in order to find the most similar sequences to that of each 

gene, whether it is E. coli and M. ruber (Madden, 2002). Of the top 250 hits of similar 

sequences for each BLAST, 15 of them were used to make a T-coffee multiple sequence 

alignment (Notredame et al, 2000). The sequences were also used to create a Weblogo, 

which is an illustration of the most conserved amino acids between the 15 sequences 

(Crooks et al, 2004). TMHMM (Krogh & Rapacki, 2016), SignalP (Petersen et al, 2011), 

LipoP (Juncker et al, 2003), PSORT-B (Yu et al, 20010) were used to determine the 

cellular location of the protein within cells. The JGI’s platform IMG was used to 

determine if there was a likely alternative start site for the M. ruber genes, which 

involved looking for other possible start codons in each sequence (Markowitz et al, 

2012).  The Opening Reading Frame module was completely disregarded for the E. coli 

genes. TIGRFAM (Haft et al, 2001), Pfam (Finn et al, 2016), and Protein Database 

(PDB) (Berman et al, 2000) compared the structural similarities between the different 

amino acid sequences, and identified the applicable protein families and/or domains, and, 

in the case of PDB and Pfam, produced a sequence alignment to a consensus sequence. 

KEGG pathways (Kanehisa et al., 2016a). Metacyc/Ecocyc  pathways (Keseler et al., 

2013) and E.C. numbers (Artimo et al., 2012) provided information on the enzymatic 

function of the proteins. BLAST and/or KEGG were used to determine if paralogs were 

present in the genome for each gene of interest. The same 15 sequences used for T-coffee 

were used to make a phylogenetic tree to conclude if horizontal gene transfer could be an 

option. Within the same module, the use of JGI IMG website was utilized to bring up the 

ortholog neighborhood for the M. ruber genes to determine if the proteins were involved 
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within an operon. For the E. coli genes, colored by KEGG was used instead of ortholog 

neighborhoods. 

 

 

RESULTS 

 

 Table 1 summarizes the results from the bioinformatics tools that were used to 

compare E. coli b2892 gene to Mrub_0860. The BLAST between Mrub_0860 and E. coli 

b2892 resulted in a bit score of 218 with an E-value of 6e-67. The CCD identified the 

same COG number (COG0608) and name (single-stranded DNA specific exonuclease) 

for both proteins; the low E-values indicate strong sequence similarity to the COG hit. 

The cellular localization data from various databases (SignalP, TMH, LipoP and PSORT-

B) predicts that both proteins are found within the cytoplasm of the cell, and neither 

possesses a cleavage site. The COG hit and cellular localization suggests that these two 

genes are orthologs. The TIGRFAM hits for these two genes are also evidence that they 

are orthologous with the same hit, TIGR00644, being a single-stranded-DNA specific 

exonuclease – RecJ protein. The Pfam hit did confirm that both proteins belong to the 

same protein families: PF01368 (DHH phosphatase family) and PF02272 (DHHA1 

domain). The protein database did not pull the same protein domains for each protein; 

however, it was found that the proteins did have the same enzyme commission number of 

3.1.11.6. Both of the genes are a part of the RecFOR pathway within homologous 

recombination for prokaryotes. 
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Table 1. Mrub_0860 gene orthologous to E. coli b2892 gene 

 

Bioinformatics 

Tool 

M. ruber Mrub_0860 gene E. coli b2892 gene 

BLAST  Score: 218 

E-value: 6e-67 

CDD Data (COG) COG0608 – Single stranded 

DNA-specific exonuclease 

 

 

E-value: 1.04e-106 

COG0608 – Single stranded 

DNA-specific exonuclease (2
nd

 

hit) 

 

E-value: 9.13e-165 

Cellular 

Localization 

Cytoplasm of the cell 

TIGRfam – protein 

family 

TIGR00644 – single-stranded-DNA specific exonuclease RecJ 

 

E-value: 1.3e-130 E-value: 3.3e-279 

Pfam – protein 

family 

PF01368 (DHH phosphatase family) 

PF02272 (DHHA1 domain) 

 

E-value: 2e-10 

E-value: 6e-07 

E-value: 6.1e-11 

E-value: 1.1e-15 

Protein Database 2ZXO Crystal structure of RecJ 

from Thermus thermophiles 

HB8 

 

E-value: 4.43672e-153 

5F54 Structure of RecJ 

complexed with dTMP 

 

 

E-value: 1.1413e-61 

Enzyme 

commission 

number 

3.1.11.6 – Exodeoxyribonuclease VII 

KEGG Pathway 

map  

Homologous Recombination Prokaryotic Pathway 

 

         

 Figure 2 is the result of a protein BLAST between two sequences, that of 

Mrub_0860 and E. coli b2892 (Madden, 2002). The two sequences have 34% of the 

amino acids that are the same between the sequences. Altogether there are 179 amino 

acids that are exactly the same out of 532 amino acids shown. The E-value is 6e-67, 

which is very close to being zero. Therefore, these sequences are highly conserved and 
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less likely to have similarities from random. Similarities shown in Table 1 and Figure 2 

are the first piece of evidence that support the hypothesis of Mrub_0860 and E. coli 

b2892 being orthologs.  

 

 
 

 

 

 

 Figure 3 shows the results for the THM plots for Mrub_0860 and E. coli b2892 

(Krogh & Rapacki, 2016). Figure 3A does not show any transmembranes helices in M. 

ruber. Figure 3B shows a short red peak, but the height does not reach the cutoff for a 

TMH. The numbers of predicted transmembrane helices for both genes are predicted to 

be zero. Therefore, both genes are predicted to be present in the cytoplasm instead of the 

membrane.  

Figure 2. Mrub_0860 and E. coli b2892 similar protein sequence. Sequence 

alignment was completed using the bioinformatics tool - protein BLAST. 

The query sequence is E. coli and the subject is M. ruber. (Madden, 2002) 
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 The figures below, 4A and 4B, are SignalP plots for Mrub_0860 and E. coli 

b2892 (Petersen et al. 2011). SignalP is a helpful tool in concluding whether there is a 

protein cleavage site, which would indicate that the protein is either attached or passes 

through the cell membrane. This is determined by the D-value, a calculation via S-score 

Figure 3. Mrub_0860 and E. coli b2892 do not have TMH regions. Figure 3A shows 

the TMHMM for Mrub_0860 and Figure 3B shows the TMHMM for E. coli b2892. 

Due to the TMHMM data from TMHMM Server v 2.0, it is predicted that that both 

proteins have a cytoplasmic location (Krogh & Rapack, 2016). 

Figure 3A 

Figure 3B 
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(green line) and Y-score (blue line), and a cutoff value (pink line). Both of the D-values 

were found to be lower than that of the cutoff value. Mrub_0860 has a cutoff of 0.570 

and a value of 0.130, while E. coli b2892 has a cutoff of 0.570 and a value of 0.100. 

Thus, these proteins do not have any cleavage sites, again confirming their cytoplasmic 

location.  

 

 

 

 

Figure 4A 
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 Figure 5 is the homologous recombination KEGG RecFOR pathway showing the 

M. ruber (Figure 5A) and E. coli (Figure 5B) sides. The green color is indicative of 

enzymes/proteins that are predicted to be present within each organism’s genome. Both 

M. ruber and E. coli contain the RecJ protein, which is the single stranded DNA specific 

exonuclease.  

Figure 4. Lack of cleavage sites within Mrub_0860 and E. coli b2892. Figure 4A is 

Mrub_0860 and Figure 4B is E. coli b2892. The cutoff values were both below the D 

values and a result of NO to signal peptides. These figures were created via Signal P 

server 4.1  (Petersen et al. 2011). 

Figure 4B 
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Figure 5. Mrub_0860 and E. coli b2892 are in the same recombination pathway - RecFOR 

pathway. Figure 5A shows the KEGG pathway for Meiothermus ruber and Figure 5B shows the 

KEGG pathway Escherichia coli. The KEGG database – The Kyoto Encyclopedia of Genes and 

Genomes – was utilized to locate these genes within the homologous recombination RecFOR 

pathway (Kanehisa et al., 2016b). 

Figure 5A Figure 5B 
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 Figure 6 shows the pairwise alignments between the Pfam consensus sequence 

and Mrub_0860 or E. coli b2892. Figure 6.1 is the alignment for the hit PF01368 – the 

DHH phosphatase family. The second alignment is shown in Figure 6.2 for the hit 

PF02272 – the DHHA1 domain. Figure 6.1A and 6.2A are the pairwise alignments for 

Mrub_0860 and Figure 6.1B and 6.2B are the pairwise alignments are E. coli b2892. 

Using the Pfam site, it takes the sequences and compares them to hundreds of other 

different sequences in order to find which sequences are similar throughout genes that 

code for protein domains. From this comparison between the genes, it is relevant that 

they have many of the same conserved amino acids (as seen in the first and second rows 

with capital letters). Therefore, this is another piece of evidence that Mrub_0860 and E. 

coli b2892 are orthologous (Berman et al., 2000).  

                                            

                

 
   

          

              
    

 
 

 

 

Figure 6.1 

A 

B 
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             

 
              

 
 

 

 

 

 

 

 

 Figure 7 is a map of the chromosome that flanks our gene of interest, colored by 

their predicted KEGG pathway. The different colors in the figures below are indicative of 

these genes not being a part of an operon. The Mrub_0860 is identified by an orange 

color and there are no other genes near it with the same orange color. The E. coli b2892 

gene is green with no other green genes near it. The red line below or above genes is 

indicative of the gene of interest. Therefore, Color by KEGG resulted in more evidence 

that these two genes, Mrub_0860 and E. coli b2892 are orthologous (Kanehisa et al., 

2016a). 

 

 
 

 
 

 

Figure 6.2 

A 

B 

Figure 6. Mrub_0860 and E. coli b2892 have the same highly conserved amino acids in two 

different protein domains as designated by the . Figure 6.1 is the comparison for the 

PF01368 – the DHH phosphatase family and Figure 6.2 is the comparison for the PF02272 

– the DHHA1 domain. These pairwise alignments were constructed via Pfam (Berman et 

al., 2000). 

Figure 7. Mrub_0860 and E. coli b2892 genes are not a part of an operon. 7.1 is Mrub_0860 and 

7.2 is E. coli b2892 Colored by KEGG and Ortholog Neighborhoods were used in order to view 

these images (Kanehisa et al., 2016a). 

7.1 

7.2 
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 Table 2 summarizes the results from the bioinformatics tools that were used to 

compare E. coli b2562 gene to Mrub_0701. The BLAST between Mrub_0701 and E. coli 

b2562 resulted in a low bit score and a high E-value. The CCD identified same COG 

number (COG1381) and name (recombinational DNA repair protein) for both proteins; 

the low E-values indicate a strong sequence similiarity to the COG hit. However, the E-

values for these two genes are much higher than the previous genes. The cellular 

localization data from various databases (SignalP, TMH, LipoP and PSORT-B) predicts 

that both proteins are found within the cytoplasm of the cell, and neither possesses 

cleavage site. The COG hit and cellular localization suggests that these two genes are 

orthologs. The TIGRFAM hits are hard to compare with these two genes since there was 

no hit for one of them. The Pfam hit did confirm that both proteins have the same N 

terminal domain for the recombination protein (PF11967). The protein database pulled 

two different protein domains but both were portions of the RecO protein. An enzyme 

commission number was not found for either of proteins. Both of the genes are a part of 

the RecFOR pathway within homologous recombination for prokaryotes. 
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Table 2. Mrub_0701 gene orthologous to E. coli b2562 gene 

 

Bioinformatics Tool M. ruber Mrub_0701 gene E. coli b2562 gene 

BLAST  Score: >12 

E-value: >0 

CDD Data (COG) COG1381 – Recombinational DNA repair protein (RecF 

pathway) 

E-value: 9.47e-13 E-value: 5.71e-80 

Cellular Localization Cytoplasm of the cell 

TIGRfam – protein family No TIGRFAM hit TIGR00613 – RecO: DNA 

repair protein RecO 

 

E-value: 5.5e-43 

Pfam – protein family PF11967 (Recombination protein O N terminal) 

 

E-value: 4e-07 E-value: 1.2e-22 

Protein Database 4JCV Crystal structure of 

the RecO complex in an 

open comformation  

 

E-value: 4.50245e-16 

3Q8D E. coli RecO 

complex with SSB C-

terminus 

 

E-value: 0.0 

Enzyme commission 

number 

No EC number 

KEGG Pathway map  Homologous Recombination Prokaryotic Pathway 

 

 Figure 8 is the result of a protein BLAST between two sequences, that of 

Mrub_0701 and E. coli b2562 (Madden, 2002). The two sequences have multiple ranges, 

however, none of the E-values are significant because they are all larger than zero. The 

E-value of the portions are fairly large compared to other sequence E-values. Therefore, 

it is more likely that the sequences share similarities due to random. This is interesting 

because the same CDD data and Pfam information were determined but the BLAST has 

many differences. The protein BLAST for all sequences with Mrub_0701 results in a first 

hit of DNA recombination protein RecO for Meiothermus cereberus with an E-value of 

1e-135 and a second hit of DNA recombination protein RecO for Meiothermus rufus with 
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an E-value of 3e-122. This is indicative of Mrub_0701 being the RecO protein, but it is 

not similar enough to match with E. coli. Since these organisms are phylogenetically 

different there is a possibility that both Mrub_0701 and E. coli b2562 are RecO, 

considering the other similarities seen in Table 2.  

 

 

 

  

Figure 8 (above). Mrub_0701 and E. coli b2562 similar protein sequence. Sequence 

alignment was completed using the bioinformatics tool - protein BLAST. The query 

sequence is E. coli and the subject is M. ruber (Madden, 2002). 
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 Figure 9 shows the results for the THM plots for Mrub_0701 and E. coli b2562 

(Krogh & Rapack, 2016). Figure 9A does not show transmembranes in M. ruber. Figure 

3B shows a short red peak, but the height does not reach the cutoff for the TMH. The 

numbers of predicted transmembrane helices for both genes are predicted to be zero. 

Therefore, both genes are predicted to be present in the cytoplasm instead of the 

membrane.  

 
 

 

 
 

Figure 9. Mrub_0701 and E. coli b2562 do not have TMH regions. Figure 9A shows 

the TMHMM for Mrub_0701 and Figure 3B shows the TMHMM for E. coli b2562. 

Due to the TMHMM data from TMHMM Server v 2.0, it is predicted that that both 

proteins have a cytoplasmic location (Krog & Rapack, 2016). 

Figure 9A 

Figure 9B 
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 The figures below, 10A and 10B, are SignalP plots for Mrub_0701 and E. coli 

b2562 (Petersen et al., 2011). Signal P is helpful in concluding if a protein cleavage site 

is present, indicating that the protein is either attached to passes through the cell 

membrane. This is determined by the D-value, a calculation via S-score (green line) and 

Y-score (blue line), and a cutoff value (pink line), cleavage sites can be determined. Both 

of the D-values were found to be lower than that of the cutoff value. Mrub_0860 has a 

cutoff of 0.570 and a value of 0.123, while E. coli b2892 has a cutoff of 0.570 and a value 

of 0.127. Thus, these proteins do not have any cleavage sites, again confirming their 

cytoplasmic location. 

 

 

 

 
 

Figure 10A 
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 Figure 11 is the homologous recombination KEGG RecFOR pathway showing the 

M. ruber (Figure 11A) and E. coli (Figure 11B) sides (Kanehisa et al., 2016b). The green 

color is indicative of enzymes/proteins that are present within each organism’s genome. 

The M. ruber pathway shows Mrub_0701 is not present within the RecFOR pathway as 

the RecO protein is shown in white. However, with the preliminary BLAST between T. 

thermophilus and M. ruber, the BLAST indicated that the M. ruber does actually have the 

Mrub_0701 protein. Therefore, the RecO protein is found within the M. ruber RecFOR 

pathway. E. coli contains the gene b2562 which is the RecO protein, which is a gap repair 

protein.  

Figure 10. Lack of cleavage sites within Mrub_0701 and E. coli b2562. Figure 10A is 

Mrub_0701 and Figure 10B is E. coli b2562. The cutoff values were both below the D 

values and a result of NO to signal peptides. These figures were created via Signal P 

server 4.1 (Petersen et al., 2011). 

Figure 10B 
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Figure 11. Mrub_0701 and E. coli b2562 are in the same recombination pathway  - RecFOR 

pathway. Figure 11A shows the KEGG pathway for Meiothermus ruber and Figure 11B shows 

the KEGG pathway Escherichia coli. The KEGG database – The Kyoto Encyclopedia of Genes 

and Genomes – was utilized to locate these genes within the homologous recombination RecFOR 

pathway (Kanehisa et al., 2016b). 

Figure 11A Figure 11B 
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 Figure 12 shows the pairwise alignments between the Pfam consensus sequence 

and Mrub_0701 or E. coli b2562. Figure 12.1 is the alignment for the hit PF11967 – the 

Recombination protein O N terminal. The second alignment is shown in Figure 12.2 for 

the hit PF02565 – the Recombination protein O C terminal. This second hit was only 

found for E. coli. Figure 12.1A is the pairwise alignment for Mrub_0860 and Figure 

12.1B and 12.2B are the pairwise alignments for E. coli b2892. There are similar 

sequences found between the alignments found in Figure 12.1, showing many of the 

same conserved amino acids (as seen in the first and second rows with capital letters). 

Therefore, this is another piece of evidence that Mrub_0701 and E. coli b2562 are 

orthologous (Berman et al., 2000). 

 

               
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 Figure 13 is a map of the chromosome that flanks our gene of interest, colored by 

their predicted KEGG pathway. The different colors in the figures are indicative of these 

genes not being a part of an operon. The Mrub_0701 gene is shown as an orange color, 

Figure 12.1 

A 

B 

Figure 12. Mrub_0701 and E. coli b2562 have the some highly conserved amino acids in 

one protein domain as designated by the . Figure 12.1 is the comparison for the PF11967 - 

Recombination protein O N terminal and Figure 12.2 is the sequence alignment for E. coli 

for the Recombination protein O C terminal. These pairwise alignments were constructed 

via Pfam (Berman et al., 2000). 
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and there are no other genes near these that are the same orange color. The E. coli 2562 

gene is shown by green color, with no other green genes near it. The red line that appears 

above these indicates the gene of interest. Therefore, the Color by KEGG results in more 

evidence that these two genes, Mrub_0701 and E. coli b2562 are orthologous (Kanehisa 

et al., 2016a). 

 

 
 

 

 
 

 

 

 

 Table 3 summarizes the results from the bioinformatics tools that were used to 

compare E. coli b3863 gene to Mrub_2285. The BLAST between Mrub_2285 and E. coli 

b3863 resulted in a bit score of 234 and an E-value of 1e-67. The CCD identified the 

same COG number (COG0749) and name (DNA polymerase I – 3’-5’, exonuclease and 

polymerase domains) for both proteins; the low E-values indicate strong sequence 

similarity to the COD hit. The cellular localization data from various databases (SignalP, 

TMH, LipoP and PSORT-B) predicts that both proteins are found within the cytoplasm of 

the cell, and neither possesses a cleavage site. The COG hit and cellular localization 

suggests that these two genes are orthologs. The TIGRFAM hit was the same for both 

proteins, TIGF00593 – DNA polymerase I. The Pfam hit did confirm that both proteins 

Figure 13. Mrub_0701 and E. coli b2562 genes are not a part of an operon. 13.1 is Mrub_0701 

and 13.2 is E. coli b2562. Colored by KEGG and Ortholog Neighborhoods were used in order 

to view these images (Kanehisa et al., 2016a). 

 

13.1 

13.2 
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have the same N terminal domain and C terminal domain for the 5’-3’ exonuclease with 

the same hits of PF02739 and PF01367. The protein database did pull two different 

protein domains; however, the same enzyme commission number for these two genes 

was 2.7.7.7, DNA directed DNA polymerase. Both of the genes are a part of the RecFOR 

pathway within homologous recombination for prokaryotes. 

 

 

 

Table 3. Mrub_2285 gene orthologous to E. coli b3863 gene 

 

 

 

 

 

Bioinformatics Tool M. ruber Mrub_2285 gene E. coli b3863 gene 

BLAST  Score: 234 bits 

E-value: 1e-67 

CDD Data (COG) COG0749 – DNA polymerase I – 3’ – 5’ exonuclease and 

polymerase domains 

E-value: 2.92e-117 E-value: 0.00 

Cellular Localization Cytoplasm of the cell 

TIGRfam – protein family TIGR00593 – DNA polymerase I 

 

E-value: 0.0 

Pfam – protein family PF02739 (5’-3’ exonuclease, N-terminal resolvase-like 

domain) 

PF01367 (5’-3’ exonuclease, C-terminal SAM fold) 

E-value: 1.4e-49 

E-value: 1.3e-27 

E-value: 2.7e-55 

E-value: 1.8e-30 

Protein Database 1BGX TAQ polymerase in 

complex with TP7, an 

inhibitory fab  

 

 

 

E-values: 0.0, 1.849e-64 

1D8Y: Entity 2 containing 

Chain A – Crystal structure 

of the complex of DNA 

polymerase I Klenow 

Fragment with DNA 

 

E-value: 0.0 

Enzyme commission 

number 

2.7.7.7 – DNA directed DNA polymerase  

KEGG Pathway map  Homologous Recombination Prokaryotic Pathway 
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 Figure 14 is the result of a protein BLAST between two sequences, that of 

Mrub_2285 and E. coli b3863 (Madden, 2002). The two sequences had multiple ranges, 

meaning there is multiple parts of the sequence that match up, the first range being the 

most important. The E-value of the first range is 1e-67, however the other ranges have 

fairly small E-values also. Therefore, multiple low E-values indicate that there are more 

conserved amino acids between the sequences than those that are due to random. 

Similarities shown in Table 3 and Figure 14 are the first piece of evidence that support 

the hypothesis of Mrub_2285 and E. coli b3863 being orthologs. 
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 Figure 15 shows the results for the THM plots for Mrub_2285 and E. coli b3863 

(Krog & Rapack, 2016). Figure 15A does not show transmembranes helices for M. ruber. 

Figure 15B shows a very short red peak, but the height does not reach the cutoff for the 

TMH. The numbers of transmembrane helices for both genes are predicted to be zero. 

Therefore, both genes are predicted to be present in the cytoplasm instead of the 

membrane.  

Figure 14. Mrub_2285 and E. coli b3863 similar protein sequence. Sequence 

alignment was completed using the bioinformatics tool - protein BLAST. The query 

sequence is that of E. coli and the subject is M. ruber (Madden, 2002). 
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Figure 15. Mrub_2285 and E. coli b3863 do not have TMH regions. Figure 15A 

shows the TMHMM for Mrub_2285 and Figure 15B shows the TMHMM for E. coli 

b3863. Due to the TMHMM data from TMHMM Server v 2.0, it is predicted that 

that both proteins have a cytoplasmic location (Krogh & Rapack, 2016). 

Figure 15A 

Figure 15B 
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 The figures below, 16A and 16B, are SignalP plots for Mrub_2285 and E. coli 

b3863 (Petersen et al. 2011). SignalP plot determines whether there is a protein cleavage 

site indicative of a protein being either attached or passes through the cell membrane. The 

D-value determines this and is calculated via S-score (green line) and Y-score (blue line), 

and a cutoff value (pink line). Both of the D-values were found to be lower than that of 

the cutoff value. Mrub_2285 has a cutoff of 0.570 and a value of 0.097, while E. coli 

b3863 has a cutoff of 0.570 and a value of 0.159. Thus, these proteins do not have any 

cleavage sites, again confirming their cytoplasmic location. 

 

 

Figure 16A 
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 Figure 17 is the homologous recombination KEGG RecFOR pathway showing the 

M. ruber (Figure 17A) and E. coli (Figure 17B) sides (Kinehisa et al., 2016b). The green 

color is indicative of enzymes/proteins that are predicted to be present within each 

organism’s genome. The M. ruber pathway shows Mrub_2285 is not present within the 

RecFOR pathway as the DpoI protein is shown in white. However, the preliminary 

BLAST between T. thermophilus and M. ruber indicated that M. ruber does have the 

Mrub_2285 protein. Therefore, the DpoI protein is found within the M. ruber RecFOR 

pathway. E. coli contains the gene b3863, the DpoI protein, which is DNA polymerase I.  

Figure 16. Lack of cleavage sites within Mrub_2285 and E. coli b3863. Figure 16A is 

Mrub_2285 and Figure 16B is E. coli b3863. The cutoff values were both below the D 

values and a result of NO to signal peptides. These figures were created via Signal P 

server 4.1 (Petersen et al., 2011). 

Figure 16B 
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Figure 17. Mrub_2285 and E. coli b3863 are in the same recombination pathway - RecFOR 

pathway. Figure 17A shows the KEGG pathway for Meiothermus ruber and Figure 17B shows 

the KEGG pathway Escherichia coli. The KEGG database – The Kyoto Encyclopedia of Genes 

and Genomes – was utilized to locate these genes within the homologous recombination RecFOR 

pathway (Kanehisa et al., 2016b).  

Figure 17A Figure 17B 
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 Figure 18 shows the pairwise alignments between the Pfam consensus sequence 

and Mrub_2285 or E. coli b3863. Figure 18.1 is the alignment for the hit PF02739 – the 

5’-3’ exonuclease, N-terminal resolvase-like domain. The second hit is shown in Figure 

18.2 for the hit PF01367 – the 5’-3’ exonuclease, C-terminal SAM fold. Figure 18.1A 

and 18.2A are the pairwise alignments for Mrub_2285 and Figure 18.1B and 18.2B are 

the pairwise alignments are E. coli b3863. From this comparison between the genes, it is 

relevant that they have many of the same conserved amino acids (as seen in the first and 

second rows with capital letters). Therefore, this is another piece of evidence that 

Mrub_2285 and E. coli b3863 are orthologous (Berman et al., 2000).  

               

 
    
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                             

 
                    

 
 

 

 

Figure 18.1 

A 

B 

Figure 18.2 

A 

B 

Figure 18. Mrub_2285 and E. coli b3863 have the same highly conserved amino acids in 

two different protein domains. Figure 18.1 is the comparison for the PF02739 - 5’-3’ 

exonuclease, N-terminal resolvase-like domain and Figure 18.2 is the comparison for the 

PF01367 - 5’-3’ exonuclease, C-terminal SAM fold. These pairwise alignments were 

constructed via Pfam (Berman et al., 2000). 
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 Figure 19 is a map of the chromosome that flanks our gene of interest, colored by 

their predicted KEGG pathway. The different colors in the figures are indicative of these 

genes not being a part of an operon. Mrub_2285 is cream in color with no other cream 

colored genes around it. E. coli b3863 is pink in color with no other pink genes near it. 

The red line above or below the gene is indicative of the gene of interest. Therefore, the 

Color by KEGG results in more evidence that these two genes, Mrub_2285 and E. coli 

b3863 are orthologous (Kanehisa et al., 2016a). 

 

 
 

 
 

 

 

CONCLUSIONS 

 

 The results from this research have shown that Mrub_0860 and E. coli b2892, 

Mrub_0701 and E. coli b2562, and Mrub_2285 and E. coli b3863 are orthologous. This is 

indicative of the genes relating to species that come from a common ancestor. These 

results have stemmed from first, a BLAST analysis between the E. coli sequences and M. 

ruber sequences. Other bioinformatics tools were used including: cellular localization of 

the proteins, TMH, SignalP, LipoP, PSORT-B showing the same location of all these 

proteins, within the cytoplasm. Also utilized were TIGRFAM and Pfam to determine a 

Figure 19. Mrub_2285 and E. coli b3863 genes are not a part of an operon. 19.1 is Mrub_2885 

and 19.2 is E. coli b3863 Colored by KEGG and Ortholog Neighborhoods were used in order to 

view these images (Kanehisa et al., 2016a). 

19.1 

19.2 
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match of what each protein was, that consisted of single-stranded-DNA specific 

exonuclease (RecJ protein), DNA repair protein (RecO), and DNA polymerase I (DpoI) 

and in what protein domains they are apart of. Based on these and more bioinformatics 

tools that were used throughout this project, there were many similarities between the 

different genes and little to no deviations. It is concluded through the multiple 

bioinformatics tools that Mrub_0860 is orthologous to E. coli b2892, Mrub_0701 is 

orthologous to E. coli b2562 and Mrub_2285 is orthologous to E. coli b3863.  

 

 Site-directed mutagenesis (SDM) is an in vitro procedure performed to create a 

desired mutation in a double-stranded DNA plasmid (NEB, 2017).  SDM may be utilized 

for many reasons including: studying changes in protein activity, screening for mutations 

with desired properties and to introduce or remove restriction endonuclease sites. Figure 

20.3 shows an alanine mutation to Mrub_0860. This mutation is a missense mutation by 

changing one amino acid to another. The substitution is alanine for a histidine, creating a 

change of CAC to GCC at positions 466 and 468.  

 Replacing the histidine with an alanine will affect the protein function of the 

enzyme due to the fact that histidine substituted with another amino acid does not work 

well (Betts & Russell, 2003). Histidine is charged, polar amino acid that common in 

active or binding sites. Replacing this with an alanine, which is a dull, non-reactive, 

nonpolar amino acid and usually substituted for small amino acids, can lead to function 

inhibition. Mrub_0860, single stranded DNA-specific exonuclease (RecJ), may not be 

able to function properly, leading to DNA repairs via gap-filling to not take place if RecJ 

can’t make the gap wider in order for the single-stranded binding protein and other 
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proteins to bind. This results in damaging affects on the RecFOR homologous 

recombination pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20.1  

Figure 20.2  
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Figure 20.3 

Figure 20. Missense mutation of Mrub_0860 by substitution of an alanine for a 

histidine. The missense mutation was created at positions 466 and 468 by changing 

CAC to GCC. Figure 20.1 shows the HMM logo for Mrub_0860 gene, this shows the 

most conserved amino acids in the sequence. The most conserved is indicated by the 

larger the letter is and the least conserved is the smaller the letter is. Histidine is one of 

the largest letters in the HMM logo, the histidine that was changed is the first histidine 

of the second panel of Figure 20.1. Figure 20.2 is a confirmation that this histidine is 

highly conserved in M. ruber and many other organism sequences found through Pfam. 

Figure 20.3 shows the missense mutation with the primers that would be needed to make 

this DNA site-directed mutation in the laboratory. The missense SDM was created via 

NEB, http://nebasechanger.neb.com/. 
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