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Mrub_1199 & Mrub_2272 of Meiothermus Ruber are orthologous genes to the 

b0262 gene in Escherichia coli while Mrub_1200, Mrub_1201, Mrub_2015 & 

Mrub_2271 are not orthologous to the b0262 gene coding for the Iron (Fe3+) 

ABC Transport System 

 
Kumail Hussain  

Dr. Lori R. Scott Laboratory  

Biology Department, Augustana College 

639 38th Street, Rock Island, IL 61201 

 

 

Introduction 

 

Importance of M. Ruber 

Typically, bacteria thrive in humid and moist environments. The bacterium, Meiothermus Ruber, 

thrives on the extreme version of these environments. Meiothermus Ruber is part of the Genus 

Meiothermus and produces a unique red pigment. It is thermophilic and a gram-negative bacteria 

(Tindall et. al 2010). The species was first grouped under genus Thermus until later transferred to 

the genus Meiothermus. The “ruber” part of the name describes the red appearance of the 

species. Species of the genus can be found in hot springs or artificial thermal environments 

(Tindall et. al 2010). Meiothermus ruber is overshadowed by the numerous publications for other 

bacterium such as E. coli and Salmonella. Luckily, projects that highlight the importance of 

research of lesser known bacteria exist to explore possibilities of variable genes and processes. 

The Genomic Encyclopedia of Bacteria and Archaea (GEBA) are one of such projects (DOE 

JGI.2018). The E. coli bacteria are an incredibly useful organism to compare the M. ruber 

genome, since they are similar yet different at the same time. The thermophilic ability of M. 

ruber makes it a favorite organism to explore for example, one study that utilized M.ruber as the 

organism to compare its enzymatic activity has won much praise. The study analyzed the activity 

of an enzyme in M. ruber that catalyzes the biological reaction for production of butanol (Reiße 

2015). 

 

E. Coli containing potential orthologs 

E. coli is a common organism used in the laboratory for comparing similar bacteria’s function 

since, it is very easy to handle and is thoroughly researched (Blount 2015). The KEGG pathway 

for ABC transporters show the E. coli genome has a single gene coding for ATP Binding 

Cassette (ABC) transport of Iron (Fe3+) which is labeled as b0262, while the Meiothermus ruber 

genome contains 6 genes that encode the proteins for the Iron ABC Transport system. A detailed 
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explanation is found in Figure 2. Orthologs are genes that have similar protein function, but the 

gene will be from another species. It is a result of evolutionary change and likely means 

conserved function among organisms (Studer 2009). There are many genes in M. ruber that can 

be similar to E. coli, but not necessarily be characterized as orthologs. The purpose of this 

project is determine which genes are orthologs and which are not.  

 

 

Transport of Iron (Fe3+) through ABC Transporters 

Figure 1 below outlines the general framework for ABC transporters in Escherichia coli and 

Meiothermus ruber. A typical iron-uptake ABC transporter consists of a ferric ion-binding 

protein, located in the periplasm, two transmembrane proteins that form a pathway for ferric ions 

and two peripheral ATP binding proteins located on the cytoplasmic side of the inner membrane 

(Wang 2014).  Since the bacteria that are being researched is gram negative, there is a periplasm 

followed by the outer membrane of the cell wall. Ions such as Fe3+ will travel across the outer 

membrane and will require the ABC transport system to facilitate its passage through the inner 

cell membrane. A specific periplasmic binding protein will guide the Fe3+ to the transmembrane 

domains to allow transport of the ion ( Moussatova et. al 2008). 



 

 

 

 

 

 

 

3 

 
Figure 1. General diagram of ABC Transporter System in gram-negative bacteria. The protein 

system has 4 domains and a substrate binding Protein: 2 Nucleotide Binding Domains (NBD) 

and 2 Transmembrane Domain (TMD) with 1substrate binding protein. The 2 nucleotide binding 

domains lie in the cytoplasm in close proximity with the cytoplasmic membrane. The 2 

transmembrane domains are embedded in the membrane and coordinate with the nucleotide 

binding domains to transport the Iron (Fe3+) in the cell.  A substrate binding protein, located in 

the periplasm of the bacteria, is utilized to bring the Fe3+ to the transport system. Sections B & 
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C of Figure 1 depict the mechanism of the transport system. Iron is brought to the TMD and then 

brought halfway through the membrane. By that time, the NBD has ATP bound to the nucleotide 

binding sites. The hydrolysis of the nucleotides releases energy and drives the complete transport 

of Iron in the cell. Image taken from: (Wilken 2015).  

 

The role of Iron in gram-negative bacteria has recently become more understood. The versatility 

of Iron includes electron carriers and catalytic centers. Thus, it is vital to biological processes 

such as photosynthesis, the Krebs Cycle, gene regulation, etc. (Krewulak 2008). Iron will usually 

be assimilated from host proteins or other sources of Iron in the bacteria. Iron will be extracted 

from transferrin, siderophores, and hemoglobin, which are host carrier proteins (Krewulak 2008).  

 

Bioinformatics 

Bioinformatics allow biologists to conduct experiments without an expensive laboratory, 

basically allowing experiments to be conducted on a computer (Bioinformatics). A multitude of 

bioinformatics techniques were implicated in the gene annotation of the selected genes. There 

will be instances when bioinformatics tools do not produce the desired results.  The learning 

experience of the project stems from the understanding of why this may have occurred. Despite 

the numerous bioinformatics information produced during the project, there will only be 

discussion of relevant findings. Such relevant findings will describe structure, localization, and 

function.  

 

Purpose/ Hypothesis 

This project will determine if there are any orthologs to the b062 (afuC) gene of E. coli in the M. 

ruber genome. The afuC gene of E. coli is the sole gene for the ABC transport system of Iron 

(Fe3+) while the M. ruber gene has 6 known genes: Mrub_1199, Mrub_1200, Mrub_1201, 

Mrub_2015, Mrub_2271, and Mrub_2272. The reason for the project is to shed light on 

important transport systems in these organisms so that we can better understand the mechanism 

behind it. Similarities between these organisms can lead to the discovery of essential processes 

and eventually be used outside of prokaryotes. The afuC genes between the organisms are 

Mrub_1199 & Mrub_2272 & b0262. The remaining genes are grouped into two gene names 

afuA (Mrub_1201, Mrub_2015) and afuB (Mrub_1200, Mrub2271). 
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Methods 

The gene annotation of the project was performed based on GENI-ACT gene annotation website 

instructions (http://www.geni-act.org/education/main/). Since the project is also disproving 

orthologs, the instructions and included results are modified slightly. After comparing the KEGG 

pathway, a BLAST was then performed on all M. ruber genes and was compared against the E. 

coli genome to determine any closely related genes. Cell localization websites were then used to 

determine the predicted location of the protein domains. Then, bioinformatics websites for 

analyzing protein function in other organisms were used to determine similarities or 

dissimilarities between b0262 and respective M. ruber genes. Lastly, a search for possible 

operons of the genes was done through the site IMG/M to determine if genes were part of 

operons. These steps were done to prove orthology and to disprove orthology.   

 

Results 

 

Panel A       Panel B 

 

 

 

 

 

 

 

 

Figure 2. ABC Transport pathways between M. ruber and E. coli. share similarities. The images 

above are taken from the KEGG pathway for the predicted genes of the ABC Transport System. 

Panel A includes the genes used for the transport of Iron (Fe3+) in M. ruber. Panel B includes 

the genes for the transport of Iron in E. coli. Pathways were generated through The Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database at http://www.genome.jp/kegg/. 

http://www.geni-act.org/education/main/
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Figure 2 is the first indicator of potential orthologs for ABC transporters between M. ruber and 

E. coli. The three green highlighted genes in Panel A are afuA, afuB, afuC. Each these genes 

contain their own pair of genes as follows: afuA (Mrub_1201, Mrub_2015), afuB (Mrub_1200, 

Mrub2271) and afuC (Mrub_1199, Mrub_2272). The highlighted gene in Panel B is afuC and 

contains a single gene involved with the transport of Iron: labeled as b0262. The afuC is present 

in both bacteria, which suggests the genes might be related to a common ancestor. The genes 

afuA and afuB are expected to be absent in E. coli. Further tests are required to determine the 

function and relation of these genes. 

 

 

 

Table 1:  E.coli b0262 and M. ruber Mrub_2272 & Mrub_1199 are  orthologs 

Bioinformatics tool used E. coli b0262 gene Mrub_2272 gene Mrub_1199 

BLAST against opposite 

genome 

Mrub_2272 

Score: 240 

E-value: 8e-78 

b0262 

Score: 240 

E-value: 1e-77 

b0262 

Score: 192 

E-value: 1e-59 

CDD Data COG3842 
ABC-type Fe3+/spermidine/putrescine transport 

systems, ATPase components 

COG3839 
ABC-type sugar 

transport system, 

ATPase component 

 

E-value: 3.88e-165 E-value: 1.08e-137 2.75e-88 

Cell localization Localized  partly in cytoplasmic membrane 

 

TIGRfam - Protein family 

sulfate ABC transporter 

ATP binding 

TIGR00968 

 Polyamine ABC 

transporter, ATP 

binding 

 TIGR01187 

 

sulfate ABC 

transporter 

ATP binding 

TIGR00968 

E= 1.3e-113 E= 9.6e-101 E= 1.5e-69 

 

Pfam - Protein family 

 

 

 

 

 

PF0005 
CL0023 

 

P-loop_NTPase 

 

PF0005 
CL0023 

 

P-loop containing 

nucleoside triphosphate 

hydrolase superfamily 

PF0005 
CL0023 

 

P-loop containing 

nucleoside triphosphate 

hydrolase superfamily 
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Pfam - Protein family   

E= 1.6e-37 E= 7.5e-36 E= 4.99e-33 

Protein Database 

(PDB) 

1V43 

Crystal Structure of 

ATPase subunit of ABC 

Sugar Transporter 

 

E= 6.68272E-74 

1VCI 

Crystal structure of the 

ATP-binding cassette 

of multisugar 

transporter from 

Pyrococcus horikoshii 

OT3 complexed with 

ATP 

E= 6.34144E-61 

1VCI 

Crystal structure of the 

ATP-binding cassette 

of multisugar 

transporter from 

Pyrococcus horikoshii 

OT3 complexed with 

ATP 

E= 7.28893E-43  

KEGG Pathway Map ABC Transporters  

KEGG Number: 02010 

 

 

 

Table 1 summarizes the results between Mrub_1199 and Mrub_2272 and the supposed ortholog 

b0262. First row shows the BLAST alignment. The M. ruber genes both produced hits with the 

E. coli b0262 gene with low e-values.  The b0262 did produce a hit for Mrub_2272 with a low e-

value. This is the first type of evidence that shows an evolutionary relationship between the 

genes. The CDD yielded the same COG hit for b0262 and Mrub_2272. COG2842 refers to an 

ATPase component of the ABC transporter of Iron/ Spermidine/ Putrescine. Mrub_1199 

produced a hit for COG3839, which is also an ATPase component, but for an ABC transporter of 

sugar. A similarity in structure and function is first observed. Cell localization predicts all the 

genes above to be located in in the cytoplasm. There is no cleavage site for the protein domains 

and there are no transmembrane helices either. Further interpretation of cell localization results 

are illustrated in figures 4 & 5 through TMHM and SignalP. TIGRfam pulled TIGR00968 for 

both b0262 and Mrub_1199, but pulled TIGR01187 for Mrub_2272. All TIGRfam hits are ATP 

binding domains and are a consistent function between the genes. Pfam further proved an 

orthologous relationship through the same family and clan names. The family represents ABC 

transporter and the clan represents nucleoside triphosphate hydrolase. PDB results had hits that 

were consistent with ATP binding domains. Even though the PDB displayed hits for an ABC 

sugar transporter, this does not disregard orthology since there are studies that show sugar 

transporters also transporting Iron (Wilkens 2015). The table concludes that b0262 is 

orthologous to Mrub_1199 and Mrub_2272. The overwhelming evidence confirms similarity in 

structure, function, and localization of the protein domain. Interestingly enough the M. ruber 
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genes are code for the 2 nucleotide binding domains described in Figure 1. while the single E. 

coli gene in the ABC transport system codes only for the nucleotide binding domain. 

 

 

 

Panel A 

 

 

 

 

 

 

 

 

 

Panel B 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Successful BLAST search of Mrub_1199 & Mrub_2272 against E. coli genome 

yielding hits for b0262. Panel A shows the BLAST search of Mrub_1199 (query sequence) 

against the E. coli genome (search set) yielding a hit for the sought out gene b0262. This was not 

the first hit, but the low e-value and high bit score indicate a relationship not based on chance. 

Panel B shows the BLAST search of Mrub_2272 (query sequence) against the E. coli genome 

(search set) yielding a hit for b0262. Again, this was not the first hit, but still has an acceptable e-
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value and bit score to demonstrate a significant relationship between the genes. Analysis was 

performed using the NCBI BLAST bioinformatics tool at http://www.ncbi.nlm.nih.gov 

 

 

Figure 3 shows the next piece of evidence to prove the orthology of the M. ruber genes. Panel A 

has an e-value of 1e-59 & Panel B has an e-value of 1e-77. These are low e-values and both yield 

a hit matching the gene for the transport of Iron (afuC) in E. coli. There is a low chance this is 

due to random alignment. These results prove structural similarities between the proteins the 

genes code for.  Evidence for the function of the genes can help further prove if these genes are 

orthologs.  
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Figure 4. Mrub_2272 (top), Mrub_1199 (middle) b0262 and (bottom) do not contain any 

transmembrane domains. Titles of the hydropathy plots indicate the gene it refers to. The light 

pink line near the top of each graph demonstrates the absence of transmembrane domains. The 

data shows similarity in localization of protein domains and hints at the possibility of similar 

function. TMHMM Server v 2.0 http://www.cbs.dtu.dk/services/TMHMM was used to create 

hydropathy plots. 

 

 

This bioinformatics tool is useful for determining location and any membrane components. None 

of the genes of interest show any transmembrane domains and suggest localization within the 

cytoplasm of the cell. The relationship between these genes is furthered proved by understanding 

the location of the protein domains are the alike throughout all the genes. It is becoming more 

apparent that an orthologous relationship might exist between the E. coli genes and M. rub genes.  
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Figure 5. b0262, Mrub_1199 & Mrub_2272 indicate no cleavage sites in any of the genes based 

on SignalP output. Titles of the genes are labeled at the top of each output. D values were below 
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cutoffs for all plots. Plots created by Signal P server v. 4.1 

http://www.cbs.dtu.dk/services/SignalP  

 

All D-values were below the cutoff of 0.450. This shows the absence of any cleavage sites for all 

genes. The function of all genes is consistent. These plots are useful for comparing the 

localization of the genes and determining similarity in function.  

 

 

Panel A 

 

 

 

 

 

Panel B 

 

 

 

 

 

Panel C 

 

 

 

 

 

Figure 6. Mrub_1199 (Panel C), Mrub_2272 (Panel B) & b0262 (Panel A) have similarities in 

highly conserved amino acids and code for the same domain. The Pfam results show all genes in 

the same clan CL0023 which is part of the nucleotide triphosphate hydrolase family. There are 

several amino acids that are conserved in all three alignments. Panel A has a glycine at the 9th 

position that is also present in Panel B at position 10 and in Panel C at position 9. The pairwise 

alignment was created using the Pfam website http://pfam.sanger.ac.uk/search.   

 

Figure 6 is able to tell us the clan number about the genes, which corresponds to a nucleotide 

binding domain. These genes seem to be consistent with the function as a nucleotide binding 

domain. The Pfam identifies the genes as part of the nucleotide triphosphate hydrolase family. 

The presence of the conserved amino acids between the genes further proves similarity in 

function and structure. The results thus far have provided adequate evidence to provide an 

orthologous relationship between the genes.   
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Figure 7. The genes b0262 (top), Mrub_1199 (middle), Mrub_2272 (bottom) are not part of 

operons according to color by COG. The gene is identified by a red line. All genes are red since 

they have similar functions. Non of the surrounding genes are the same color in any image. 

Images were created by IMG/M website: http://img.jgi.doe.gov/  and color coordinated by COG 

hits. 

 

Figure 7 is the last piece of evidence to confirm orthology between the M. ruber genes and the 

E. coli genes. The images show that none of the genes are part of operons when coloring by 

COG hits. This suggests that the function of the proteins of these genes is closely related.   
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Panel A 

 

 

 

 

 

 

 

 

 

 

 

 

Panel B 

 

 

 

 

 

 

 

 

 

 

 

Panel C 

 

 

 

 

 

 

 

 

 

 

 

Panel D 
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Figure 8. BLAST of Mrub_1200, Mrub_1201, Mrub_2271, Mrub_2015 against the E. coli 

genome yielding no hits resembling b0262.  Panel A is the BLAST for Mrub_1200 that showed a 

first hit for b_2424 with a very high e-value of 0.002. This suggests no evolutionary relationship 

with gene. Panel B is the BLAST for Mrub_2271 that also yielded b_2424 with a high e-value of 

3e-08. This might also show the absence of an evolutionary relationship, but requires further 

investigation. Panel C shows the BLAST for Mrub_1201 with the first hit being b_1123 with an 

e-value of 7e-06. This value does not provide concrete evidence of an evolutionary relationship 

and also require further study. Panel D is the BLAST for Mrub_2015 which shows its first hit as 

b0936 with a very high e-value of 0.60. This is gene definitely does not share a common ancestor 

with E. coli. Analysis was performed using the NCBI BLAST bioinformatics tool at 

http://www.ncbi.nlm.nih.gov 

 
 

Figure 8 demonstrates that the genes Mrub_1201 and Mrub_2015 are not related to any genes in 

the E. coli genome, thus excluding the genes as orthologs. Mrub_2271 and Mrub_1201 have 

lower e-values which might suggest similarities in structure however; the gene that is pulled by 

BLAST does not match the description or function of the M. ruber genes. These genes may most 

likely not be labeled as orthologs, but require bioinformatics tools to further explain the function 

and structure of these genes. 
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Table 2:  The functions of M. Ruber Mrub_2271, Mrub_2015, Mrub_1200 & Mrub_1201  

Bioinformatic

s tools  

used 

Mrub_2271 

gene 
Mrub_2015 
gene 

Mrub_1200 gene Mrub_1201 
gene 

BLAST 

against 

opposite 

genome 

b2424 

Score: 52.8 

E-value: 3e-08 

b0936 

Score: 28.9 

E-value: 0.60 

b2424 

Score: 37.4 

E-value:0.002 

b1123 

Score: 41.2 

E-value: 7e-05 

CDD Data  COG1178 

ABC-type Fe3+ 

transport system, 

permease 

component 

COG1840 

ABC-type Fe3+ 

transport system, 

periplasmic 

component 

COG1178 

ABC-type Fe3+ 

transport system, 

permease component 

COG1840 

ABC-type Fe3+ transport 

system, periplasmic 

component 

 

E-value: 4.26e-91 E-value: 

2.03e-40 

E-value: 

2.29e-22 

 

E-value: 1.88e-48 

Cell 

localization 

Cytoplasmic 

membrane 

Periplasm cytoplasmic 

membrane 

Equal chance of being 

located near cytoplasmic 

membrane or periplasmic 

membrane 

 

TIGRfam - 

Protein 

family 

ABC transporter, 

permease pro 

 PF00528 

 

ABC transporter 

periplasmic binding 

protein 

TIGR01254 

 

2-

aminoethylphosphona

te ABC transport 

TIGR03255 

 

putative 2-

aminoethylphosphonate 

ABC 

TIGR03261 

  

E-value:  

6.8e-12 

E-value: 4e-06 E-value: 4.1e-05 E-value: 2.9e-09 

 

Pfam - 

Protein 

family 

BPD transporter 

like  

PF00528 

 

Bacterial 

extracellular solute-

binding protein  

F13531 

Binding-protein-

dependent transport 

system inner 

membrane 

component 

PF00528 

  

 

Bacterial extracellular 

solute-binding protein  

F13531 

E= 8.7e-10 E-value= 5.44e-

22 
E- value= 
3e-07 

E-value= 2.9e-09 
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Protein 

Database 

(PDB) 

3D31 

ModBC from 

Methanosarcina 

acetivorans 

 

E= 0.123396 

3WAE 

X-ray structure of 

Fe(III)-

bicarbonates-ttfbpa, 

a ferric ion-binding 

protein from 

thermus 

thermophilus HB8 

 

E-value:8.8996E-

121 

No Hits 4R72 

Structure of the periplasmic 

binding protein AfuA from 

Actinobacillus 

pleuropneumoniae (apo 

form) 

 

E= 1.255E-16 

KEGG 

Pathway 

Map 

ABC Transporters 

KEGG Number: 02010 

 

 

Table 2 shows the function between Mrub_2271, Mrub_2015, Mrub_1200 & Mrub_1201 in 

order to prove these genes are not any orthologous to E. coli. The BLAST search did not provide 

compelling evidence for potential orthologs in E. coli, see Figure 8 provides a further 

explanation. The CDD pulled COG1178 for Mrub_2271 & Mrub_1200, which signifies a 

permease component to the ABC Iron transport system. COG1840 was hit for Mrub_2015 and 

Mrub_1201 and indicates a periplasmic component to the ABC Iron transport system. Cell 

localization, which includes PSORT-B and TMHM, predict Mrub_2271 and Mrub_1200 to be in 

the cytoplasmic membrane. Cell localization predicts Mrub_2015 and Mrub_1201 to be in the 

periplasmic space. TIGRfam produces hits for Mrub_2271 and Mrub_2015 as a permease and 

periplasmic protein, respectively. Mrub_1200 and Mrub_1201 produce hits for ABC transporter 

domains, but don’t match the system for Iron transport. Pfam further proves the function of the 

M.  ruber genes. The family PF00528 for a binding protein dependent domain, located in the 

membrane, corresponds to genes Mrub_2271 & Mrub_1200. The family F13531 for solute-

binding proteins corresponds to genes Mrub_2015 & Mrub_1201. Lastly, the PDB does produce 

a periplasmic binding protein for Mrub_1201 and an Iron binding protein for Mrub_2015, which 

is consistent with a solute binding protein. The PDB hits for the rest of the genes does not further 

prove the function of the genes as permease domains, but this piece of evidence can be 

overlooked. The table concludes that not only is there any compelling evidence for orthologs to 

these genes in E. coli, it also predicts that Mrub_2271 and Mrub_1200 are the permease domains 

in the membrane & Mrub_2015 and Mrub_1201 function as solute binding proteins within the 

periplasm.  
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Panel A 
 

 
Panel B 

 
Panel C 

 
Figure 9. Mrub_2015 is not part of an operon (Panel A). Mrub_2271 and Mrub_2272 (left to 

right) are part of the same operon (Panel B).  Mrub_1199, Mrub_1200, Mrub_1201 (left to right) 

are part of an operon (Panel C). 

 

Panel A shows Mrub_2015 not part of an operon, which might be due to its location in the 

periplasm so it does not have to be directly in contact with another domain. In Panel B, 

Mrub_2271 is the permease and Mrub_2272 is the nucleotide binding domain and are 

transcribed in the same orientation. In Panel C, Mrub_1199 is the nucleotide binding domain, 

Mrub_1200 is the permease, and Mrub_1201 is the substrate binding protein. These three genes 

are transcribed in the same orientation. This proves the function of all the genes and orientation 

of the coded genes 
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Site Directed Mutagenesis 

Further research will include a point mutation at a highly conserved amino acid. A highly 

conserved amino acid in Mrub_1199 was located at position F28 by the HMM logo. In the HMM 

logo the alignment begins at position 18. The Phenylalanine at the 11th position has the DNA 

sequence TTT which corresponds to the mRNA sequence UUU. In order to mutate the gene 

through a single point nucleotide substitution, the 31st position of the gene is mutated from  

T -->C to substitute from a Phenylalanine to a Leucine. The figure below shows the substitution 

and the primer required to flank the region and substitute the amino acid. The mutation should 

create a loss of function or a drastic change in function (Betts and Russel 2003). 

 

 

 

 
 

 

Figure 6. Single point mutation (T->C) at position 31 of the Mrub_1199 gene. The primers 

needed are labeled above and must be annealed at 65℃. The amino acid substitute is well 

conserved among species and will most likely result in a drastic change in function. Primers 

produced from NEB Base Changer.  
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Conclusion  

 

Proving Orthologs 

The results of the project proved Mrub_1199 & Mrub_2272 are orthologs to b0262 and that 

Mrub_1200, Mrub_1201, Mrub_2271, and Mrub_2015 do not have orthologs to E. coli. First is 

proving the relationship for the first set of genes. The evidence for common ancestry between 

b0262 and Mrub_1199 & Mrub_2272 first started with the KEGG pathway comparison showing 

that the afuC in E. coli (b0262) and M. ruber (Mrub_1199 &Mrub_2272) were predicted to be 

orthologous genes coding for Iron (Fe3+) transport. A BLAST was then performed for the 

predicted orthologous M. ruber genes, which both yielded hits for the b0262 gene. Despite the 

results not being the first hit for BLAST, it is well within acceptable e-values. The COG hits are 

consistent with ATPase domains, but not strictly for Iron, hits included Spermidine/ Putrescine, 

and sugar. As mentioned before a study showed these kinds of transporters also transporting Iron 

(Wilkens 2015). Cell localization was then performed using TMHM and SignalP and predicted 

the genes in the cytoplasm. TIGRfam and PFAM both yielded the same predicted function of a 

nucleotide binding domain for all genes with low e-values. Pfam also displayed conserved amino 

acids between the genes. The operon comparison by IMG/M by COG coloring showed similarity 

in operon structure and function. These results, which prove the similarity in structure, 

localization, and function, provide adequate evidence that these genes are orthologs. When 

referring back to Figure 1, which describes the general, structure of an ABC transporter, these 

genes match the 2 nucleotide binding domains described in a general ABC transporter. 

 

Proving genes that are not orthologs 

The KEGG pathway map also predicted that there are no orthologs to M. ruber’s afuA and afuB 

in E. coli. That being said, the genes Mrub_1200, Mrub_1201, Mrub_2015, Mrub_ 2271 do not 

have orthologs to E. coli and serve a separate function from b0262. A BLAST search of these 

genes against the E. coli genome yielded different genes in E. coli, but with high e-values. This 

does not suggest an evolutionary relationship between the genes and E. coli. COG hits for 

Mrub_2271 & Mrub_1200 showed the permease domain for Iron transport. The rest of the 

bioinformatics tools including TMHM, Pfam, and TIGRfam all predict the genes Mrub_2271 & 

Mrub_1200 to be the transmembrane domain (permease portion) of the ABC transporter 

diagrammed in Figure 1.  The function and location are not consistent with any genes used for 

Iron transport in E. coli. 

 

Lastly, the genes Mrub_2015 and Mrub_1201 are proven to be the substrate binding protein 

based on the bioinformatics tools (CDD, TIGRfam, Pfam). Specifically, the COG hits for these 

genes are both for Iron transport and represent solute binding proteins, which is confirming 
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evidence for similar function. Cell localization (TMHM and SignalP) states the genes lay within 

the periplasm and all produced hits for protein families are consistent with this function. 

Interestingly enough, Figure 1 states there will typically be one substrate binding protein in the 

ABC transport system of Iron, but the M.ruber genome contains 2 genes for two proteins used 

for substrate binding. The operon structure for the genes based on KEGG shows that the 

periplasmic substrate binding Mrub_2015 is not part of an operon. The permease Mrub_2271 

and nucleotide binding domain are part of the same operon. The permease Mrub_1199, 

nucleotide binding domain Mrub_1200, and substrate binding Mrub_1201 are part of the same 

operon. The purpose of the operon structure is to ensure the predicted genes that are not 

orthologs have a confirmed function in M.ruber. In this case there were similar functions 

between the genes. Overall, the results confirm that afuA (Mrub_2015 and Mrub_1201) and afuB 

(Mrub_1200, Mrub2271) from M. ruber do not have orthologs in E. coli.  
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