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Mrub_ 2836, Mrub_1595, and Mrub_1596 are Orthologs of
b 1857, b 1859, and b_1858 in Escherichia Coli coding for a
Zinc Uptake ABC Transporter System

By: AJ Dollmeyer

INTRODUCTION
Why Study Meiothermus Ruber?

Meiothermus Ruber (M. ruber) is a red-pigmented, Gram-negative, thermophilic
bacterium (Tindall et al., 2010). M. ruber was first discovered in Kamchatka, Russia in
1975 from natural hot springs and other thermal environments and is from the
Meiothermus genus (Tindall et al., 2010, Loginova et al., 1975). Even though M. ruber
was discovered in 1975, it is still relatively unstudied, especially when compared to
other bacteria like E. coli. For example, it took until 1996, 21 years after it was
discovered until it was finally given its correct name and change it from Thermus ruber
to Meiothermus ruber. Because of this lack of research on M. ruber, there is still a lot we
do not know about the genome of this organism. M. ruber is one of many bacteria
organisms that are relatively unstudied and unknown (Scott). Because of this, the Joint
Genome Institute (JGI) started a program called the Genomic Encyclopedia of Bacteria
and Archaea (GEBA). The purpose of the GEBA project is to study these more
understudied organisms, pool newly found information about them, and filling in
knowledge gaps of highly studied organisms by identifying protein families, to
understanding the evolutionary history of different microbial organisms (JGI). This
means that it is very important to research understudied organisms like M. ruber, so we
can, not only better understand relatively unknown organisms, but also better
understand well-studied organisms, like E. coli. In this study, we try to better understand
the M. ruber genome using E. coli as a control organism. The three M. ruber genes
being studied are Mrub_1595, Mrub_1596, and Mrub_2836 which are believed to be
genes for ABC transporters that uptake zinc.

E. coli as a Model Organism

As stated earlier, E. coli will be used as a model organism for this research. E. coli is a
good model organism to use because it is one of the most thoroughly studied organisms
to date, it is a relatively simplistic organism, and can be easily be produced and studied
in laboratory settings (Cooper 2000). The E. coli K-12 strain was also completely
sequenced in 1997, making it a very reliable and useful model organism (Moussatova et
al., 2008). By doing a quick BLAST of Mrub_1595, Mrub_1596, and Mrub_2836 shows
that these genes have similar sequences to Zinc ABC transporter genes in E. coli,
meaning that there might be ortholog genes in E. coli to the M. ruber genes we are
interested in. This makes E. coli a highly desirable model organism for this research.
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ABC Transporters

In general, ABC transporters are membrane proteins that are constantly transporting
organic and non-organic molecules in and out of a cell against a concentration gradient
using ATP (Moussatova et al., 2008). Because of their function, ABC transporters are
extremely important to the cells and in the medical field. ABC transporters are
constructed of two transmembrane domains, which make up the transport channel, and
two nucleotide binding domains, which bind and hydrolyze ATP, allowing for transport of
molecules. In prokaryotic organisms, like E. coli and M. ruber, ABC transporters are
importers which means that substrate binding proteins, which determine directionality of
the transporter, are also required to recruit substrates to the system (Moussatova et al.,
2008). More specifically, the E. coli genes, b_1857 (ZnuA), b_1858 (ZnuC), and b_1859
(ZnuB) are a part of an ATP-dependent Zn?* uptake system (Patzer et al., 1998). More
specifically, ZnuA is the periplasmic binding protein of the system (Yatsunyk et al.,
2007). This means that the Zn?* ions bind to this portion of the Zn uptake system in the
periplasm. ZnuB is the inner membrane transporter in the system (Yatsunyk et al,
2007). This means that ZnuB'’s job is to transport the Zn?* that binds to ZnuA and
transport it across the cytoplasmic membrane. ZnuC is the ATP-binding subunit of the
Zn uptake system, meaning that it will couple ATP hydrolysis to the system allowing for
the transport of Zn?* ions. Because all three of these genes are a part of the same
transporter system, it is believed that these three genes in both E. coli and M. ruber are
also apart of operons with each other. As you can see in Figure 1, Zn?* binds to the
ZnuA subunit of the system. When this occurs, ZnuC will hydrolyse ATP, which in turn
will give off energy for the system, and will produce ADP, inorganic phosphate, and H*
ions. When that occurs, ZnuB will transport the Zn?* ion from the periplasm to the
cytosol in the cell. Because of the way the system moves the Zn?* ions, from periplasm
to cell cytosol, it is clearly an importer and not an exporter ABC transporter.

zm

periplasm
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cytoso

L
ATP + HzD ADP + phosphate + H™
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Figure 1. Zn?* transport from periplasm to cytosol by the Znu transport system. Image
taken from https://ecocyc.org/gene?orgid=ECOLI&Id=ZNUC-MONOMER#tab=RXNS
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Zinc is a very important element to all organisms. It is a very essential element because
it acts a catalytic cofactor for hundreds of enzymes and proteins with many different
functions (Patzer et al., 1998). Zinc has long been believed to be critical in all organisms
in growth and reproductive factors, but that is not all. Zinc has also been found to
protect biological structures, like DNA, from oxidative stress (Stefanidou et al., 2005)
This is very important to note because of the harsh conditions that Meiothermus ruber
has been found in, could cause oxidative stress, and these zinc transporters could
indicate the reason Meiothermus Ruber is able to survive in these harsh conditions. But
these are only a few roles zinc has been identified to play in organisms. Zinc has also
been thought to play roles in immune responses, ageing, apoptosis, and even an
antioxidant (Stefanidou et al., 2005). Zinc plays so many roles in organisms, is vital in
almost all organisms, therefore, it is important we study zinc transporters to see more
uses for zinc. This paper will focus specifically on Meiothermus Ruber because it may
indicate the roles of zinc in this organism and how it is able to survive in stressful
environments. Figure 2 shows possible paralogs of our M. ruber genes of interest. The
closer the color is to red, the lower the E-value indicating very similar sequences. This
figure shows that a similar sequence and a low E-score is not enough to prove genes
are orthologs. Therefore, we will be using many bioinformatics tools to confirm that.

Panel A Panel B
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Figure 2: Paralogs of M. ruber genes of Interest Mrub_2836 (Panel A), Mrub_1595
(Panel B), and Mrub_1596 (Panel C). Images taken from http://www.genome.jp/kegg/.
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Purpose/Hypothesis:

In this paper, determination of Mrub_2836, Mrub_1595, and Mrub_1596 genes as
orthologs of the E. coli genes b_1857 (ZnuA), b_1859 (ZnuB), and b_1858 (ZnuC)
respectively. The use of bioinformatics tools such as BLAST, KEGG, EcoCyc, and many
others will be used to indicate similarities and differences in the suspected orthologs
and help determine if this hypothesis is correct or not. This hypothesis came from an
initial BLAST search of ZnuA, ZnuB, and ZnuC against the Meiothermus ruber genome.
When this was done, BLAST indicated very low e-values of 6e-19, 6e-31, and 9e-39
respectively. Because of these low e-values, we hypothesized that these genes are
orthologs of one another, but more research is needed to confirm this hypothesis.

Materials/Methods

To start the research, a KEGG pathway search (Kanehisa et al., 2016) was done on
ABC transporters focusing on both Meiothermus ruber and E. coli. This gave a starting
point with the names, protein sequences, and pathways of our genes of interest. Now
that we had our genes of interest for M. ruber and E. coli, a BLAST search (Madden et
al., 2003) of each E. coli gene protein sequence against the Meiothermus ruber
genome. This gave genes in the Meiothermus ruber genome that had similar protein
sequences to the E. coli gene. The lowest E-value genes were taken as this indicated
similar genes. Once M. ruber genes with similar sequences to our E. coli genes were
identified, an IMG/M bioinformatics tool search (Markowitz et al., 2012) was done using
gene locus tags. Once this was done, the sequence viewer for alternate ORF search
was done to confirm the correct starting amino acid. To further confirm this, another
BLAST search was done of our M. ruber gene of interest was done and 15 of the top 20
results protein sequences were taken and input into the T-Coffee bioinformatics tool.
This aligns all the different protein sequences as closely as possible. The output from T-
Coffee was then input into WebLogo (Crooks et al., 2004). This tool outputs an image of
each amino acid and how retained every amino acid was retained throughout the
different species. A good retention value at the first amino acid site indicates a correct
start point in our gene of interest. This was not done for E. coli genes as they are very
well studied and starting points are already confirmed. Next a series of cellular
localization data was taken. The protein sequence of all E. coli and M. ruber genes were
input into TMHMM (Krogh et al., 2016), to find any transmembrane helices, SignalP
(Petersen et al., 2011), to indicate a signal peptide probability, LipoP (Juncker et al.,
2016), looking for signal peptidases, PSORTb (Yu et al., 2010), indicates likelihood of
gene localization, and Phobius (Kall et al., 2007), which is a combined transmembrane
and signal peptide predictor. Once the location of the genes was identified, the structure
of the proteins must be confirmed. A conserved domain database (CDD) search
(Marchler-Bauer et al., 2014) was done by doing a BLAST search of the gene of interest
and clicking on the superfamilies’ link at the top of the screen. This will give a list of
domain hits and we are looking for the lowest e-value of a Cluster of orthologous Genes
(COQG) hit. If a E. coli and a M. ruber gene have the same COG number, this indicates
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the genes come have similar domains. Next, a TIGRFAM (Haft et al., 2016) and PFAM
(Finn et al., 2014, Finn et al., 2016) search was done using the gene of interest’s protein
sequences. These bioinformatics tools classify the proteins into similar groups. If E. coli
and M. ruber genes have the same TIGRFAM and PFAM number, it is an indication
they are very similar in structure and function and therefore possibly orthologs. The last
structure-based bioinformatics tool used was PDB (Berman et al., 2016, Berman et al.,
2000). This is a protein database that gives a crystalized protein pictures. Itis a
relatively small database, so a hit with your gene is highly unlikely, but if the E. coli and
M. ruber genes output the same crystal structure, it is a strong indication of similar
structure and function. Now that the structure has been identified, the indication of an
operon for our genes of interest was next. An EcoCyc search (Keseler et al., 2013) of
the E. coli genes of interest was done by entering in the locus tags. This gave a
summary of the genes and the operon tab was clicked on next. This gave an image of in
which direction the gene was transcribed and any genes very close upstream or down
stream was near it. Two or more genes next to each other being transcribed in the
same direction is a good indication the gene is part of an operon. The IMG/M tool was
used next. A search for all E. coli and M. ruber genes was done and a Chromosome
viewer colored by KEGG search was done which gives a large portion of our gene is
given with a similar look as what EcoCyc operon tab gave, but with our specific gene
indicated with a red line underneath it. An out look like the EcoCyc test is looked for and
indicates an operon. Lastly, another IMG/M search was done, but this time looking for
“Show neighborhood regions with the same top COG hit” was chosen. This gives
different organisms gene output of our gene of interest’s region. If the different
organisms’ gene is also in an operon, it is a strong indication of an operon. All these
results for both E. coli and M. ruber genes of interest were analyzed and compared to
indicate orthologous genes. These bioinformatics tools are all free to use by anyone and
great tools for other gene-based research.
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Table 2: E. colib 1857 and Mrub 2836

Bioinformatics tool used

E. coli b_1857

M. ruber
Mrub_2836

BLAST E. coli against M. ruber

No match for each other.

CDD Data (COG category)

COG #: COGA4531

Cog #: COG0803

E-value:1.67e-180

E-value:7.49e-63

Cellular Localization

Periplasm

TIGRfam — protein family

TIGRFAM Number: TIGR03772

E-value:0.00058

E-value: 3.2e-10

Pfam — protein family

PFAM Number: PF01297

E-value: 2.3e-57

E-value: 7.3e-69

PDB

20GW

20GW

E-value: 9.69e-153

E-value:9.3e-15

KEGG pathway map

Zinc ABC Transporters
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Table 1 Summarizes results from bioinformatics tools used to compare E. coli ZnuA
gene to Mrub_2836. The first row of data was a BLAST result of E. coli ZnuA against
the M. ruber genome. Interestingly, even though E. coli b_1857 and Mrub_2836 code
for their version of ZnuA, there was no Mrub_2836 locus tag from the BLAST search.
There were a few M. ruber genes that matched, but with low e-values. Because there
was no match of these genes from the BLAST search, it could mean these two genes
are not related by this gene and are not orthologs of each other. The CDD search pulled
up different COG numbers for the two genes and gave E-values very close to zero
indicating that those genes do not belong to the same CDD family and probably are not
orthologs of each other. So far, all the results have shown these two genes are not
orthologs of each other, but when looking at the cellular localization bioinformatics data,
(TMHMM, SingalP, LipoP, PSORTB, and Phobius) the results for both genes are
identical throughout every bioinformatics tool and both indicate a cellular localization in
the periplasm, and both lack a cleavage site. PSORTB gives a very strong indication of
this with a periplasm localization score of 10, which is the highest score possible. This
makes sense because these two genes were hypothesized to code for ZnuA protein
which is a Zn?* periplasmic binding protein and the results point towards these two
genes having similar function and possibly being orthologs. The TIGRFAM data is
relatively inconclusive. They both have the same TIGR number, TIGR03772, and name
but the E-values for them are both extremely high for E-values indicating this result isn’t
the most accurate or reliable. PFAM, on the other hand, gave very positive results. Both
proteins had the same PFAM number, PF01297, and both had very low E-values
indicating both proteins are part of the zinc-uptake complex component A periplasmic.
Additionally, the protein database (PDB) pulled the same name for these proteins, a
high-affinity zinc uptake system protein, but the e-value for M. ruber, though close to
zero, is very high compared to E. coli. Lastly, both genes were found in the same
pathway for Zinc ABC transport system. Overall, the results from this table are back and
forth. BLAST and CDD results indicate these genes are not orthologs but cellular
localization, TIGRFAM, PFAM, PDB, and KEGG pathway all point towards these genes
being orthologs of each other. The lack of any BLAST match for these genes is
extremely discouraging though.

The images in Figure 3 are from the TMHMM bioinformatics tool. Panel A is from E. coli
ZnuA and panel B is from Mrub_2836. Both plots do have red peaks that would indicate
transmembrane helices, but these peaks are not significant enough to indicate
transmembrane helices have formed. Because these genes were localized in the
periplasm but are a part of a system that does have parts in the membrane, some of the
amino acids of this gene are slightly embedded in the membrane, but not enough to
form transmembrane helices. In saying that, both plots for E. coli and M. ruber are
consistent with each other indicating the proteins from these genes are not in the
membrane.
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Figure 3. (Panel A): TMHMM plot for E. coli ZnuA indicating no transmembrane helices.
(Panel B): TMHMM plot for M. ruber_2836 indicating no transmembrane helices.

TMHMM Server v. 2.0 was used to create these plots
http://www.cbs.dtu.dk/services/TMHMM/.
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Figure 4 shows what the entire Zinc uptake ABC transporter system for both E. coli
(Panel A) and for M. ruber (Panel B). The red circles in both panels indicates which part
of the system E. coli b_1857 and Mrub_2836 genes code for. The fact that both genes
code for the same portion of the zinc uptake transporter, ZnuA, it strongly points to the
fact that these genes have the same function in these systems and, therefore, could
possibly be orthologs.

Panel A Panel B
N\

Zing O Zmud |) ZmoB | Znec e Zine O Zmub | ZmB | Znec e
N—_

Figure 4. (Panel A): Indicates the entire E. coli zinc ABC transporter system. The red
circle indicates what part E. coli b_1857 codes for. (Panel B): This shows the M. ruber
zinc ABC transporter system. The red circle indicates what part the Mrub_2836 gene
codes for. This image was taken from Kyoto Encyclopedia of Genes and Genomes
(KEGG) database http://www.genome.jp/kegg-
bin/show_pathway?org_name=eco&mapno=02010&mapscale=&show_description=sho
W.

Figure 5 shows results from PFAM after entering both E. coli b_1857 (Panel A) and
Mrub_2836 (Panel B) protein sequences. As the figure shows, both genes belong to the
same family and clan. Being in the same family and clan indicate that the two proteins
coded from E. coli b_1857 and Mrub_2836 have very similar structure and function.
Below that in each panel is a pairwise alignment. #SEQ shows the sequence of the
gene of interest. #HMM is a consensus sequence pulled from many different organisms
with a gene coding for this. The fact that the #HMM sequence for both E. coli b_1857
and Mrub_2836 is the same indicates these genes are coding for proteins of the same
function. The green highlighted amino acids in #SEQ indicates highly conserved amino
acids when compared to the consensus sequence where red indicates non-highly
conserved amino acids. Both E. coli b_1857 and Mrub_2836 have very similar highly
conserved amino acids when compared to each other. This further indicates that these
genes are in fact orthologs.



Dollmeyer 10

Panel A

Entry T Emwelope ||
I T T e

Zinc-uptake complex component A periplas Family CL0043 206 o8

#HMM VWvattsplgdlvrgvaGdrvevtyLvppgadpHsyeptprdvrklaefdllvynglelEtwldkllasssgatrvevidlse. .. .ov. ..o ven s =TT - . DpHiM1sp
#HMATCH Wya+ +p+g +++++a e +vl+p+ga+ H+y++reprdur+1++Ad1+va+g e+E++a+k e+ +104 + + + + H+Wlsp
HPP QErEEeEe R ek e QOOeEERERR R Eer e ek ek s ek ekeee ke ex2000009888777433331133344333330. .. .. DAALGGELERERO0® e kess

#5EQ DvkplLMksihgddddhD) Haeksdedhhh

Panel B

Entry
oy | pwepion | e ]

Zinc-uptake complex component A periplas

Family CL0043 28 297 28
#HHMM VvattsplgdlvrgvaGdrvevivlvppgadpHsyeptprdvriklasAdllvynglelEtwldkllasssgatrvevidlsegv. . ..oo.vuu. geeeeef. ... ..., DpHiklspknakal
#MATCH V att++++dlvr+v+G rv+yv ++vp gadpHs+ep+p+ v++la+d +1+ ng++lE +ld+++a++++ + +v+ 1 eg+ + e DpH+W1+p+ a

R A QVVR LpnpicytqadREEEes Eapgah

#5EQ

Figure 5. (Panel A): This is the PFAM results for E. coli b_1857. (Panel B): This panel
shows the PFAM results for Mrub_2836. Both sequences in the pairwise alignment
show similar highly conserved amino acids, same family, and same clan. Result
images obtained from PFAM http://pfam.xfam.org/.

Figure 6 is a chromosome viewer colored by KEGG of E. coli b_1857 (Panel A) and
Mrub_2836 (Panel B). Each arrow in the figures indicates a different gene and the
direction the arrow points indicates the direction that gene is transcribed. The color of
the arrow indicates the function that gene provides. Genes that are right next to each
other, the same color, and are being transcribed in the same direction, indicates the
genes are part of an operon. As you can see, our gene of interest is marked by the red
bar, neither E. coli b_1857 or Mrub_2836 are part of an operon. This is a good sign of
these two genes being orthologs. Unfortunately, Mrub_2836 is transcribed in the
opposite direction as E. coli b_1857, and the genes upstream and downstream of
Mrub_2836 are different from the genes upstream and downstream of E. coli b_1857.
Because of this, this evidence refutes that these two genes are orthologs.



Dollmeyer 11

1HITH0E 19519058 1EIBUS 1957908 1984 0ras PR LR L] 184805 1949985 1852905 LUSEMs
Y ! 3 i
a3 ;o - @at aa— —a d
2BEE54E 2871546 2874546 2ETTE4E 2830546 2BE3546 2556546 259546 2592546 2595546
Tt L e L a r— N aPam—] = a

Figure 6. (Panel A): Chromosome Viewer colored by KEGG of E. coli b_1857. (Panel
B): Chromosome Viewer colored by KEGG of Mrub_2836. Red bar in both panels
indicates gene of interest. Indicates that neither gene is part of an operon. Images taken
from IMG/M database https://img.jgi.doe.gov/cgi-bin/m/main.cgi.
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Table 2: E. colib 1859 and Mrub 1595

Bioinformatics tool used E.colib 1859 | M. rub 1595
L Score:112
BLAST E. coli against M. ruber E-value-6e-31

CDD Data (COG category)

COG Number: COG1108

E-value: 3.5e-69

E-value: 2.4e-44

Cellular Localization

Cytoplasmic Membrane

TIGRfam — protein family

TIGRfam Number: TIGR03770

E-value: 1.6e-9

E-value: 5.1e-20

Pfam — protein family

PFAM Number: PF00950

E-value:1e-89

E-value: 1.8e-65

PDB

No Results Found

E-value: NA

E-value: NA

KEGG pathway map

Zinc ABC Transporter System
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Table 2 summarizes the data collected from various bioinformatics tools to compare E.
colib_1859 and Mrub_1595. The first row of data shows results from a BLAST search
of E. coli b_1859 against the M. ruber genome. The results gave a high bit score of 112
and a very E-value of 6e-31. The M. ruber gene that gave these values had a locus tag
of Mrub_1595. This is the gene we were suspecting to be related to E. coli b_1859. The
low E-value between these two genes indicates that these two genes share many of the
same amino acids and that they are closely related. The CDD data gave the same COG
number, COG1108, for E. coli b_1859 and Mrub_1595, and both genes had very low E-
values of 3.5e-69 and 2.4e-44 respectively indicating these genes code for the same
enzyme in the zinc ABC transporter system. The bioinformatics tools for cellular
localization, (TMHMM, SingalP, LipoP, PSORTB, and Phobius) indicated that both
genes code for proteins that are located in the cytoplasmic membrane. Both gene
proteins were found to have multiple transmembrane helices by TMHMM and Phobius,
and PSORTB gave a cytoplasmic membrane localization score of 10 which is the
highest it can be. Interestingly, SignalP and LipoP indicate no cleavage sites or signal
peptides located in these proteins. This evidence can be refuted though as not all
cytoplasmic membrane species have signal peptides and the PSORTB score of 10 for
the cytoplasmic membrane over rules this refuting data. The TIGRFAM database gave
the same TIGRFAM number of TIGR03770. Both E. coli b_1859 and Mrub_1595 have
E-values close to zero indicating this data is significant and the proteins from these
genes come from the same family, and therefore have the same function. The PFAM
data confirms that the genes’ proteins are very similar in structure as they have the
same PFAM number and E-values close to zero. Strangely, the protein database came
back with zero results for both E. coli b_1859 and Mrub_1595. This evidence will also
be refuted as PDB is a relatively small database could possibly not have any uploaded
proteins similar enough to our E. coli b_1859 or Mrub_1595 proteins. Finally, both of
these genes were predicted to be an integral part of the zinc uptake ABC transporter
system.

Figure 7 shows the zinc uptake ABC transporter system for E. coli (Panel A) and M.
ruber (Panel B). The red circles in both panels show which proteins are coded for by E.
coli b_1859 and Mrub_1595. Both genes code for the same protein ZnuB. This is strong
indication that these genes are orthologs as they code for the same protein in the same
system and, therefore, have the same function.

Panel A S~ Panel B
Zine O— Zruh (| ZnuB |) ZrnuC | Zine O— Zmuh(] ZmB |) ZmC |-

Figure 7. (Panel A): Indicates the entire E. coli zinc ABC transporter system. The red
circle indicates what part E. coli b_1859 codes for. (Panel B): This shows the M. ruber



Dollmeyer 14

zinc ABC transporter system. The red circle indicates what part the Mrub_1595 gene
codes for. Image taken from KEGG http://www.genome.jp/kegg-
bin/show_pathway?mrb02010.

Figure 8 shows the results from a BLAST search of E. coli b_1859 against Mrub_1595.
This was the very first step in the research and gave the first indication that these genes
are orthologs. About 36% of the amino acids were identical when comparing the two
amino acid sequences, while 128 of the amino acids were very similar in their
properties. The part of this figure that is really important is the E-value though. The E-
value is 6e-31 which is very close to zero. This small E-value indicates that Mrub_1595
and E. coli b_1859 have similar structures because of similar amino acids, indicating
these two genes might be orthologs.

Range 1: 27 to 248 GenPept Graphics

Score Expect Method Identities Positives Gaps
112 bits{281) 6e-31 Compositional matrix adjust. 81/223(36%) 128/223(57%) 1/223(0%)

Query 22  LGSFWIRRMSYFGDTLAHASLLGVAFGLLLDVNPFYAVIAVTLLLAGGLVWLEKRPOLA 31
) LG WV RR+5+ G0 LAHA+ GVA GLLL P+ I + +A + W+ ++ L
Sbjct 27  LGVLWORRLSFLGDGLAHAAFAGVALGLLLOQQEPLWVAIPFAVGIALLITWVREQSSLG 36

Query 82  IDTLLGIMAHSALSLGLVWWSLMSMIRVDLE 1.11’LFCDL LAVTPEDLISIAIGWIWWAIL 141
0T +GI +++LG++ +5L D +AYLFG +L VTP DL + + ++++ +

Sbjct 37  DOTAIGIFFAWSWALGWLFM :LRQ-S-.-—F').—-JHLFCSI T%TPTDLQJTFLL.—-LL LLLA 145
Query 142 |I3_ |4 HLLSMTISPDLAFY "DC'\.l\L:_I?.nl LLLMLVTALTIGVAMKFVGALIITSLLIIPAA 281
T

LA D + R LL + AL + V++k VG +I + ++IPAA
Spjct 147 P- L|41I.~.r~TFI:RE H_FDQLP\,LHEmLLSHLIP WWAWEVEVWEVVLIAAFWVWIPAL 285

Query 282 TARRFARTPEQMAGVAVLVGMVAVTGGLTFSAVYDTPAGPSYY 244
TAR ++T M AslsG ++V GL + D PAG ++V
Shjct 286 TARLLSQTFAAMTVSAILIGTLSVLPGLVAAYALDVPAGSAIV 248

Figure 8. BLAST search of E. coli b_1859 against the M. ruber genome. Query
sequence is E. coli b_1859. Subject sequence is Mrub_1595. Indicates Mrub_1595 and
E. coli b_1859 have very similar protein sequences. + indicates similar proteins.
Analysis was performed using BLAST bioinformatics tool
https://blast.ncbi.nim.nih.gov/Blast.cgi.

Figure 9 shows the TMHMM graph results for E. coli b_1859 (Panel A) and Mrub_1595
(Panel B). When comparing these two graphs, they are almost identical. The TMHMM
graphs for both genes indicates that these proteins have 7 or 8 transmembrane helices
and they are in the exact same locations in both proteins. These transmembrane
helices predict that these proteins are located in the cytoplasmic membrane. This is the
result we would expect as PSORTB gave a cytoplasmic membrane localization score of
10 and the protein ZnuB is known to be the inner membrane transport part of the
system. The proteins coded for both Mrub_1595 and E. coli b_1859 have the same cell
localization, therefore, we have more evidence that these two genes are orthologs.
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Figure 9. (Panel A). TMHMM graph of E. coli b_1859 indicating transmembrane helices
present. (Panel B). TMHMM graph of Mrub_1595 indicating transmembrane helices
present. Graphs created using TMHMM Server v. 2.0
http://www.cbs.dtu.dk/services/ TMHMM/.

Figure 10 is a pairwise alignment from PFAM for E. coli b_1859 (Panel A) and
Mrub_1595 (Panel B). As stated earlier, the #HMM sequence is the consensus
sequence obtained from hundreds of different organisms that have similar protein
sequences, and the #SEQ is our gene of interest’s protein sequence. As you can see by
the bright green colored amino acids in our genes sequences, they have highly
conserved amino acids when compared to the consensus sequence, and the
consensus sequence is the exact same for both E. coli b_1859 and Mrub_1595
meaning they both have highly conserved amino acids when compared to each other.
Furthermore, both of these genes proteins are a part of the same family of proteins and
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clan of proteins indicating similar function and structure. This data gives us even more
information that our genes are orthologous to one another.

Panel A

Envelopa Alignment

Start End Start End

ABC-3 ABC 3 transport family Family 10142 1 258 1 257
Do mmumnumxmmmmxmim MWWVINWMBI
segissssel

BMATOH lasieseens

20p $7 gug .............................................................................................................................
#SEQ EELLF POMLASIMLACAAGPLGS FVWWRAMSYF S0TLAMASLLOVAFSLLLOVIOFYAVIAVTLLLAGS LVRLEKRPQLAIDT LLOTMARSAL SLOLWVSLISU IRVOUMAYLFGOLLAVTPEDLIST

yLIGe+1eee edld

Envelope Alignment
| Start | End Start End
ABC-3 ABC 3 trangport family Family ClLo142 6 262 7 260

SN ;mmnunm-uumxmmmwmmuas1mxmxcnmuue¢muvwmwxmwmammmxmommo
SMATOH - i ewve G112 *d

4 ige aas+Cvale taigi i !
2550

Figure 10. (Panel A): This shows PFAM data from E. coli b_1859. (Panel B): This panel
indicates PFAM data from Mrub_1595. Both panels indicate the genes have highly
conserved amino acids. Results analyzed using PFAM http://pfam.xfam.org/.

Figure 11 shows the Chromosome Viewer Map Colored by KEGG for E. coli b_1859
(Panel A) and for Mrub_1595 (Panel B). As stated earlier, this can be an indicator for
operons. Our gene of interest in each panel is indicated by a red bar. If our gene is next
to another gene, is pointing in the same direction, meaning it is transcribed in the same
direction, and is the same color, representing similar function, then that gene is part of
an operon. As you can see from the two graphs, both E. coli b_1859 and Mrub_1595
are part of operons. They are also both in an operon with the ZnuC protein of their
respective zinc-uptake ABC transporter system. The fact that both of these genes are
operons gives more evidence that these genes are orthologs.
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Figure 11. (Panel A): Chromosome Viewer Map Colored by KEGG for E. coli b_1859.
(Panel B): Chromosome Viewer Map Colored by KEGG for Mrub_1595. Results indicate
that both E. coli b_1859 and Mrub_1595 are part of operons. Images taken from IMG/M

https://img.jgi.doe.gov/cgi-bin/m/main.cgi.
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Table 3: E. coli b 1858 and Mrub 1596

Bioinformatics tool used E. coli b_1858 Mrub_1596

Score: 132

BLAST E. coli against M. ruber E-value: 9e-39

COG Number: COG1121

CDD Data (COG category)

E-value: 2.76e-106 | E-value: 8.67e-82

Cellular Localization Cytoplasmic Membrane

TIGRfam Number: TIGR03771

TIGRfam — protein family
E-value: 5.7e-24 | E-value: 7.1e-28

PFAM number: PFO0005

Pfam — protein family
E-value: 2.8e-28 | E-value: 1.2e-6

4YER

PDB
E-value: 1.06e-20 | E-value: 6.22e-16

KEGG pathway map Zinc ABC Transporter System
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Table 3 summarizes the combined data collected from various bioinformatics tools and
compare two suspected orthologous genes, E. coli b_1858 and Mrub_1596. The first
set of data is a BLAST search of the E. coli b_1858 against the Mrub_1596. This came
back to give a very high Bit score as well as a very small E-value output of 9e-39. When
this E-value gets that close to zero, the data is very significant and shows here that
these two genes share a lot of similar proteins possibly meaning they are related. The
next data provided is the CDD data. This gave the same COG number, COG1121 for
both E. coli b_1858 and Mrub_1596 as well as very small E-values of 2.76e-106 and
8.67e-82 respectively. This indicates that both of these genes code for the same protein
in the zinc uptake ABC transporter system. As for the localization bioinformatics tools,
TMHMM and Phobius indicated that neither E. coli b_1858 or Mrub_1596 have any
transmembrane helices. Signalp and LipoP both indicate that there was no signal
peptide in either gene. All of this data is pointing to localization in the cytoplasm. But
PSORTB only gives the cytoplasm localization score a 2.11 and a cytoplasmic
membrane score of 7.88. This is not understood why, as this is a cytoplasmic ATP-
binding protein. Because we know this gene codes for an ATP-Binding Protein, we
know that this protein is located in the cytoplasm and not in the cytoplasmic membrane.
Because we know this, and all other evidence pointing towards localization in the
cytoplasm, PSORTB data can be ignored. The TIGRFAM database gave a result of
both genes with the same TIGRFAM number, TIGR03771 and with low E-values. This
indicates that the proteins from these genes are very similar and giving evidence that
they are orthologs. Both E. coli b_1858 and Mrub_1596 have the same PFAM number
of PFO0005 and both have E-values close to zero. This shows that both of these genes
proteins have a similar structure. The PDB for these genes was very promising. Both
genes yielded the same protein code 4YER, the code of an ABC ATP-binding protein,
with a description of being an ABC Transporter ATP-binding protein while both giving E-
values close to zero showing that both E. coli b_1858 and Mrub_1596 have similar
proteins and assemble their complex very similar to the 4YER protein. This is very
strong evidence that these genes are orthologs.

Figure 12 shows the zinc uptake ABC transporter system for E. coli (Panel A) and M.
ruber (Panel B). The red circle in each panel indicates the protein in the system that
each gene codes for. Both E. coli b_1858 and Mrub_1596 genes code for the ZnuC
protein in their respective system. This is strong information that our genes are
orthologs because they code for similar proteins in the same ABC transporter system.

Panel A Fanel B
Zine O— Zoud | ZnoB (| Znuc Zine O— Znud | ZwB | ZmC

Figure 12. (Panel A): This is the zinc uptake ABC transporter system in E. coli. The red
circle indicates the protein that the E. coli b_1858 gene codes for. (Panel B): This is the
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zinc uptake ABC transporter system in M. ruber. The red circle indicates the protein that
the Mrub_1596 gene codes for.

Figure 13 shows BLAST results of E. coli b_1858 against the Mrub_1596 gene. This
BLAST search was the first indication that these genes were related to each other. As
shown in the figure, 36% of the proteins are similar between these two genes, and 122
of them have similar properties between them. The major indicators that these proteins
are related are the bit score and the E-score. The BLAST search gives a Bit score of
132 and an E-value of 9e-39. With this E-value that is close to zero, it indicates that E.
coli b_1858 and Mrub_1596 have similar protein sequences and therefore similar
structure. This information gives evidence that these two genes are orthologs.

Range 1: 6 to 243 GenPept Graphics
Score Expect Method Identities Positives Gaps

132 bits{233) 9e-39 Compositional matrix adjust. 85/238(36%) 122/238(51%) 24/238(10%)

Query 5 VSLENVSVSFGORRVLSDVSLELKPGKILTLLGPNGAGKSTLVRVVLGLY - -TPDEGVIK &2
V +E 5V FG+ + L +VSLE+ G + ++QPNGAGKSTL++ +LlGL + +0 +

Spjct & VEIEQYSVRFGEFQALQEVSLEVPEGAFVAMVGPNGAGKSTLLEALLGLERGSMRDGPTR 65
Query &3  RNGKLRI-------------GYVPQELYLDTTLPL--------TVNRFLRLRPG-THKED 18@
G++R+ GYvPQ b+ P + R RG +

Sbjct 66  VTGRIRVFGHPPREVPPGLVGYVPQWVKGFDRSFPALATEVVWSGLRRHWPFRIGREERR] 125

Query 181 ILPALKRVQAGHLIMAPMQKLSGGETQRVLLARALLNRPQLLVLDEPTQGVDVNGQUALY 168
L++V A HL + + LSGGE QRV LAR+L+ +P+LL+LDEP GVDV G+ LY
Sbict 126 ASEVLEKVGALHLASRRLGGLSGGELQRVYLARSLIRQPRLLLLDEPATGVDVVGEADLY 185

Query 161 DLIDQLRRELDCGVLMVSHDLHLVMAKTDEVLCLNAHICCSGTPEVVSLHREFISMEG 218
++ + E  +[Ms+HD VLN + GPEV H £
Sbjct 186 RHLEAYQAERGATILMITHDWEAAQHHASAVLVLNRRVVGYGPPEKVLCHECLSQAFG 243

Figure 13. BLAST search of E. coli b_1858 against the M. ruber genome. Query
sequence is E. coli b_1858. Subject sequence is Mrub_1596. Indicates Mrub_1596 and
E. coli b_1858 have very similar protein sequences. + indicates similar proteins.
Analysis was performed using BLAST bioinformatics tool
https://blast.ncbi.nim.nih.gov/Blast.cgi.

Figure 14 shows TMHMM results for E. coli b_1858 (Panel A) and Mrub_1596 (Panel
B). As you can see, neither of the proteins have any transmembrane helices in them.
This not only indicates that both of these proteins lie in the cytoplasm and not in the
membrane, but since both proteins of E. coli b_1858 and Mrub_1596 have the same
localization, it provides more evidence that these genes are orthologs.
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Figure 14. (Panel A): TMHMM graph of E. coli b_1858. (Panel B): TMHMM graph of
Mrub_1596. Both panels indicate no transmembrane helices in either protein. Graph
analyzed by TMHMM Server v. 2.0 http://www.cbs.dtu.dk/services/TMHMM/.
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Figure 15 shows the PFAM results of E. coli b_1858 (Panel A) and Mrub_1596 (Panel
B). The consensus sequence in both panels are almost identical, and the gene
sequence for both genes of interest are highly conserved when compared to the
consensus sequence. Because the consensus sequence is identical in both panels, this
means that the sequences for E. coli b_1858 and Mrub_1596 are highly conserved
when compared to each other. Therefore, this gives more evidence that these two
genes are orthologs.

Entry [ Envelope | Ahgnment |
Family Description
type mmmml
ABC-3 ABC 3 transport family Family CLO142
#EHMM gyeflgrallasilvslacellgsfvvlirrgsllgdelsHaalpGvalayllgvnlllgailvgliaavalellkrktklkedtaigivlisvflalglvlvslikkskvdldsyLfGniltisqgedlilis
#EMATCH ++e+l++ +la+i = lgsfuv+rr gd+l+Ha+1l Gua+++ll+un++st+itv+l+a +1++1+++ +1lerdtegiestrs1+1plysuslsr+rydl++y LFG++1+++ edli+iz
H#PP 5799 EEEFEEERTEE SIS REBREFFRERRRRRER R RS REREE EEEXTED
#SEQ M
Entry | Emelope | Algnment |
Family Description
type | start | _End | start | _End |
ABC-3 ABC 3 transport family Family CL0142 6 262 7 260
#HHMM yeflgrallasilvslacallgsfvvlrrgsllpgdalsHaalpGvalayllgvnlllgailvglisavelellkrktklkedtaigivlsvflalglvlvslikkskvdldsylfGniltisgedlilia
#MATCH +f+gralla++lv+ ++ 1g++vw rr s+lgd+l+Haa++Gval++11+ ++1+ al +++ +a+ ++++++++ 1 diaigl ++v+ alg+++esl ++ + d  +yLFG+ilt++ +dl ++
#PP 65 EEEEERE SRS EE SRR AR R R R R SRR FERERRIRERE FEEFEZEGETTT
#SEQ L

Figure 15. (Panel A): This shows PFAM data from E. coli b_1859. (Panel B): This panel
indicates PFAM data from Mrub_1595. Both panels indicate the genes have highly
conserved amino acids. Results analyzed using PFAM http://pfam.xfam.org/.

Figure 16 shows the pairwise alignment of E. coli b_1858 (Panel A) and Mrub_1596
(Panel B) when compared to 4YER protein which is an ABC transporter ATP-binding
protein. The E. coli b_1858 gene has 30% of its proteins are exactly the same, with 52%
of them being similar to 4YER protein. The E-value is also 1.06e-20 which is very close
to zero. This indicates E. coli b_1858 is very similar in structure and function to 4YER
protein. The Mrub_1596 gene has 29% of its amino acids identical to 4YER with 48% of
them similar. It also gives an E-value of 6.22e-16. This is very close to zero indicating
Mrub_1596 is similar to 4YER in function and structure. Because both E. coli b_1858
and Mrub_1596 are structurally and functionally similar to 4YER, they are both
structurally and functionally similar to each other. This indicates that both of these
genes are orthologous to each other.
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Figure 16. (Panel A): A portion of the pairwise alignment of E. coli b_1858 compared to
4YER. (Panel B): A portion of the pairwise alignment of Mrub_1596 compared to 4YER.
These images were taken from PDB bioinformatics tool https://www.rcsb.org/.

Figure 17 shows the Chromosome Viewer Colored by KEGG for E. coli b_1858 (Panel
A) and Mrub_1596 (Panel B). Both panels show our gene of interest with a red bar.
Both panels also indicate they are part of an operon as they are next to another gene
that are the same color and are transcribed in the same direction. Therefore, both E.
colib_1858 and Mrub_1596 are parts of operons giving more information that these are
orthologs.
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Figure 17. (Panel A): Chromosome Viewer Colored by KEGG for E. coli b_1858. (Panel
B): Chromosome Viewer Colored by KEGG for Mrub_1596. Both panels indicate the
genes are part of operons. Images taken from IMG/G https://img.jgi.doe.gov/cgi-
bin/m/main.cgi.

Conclusion:

The results obtained for E. coli b_1857 and Mrub_2836 in this study gave mixed results
as to if these are orthologs or not. All cellular localization bioinformatics tools like
TMHMM, SignalP, LipoP, PSORTB, and Phobius all pointed towards a similar
localization for both of these genes. Additionally, the PFAM and PDB results were the
same for both genes while having E-values close to zero indicating that these genes
would be orthologs. There was no match when doing BLAST search to compare the
protein sequences of E. coli b_1857 and Mrub_2836, but when doing a BLAST search
of the E. coli b_1857 protein sequence against the Mrub_2836 protein sequence, it
gives an E-value of 3e-24 which is close to zero which indicates these are orthologs.
There was a TIGRFAM match but the E-value for both genes, especially E. coli b_1857,
were very high. In saying that, the E-value was still below the threshold and therefore
indicates orthologous genes. Finally, IMG/G indicated that these genes were not part of
an operon, but the genes located upstream and downstream of these genes are
completely different. In saying this tough, this still indicates orthologous genes as they
are both not part of an operon. At first, because of the no match on the BLAST search,
and the low E-values for the TIGRFAM results, it seemed these were not orthologous
genes, but at further investigation Mrub_2836 is an ortholog of E. coli b_1857.

The results obtained for E. coli b_1859 and Mrub_1595 in this study indicate that these
genes are orthologs, meaning these genes have a common ancestry. This link was first
obtained by doing a BLAST search to compare the two protein sequences of the genes
giving a desired low E-value. This localization bioinformatics tools all indicated that the
E. colib_1859 and Mrub_1595 are located in the cytoplasmic membrane. Additionally,
TIGRFAM and PFAM matched the protein sequences of E. coli b_1859 and Mrub_1595
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with low E-values indicating similar structure and functions. The PDB bioinformatics tool
strangely gave no results, and therefore had to be ignored, but E. coli b_1859 and
Mrub_1595 are orthologous genes.

The results obtained for E. coli b_1858 and Mrub_1596 in this study indicate these
genes are orthologs of each other. The first evidence found to support this was the
BLAST search comparing E. coli b_1858 against Mrub_1596 giving a low E-value.
Additionally, the localization bioinformatics all gave evidence of the localization of these
genes to be in the cytoplasm, except for PSORTB. It only gave a cytoplasm score of
2.11 while giving a 7.88 score to cytoplasmic membrane. | believe this is because these
genes are partially in both the cytoplasm and the cytoplasmic membrane, and it doesn’t
extend all the way through the membrane, therefore no transmembrane helices are
needed. This would explain why TMHMM, SingalP, LipoP and Phobius all gave
evidence of localization being in the cytoplasm. Also, the TIGRFAM and PFAM results
matched in both E. coli b_1858 and Mrub_1596 all while showing E-values close to zero
showing both of these genes are similar in structure. The PBD results was a very strong
indicator of these genes being orthologs. Both E. coli b_1858 and Mrub_1596 were very
similar to the 4YER protein indicating they are similar in function. Finally, IMG/G
indicated that both of these genes are part of operons and have similar genes upstream
and downstream of them.

In conclusion, Mrub_1596 and Mrub_1595 are orthologous to E. colib_1858 and E. coli
b 1859 respectively based on consistent evidence from various bioinformatics tools. In
saying that, there is too much refuting evidence to confirm that Mrub_2836 and E. coli
b 1857 are orthologs.
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