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Annotation of Genes Involved with Biosynthetic Production of

Peptidoglycan within Meiothermus ruber involving supposed Orthologous Genes:
Mrub 0981 and b1069, Mrub_ 1162 and b063, Mrub 1999 and b0084.

By: Marckus Simmons and Dr. Lori Scott

Introduction

Peptidoglycan Biosynthesis

The envelope that surrounds of gram-negative bacteria such as Escherichia coli is composed of
two membranes, the inner cytoplasmic membrane and the outer membrane (Freer et al., 1971)
The cell wall is composed of the outer membrane and the underlying peptidoglycan layer. The
periplasm is the space between the cell wall and the cytoplasmic membrane, which contains
periplasmic enzymes (Neu and Heppel, 1965) and binding proteins (Neu and Heppel, 1965). The
functions of the bacterial cell envelope are providing structural integrity and shape to the cell,
serving as a selective permeability barrier, and mediating interactions with the extracellular
environment. (Ruiz, 2013) One of the best studied bacterial envelopes is that of Escherichia coli,

which is considered the archetype of the Gram-negative envelope.

Peptidoglycan (PDGQ) is a substance found within the cell wall that plays a role with molecule
transportation and it also plays a protective role by preventing osmotic lysis (Sham, 2014).
Microbiologists utilize PDG as a means of bacterial identification in a technique called a Gram
stain, for which there are two categories: Gram positive (Gram +) and Gram negative (Gram-).
The difference between the two is related to the amount of peptidoglycan present within the cell
wall. Gram + cell walls a contain 30-70% of peptidoglycan, while Gram — cell walls comprise
about 10% (Schleifer, 1972). The crystal violet stain used in the first step of a Gram stain is
easily rinsed away with ethanol in Gram — bacteria. Since Gram + cell walls have more
peptidoglycan, they are able to hold the stain better than a Gram — cell wall.

Escherichia coli, the model organism for this project, is a Gram — species and the genes that code
for PDG synthesis in the cell wall have been identified (Kanehisa M et al., 2016)

For this experiment, I looked at three specific genes of E. coli within the pathway of

peptidoglycan biosynthesis pathway. The first gene is identified as murJ (locus tag b1069),



which is known to code for lipid II flippase protein (Ruiz et. al.,, 2008).  This protein has been
tested and has been known to bring lipid II molecules that are essential for PDG production from
the inner side of the membrane end expose it to the outer side (citation if different than the one
above). This protein helps transport lipid-anchored precursors that will soon become
polymerized and become fully matured peptidoglycan molecules. MurJ (b1069), is not a part of
an operon (citation if not Ruiz). The next E. coli gene is mrdA (b1999), which codes for
peptidoglycan D, D-transpeptidase. This protein is synonymous with penicillin-binding protein
II, which is identified by another synonymous gene name pbpA. This protein is essential for
maintaining the rod shape of the E. coli cell and plays a role with peptidoglycan biosynthesis
(Keseler .M. et. al., 2013). This gene was found to not be a part of an operon. The last gene |
chose to annotate was pbpB (b0084) which codes for penicillin-binding protein III. This gene’s
function is to allow cell division of the E. coli cell (Spratt 1975). This gene is a part of an operon
whose overall function has been linked to division of the bacterial cell (Spratt 1975). I chose this
system especially because of its importance towards the integrity of the cell. Without the
formation of the peptidoglycan matrix, the cell’s wall would be much more vulnerable to outside,
harmful stimuli. This system can also prove to be of importance because of the research that I
conducted with Dr. Scott about how Proline production within Meiothermus ruber is a link to the

survival ability of the cell when expose to very high temperatures.

The peptidoglycan biosynthesis pathway contains many routes, but the specific route I chose
begins with metabolized amino-sugars, that then work their way down 8 more steps until
reaching the step that utilizes the b1069 gene and finally the b0635 and b0084 genes (Kanehisa
M et al., 2016). Figure 1 shows the focused part of the biosynthetic pathway pulled from the
KEGG database.
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Fig. 1) Peptidoglycan biosynthesis pathway of E. coli representing the various genes that are

expressed by the bacteria (green boxes mviN, mrdA, and pbpB). The pathway begins in the left
picture and progresses to the right. Images taken from www.kegg.org.

Why study Meiothermus ruber?

Meiothermus ruber (M. ruber) is a gram negative rod shaped bacteria that is a thermophile and is
known to grow in high temperatures. (Tindall et al., 2010) The bacterium was discovered and
isolated in the naturally hot environments of Russia, France, China, and Iceland. But it was first
isolated in the hot springs found in a city in Russia (Tindall et al., 2010). Dr. Scott, through her
years of research on the strain, has formed the hypothesis that M. ruber is able to survive in these
high tempered areas due their excessive production of proline. But this discovery is not for
certain due to the very little amount of research done for this strain of bacteria. However, much
research is being done to figure out the metabolic pathways within M. ruber are similar to those

if E. coli.

Hypothesis

The overall goal of this study is to compare three E. coli genes and their encoded proteins known
to be involved in peptidoglycan biosynthesis to putative open reading frames in M. ruber. |
hypothesize that E. coli genes: b1069, b0635, and b0084 are orthologous to M. ruber genes:
Mrub 0981, Mrub 1162, and Mrub_1999, respectively.



Materials and Methods

To carry out this experiment, specific instructional websites and online bioinformatics tools were
utilized. The GENI-Science website (https://geni-science.org/) provided instructions on

identifying a suitable study question, while the GENI-ACT site (http://www.geni-act.org/).

housed the collection of bioinformatics tools used in the study. I used them to annotate the
unknown genes of the understudied Meiothermus ruber bacterium. We anticipated that the data
gathered for the E. coli genes, as positive controls, would be similar to the M. ruber genes if the
our ortholog hypothesis is supported, thereby establishing their similar functional roles. First, we
searched for specific biological pathways that both M. ruber and E. coli cells utilized via the
KEGG website (http://www.genome.jp/kegg/pathway.html). Once we collected our three sets of

genes, we then NCBI- BLAST (Madden T. et al., 2002) to compare the similarity of amino acids
among the two proposed orthologous proteins in E. coli and M. ruber. Afterwards, we were clear
to being annotations of the genes within the GENI-Act bioinformatics kit set up by Dr. Scott

(http://www.geni-act.org/). The basic information of the genes were annotated, like the DNA

coordinates, amount of nucleotides and amino acids within the sequence, and actual DNA/amino
acid sequences. We then used the NCBI-BLAST website to gather a group of 10 organisms
based from the blast of a specific gene. These 10 organisms’ amino acid sequence were then
aligned using the T Coffee analysis (Notredame et al., 2000) to help find a start codon that is
conserved through all the species. Once the alignment was made, a WebLogo was created
(Crooks GE et al., 2004) giving us a better understanding of whether the start codon is the
correct one. Following modules contained the tools that accounted for many different features,
for example; To find out where in the cell our proteins are located, we utilized various assays
found on the Center for Biological Sequences website, which included Signal P 4.0 (Petersen,
2011), TMHMM 2.0 (Krogh A et al., 2016), and Lipo P (A. S. Juncker et al., 2003). The P-Sort
analysis was used to predict protein localizations (Yu et al., 2010), and a Phobius chart was
created as an extra amount of evidence for figuring out protein localization (Kall L et al., 2004).
To further confirm if the correct start codon was being used , we utilized the Integrated
Microbial Genomes & Microbial Samples database (Markowitz, 2012). To determine if there
were structural similarities between the putative ortholog proteins (e.g., proteins belonged to the

same protein families or possessed the same protein domains), we used like TIGRfam (Haft DH



etal., 2001), Pfam (Finn et al R.D. et al., 2016), and the PDB database (Berman H.M. et al.,
2000). We used the KEGG maps (Kanehisa M et al., 2016), and EcoCyc (Keseler .M. et al.,
2013) databases to solidify our understanding of the Enzyme Function. We also used the KEGG
pathway to find out if the genes we chose had paralogs, or a separate gene that resembles in
function within the same organism. The last step taken, was to determine if horizontal gene
transfer was a likely explanation for the evolutionary history of each gene. We created a

phylogeny tree (www.phylogeny.fr) that used various species taken from an earlier T Coffee

multi-species alignment (Notredame et al., 2000), and we used Integrated Microbial Genomes &
Microbial Samples database (Markowitz, 2012) to view orthologous genes of species related to
M. ruber and E. coli. The websites are listed below in correspondence to what module each

bioinformatics step was used.

Table 1. Bioinformatics Tools used for each Geni-Act module

Basic Information Geni-act.org

Sequence-based Similarity Data www.ncbi.nlm.nih.gov/blast

www.ebi.ac.uk/Tools/msa/tcoffee

weblogo.berkeley.edu

Cellular Localization Data www.cbs.dtu.dk/services/ TMHMM

www.cbs.dtu.dk/services/SignalP

www.cbs.dtu.dk/services/LipoP/

www.psort.org/psortb

phobius.sbc.su.se

Alternative Reading Frame img.jgi.doe.gov/cgi-bin/edu/main.cgi

Structure-based Evidence tigrblast.tigr.org/web-hmm

pfam.sanger.ac.uk/search

www.rcsb.org/pdb/home/home.do

Enzymatic Function www.genome.jp/kegg/pathway.html

https://ecocyc.org

Duplication and Degradation www.genome.jp/kegg/pathway.html




Horizontal Gene Transfer www.phylogeny.fr

img.jgi.doe.gov/cgi-bin/edu/main.cgi

Results

Table 2 summarizes the results comparing Mrub_0981 and E. coli b1069. A protein BLAST
alignment produced an E-value close to 0.0, which indicates strong amino acid sequence
similarity that likely reflects a common function. Searching the CDD with the two query
sequences identified strong amino acid sequence similarity (i.e., E-values less than the 0.001
cutoff) to the same protein domain (COG numberCOG0728, and COG name Lipid II flippase
protein); The bioinformatics tools used for the cellular localization module (LipoP, SignalP,
TMH, PSORT-B, and Phobius) predict that Mrub0981 is localized to the cytoplasmic membrane,
which is the known location for E. coli b1069 (Johnson, 2009). Phobius was especially
informative; Mrub-0981 is predicted to have 12 transmembrane helices and b1069 has 13. Both
query sequences pulled the identical TIGRfam hit TIGR01695 mviN/murJ From the database.
A search of thePfam database showed the two genes belong to the same superfamily of MviN-
like protein (PF03023). When pulling data from the Protein Database, both genes coded for
5T77, but had no alignments available. The Pfam database, and others such as KEGG, tagged
both proteins as having the same E.C. number of 3.6.3.1. Mrub_0981 is predicted to catalyze the
same reaction as b1069 on the KEGG map 00550. All of this data supports my hypothesis that
Mrub 0981 and E. coli b1069 are orthologs. There was no contradictory data collected.

Table 2. Mrub 0981 and b1069 are orthologs

Bioinformatics Tool Mrub_ 0981 b1069
Protein BLAST E. coli E-value: 4e-29
against M. ruber Score: 107 bits
CDD Data (COG category) COG number: COG0728
Lipid II Flippase protein




E-value: 3.86e-55 E-value: 4.34e-180

Cellular Localization Cytoplasmic Membrane
TIGRfam- Protein Family TIGR01695
Lipid II Flippase protein

E-value: 1.7e-59 E-value: 1.1e-255
Pfam Protein Family PF03023 (MviN-like protein)

E-value:2.8e-66 E-value:1e-162
Protein Database 5T77: MOP flippase murJ
Enzymatic Commission E.C.3.6.3.1-Flippase
Number
KEGG Pathway map Peptidoglycan biosynthesis pathway

Figure 2 is the the protein BLAST alignment between Mrub 0981 and bo1069, which was
originally described in Table 2. There were 26% identical amino acids and 46% of amino acids
of similar nature. The E-value of 4e-29 is well below the 0.001 cutoff and indicates a high level

of primary sequence similarity and, consequently, functional similarity.



Range 1: 3 to 438 Graphics ¥ Next Match

Score Expect Method Identities Positives Gaps
107 bits(266) 4e-29 Compositional matrix adjust. 119/453(26%) 212/453(46%) 30/453(6%)

Query 2 NLLKSLAAVSSMTMFSRVLGFARDAIVARIFGAGMATDAFFVAFKLPNLLRRIFAEGAFS 61
+L4+ V +# T+ SR4LG R I+ + DAF+VA+++PNLLR + AEGA
Sbjct 3 RILRNTLLVMAGTLASRLLGQVRQTILTNLPLPDTTKDAFWVAYRIPNLLRELLAEGAIQ 62

Query 62 QAFVPILAEYKSKQGEDATRVFVSYVSG=~LLTLALAVV=~~TVAGMLAAPWVIMVTAPG 116
A +P+L ++ RF +++ G L+ L L ++ +AG L + + P
Sbjct 63 NALIPVLTGLPPEEARTFARRFGAFLLGVNLVILGLGLLFAPQIAGALLWLAELSLAQPS 122

Query 117 FADTADKFALTSQLLKITFPYILLISLASLVGAILNTWNRFSIPAFAPTLLNISMIGFAL 176
F L+++ P++L IS+ASL ++L + RF + +F+P N+ I L
Sbjct 123 PLRDPAVFEQLVLLIRLVMPFLLSISMASLFSSMLQSGERFGLTSFSPVAFNLGSIALML 182

Query 177 FAAPYFNPPVLALAWAVTVGGVLQLVYQLPHLKKIGMLVLPRINFHDAGAMRVVKQMGPA 236
F + AL +#VT+GG LQ + QLP LK G+ +H A + ++GP
Sbjct 183 L==---FPSSIAALGLSVTLGGALQALVQLPALKGYGL=-~-~EFRWHPA-FRAALGRIGPF 233

Query 237 ILGVSVSQ-ISLIINTIFASFLASGSVSWMYYADRLMEFPSGVLGVALGTILLPSLSKSF 295
SV Q +4L++ +I A++ + +V+ + L G+L V+ P LS
Sbjct 234 AFTTSVRQFLNLVLLSILAAY-PTAAVTGFONGELLFTTALGLLAVSPAMAAFPRLSALA 292

Query 296 ASGNHDEYNRLMDWGLRLCFLLALPSAVALGILS--GPLTV-SLFQY~-GKFTAFDALMTQ 351
+G + L+ R+ LA+P A A +L P V 4L+ # F+ + T
Sbjct 293 GNGEVSKARELL=--~FRIMARLAVPLAFASAMLVALAPWIVGTLYAFTDHFSEANRAYTT 349

Query 352 RALIAYSVGLIGLIVVKVLAPGFYSRQDIKTPVKIAIVTLILTQLMNLAFIGPLKHAG-- 409
+ +4A L+ + 444 GFY+ + V + L4N L+ G
Sbjct 350 QTVMALGFALLPWGLNQLMLRGFYAVGQVGQAVGVTAT-=--~IALLNTFGYWLLREQGLF 405

Query 410 ~LSLSIGLAACLNASLLYWQLRKQKIFTPQPGW 441
L4L+ GLA L ++ +L+ ++ P w
Sbjct 406 VLNLATGLAGWLGLAIYAQRLOVFQMVRPAQVW 438

Fig 2) Comparison protein-BLAST search of E. coli b1069 gene against Mrub_0981 gene.
Query Sequence: b1069; Subject Sequence: Mrub_0981. Analysis was done via NCBI BLAST

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

Figure 3 represents the TMH hydropathy charts for Mrub_0981 and b1069. The red peaks
signify the presence of multiple transmembrane helices for both proteins because they are
matched with the predicted number of 12 TMH. The Mrub_0981 is predicted to contain 12 TMH
while b1069 has 13 TMH. The presence of this many TMH likely indicates a cellular location

within the cytoplasmic membrane.



TMHMM posterior probabilities for Mrub_0981
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Fig. 3) Panel shows the Transmembrane Helices (TMH) found in Mrub0981 (panel A) and
b1069 (panel B). In both proteins, there are signs of TMH domains. These hydropathy charts
were pulled up from TMHMM Server v 2.0 www.cbs.dtu.dk/servicessTMHMM.

The plots in Fig.4 represent the SignalP results for Mrub_0981 and b1069. The SignalP
bioinformatics tool is necessary for finding cleavage sites within a protein; and it does that
giving a D value for each protein. That D value is calculated using an S Value, Y value, and a
Cutoff value that is represented by the purple line on the chart. The cutoff value given was .570
for the Mrub 0981 chart with a D value of .440, not meeting the needed standard. And the cutoff
value for b1069 being .510 with a D value of .279, again not meeting the standard. This final
result in the data suggests that there are no cleavages sites found within the proteins of these two

organisms.



Panel A
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Fig. 4) Mrub_0981 and b1069 do not contain cleavage sites; the D values for both organisms did
not meet the cutoff values of .510. These charts were pulled from the SignalP server v 4.1

database. www.cbs.dtu.dk/services/SignalP

Figure 5 shows the metabolic pathway of peptidoglycan biosynthesis and it also shows the two
genes (Mrub_0981, b1069) being expressed at identical spots of the pathway. Both of the genes
are found to code for the same lipid II flippase protein. This gives a good indication that the

genes area evolutionarily related and orthologous based on function.

Panel A Panel B
flippase flippase
—) mrchA/B
redd || pbpb
rardd
S =
= ‘ O D-Alsnine
O D-Alanine O
O Peptidoglycan
Peptidoglyran

Fig. 5) Mrub_0981 and b1069 are both expressed in the same metabolic pathway. Panel A is the
KEGG pathway when looking at Meiothermus ruber (mviN). Panel B is the KEGG pathway
when looking at Escherichia coli (mviN). This chart has pulled from the KEGG website
www.genome.jp/kegg/pathway.html.

Figure 6 is the HMM alignment that shows the conservation of amino acids within the proteins
of Mrub_0981 and b1069. These alignments contain many conserved amino acids that are
identical between the two species. The fact that these two genes pulled up so many consensus

amino acids, reinforces the notion that the genes are similar in structure and function.
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Fig. 6) Mrub 0981 and b1069 have identical highly conserved amino acids (marked by x) within
their proteins in the same domain of MviN-like protein. Panel A represents Mrub 0981 and

panel B is b1069. These charts were made using the Pfam website pfam.sanger.ac.uk/search.

Figure 7 shows the gene neighborhood that flank Mrub_0981 and b1069. The red line identifies
the query sequence. The color of a gene is unique to its predicted KEGG pathway; this
illustration is called “Color by KEGG” and is derived from the IMG Gene Details pages
(Markowitz, 2012). If the query was part of an operon, the flanking genes would have the same
KEGG color. Our query genes appear to be isolated genes and not part of an operon. When
compared to each other, there is a slight difference in color. This does not indicate a different
KEGG map, however. On further investigation, both genes were identified coding murJ, mviN

putative peptidoglycan lipid II flippases
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Fig. 7) Mrub_0981 and b1069 genes are not a part of an operon. Chromosome Viewer was
colored via their KEGG database. Panel A: Mrub_0981 Chromosome Viewer. Panel B: b1069

Chromosome Viewer. Images were obtained from https://img.jgi.doe.gov.

Figure 8 shows a phylogeny tree that is composed of species that chosen from the previous T
Coffee alignment. The species X. sacchari and X. tanslucens both belong to the phylum,
Protobacteria. While the rest of the species all belong to Deinococcus Thermus, showing that

there is a small chance of horizontal gene transfer.

I Xanthomonas_sacchari

Xanthomonas_translucens
Deinococcus_maricopensis

I Deinococcus_grandis

Deinococcus_deserti
Thermus_oshimai

I Thermus_scotoductus

Meiothermus_ruber_ DSM_1279

—:Me iothermus_cerbereus
Meiothermus_taiwanensis

Fig. 8) Phylogeny tree of species that express Mrub_0981 gene. Chart was created under the “A
La Carte” setting of Phylogeny.fr at: http://www.phylogeny.fr

Table 3 summarizes the results comparing Mrub_1162 and E. coli b0635. A protein BLAST
alignment produced an E-value close to 0.0, which indicates strong amino acid sequence

similarity that likely reflects a common function. Searching the CDD with the two query
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sequences identified strong amino acid sequence similarity (i.e., E-values less than the 0.001
cutoff) to the same protein domain (COG numberCOG0768, and COG name Ftsl/penicillin-
binding protein 2); The bioinformatics tools used for the cellular localization module (LipoP,
SignalP, TMH, PSORT-B, and Phobius) predict that Mrub1162 is localized to the cytoplasmic
membrane, which is the known location for E. coli b0635 (Johnson, 2009). Phobius was
especially informative; Mrub 1162 is predicted to have 1 transmembrane helix and b0635 has 1.
Both query sequences pulled the identical TIGRfam hit TIGR03423 fis/ from the database. A
search of the Pfam database showed the two genes belong to the same two superfamies of
PF03717: Penicillin-binding protein dimerization domain and PF00905: Penicillin-binding
protein transpeptidase domain. When pulling data from the Protein Database, the Mrub 1162
gene coded for 4AMNR: Transpeptidase domain of peptidoglycan glycosyltransferase; while
b0635 coded for 5SVDY: Dimeric form of Penicillin binding protein 2. The Pfam database, and
others such as KEGG, tagged both proteins as having the same E.C. number of 2.4.1.129.
Mrub_ 1162 is predicted to catalyze the same reaction as b0635 on the KEGG map 00550. All
of this data supports my hypothesis that Mrub_1162 and E. coli b0635 are orthologs. There was

no contradictory data collected.

Table 3. Mrub 1162 and b0635 are orthologs

Bioinformatics Tool Used Mrub_1162 b0635
Protein BLAST E. coli Score: 197 bits
against M. ruber E-value: 1e-59
CDD Data (COG Category) COG Number: COG0768
ftsl/penicillin-binding protein 2
E-value: 6.44e-112 E-value: 0
Cellular Localization Cytoplasmic Membrane
TIGRfam- TIGR03423
protein family Penicillin-binding protein II
E-value: 1e-132 E-value: 0

PF03717: Penicillin-binding protein dimerization domain
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Pfam-

Protein family

PF00905: Penicillin-binding protein transpeptidase domain

E-value:
1.7e-17
2.8e-47

E-value:
6.6e-46
1.9e-90

Protein Database 4MNR-Transpeptidase 5VDY- Dimeric form of
domain of peptidoglycan Penicillin binding protein 2
glycosyltransferase
5.2e-43 3.2e-19
Enzyme Commission E.C.-2.4.1.129

Number

Peptidoglycan glycosyltransferase

KEGG Pathway Map

Peptidoglycan Biosynthesis

Figure 2 is the the protein BLAST alignment between Mrub_ 1162 and b0635, which was

originally described in Table 3. There were 29% identical amino acids and 43% of amino acids

of similar nature. The E-value of 1e-59 is well below the 0.001 cutoff and indicates a high level

of primary sequence similarity and, consequently, functional similarity.
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Fig. 2) Protein BLAST of b0635 gene against Mrub 1162 gene showing similar protein
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sequence. Query sequence: b0635. Subject sequence: Mrub_1162. Alignment was formed using

NCBI Protein BLAST bioinformatics tool at http://www.ncbi.nlm.nih.gov.

Figure 3 represents the TMH hydropathy charts for Mrub_ 1162 and b0635. The red peaks
signify the presence of multiple transmembrane helices for both proteins because they are well
above the probability cutoff of 1 TMH. The Mrub 1162 is predicted to contain 1 TMH while
b0084 has 1 TMH. The presence of this many TMH likely indicates a cellular location within

the cytoplasmic membrane.
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TMHMM posterior probabilities for Mrub_1162
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Fig. 3) Mrub 1162 and b0635 both contain a single TMH domain within their membranes.
Panel A shows the TMHMM for Mrub_1162. Panel B shows the TMHMM of b0635. TMHMM
Server v 2.0 http://www.cbs.dtu.dk/servicess TMHMM was used to obtain these charts.

The figure 4 results were from a Signal P assay which is used to find cleavage sites within both
Mrub 1162 and b0635. To find cleavage sites, a D-value is assigned to the specimen using the
calculated value from corresponding S-scores, Y-scores, and a cutoff value which is represented
by the purple line on the charts. The cutoff value for Mrub 1162 (Panel A) has a cutoff value
.510 and a D-value of .162, in the end not making the cut. While b0635 (Panel B) has a cutoff
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value of .510, but a D-value of .129, meeting the same fate as it’s alleged orthologs. This data

overall shows that there are no cleavage sites found in either of the gene.

SignalP-4.1 prediction (gram- networks): Mrub_1162
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Fig. 4) Mrub_1162 and b0635 do not show signs of containing cleavage sites, for both of their
D-values were below the necessary cutoff value. Panel A shows the plot for Mrub_1162. Panel
B shows the plot for b0635. These results were creating using SignalP Server v 4.1
http://www.cbs.dtu.dk/services/SignalP.

Figure 5 shows the metabolic pathway of peptidoglycan biosynthesis and it also shows the two
genes (Mrub_1162, b0635) being expressed at identical spots of the pathway. Both of the genes
are found to code for the same Penicillin-binding protein II. This gives a good indication that the

genes area evolutionarily related and orthologous based on function.

Panel A Panel B

flippase

flippase :

[ ntzs || popC J[241129]

[ mtzas || popC [ 241129]

Fig. 5) Mrub_ 1162 and b0635 are both expressed in the same metabolic pathway. Panel A is the
KEGG pathway when looking at Meiothermus ruber (mrdA4). Panel B is the KEGG pathway
when looking at Escherichia coli (mrdA). This chart has pulled from the KEGG website
www.genome.jp/kegg/pathway.html.
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In this figure, we are looking at an HMM alignment that shows the conservation of amino acids
between Mrub_ 1162 and b0635 within their protein families. These alignments contain many
conserved amino acids that are identical between the two species. The fact that these two genes
pulled up the same consensus amino acids, reinforces the notion that the genes are similar in

structure and function.
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Fig. 6) Mrub 1162 and b0635 have identical highly conserved amino acids (marked with x)
within their proteins in the same domain of Penicillin-binding protein II. Panel A represents
PF03717: Penicillin-binding protein dimerization domain and panel B is PF00905: Penicillin-
binding protein transpeptidase domain. These charts were made using the Pfam website

pfam.sanger.ac.uk/search.

Figure 7 shows the gene neighborhood that flank Mrub_1162 and b0635. The red line identifies
the query sequence. The color of a gene is unique to its predicted KEGG pathways; this
illustration is called “Color by KEGG” and is derived from the IMG Gene Details pages
(Markowitz, 2012). If the query was part of an operon, the flanking genes would have the same
KEGG color. Our query genes appear to be isolated genes and not part of an operon. When
compared to each other, there is a difference in color. This does not indicate a different KEGG
map, however. On further investigation, both genes were identified coding fis/, putative

penicillin binding protein II.

Panel A
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Fig. 7) Mrub_1162 and b0635 genes are not a part of an operon. Chromosome Viewer was
colored via their KEGG database. Panel A: Mrub_ 1162 Chromosome Viewer. Panel B: b0635

Chromosome Viewer. Images were obtained from https://img.jgi.doe.gov.

Figure 8 shows a phylogeny tree that is composed of species that chosen from the previous T
Coffee alignment. All of the species all belong to Deinococcus Thermus, showing that there is no

chance of horizontal gene transfer.
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Meioth_b
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L Thermus_thermophilus
Thermus_tengchongensis

_':Thcrmu s_aquaticus
Thermus_islandicus

Fig. 8) ) Phylogeny tree of species that express Mrub 1162 gene. Chart was created under the
“A La Carte” setting of Phylogeny.fr at: http://www.phylogeny.fr

Table 4 summarizes the results comparing Mrub_1999 and E. coli b0084. A protein BLAST
alignment produced an E-value close to 0.0, which indicates strong amino acid sequence
similarity that likely reflects a common function. Searching the CDD with the two query
sequences identified strong amino acid sequence similarity (i.e., E-values less than the 0.001
cutoff) to the same protein domain (COG numberCOG0768, and COG name Cell division
protein/ftsI); The bioinformatics tools used for the cellular localization module (LipoP, SignalP,
TMH, PSORT-B, and Phobius) predict that Mrub1999 is localized to the cytoplasmic membrane,
which is the known location for E. coli b0084 (Johnson, 2009). Phobius was especially
informative; Mrub_1999 is predicted to have 1 transmembrane helix and b0084 has 1. Both
query sequences pulled the identical TIGRfam hit TIGR03423 f#s/ from the database. A search
of the Pfam database showed the two genes belong to the same two protein families of PF03717:
Penicillin-binding protein dimerization domain and PF00905: Penicillin-binding protein
transpeptidase domain. When pulling data from the Protein Database, the Mrub 1999 gene
coded for 3EQU: Penicillin binding protein III; while b0084 coded for 4BJP: Penicillin binding
protein III. The Pfam database, and others such as KEGG, tagged both proteins as having the
same E.C. number of 2.4.1.129. Mrub_1999 is predicted to catalyze the same reaction as b0084
on the KEGG map 00550. All of this data supports my hypothesis that Mrub 1999 and E. coli
b0084 are orthologs. There was no contradictory data collected.
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Table 4. Mrub 1999 and b0084 are orthologs

Bioinformatics Tools Used

Mrub_1999 B0084

BLAST E. coli against
M.ruber

Score: 154 bits
E-value: 4e-45

CDD Data (COG category)

COG Number: COG0768

Cell Division Protein fts]

E-Value: 6.23e-82 E-Value: 0

Cellular Localization

Cytoplasmic Membrane

TIGRfam- Protein Family

TIGR03423

Penicillin binding protein 11

E-Value: 2.4¢e-14 E-Value: 3.7e-38

Pfam- Protein Family

PF00905: Penicillin binding protein transpeptidase domain

PF03717: Penicillin binding protein dimerization domain

E-Value: E-Values:
4.3e-50 4.3e-84
2.4e-21

Protein Database

3EQU: Penicillin binding 4BJP: Penicillin binding

protein 11 protein 11

E-Value: 1.7e-41 E-Value: 0

Enzyme Commission

Number

EC:2.4.1.129.
Peptidoglycan Glycotransferase

KEGG Pathway Map

Peptidoglycan Biosynthesis

Figure 2 is the the protein BLAST alignment between Mrub_ 1999 and b0084, which was

originally described in Table 4. There were 29% identical amino acids and 45% of amino acids

of similar nature. The E-value of 4e-45 is well below the 0.001 cutoff and indicates a high level

of primary sequence similarity and, consequently, functional similarity.
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Fig. 2) Mrub 1999 and b0084 shows similarities in protein sequences when analyzed under

BLAST. Query sequence: M. ruber. Subject sequence: E. coli. This analysis was performed
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using NCBI BLAST http://www.ncbi.nlm.nih.gov.

Figure 3 represents the TMH hydropathy charts for Mrub_1999 and b0084. The red peaks
signify the presence of multiple transmembrane helices for both proteins because they are well

above the probability cutoff of 1 TMH. The Mrub 0981 is predicted to contain 1 TMH while
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b1069 has 11 TMH. The presence of this many THM likely indicates a cellular location within

the cytoplasmic membrane.
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Fig. 3) Mrub 1999 and b0084 both contain a single TMH domain within their membranes.
Panel A shows the TMHMM for Mrub_1999. Panel B shows the TMHMM of b0084. TMHMM
Server v 2.0 http://www.cbs.dtu.dk/servicess TMHMM was used to obtain these charts.

The figure 4 results were from a Signal P assay which is used to find cleavage sites within both
Mrub 1999 and b0084. To find cleavage sites, a D-value is assigned to the specimen using the
calculated value from corresponding S-scores, Y-scores, and a cutoff value which is represented
by the purple line on the charts. The cutoff value for Mrub 1999 (Panel A) has a cutoff value
.510 and a D-value of .196, in the end not making the cut. While b0084 (Panel B) has a cutoff
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value of .510, but a D-value of .128, meeting the same fate as it’s alleged orthologs.

overall shows that there are no cleavage sites found in either of the gene.

SignalP-4.1 prediction (gram- networks): Mrub_1999
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Fig. 4) Mrub_1999 and b0084 do not show signs of containing cleavage sites, for both of their
D-values were below the necessary cutoff value. Panel A shows the plot for Mrub_1999. Panel
B shows the plot for b0084. These results were creating using SignalP Server v 4.1
http://www.cbs.dtu.dk/services/SignalP.

Figure 5 shows the metabolic pathway of peptidoglycan biosynthesis and it also shows the two
genes (Mrub_1999, b0084) being expressed at identical spots of the pathway. Both of the genes
are found to code for the same Penicillin-binding protein III. This gives a good indication that

the genes area evolutionarily related and orthologous based on function.
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flippase

flippase -

[ rgs | popC [241129]

[(rtga || porC J241120]

Fig. 5) Mrub 1999 and b0084 are both expressed in the same metabolic pathway. Panel A is the
KEGG pathway when looking at Meiothermus ruber (pbpB). Panel B is the KEGG pathway
when looking at Escherichia coli (pbpB). This chart has pulled from the KEGG website
www.genome.jp/kegg/pathway.html.

In this figure, we are looking at an HMM logo that shows the conservation of amino acids within
the proteins of Mrub_1999 and b0084. Contrarily to the previous genes that were discussed

earlier, the HMM logo here does not show signs of having any highly conserved amino acids.
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Or at least none that are a conserved as the other genes. The similarities between the two logos

still gives rise to belief that the two genes are orthologous.
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Fig. 6) Mrub 1999 and b0084 have identical highly conserved amino acids within their proteins
in the same domain of Penicillin-binding protein III. Panel A represents Mrub 1999 and panel B

is b0084. These charts were made using the Pfam website pfam.sanger.ac.uk/search.

Figure 7 shows the gene neighborhood that flank Mrub 1999 and b0084. The red line identifies
the query sequence. The color of a gene is unique to its predicted KEGG pathway; this
illustration is called “Color by KEGG” and is derived from the IMG Gene Details pages
(Markowitz, 2012). Since the panel B query was part of an operon, the flanking genes are the
same KEGG color. The panel A query gene appears to be and isolated gene and not part of an
operon. When compared to each other, there is a slight difference in color. This does not
indicate a different KEGG map, however. On further investigation, both genes were identified

coding pbpB, penicillin binding protein III.

Panel A
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Fig. 7) Mrub_ 1999 gene is a part of an operon. b0084 gene is not a part of an operon.
Chromosome Viewer was colored via their KEGG database. Panel A: Mrub 1999 Chromosome
Viewer. Panel B: b0084 Chromosome Viewer. Images were obtained from

https://img.jgi.doe.gov.

Figure 8 shows a phylogeny tree that is composed of species that chosen from the previous T
Coffee alignment. All of the species all belong to Deinococcus Thermus, showing that there is no

sign of horizontal gene transfer.

Deinococcus_gobiensis
I Deinococcus_puniceus
Marinithermus_hydrothermalis

I Oceanithermus_profundus
Meiothermus_ruber_DSM_1279
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Meiothermus_rufus
Thermus_thermophilus

,—Thermus_broc kianus
L _Thermus_scotoductus

Fig. 8) ) Phylogeny tree of species that express Mrub 1999 gene. Chart was created under the
“A La Carte” setting of Phylogeny.fr at: http://www.phylogeny.fr

Conclusion
The results gained from this experiment has supported my hypothesis that genes: Mrub_0981
and b1069, Mrub_1162 and b0635, Mrub_1999 and b0084 are all orthologs. The first piece of

evidence was a protein BLAST comparison, which resulted in E-values far below the 0.001
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cutoff. Low E-values are indicative of strong sequence similarity, and, therefore, a strong
likelihood of functional similarity. Next, were the TMHMM hydropathy charts whose
predictions for each gene pair were the actual outcome for each chart. Having the genes contain
the same amount of TMH they were predicted to have, gives strong hinting of similar cellular
localization. Another analytical step that was important were the HMM alignments pulled from
the Pfam database. They show conserved amino acids that belong in the protein sequence of both
sets of genes. And when looking at each set, the gene orthologs were apart of the same protein
family, and the amount of identical, highly conserved amino acids gave signs of similar function

and structure between the genes.

Even though most of the bioinformatics data supported my hypothesis, I found one contradictory
set of data (Figure 7c). When looking at the data pulled from the Chromosome Viewer “Color
by KEGG Map” from the IMG database (Markowitz et al., 2012), it shows that the Mrub 1999
may not be part of an operon based on its color being different than the flanking genes.

However, when I compared this same region among different species related to M. ruber, there
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does appear to be a common set of genes in this region:

Meiothermus rufus DSM 22234 : GS5S52DRAFT_scaffold00009.9
42402 37402 32492 27402 22402 17492 124 02 7402 2402

- =P b
L @@ R a— e amm
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Fig. 9) Mrub 1999 gene orthologs neighborhood formatted under regions with the same top
COG hit (via top homolog). Orthologs chart was pulled from IMG data base:
http://pfam.xfam.org

While the b0084 gene is a part of an operon.

A portion of the modules from the GENI-Act website contained phylogenic tress that each
contained various species that expressed the same gene that is present within both E. coli and M.
ruber. The many species were taken from the T Coffee database (Notredame et al., 2000) and

plugged into the “A La Carte” system of the phylogenic tree creator (www.phylogeny.fr). This

step was used to identify if the presence of horizontal gene transfer (HGT). HGT happens when
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a transfer of genes occurs between two species of the same generation. This may cause the
expression of a phenotype that has the chance to undergo many mutations. And these mutations
can result in a bacterium undergoing evolution at a faster, more efficient speed (www.geni-
act.org). If a group of unrelated organisms contain similarities, then there is a chance that the
model organism acquired a gene from a different organism that was mutated and eventually
expressed, and vice versa. Fortunately, the results of the phylogenic trees obtained from my
research contained very little signs of HGT due to the close relations of species that came up

from the T Coffee analysis.

If I were to perform an experiment utilizing site-directed mutagenesis to disrupt the function of
peptidoglycan production, I would focus on using the Mrub_ 0981 gene that codes for the lipid II
flippase protein. There is a Tyrosine that is highly conserved at amino acid 346 within the
protein sequence. I chose this amino acid because it has the property of being affiliated with
phosphorylation (Betts and Russell, 2013). This helps with signal transduction across the
membrane of the cell which plays a really good role with a protein that deals with peptidoglycan
synthesis. The nucleotide sequence for Tyrosine is TAT, and I would make a deletion of the A so
that the reading frame will shift and have the sequence read CTT, which codes for Leucine
(http://nebasechanger.neb.com). Leucine has rarely been linked to protein activity making it a
very good substitute (Betts and Russell, 2003). I feel that this would be a good experiment to run
to disrupt the production of peptidoglycan within both E. coli and M. ruber cells. The program I

used to layout this experimental approach was BioLab’s NEBaseChanger.

HH‘
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Fig. 10) HMM Logo of Mrub_0981 gene showing a highly conserved Tyrosine. This image was
found on the Pfam database at http://pfam.xfam.org.
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Click and drag to set mutagenesis region

GGTGCTGACCGGCCTTCCGCCCGARGAGGCCCGCACCTTCGCCCGGCGTT Mrub_0981 1503 bp
TTGGGGCCTTTCTGCTCGGGCTAAATCTGCGTAATTCTGGGCCTGGGCCTG
CTTTTCGCCCCTCAAATTGCCGGCGCGCTGTTGTGGCTGGCCGAGCMC | Substitution | Insertion | Deletion

CCTGGCCCAGCCCAGCCCCCTGCGCGACCCGGCAGTGTTCGAGCAGTTGG
TGCTGCTGATTCGTTTGGTGATGCCATTTTTGCTCTCGATCTCGATGGCC
TCGCTGTTTTCCTCGATGCTGCAATCGGGCGAGCGCTTTGGCCTCACCAG

CTTCAGCCCCGTGGCCTTCAACCTGGGCTCCATTGCCTTGATGCTGTTGT Find: TAT 6 matches
TTCCCAGCAGCATTGCCGGCCCTGGGTCTGTCCGGTTACGCTGCGGGGGGGCG Start and end positions included in deletion.
TTGCAAGCCCTGGTACAGCTACCCGCCCTCAAAGGCILBGGCCTCCAGTT
CAGGTGGCATCCCGCCTTCCGCGCCGCCCTGGGCCGGATTGGCCCCTTCG Start (5') 1040 : End (3') 1040 :

CCTTCACCACCTCGGTGCGGCAGTTTTTGAACCTGGTTCTGCTGAGCATT
CTGGCCGCCTACCCCACCGCCGCCGTGACGGGCTTTCAAAACGGCGAGCT
GCTTTTCACCACCGCGCTGGGCCTGCTGGCGGTCTCACCGGCCATGGCCG
CCTTTCCCCGGCTTTCCGCCCTGGCCGGCAACGGCGAGGTTAGCAMAGCC
CGCGAGCTGCTCTTCCGCATCATGGCACGGCTTGCGEGTGCCGCTGGCTTT
CGCCTCGGCCATGCTGCTGCCTCTAGCACCTTGGATTGTGCGCGAACGCTTT
ACGCCTTTACCGACCACTTCTCTGAGGCCAACCGGGC! :'. CCACCCAG
ACCGTGATGGCCCTGGGCTTTGCGCTCCTCCCCTGGGGCCTGAACCAGCT
CATGCTGCGGGGC TTCEGCCGTGGGGCAGGTGGGTCAGGCGGT'I‘GGCG

E A NRA AL P PR P * W
* G QP G L TTOQ TV M
L R P TG P Y HP DRD
CTGAGGCCAACCGGGCCTTACCACCCAGACCGTGATGG
GACTCCGGTTGGCCCGCGAATGGTGGGTCTGGCACTACC

Required Primers

Name (F/R) Oligo (Uppercase = target-specific primer) Len % GC Tm Ta *
Q5SDM_2/11/2017_F TACCACCCAGACCGTGATGG 20 60 69°C ——
Q5SDM_2/11/2017_R AGGCCCGGTTGGCCTCAG 18 72 74°C

* Ta (recommended annealing temperature)
Fig. 11) Resulting chart of NEBaseChanger when looking at Mrub_0981 nucleotide sequence.
Including appropriate flanking primers and annealing temperatures. The chosen TAT sequence
has the highlighted “A”, representing what will be deleted. This chart was pulled from the
NEBaseChanger database at http://nebasechanger.neb.com.
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