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Mrub_1283, Mrub_1284 and Mrub_1285 encode for a glycine/betaine ABC transporter

and are orthologs of E. coli proV, proW and proX

Lan Dang

Dr. Lori R. Scott Laboratory

Augustana College

639 38 Street, Rock Island, IL 61201
INTRODUCTION
ABC transporters are the proteins of interests

Cellular transporters are essential for all forms of life because they facilitate the transport
of all molecules across the cellular membrane to help maintain the homeostasis of the cells. For
example, in the bacteria Escherichia coli, about 10% of its entire genome encoding for proteins
is involved in transport processes (Blattner et al, 1997). There are two main forms of cellular
transport: passive diffusion and active transport. While passive diffusion follows the chemical
gradient of molecules and does not require energy, active transport against chemical gradient
requires a source of energy either by using high-energy molecule like ATP directly or the
potential energy provide by a coupled reaction (Paula et al, 1996). Transporters using molecules
like ATP are called primary transporter while transporters depending on coupled reactions are
secondary transporters (Saier et al, 1980). In this paper, we are interested in ABC transporter - a
type of primary transporters that use ATP as the energy source to drive chemicals against their
gradient. ABC transporters can facilitate a wide range of substrates, from small inorganic
compounds to larger organic molecules such as glucoses, amino acids, nucleosides, vitamins and

metal clusters to larger organic compounds, including peptides, lipid molecules, oligonucleotides



and polysaccharides (Wilken et al, 2015). The catalytic/transport mechanism of ABC-
transporters is of interest to all biologists in general and to bioinformatics scientist in particular.
There are various types of data that can be used to understand the mechanism of ABC
transporters such as structural data from crystallography, experimental data from biochemical
studies and informatics data from bioinformatics algorithms. The paper targets into ABC
glycine/ betaine transporters, encoded by an operon contained Mrub_1283, Mrub_1284 and

Mrub_1285 in Meiothermus ruber genome.

Generally, ABC transporters are multi-subunit transporters that all contained essential
cytoplasmic factors, which are essential to ATP hydrolysis activity (Higgins et al, 1992). ABC
transporters are structurally characterized by two nucleotide-binding domains (NBDs) and two
transmembrane domains (TMDs) (Holland et al, 1999). It is also common to find a phosphate-
binding loop (P-loop) motif in an ABC transporter (Higgins et al, 1986). Since we expect
Mrub_1283, Mrub_1284, and Mrub_1285 to encode the ABC transporter, we want to verify
whether their protein products are similar in structure to the components of a general ABC
transporter. As predicted by different bioinformatics tools and protein family data, Mrub_1283 is
expected to encode for the P-loop structure, Mrub_1284 encodes for the transmembrane
domains, and Mrub_1285 encodes for the substrate bind domain (NBDs) so we hypothesize that
Mrub_1283, Mrub_1284, and Mrub_1285 are part of an operon that encode for the full structure
of an ABC transporter that transport glycine/ betaine. Figure 1 below shows the 3D structure of
some common ABC transporter with typical subunits. Since we expect that Mrub_1283,
Mrub_1284, and Mrub_1285 are part of an operon that encodes for the full structure of an ABC
transporter that transport glycine/ betaine, we expect to find structures that similar to figure 1

from PDB to match with protein products of these genes of interests.



Figure |. Structural features of ABC transporters
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Figure 1. Figure 1 shows the structure of some common ABC transporters. (Wilken
et al). (A) shows the outward-facing maltose transporter with ADP*VO4 in catalytic sites
and maltose bound to the transmembrane domain (Oldham et al, 2011) (B) is the
homodimeric exporter Sav1866 from Staphylococcus aureus in the outward-facing
conformation with ADP in catalytic sites (Lewinson et al, 2010). (C) shows the P-
glycoprotein in the inward-facing conformation with an inhibitor molecule bound at the
TMDs (Li et al, 2014). (D) is the nucleotide-binding domain (NBD) sandwich dimer of the

maltose transporter (MalK) as seen from the cytoplasmic side. (E) presents the cavity



formed by the TMDs of outward-facing Sav1866. In this structure, the cavity does not
provide access to the outer leaflet of the lipid bilayer. Last but not least, (F) shows the

cross-section through the TMDs of glycoprotein showing the two inhibitor molecules.

Typically, ABC transporters pump transport substrates against their chemical gradient in
a single direction (either import or export).(Balakrishnan et al, 2004). In order to do that, the
membrane domain must play the role of one or more “turnstile-like” gates and couple tightly to
the catalytic cycles on the NBDs. To serve as the gates, the transmembrane domains of ABC
transporters must alternate between outward and inward facing conformation (Jardetzky et al,
1966). We expect to see this aspect in the protein product of Mrub_1284 since it encodes the
TMDs of the transporters. We also expect the protein encoded by Mrub_1285 to be a signal
protein while the protein by Mrub_1283 to form a loop structure. To verify our hypothesis, a

structural data module is performed and will be presented in this paper as well.
Mrub_1283, Mrub_1284 and Mrub_1285 are parts of an operon

We expect Mrub_1283, Mrub_1284, and Mrub_1285 to encode for different subunits of
the glycine/betaine transporter; we expect these genes to be in the same operon. These genes are
also located in close proximity and serve the same purpose, they are very likely to be in an
operon. To confirm this hypothesis, several bioinformatics tools are employed and will be

described later in the paper.
Meiothermus ruber is the study model

Meiothermus ruber (Loginova et al. 1984, Nobre et al. 1996) is a species of the genus
Meiothermus. This genus has its name to indicate its presence in a hot environment (Nobre et al,

1996; Euzeby et al, 1997). The species name “ruber” was to indicate the red cell pigmentation of



the organism. (Loginova et al. 1984 Euzeby et al, 1997). Members of this genus are isolated
from natural hot springs and artificial thermal environments in different Europe and Asia
countries (Nobre et al. 1996). This genus is heterogeneous with respect to pigmentation. On the
basis of the 16S rRNA gene sequence similarity, yellow species form a distinct group while the
red/orange pigmented strains forming another group (Pires et al, 2005; Zhang et al, 2010). The
relatively low degree of 16S rRNA gene sequence similarity makes the Meiothermus genus to
form a separate evolutionary lineage from members of the genus Thermus. Among all species of
Meiothermus, M. ruber can be used as a representative since it genome sequence was the first to
be completely sequenced (Tindall et al, 2010). The reason we choose to study the function of the
genome of a less common strain like M. ruber is that we expect to see a less common aspect that
we normally cannot see in common Eschirichia or Salmonella species. The difference in optimal
temperature of Meiothermus may also be results of some interesting metabolic pathway and

protein function that we cannot expect to find out in common species.

Mrub_1283, Mrub_1284 and Mrub_1285 are orthologous to proV, prowW and proX

genes in E. coli genomes

In this study, we use E. coli, a very common organism as the control to study M. ruber
genes. E. coli, are relatively easy to grow in the laboratory, which has allowed them to be
extensively studied (Cooper 2000). A BLAST of proV, proW and proX genes in E. coli against
M. ruber genome showed that there are orthologs of these genes in M. ruber. Therefore, the
study of E. coli can help us understand better about our M. ruber genes of interests under the

evolutionary aspects.

Bioinformatics approach



There are several different approaches to understand the function of Mrub_1283,
Mrub_1284 and Mrub_1285 in M. ruber genome such as structural biology approach or
experimental approach. Among these approaches, bioinformatics approach is a promising one
since it can be efficient in time and money manner. Several bioinformatics tools are available for
free and become very helpful. In this studies, the bioinformatics tools which are used include
KEGG (Kanehisa M et al, 2016), BLAST (Madden T et al, 2002), EcoCyc (Keseler et al, 2013),
T-Coffee (Notredame et al, 2000), WebLogo (Crooks et al, 2004), TMHMM (Krogh et al,
2016), SignalP (Petersen et al, 2004), LipoP (Junker et al, 2003), PSORT-B(Yu et al,2010) ,
Phobius (Kall et al, 2007), CDD search (Marchler-Bauer et al, 2014), IMG/M (Markowitz et al,

2012), TIGRFAM (Haft et al, 2001) , PFAM (Finn et al, 2016), PDB (Berman et al, 2000).
Purpose/ Hypothesis

Our hypothesis is that the function of Mrub_1283, Mrub_1284 and Mrub_1285 in M.
ruber genome as encoding for subunits of glycine/betaine ABC transporters. To confirm that, we
will need to confirm that Mrub_1283, Mrub_1284, and Mrub_1285 are orthologous to proV,
proW and proX in E. coli genomes so that Mrub_1283, Mrub_1284 and Mrub_1285 will have
the same function as proV, proW and proX to encode for glycine/betaine ABC transporters. We
derive our hypothesis based on the low E-value of the initial BLAST of E. coli genes against M.

ruber genomes.
MATERIALS AND METHODS

To collect bioinformatics data for M. ruber and E. coli genes, the GENI-ACT gene
annotation was followed with some deviations. The studied was started by a BLAST of E. coli
gene against M. ruber genome to looking for any potential orthologs. Once we had the similar
pair of sequences, we followed up by filling out different modules on the GENI-ACT site by
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using the proper bioinformatics tools. One deviation we made was that instead of using the
recommended top 10 BLAST hits for the T-coffee analysis, we instead picked a list of 15-20 hits
from various genus other than Eschirichia. We also omitted the MetaCyc path but use only
KEGG ((Kanehisa M et al, 2016) database to obtain biological pathway. We also omitted the
Open Reading Frame module for all E. coli genes since all E. coli genes were studied so well that
we were certain about their reading frame. Since the protein products of our GOIs were units of
transporter which were not a necessary enzyme, the enzyme function Module was omitted as

well.

Follow the GENI-ACT instruction, all the bioinformatics tools which are used include
KEGG (Kanehisa M et al), BLAST (Madden T et al, 2002), EcoCyc(Keseler et al, 2013), T-
Coffee (Notredame et al, 2000), WebLogo (Crooks et al, 2004), TMHMM (Krogh et al, 2016),
SignalP (Petersen et al, 2004), LipoP (Junker et al, 2003), PSORT-B(Yu et al,2010) , Phobius
(Kall et al, 2007), CDD search (Marchler-Bauer et al, 2014), IMG/M (Markowitz et al, 2012),
TIGRFAM (Haft et al, 2001) , PFAM (Finn et al, 2016), PDB (Berman et al, 2000). The data
obtained from these bioinformatics tools are selected to determine the function of M. ruber

GOls.
RESULTS

Section I. KEGG (Kanehisa M et al, 2016) and BLASTp (Madden T et al, 2002)

results

In this section, KEGG data and BLASTYp results for each pair of genes are presented in a
table of KEGG data and a figure of BLASTp result. Table 1 shows the KEGG data for
Mrub_1283 and b2677. From the data, we see these two genes have the same gene name of
proV. Their sequence lengths are also very close to each other.
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Table 1. KEGG data for Mrub_1283 and E. coli b2677. From the data, we can see

the similarity between these two genes in term of gene name and sequence length.

b2677 Mrub_1283
Gene Name | proV
KEGG map | map02010 — ABC transporters

DNA

coordinates

2804815..2806017

1307798..1308991

DNA

Sequence

atggcaattaaattagaaattaaaaatctttataaaa
tatttggcgagcatccacagcga
gcgttcaaatatatcgaacaaggactttcaaaaga
acaaattctggaaaaaactgggcta
tcgcttggegtaaaagacgcecagtctggecattga
agaaggcgagatatttgtcatcatg
ggattatccggetcgggtaaatccacaatggtacg
ccttctcaatcgectgattgaacce
acccgcgggcaagtgctgattgatggtgtggatat
tgccaaaatatccgacgecgaacte
cgtgaggtgcgcagaaaaaagattgcgatggtct
tccagtectttgecttaatgecgeat
atgaccgtgctggacaatactgegttcggtatgga
attggccggaattaatgccgaagaa
cgccgggaaaaagcccttgatgeactgegtcag
gtcgggctggaaaattatgcccacagetaceegg
atgaactctctggcgggatgcgtcaacgtgtggg
attagcccgegegttagcgattaatccggatatatt
attaatggacgaagccttctcggegctcgatccatt
aattcgcaccgagatgcaggatgagctggtaaaa
ttacaggcgaaacatcagcgeaccattgtctttattt
cccacgatcttgatgaagcecatgcegtattggegac
cgaattgccattatgcaaaat
ggtgaagtggtacaggtcggcacaccggatgaa
attctcaataatccggcgaatgattat
gtcegtaccttettcegtggegttgatattagtcagg
tattcagtgcgaaagatattgcc

atgagttttatacgtgtagaaaacctatacaagatcttcg
gcccaaaggcecggacaagec
ctggaaatggtgcaggggggceaccgataaagacacy
ctttttcaaaagacccgecacgtgctgggectgaacag
gatcaacctggaggtgaagcagggcgaattttttgtgat
catggggctttcggggtcgggceaagtccaccctgette
gggtgctcaaccgectgatcgageccacageaggteg
ggttttggtcggtgataccgaggtaaccaccctccege
acaaagagcttctggtttccgccaggacaccttcggtat
ggttttccagcactttgctttgcttcctcactacaacattct
gcgcaacgtggctttcccgetggagctcaaagggcttt
ccegtaaggagcgggaggageagggceatggectggt
tagagcgggtggggctttccggctatgagaagcattac
ccagggcagttgtctggtggacagaaacagegggttg
gcctggegegggcecctttgegcaaacccteecatectg
ctcatggacgaggccttcagcgegcetggatecectgat
ccgcaaggagatgcaggacgaacttttgcgtctgcag
caagagttaaaaaagaccatcgtctttgtaacccacgac
ctggatgaggccatgegectgggagaccgtatcgeca
tcatgcgggacggggaggtggtgcaggtaggaaccy
cggaggagattctggcecgecctgcagacgattatgtg
gccgectttttgtceggtgttaatcecgecaaaatctaca
aggtggaggagctggtgcaggaaccegtgaccgtgg
tgctggaacgggagggectgcgcetcagecctgegea
agatgggccaggcecggtgctgtgaatgectatgtggta
aatcgtagcggattttttcaggggatggtgcgagcetgaa
aagttggccgaagcegcttaaggccgaaggggagegt
ggtgggctggagagectectggaaccectaccegege




cgccggacaccgaatggcttaattcgtaaaacce
ctggcttcggeccacgttcggceactgaaattattge
aggatgaagatcgcgaatatggctacgttatcgaa
cgcggtaataagttt
gtcggcgeagtctccatcgattcgcttaaaaccgc
gttaacgcagcagcaaggtcttgat
gcggcgctgattgatgegecgttagcagtcgatg
cacaaacgcctcttagcgagttgete
tctcatgtcggacaggcaccctgtgeggtgeccgt
ggtcgacgaggaccaacagtatgtcggcatcattt
cgaaaggaatgctgctgegegctttagatcgtga

tttcgcceggtcagaccctggaagaggecctgecget
gttcagtgaaaccgegctgeccttgeccatactggacy

agaaagggcggctcctaggggtggtgacgcggggcec

ggttgatcgeggecatggeggggcegttacgtgectca
atag

gggggtaaataatggctga

Sequence 1203 nt 1194 nt

Length

Protein MAIKLEIKNLYKIFGEHPQRAFK | MSFIRVENLYKIFGPKAGQALEMV
YIEQGLSKEQILEKTGLSLGVKD | QGGTDKDTLFQKTRHVLGLNRINL

Sequence ASLAIEEGEIFVIMGLSGSGKST | EVKQGEFFVIMGLSGSGKSTLLRVL
MVRLLNRLIEPTRGQVLIDGVDI | NRLIEPTAGRVLVGDTEVTTLPHKE
AKISDAELREVRRKKIAMVFQSF | LLRFRQDTFGMVFQHFALLPHY
ALMPHMTVLDNTAFGMELAGI | NILRNVAFPLELKGLSRKEREEQGM
NAEERREKALDALRQVGLENY | AWLERVGLSGYEKHYPGQLSGGQ
AHSYPDELSGGMRQRVGLARA | KQRVGLARALCANPPILLMDEAFS
LAINPDILLMDEAFSALDPLIRTE | ALDPLIRKEMQDELLRLQQELKKTI
MQDELVKLQAKHQRTIVFISHD | VFVTHLDEAMRLGDRIAIMRDGEV
LDEAMRIGDRIAIMQNGEVVQV | VQVGTAEEILARPADDYVAAFLSG
GTPDEILNNPANDYVRTFFRGV | VNPAKIYKVEELVQEPVTVVLERE
DISQVFSAKDIARRTPNGLIRKTP | GLRSALRKMGQAGAVNAYVVNRS
GFGPRSALKLLQDEDREYGYVI | GFFQGMVRAEKLAEALKAEGERG
ERGNKFVGAVSIDSLKTALTQQ | GLESLLEPLPALSPGQTLEEALPL
QGLDAALIDAPLAVDAQTPLSE | FSETALPLPILDEKGRLLGVVTRGR
LLSHVGQAPCAVPVVDEDQQY | LIAAMAGRYVPQ
VGIISKGMLLRALDREGVNNG

Protein 400 aa 397 aa

Sequence

Length




BLASTp result for b2677 and Mrub_1283 is showed in figure 2. This is the initial
BLAST we perform before doing all other informatics tool to establish out hypothesis. The first
hit with lowest E-value of 3e-116 was Mrub_1283. The low E-value indicate the similarity due

to evolutionary, not due to random chance.

glycine betaine/L-proline ABC transporter ATP-binding protein [Meiothermus ruber]
Sequence ID: WP_013013564.1 Length: 397 Mumber of Matches: 1
b See 3 more title(s)

Range 1: 4 to 390 GenPept Graphics
Score Expect Method Identities Positives Gaps
342 bits(877) 3Je=-116 Compositional matrix adjust. 178/391({46%) 257/391{65%) 7/391{1%)

Query 5 LEIKNLYKIFGEHPQRAFKYIEQGLSKEQILEKTGLSLGVKDASLAIEEGEIFVIMGLSG &4
+ ++NLYKIFG +A + ++ 0 K+ + +KT LG+ +L +++0E FVIMGLSG
shbjct 4 IRVENLYKIFGPRAGQALEMVOGGTOKDTLFOKTRHVLGLNRIMLEVKQGEFFVIMGLSG &3

Query &5 SEKSTMVRLLMNRLIEPTRGOVLIDGVDIAKISDAELREVRREKIAMVFQSFALMPHMTVL 124
SGEKST++R+LMRLIEPT G+WVL+ ++ <+ EL R+ MVFQ FAL+PH +L
Sbjct &4 SGEKSTLLRVLMRLIEPTAGRVLVGDTEVTTLPHKELLRFRODTFGMVFOQHFALLPHYNIL 123
Query 125 DNTAFGMELAGIMAEERREKALDALROWVGLEMNYAHSYPDELSGEMRORVGLARALAINPD 134
) M AF +EL G++ +ER E+ + L +WGL Y YP +L5GG +QRWGLARAL NP
Sbjct 124 RNVAFPLELKGLSREKEREEQGMAWLERVGLSGYEKHYPGOLSGGEOKORVGLARALCANPE 183
Query 185 ILLMDEAFSALDPLIRTEMQDELVELQAKHORTIVFISHDLDEAMRIGDRIAIMONGEWY 244
ILLMDEAFSALDPLIR EMODEL++L] + ++TIVF++HDLDEAMR+GDRIATIM++GEVY
Sbjct 184 ILLMDEAFSALDPLIRKEMQDELLRLQQELKKTIVFVTHDLDEAMRLGDRIAIMRDGEWY 243
Query 245 (WGTPDEILNMPANDYWVRTFFRGVDISOVFSAKDIARRTPNGLIRKTPGFGPRSALELLO 384
QVaT +EIL PASDYV F QW+ ++4+ 44+ + ++ + G RSAL+ +
Sbjct 244 QVGTAEEILARPADDYVWAAFLSGVNPAKIYKVEELVQEPVTVWLERE---GLRSALREMG 388
Query 385 DEDREYGVVIERGMKFUEAVSIDSLHTALT—-—QQQELDAALIDAPLAUDAQTPLSELLS 361
FGWVv + L AL ++ GL++ L LEL
Sbjct 381 QAGAUMAVVVNRSEFFQEMVRAEHLAEALHAEGERGELESLLEPLP&LSPGQT LEEALP 3585
Query 362 HVGQAPCAVAPVVDEDQOYWGIISKGMLLRAL 392

+ +P++0E + +0++++0 L+ A+
Sbjct 368 LFSETALPLPILDEKGRLLGVVTRGRLIAAM 358

Figure 2. BLASTp result for b2677 against M. ruber genome was showed in figure 2.
The first hit with lowest E-value of 3e-116 was Mrub_1283. The low E-value indicate the

similarity due to evolutionary, not due to random chance.

Table 2 shows the KEGG data for Mrub_1284 and b2678. From the data, we see these
two genes have the same gene name of proW. Their sequence lengths are also very close to each

other.
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Table 2. KEGG data for Mrub_1284 and E. coli b2678. From the data, we can see

the similarity between these two genes in term of gene name and sequence length etc.

b2678

Mrub_1284

Gene Name

proWw

KEGG map

map02010 — ABC transporters

DNA

coordinates

2806010..2807074

1308988..1309827

DNA

Sequence

atggctgatcaaaataatccgtgggataccacgeca
gcggcggacagtgecgegceaatee
gcagacgcctggggtacaccgacgactgcaccga
ctgacggcggtggtgctgactggcetg
accagtacgcctgcgccaaacgtcgagcattttaata
ttctcgatccgttccataaaacy
ctgatccegcetcgacagttgggtcactgaagggate
gactgggtcgttacccatttcegt
ccegtcttccagggegtgegegttceggttgattatat
cctcaacggtttccagcaattg
ctgctgggtatgcccgeaccggtggegattategtttt
cgctctcatcgectggeagatt
tccggggtcggaatgggtgtggegacgctggttteg
ctgattgccatcggegcaateggt
gcctggtegecaggeaatggtgactctggegetggtg
ttaaccgcecctgetgttetgtate
gtcatcggtttgcegttggggatatggetggegaga
agtccgcgageggcgaaaattatt
cgtccactgcttgatgecatgcagaccacgecageg
tttgtttatctggtgccaatcgte
atgctatttggtatcggtaacgtgccgggegtggtgg
tgacgatcatctttgctctgecg
ccgattatcegtctgaccattctggggattaaccaggt
tccggeggatctgattgaagec
tcgcgcteattcggtgccageccgegecagatgctg
ttcaaagttcagttaccgctggeg
atgccgaccattatggcgggegttaaccagacgetg
atgctggecctttctatggtggte
atcgcctcgatgattgccgtcggegggttgggteag
atggtacttcgcggtatcggtcgt

ctggatatggggcttgccaccgttggeggegtcggg

atggatcttgcggaggcaatcaatgectttgtgegct
ggctggttcaaaactacggagag
acctttgaggcgatttctcagggectectgagettect
ttgttctttgaggggttgttg
cgggatctttcctggttctgggtagecggcettggtgtt
tctggegggctggtggttgage
cgccgectggtetttgecctgggeatggggettgge
gtgtggctgatagaggegetggat
ctgtgggacaaaggcatgcagaccctggecctggt
gctagetgeggtggeggtttcggta
attatcggcctcectctgggaatectgatggggegg
agcgaccgcttcegegggtteatg
ctgccaattctggacgccatgcagaccatgeccagtt
tcgtgtatctgattceggetctg
ctgctctttggtctgggaaaggttccagecctgateg
ccacggtcatctatgcggttcce
cccatgatccgecttaccgaccttgggetgegeatg
gtgcagegggaggttatggaggct
gccgaggcecttcggggecacttcgtggeageggct
gcttaaggtggagctgectetggee
ttgcccaacctectggeagggttgaaccagaccace
atgatggccctggegatggtggtt
atcgcctctatgattggggctcgaggtctcggggag
gaggttcttctgggaatccagege
ctggatgtgggecggggegeggtggcaggggtag
ccattgtggecctggecategtgetg
gatcgactgattcaggcagccgggcaacgggecgt
taaacgttaccgggaggagcegatga
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attgtgatcctcgccattatcctc
gatcgtctgacgcaggceegttgggegegactcacy
cagtcgeggcaaccgtegetggtac
accactggccctgttggtctgctgaccegeccattea

ttaagtaa

Sequence 1065 nt 840 nt

Length

Protein MADQNNPWDTTPAADSAAQSAD | MDLAEAINAFVRWLVQNYGETFE
AWGTPTAPTDGGGADWLTSTPAP | AISQGLLSFLLFFEGLLRDLSWFW

Sequence NVEHFNILDPFHKTLIPLDSWVTE | VAGLVFLAGWWLS
GIDWVVTHFRPVFQGVRVPVDYI | RRLVFALGMGLGVWLIEALGLW
LNGFQQLLLGMPAPVAIIVFALIA | DKGMQTLALVLAAVAVSVIIGLP
waQl LGILMGRSDRFRGFM
SGVGMGVATLVSLIAIGAIGAWS | LPILDAMQTMPSFVYLIPALLLFG
QAMVTLALVLTALLFCIVIGLPLG | LGKVPALIATVIYAVPPMIRLTDL
IWLARSPRAAKIIRPLLDAMQTTP | GLRMVQREVMEA
AFVYLVPIVMLFGIGNVPGVVVTI | AEAFGATSWQRLLKVELPLALPN
IFALPPIIRLTILGINQVPADLIEA LLAGLNQTTMMALAMVVIASMI
SRSFGASPRQMLFKVQLPLAMPTI | GARGLGEEVLLGIQR
MAGVNQTLMLALSMVVIASMIA | LDVGRGAVAGVAIVALAIVLDRL
VGGLGQMVLRGIGRLDMGLATV | IQAAGQRAVKRYREER
GGVGIVILAIILDRLTQAVGRDSRS
RGNRRWYTTGPVGLLTRPFIK

Protein 354 aa 279 aa

Sequence

Length

BLASTDp result for b2678 and Mrub_1284 was presented in figure 3. The first hit with

lowest E-value of 1e-58 was Mrub_1284. The low E-value indicate the similarity due to

evolutionary, not due to random chance.
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ABC transporter permease [Meiothermus ruber]

Sequence ID: WP_013013565.1 Length: 279 Mumber of Matches: 1

¥ See 3 more title(s)
binding-protein-dependent transport systems inner membrane component [Meiothermus ruber DSM 1279]
Sequence ID: ADD28046 1

binding-protein-dependent transport system inner membrane protein [Meiothermus ruber DSM 1279]
sequence ID: AGK04516.1

binding-protein-dependent transport system inner membrane protein [Meiothermus ruber H323]
Sequence ID: GAOTA4992 1

Range 1: 11 to 279 GenPept Graphics

Score Expect Method Identities Positives Gaps
180 bits{480) 1e-58 Compositional matrix adjust. 120/274(47%) 181/274(66%) 13/274(4%)
Query 72  IDWWVTHFRPWFQGVRVPVDYILNGF QQLLLGI’F‘ APVATIWFALIAWQIS----- GVEM 125
+ WV ++ F++ + L F+ LL VA +WF L W +5 +aM

Sbjct 11 WRWLVQNYGETFEAISQGLLSFLLFF EGLLRDLS [FUVAGLYE - LAGWIWLSRRLVFALGM 69
Query 126 GVHTLVSLI-IE#IG-I SQ-.I'T\-’TLHL\.I'LTHLLFCI\."IGL:‘LGII.'LHRSF‘R.—«HI\IIRF‘LLD 185

. I A+G W + M TLALVL A+  ++IGLPLGI + RS R + P+LD
spjct 78 GLG\I’I. L--- - IEALGLWDKGMQTLALVLAAVAVSVIIGLPLGILMGRSDRFRGFMLPILD 125
Query 186 AMOTTPAFVYLVPIVMLFGIGNVPGWVTIIFALPPIIRLTILGINQVPADLIEASRSFG 245

. AMOT P+FVYL+P ++LFG+G VP ++ T+I+A+PP+IRLT LG+ V +++EA+ +FG
spjct 126 AMQTMPSFVYLIPALLLFGLGKVPALIATVIYAVPPMIRLTDLGLRMVQREWMEAAEAFG 185
Query 246 .-«SF‘RQ!"ILFI\VQL:'L.‘] MPTIMAGVNQTLMLALSMVWIASMIAVGGLGOMYLRGIGRLDMGL 385

. Q L KV+LPLA+P ++AG+NQT M+AL+MWWIASMI  GLG+ VL GI RLD+G
sbjct 186 .-«TS'JQRLLI\\.I'EL:'L.']L:‘HLL."GLI'JQTTTl"I.-xL.—d"IWI-—.S MIGARGLGEEVLLGIQRLDVGR 245
Query 386 ATVGEOVGIVILAIILDRLTQAWGRDS--RSRGMR 337

vV Gy IV LAI+LDRL QA G+ + R
Sbjct 246 GAVAGVAIVALATVLDRLIQAAGQRAVERYREER 279

Figure 3. BLASTp result of b2678 against M. ruber genome was showed in figure 3.
The first hit with lowest E-value of 1e-58 was Mrub_1284. The low E-value indicated the

similarity due to evolutionary, not due to random chance.

Table 3 shows the KEGG data for Mrub_1285 and b2679. From the data, we see these
two genes have the same gene name of proX. Their sequence lengths are also very close to each

other.

Table 3. KEGG data for Mrub_1285 and E. coli b2679. From the data, we can see

the similarity between these two genes in term of gene name and sequence length etc.

b2679 Mrub_1285

Gene Name | proX

KEGG map | map02010 — ABC transporters
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DNA

coordinates

2807132..2808124

1309888..1310892

DNA atgcgacatagcgtactttttgcgacagcgtttgccac | atgcgaggaaaacttgttctactcagtctcgtcgtgg
gcttatctctacacaaactttt cctttggcactgctatgggcecag

Sequence gctgccgatctgccgggcaaaggcattactgttaatc | caatgcgaggtaaatcggeccatcgtctttgccgact
cagttcagagcaccatcactgaa acgattgggaaagcgccecgegtg
gaaaccttccagacgctgctggtcagtcgtgegetg | cataaccggattgctcagttcatcctagagaagggct
gagaaattaggttataccgtcaac acgggtgtaagacagacgcccta
aaacccagcgaagtagattacaacgttggctacacc | ccgggcacttccatceccgetgatcaccggactggge
tcgcettgettccggegatgcaacc cggggggacatcgatgtatccatg
ttcaccgccgtgaactggacgecactgcatgacaac | gaaatctggtacaacctgacccgcegacgtggttact
atgtacgaagctgccggtggcgat caactggaaacggaggggaagata
aagaaattttatcgtgaaggggtatttgttaacggege | cagcgecttggggtaacctttcccgatgeggtgcag
ggcacagggttacctgatcgat ggatggtttgtacccacttacgtg
aagaaaaccgccgaccagtacaaaatcaccaacat | attaagggcgattcccaaaggggtatcaggceccatg
cgcacaactgaaagatccgaagatc gcgcccgacctgaagtecegttttt
gccaaactgttcgataccaacggcgacggaaaagc | gaccttccaaagtacaagacgcttttccgcgacccc
ggatttaaccggttgtaaccctggc gaggagcccagcaaagggcgcttc
tggggctgcgaaggtgcgatcaaccaccagcettge | tacaacggggtgctgggttggttcgcggaaagggtt
cgcgtatgaactgaccaacaccgtg aacaccaaaaagctcaaagcctac
acgcataatcaggggaactacgcagcgatgatggc | ggcctcgaggcccacttcaccaacttccgeccegg
cgacaccatcagtcgctacaaagag cacctccgatgcecctggtggeggec
ggcaaaccggtgttttattacacctggacgccgtact | attgcttcggectacgagcgggggcgtcccategte
gggtgagtaacgaactgaagccg ttttactactgggggcctacctgg
ggcaaagatgtcgtctggttgcaggtgccgttctccg | gttctgggtaaatacgacctgaccatgctggaagaa
cactgccgggcgataaaaacgcec ccctectatgatgecgagacttgg
gataccaaactgccgaatggtgcgaattatggcttce | aatgcccttatagggcaggacaacccctccaagge
cggtcagcaccatgcatatcgtt caccgccttccccatggaaacggtt
gccaacaaagcctgggecgagaaaaacccggeag | tacaacgcagtcaatacacgtctageccgtgaggcet
cagcgaaactgtttgccattatgcag ccttccgtggtggagttcctaaag
ttgccagtggcagatattaacgcccagaacgccatta | aagtaccgcacctccaacgcecctaaccagcgagct
tgcatgacggcaaagcctcagaa gctggcctacatggaggaaaaccgg
ggcgatattcagggacacgttgatggttggatcaaa | gccaaggaggaggaggtggeccgecactttctgaa
gcccaccagcagcagttcgatgge aacccatccagagctctggacggcec
tgggtgaatgaggcgcetggcagegcagaagtaa tgggtgcctgctgaagttgctgaaagagtgaagcga

gcgctctaa
Sequence 993 nt 1005 nt
Length
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Protein

Sequence

MRHSVLFATAFATLISTQTFAADL
PGKGITVNPVQSTITEETFQTLLVS
RALEKLGYTVNKPSEVDYNVGYT
SLASGDATFTAVNWTPLHDNMY
EAAGGDKKFYREGVFVNGAAQG
YLIDKKTADQYKITNIAQLKDPKI
AKLFDTNGDGKADLTGCNPGWG
CEGAINHQLAAYELTNTVTHNQG
NYAAMMADTISRYKEGKPVFYY
TWTPYWVSNELKPGKDVVWLQV
PFSALPGDKNADTKLPNGANYGF
PVSTMHIVANKAWAEKNPAAAK
LFAIMQLPVADINAQNAIMHDGK
ASEGDIQGHVDGWIKAHQQQFD
GWVNEALAAQK

MRGKLVLLSLVVAFGTAMGQQC
EVNRPIVFADYDWESARVHNRIA
QFILEKGYGCKTDALPGTSIPLITG
LGRGDIDVSMEIWYNLTRDVVTQ
LETEGKIQRLGVTFPDAVQGWFV
PTYVIKGDSQRGIRPMAPDLKSVF
DLPKYKTLFRDPEEPSKGRFYNG
VLGWFAERVNTKKLKAYGLEAH
FTNFRPGTSDALVAAIASAYERGR
PIVFYYWGPTWVLGKYDLTMLEE
PSYDAETWNALIGQDNPSKATAF
PMETVYNAVNTRLAREAPSVVEF
LKKYRTSNALTSELLAYMEENRA
KEEEVARHFLKTHPELWTAWYVP
AEVAERVKRAL

Protein
Sequence

Length

330 aa

334 aa

BLASTYp result of the last pair of genes is presented in figure 4. The first hit with lowest E-value

of 1e-12 was Mrub_1285. The low E-value indicate the similarity due to evolutionary, not due to

random chance.

15




ElDownload ~ GenPept Graphics

ABC transporter substrate-binding protein [Meiothermus ruber]
Sequence ID: WP _013013566.1 Length: 334 Wumber of Matches: 1

P See 2 maore titlels)

Range 1: 69 to 329 GenPept Graphics

Score Expect Method Identities Positives Gaps
65.5 bits{158) 1e-12 Compositional matrix adjust. 71/274(26%) 111/274(40%) 29/274(10%)

Query 72 TSLASGDATFTAVNWTPLHDMMYEAAGGDKKFYREGVFVMGAAQGYLIDK- —-KTADQ?R 128
TL G + W L ++ + K R GV A QG+ + K
Sbjct &9  TGLGRGDIDWSM EIbWPLTRDUUTQLETEGKIQ?LGVTFJD#VQGH VPTYVIKGJSQQG 128

Query 129 ITHIn QLRD—-—-tha{LF DTJGJGKHJLTGCRPGHGCEE#IJHQLAn\ LTHTWTH 182
I LK PK. LF D K G E +L AY T+
Sbjct 129 IRP1ﬂPDLk5UFDL3k?kTLFR3PE PSKGRFYMNGOVLGWFAERVNTKKLKAYGLEAHFTN 188

Query 183  NQ-GNYAAMMADTISRYKEGKPVFYYTWTPYWWSNELKPGKDVVWLOVP ------ FSALP 235
+ G A++A S5 ¥+ G+P+ sY WP WV + D+ L+ P ++AL
Sbjct 18% FRPGTSDALVAAIASAYERGRPIVFYYWGPTWVLGKY----DLTMLEEPSYDAETWNALT 244

Query 236 ijJAJTKLPPG#HTGFPUSTTﬂIUHJkAhA KPP#a#kLF#IFﬂLPVﬁjlJﬂQHAI FD 2095
€ P+ A  FP+ T++ N P+ A M
Sbjct 245 GQDJ ----- PSKAT- aFPHETH\HAUJTRLAREﬁPSVVEFL{LYRTSJﬂLTS LLA& EE 293

Query 296 GKASEGDIQGHVYDGWIKAHQQOFDGL ‘\'I”Er-(l_rlHQ 329
+4 E ++ H ++E H + + +4 o+
Sbjct 299 NRAKEEEVARH---FLEKTHPELWTAMWPAEVAER 329

Figure 4. BLASTp result of b2679 against M. ruber genome was showed in figure 4.
The first hit with lowest E-value of 1e-12 was Mrub_1285. The low E-value indicated the

similarity due to evolutionary, not due to random chance.
Section Il . Alternate Open Reading Frame for M. ruber genes

While the reading frame for all E. coli genes is very well studied, the reading frame for
Meiothermus ruber are less familiar and become interesting to take a closer look. To determine
whether the starting codon of M. ruber genes are called correctly, we have two alternate
approaches, one using the relative distance of the starting codon vs potential Shine-Dalgarno
sequence and the other looking at the start codon of the WebLogo created by 15-20 species from
a different genus. The results of the first approach are presented in table 4 below while the results

of the WebLogo approach are presented in table 5.

In table 4, the codon triplet in yellow shade indicates potential start codon while the

sequence in cyan shade indicates potential Shine-Dalgarno sequences (SDs). The triple in red is
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the start codon that is used. Since we expect our start codon to be at the distance of 6-10

nucleotides from the SDs, we expect to see a SD about 6-10 nucleotides upstream of the triplet in

red. Base on the relative position with the SDs, we see the start codon of Mrub_1285 and

Mrub 1284 are called correctly. However, in Mrub_ 1283, we don’t see any SD near the start

codon that is called. Therefore, we need to use a different approach to verify the start codon of

Mrub_1283.

Table 4. Alternate Open Reading Frame suggestion using Shine-Dalgarno Sequence.

M. ruber

gene

Relative location of the gene with potential Shine-Dalgarno sequences

Mrub_1285

1309358
1309358
GC

Fé

FS
Fi

| W W ) R G K L W

T A F A L L =1 L
P O * ] c L R R W * 3 E E M L F W S W S

M R W A C G G G M A R K T cC

40F0E050505050505050505050505050 505050505050 505050505050 50505050505050505050505050505050505050505050505050504042 47434050

R

F K M +  E T E

Mrub_1284

1308958
1303958
GC

FS
Fa

1309018
1309018
GC

F&

F5
Fa

indicates potential start codon region
indicates possible Shine-Dalgarno region

---blue line is the GC content graph

P P P F L w R 3 K S M ) L A E A | N A F
P L P F F G G W M L W | L R R Q =1 M P L
E W * | A G S C G G M Q C L cC

P S L S L
4042 4T 4240504048 4T 4T AT 4T AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT 4T AT AT AT 4545 44 42 44 47242

Y Y Q l A G E T F E | ] Q G L
c A G W F K T T E R P L R R F L R A =1 *
K L * G F ] G P

GTBCGCTGGCTGGT TCAAAACTACGGAGAGACCTTT GAGGCGATTTCTCAGGGBCCTCCTG
CACGCGACCGACCAAGTTTTGATGCCTCTCTGGAAACTCCGCTAAAGAGTCCCGRAGGAC
5257 57555553515151515051515051515050505051505050505042428423434642348485050515153515043423428428485050515050434340464643434642
T R @ s T * F y s A E * P R R
a A s A P E F P s K E P G G
H a P a@ N L L R N R L A& E @
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Mrub_1283

:) [ indicates potential start codon region
indicates possible Shine-Dalgarno region
---blue ling is the GC content graph

F1 T & R *+ T L P 6 6 A M S F I R v E N L ¥

F2 R A ¥ K R Y R E E R * v L Y w '+ "k T ¥ T

F3 6 P L N T 66 R s D E F ¥ T © R _ K _ P 1 a

G: 04043 40504048 4T 40 4T 4T 4T AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT AT 4T AT AT AT AT AT AT AT 4T AT AT 4T AT AT 4T 4T 46 4544 24

1307768 ACGGBCCETTAAACGTTACCGOGAGGAGCGAT GAGBTTTTATACGT GTAGAAAACCTATAGC

1307768 TGCCCGGCAATTTGCAATGGCCCTCCTCGOTACT CAAAATATGCAGATGTTTTGGATATG
i F15152515051528354 8382528283 5363R2 828353535353 536535363525363535363535353530283253835202R3R3R3R3R282F31R3535354555657535060

Fé P R * Vv N 6 P P A I LK R T s F R ¥

Fs P & N F T v P L L s S5 N * v H L F & 1

Fa R &4 T L R * R S S R H T K ¥ T ¥ F :

Another approach to find start codon is using WebLogo. In this section, we create a
Weblogo use the multi-alignment of 15-20 species from various strains. The multi-alignment of
these species is created by T-coffee. The first line of the multi-alignment created by T-coffee is
shown in table 5. The first line of WebLogo for all M. ruber GOls are also showed in table 5.
Since we expect the start codon M to be highly conserved between these various species, the
expect to see the M amino acid in the first place of multi-alignment as well as in the first position
of the WebLogo. As we can see, the start codons of both Mrub_1285 and Mrub_1284 are not
conserved throughout different species so we cannot use the WebLogo to conclude about the
start codon for these two genes. However, for Mrub_1283, the M start codon is highly conserve

so we expect that the called start codon we have is correct for this gene based on WebLogo.

Table 5. Alternate Open Reading Frame suggestion using T-coffee and WebLogo

M. ruber

gene

T-coffee multi-alignment and WebLogo

Mrub 1285 | CLUSTAL W (1.83) multiple sequence alignment

Alphaproteobacteria bacterium ------—-----—-———-———————————~———~——~———— CELNRPIIFAGLDW

18




Balneatrix alpica
Chelatococcus daeguensis
Desulfotomaculum geothermicum
Gammaproteobacteria bacterium
Marinithermus hydrothermalis
Meiothermus ruberDSM 1279
Neomegalonema perideroedes
Nesiotobacter exalbescens
Parvibaculum lavamentivorans
Planifilum fulgidum
Pseudovibrio hongkongensis
Rhodobiaceae bacterium
Sphaerobacter thermophilus

Thalassospira profundimaris

- }

OJE L LG

R SRR EEETEEPPEPE: FYERPPETY PEEEE

———————————————————————————————————— CEVDKPVRFAGMNW

—————————————————————————————————— QSCEVDRPVVFGDLDW

LRNKLPLLVLITALFFTLAGVAGCSSGEADNA-GESNSAKETIVEFADYNW

MI-GLSVL---ISS-GLLIGQS------ AVAEEETKCDIERPIVFAGSDW
RV-QLGL----IAL-ALTLG-V-—----- AFA-QVPECELDRPVVFAGLDW
M-mmmmmmm oo AF----—- GTA-MGQQCEVNRPIVFADYDW
RV-ALGFF----—--- SILGVS------ AAS-QAEACELNRPIVFAGLDW
——————————————————————————————————— QCEIDRPVVFAGLDW

———————————————————————————— GAA-AAPSCAIDRPVMFGGLDW

——————————————————————————————————————— DDPTIFADAGW

L--————— PLVATT----—-- AQA-AGPVCEIDRPVVFAGLDW

———————————————————————————— GVA-TAQTCEIDRPIIFGGLDW

—————————————————————————————— TA-PGSSDLDGPIVFADFGW

————————————————————————————— NA-QDATCETIDRPVMFAGLNY

Mrub_1284

CLUSTAL W (1.83)
Achromobacter xylosoxidans
Advenella kashmirensis
Advenella mimigardefordensis
Bordetella ansorpii
Bordetella parapertussis
Kerstersia gyiorum

Marinithermus hydrothermalis

multiple sequence alignment

————— AIDGFVDHLVTINYADTLETLSQPVLHALVWLEQVLRSSPWWAVVG

—-DVRKSIDGFVDHLVTNYADALNAMSEPFLHLLVWIEKILRGAPWWSVLI

—-DVRKSIDGFVDHLVTNYADALNAMSEPFLHVLVWLEKVLRGAPWWSVIT

—————— IDTFVDHLVTQYADTLESLSKPFLHVLVWLEQLLRSAPWWAVVL

————— AIDGEFVDHLVTNYADTLEAMSQPFLSVLVWLEQVLRQSSWWAVVA

—-DLRRAIDGFVENLVSRYADTLETLSKPFLHVLVWLEQVLRGTPWWVVVL

LPLGDWVDAFVNWLVIQYGDAFEALSNSLLEFVLVRLERFLGTLPWWSVVL
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Meiothermus ruber
Neomegalonema perideroedes
Oligella ureolytica
Pseudomonas psychrotolerans
Pseudomonas psychrotolerans 1
Saccharospirillum impatiens
Thalassospira lucentensis

Thermus thermophilus

MDLAEAINAFVRWLVONYGETFEAISQGLLSFLLFFEGLLRDLSWEWVAG

——IADGVNQFVRYLIVNYGDGFEAVSNFILKILLFIETGLRDLHPAILLI

—-DARRSIDGEVDGLVVKYADALTAMSQPFLKTLVWIEMVLRSAPWWSIVI

—-SFADAVNRGVDWLVTRYGDVFRAISDTLLOQAIVWLEGLLRGTPWWAILL

—-SFADAVNRGVDWLVTRYGDVFRTISDTLLOQAIVWLEGLLRGTPWWAILL

—-—LRQGIDGEVNQLVIDYADTLERLSQPLLNFLVEFVEQLLRNSPWYLVIA

——LGKWVNREVDWLVVNYGDAFEAFADSLLTVLVWLEQILRGTPWWIVVI

IPLGEWVNVFITWLVRNYGDFFESLSNALLOQFILAFEGFFRSLSWPWVAG

Mrub_1283

CLUSTAL W (1.83) multiple sequence alignment

Bacillus thermozeamaize
Chlamydia abortus
Desulfobacteraceae bacterium
Desulfonispora thiosulfatigenes
Endozoicomonas_sp.S-B4-1U
Firmicutes bacterium HGW-Firmicutes-14
Halanaerobium kushneri
Marinithermus hydrothermalis
Meiothermus ruber
Methanosarcina flavescens
Neptuniibacter caesariensis
Oleiphilus sp.HI0122
Ornithinibacillus halophilus

Paenibacillus daejeonensis

-—-ITIRVRQLTKIFGPQPERALQLLRQGKDKAEIFKELEATVGVNQATEDV

MAVISVKNLTKMEGSEVGRAFPLLEQGLSKKEIYEKTKITVGVNRISEDI

-——-MQVRNLYKVEFGASPKEALELLQQGAGKDEILEKTGQSVGLADINFDI

MIQIKVENLYKVEGSNPQRAIKLIEEGMDKDEILNKTGLAVGVGGVSFEV

-—-LTIAIRNLYKVEFGRKPEQAMTKVKAGVGKDELLAEHDHTLGLKDINLTI

MSKIEVKNLYKIFGKQPDKAVELLOQKGESKENILNQTGQVVGLRNVSFESI

-—-—IKAENLYKIFDGKGQKEIEMLKSGKSKDDILEKTGATVGINNASFEV

MAKIEVRHLYKIFGPRPKEVLALLKKGVGKEEVYRKTGHTVGLHDVSESV

MSFIRVENLYKIFGPKAGQALEMVQGGTDKDTLFQKTRHVLGLNRINLEV

-——IEIKNLIKIFGKNPQEVLSLLOQEGRTKNEIFEKTKQTVGLNNININV

--LIEIESLYKLEFGNNPAKYMPLVHEGKSKDEILAETGHTLGLKDINLQI

T-FIEIKSLYKLFGEDASKHMDLVYKGLSKTEILEKTGHTLGLKDINLDI

MSIIKIENLYKVEGKEPKAAIELVEQGYTKEEIMEKTGNTVGINNVSFEV

MPITEVKKLTKIFGPDAKRAIPLLNDGWSKEKILKETKLTVGVNQASFEFST
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Paenibacillus sp.yr247 MHIVEVNNLTKVEGQODPOKALLLLDKGWSKKKIYEETKHTVGVNKVNLAT
Photobacterium sanguinicancri -—-LISVKNLYKVEGPNDKKVLEQVKAGKSKDDILADTGHTVGLNDINLDV

Salisediminibacterium haloalkalitolerans MSEIKVEGLTKIFGKRPKQGLKLLDEGKTKDEILEETGLTVGVNKADFEV

Shewanella sp.GutCb --LIQIRDLYKVFGKKPANVMPMVKEGLSKDEILAKTGHTVGLKAINLDI
Thermus thermophilus MSYIRIEGVYKIFGPRAKQVLEEVRRGAGKDEVFQKTRHVVGLKNVNLET
Thiohalospira halophila -—-—IVVENLYKIFGPDPDEAFELMDQGQDKDAIFEKTGNTVGVKDANFAT
Vibrio hangzhouensis -—IIQIKNLYKIFGPKDKAYLQAVKDGETKDELLARTGHTLGLQDINLDV
G . R g
4-]

L, :

w | ﬁFi HIL Y,“ " :’Y H

il
1938 03385839383

'\l n tl

i

In conclusion, the start codon of each gene Mrub_1285, Mrub_1284 and Mrub_1283 are
confirmed by either the Shine-Dalgarno sequence or by the multi-alignment of sequences
presented in the WebLogo. However, none of the gene has its start codon confirmed by both
approaches. Therefore, to be certain about the reading frame of all our M. ruber GOls, we expect

to have an additional test to identify the start codon of each genes.
Section 111 — Cellular Localization Data

Cellular localization data is also helpful for us to determine the function of M. ruber gene
and their orthologue with E. coli genes. In this section, we report data from various sources
regard of location of the protein inside the cell. For the purpose of confirming orthologue, data

for each M. ruber gene will be put next to data of the E. coli gene that is potentially orthologous.

21




Table 6 below shows the result of TMHMM, the tool that can predict the number of

transmembrane helices from the sequence of protein.

Table 6. TMHMM results of GOls

TMHMM

# of

transmem

-brane

helices

Transmembrane topology graph

b2679

0

# WEBSEQUENCE Length: 330

# WEBSEQUENCE MNumber of predicted TMHs: @

# WEBSEQUENCE Exp number of AAs in TMHs: 1.96@93

# WEBSEQUENCE Exp number, first 6@ AAs: 1.95264

# WEBSEQUENCE Total prob of N-in: ©.12000
WEBSEQUENCE THHMMZ . @ outside 1 33a

TMHMM pasterior prababilities for WEBSEQUENCE

08
Z
=
= 06
=
=%
04
0.2

o UL

a0 100 150 200

transmermbrane inside

# plot in postseript, script for making the plot in gnuplot, data for plot

250 300

outside
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Mrub1285 WEBSEQUENCE Length: 334
WEBSEQUENCE Number of predicted TMHs: @
WEBSEQUENCE Exp number of AAs in TMHs: @.536840000080200081
WEBSEQUENCE Exp number, first 6@ AAs: @.53381
WEBSEQUENCE Total prob of N-in: 2.93388
EBSEQUENCE THHMAZ @ outside 1 334
TMHMM posterior probabilities for WEBSEQUENCE
1.2
1

08
=
=
jg 0.6
b
[=h

04

02

0 [ 11T TTTITT T
&0 100 150 200 250 300
transmembrane inside outside
b2678 # WEBSEQUENCE Length: 354

# WEBSEQUENCE Number of predicted TMHs: &
# WEBSEQUENCE Exp number of AAs in TMHs: 135.43334
# WEBSEQUENCE Exp number, first 68 AAs: @.00861
# WEBSEQUENCE Total prob of M-in: 2.46316
WEBSEQUENCE THHMMZ . @ inside 1 23
WEBSEQUENCE THHMMZ .8 Trhelix 24 116
WEBSEQUENCE THHMMZ .8 outside 117 119
WEBSEQUENCE THHWMZ . @ Trhelix 120 142
WEBSEQUENCE THHWMZ . @ inside 143 148
WEBSEQUENCE THHIMZ2.@ Trhelix 149 171
WEBSEQUENCE THHMM2 .8 outside 172 19
WEBSEQUENCE THHMMZ . @ THhelix 197 219
WEBSEQUENCE THHMMZ . @ inside 220 271
WEBSEQUENCE THHMMZ .8 Trhelix 272 294
WEBSEQUENCE THHMMZ . @ outside 285 287
WEBSEQUENCE THHWMZ . @ Trhelix 298 320
WEBSEQUENCE THHIMZ2.@ inside 321 354
TMHMM posteriar probabilities for WEBSEQUENCE
1.2
L § M ey NN ) .
4
0.8
=
=
=]
5]
= 0.5
2 H H
o L
0.4 | ’ | 1
|| I fh
0.2 f | ]
il i MALAE
I !
0 A AL
50 100 150 200 250 o0 350
transmembrane inside outside

# plot in postscript, script for making the plot in gnuplot, data for plot
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Mrub1284

# WEBSEQUENCE
SEQUENCE
EBSEQUENCE
SEQUENCE
# WEBSEQUENCE
# WEBSEQUENCE
WEBSEQUE
WEBSEQ
WEBSEQUE

WEBSEQ
WEBSEQUE

WEBSEQ
WEBSEQ
WEBSEQ

Length: 279

Number of predicted TMHs:
Exp number of Aas in TMHs: 125.852814
Exp number, first 68 aas:
Total prob of N-in:

POSSIELE W-term signal sequence

TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @
TMHMMZ . @

inside
THhelix
outside
THhelix
inside
THhelix
outside
THhelix
inside
THhelix
outside
THhelix
inside

6

28.68774
@.31287

1
a4z
61
64
B3
B89

11z
134
157
284
227
241
261

TMHMM posterior probabilities for WEBSECQIENCE

12
— T N NN .
1
0.8
=
& 0.6 ™~ A i )
= |8 | _ ™ 7 |
04 | f
—_ , |
0.2 I ! I
oo ' il
, e, L (B, TR
50 100 150 200 250
transmembrane inside outside
b2677 # WEBSEQUENCE Length: 408
# WEBSEQUENCE Number of predicted THHs: @
# WEBSEQUENCE Exp number of AAs in TMHs: @.15549
# WEBSEQUENCE Exp number, first 6@ AAs: ©.0@147
# WEBSEQUENCE Total prob of N-in: 9.01411
WEBSEQUENCE THHMAZ . @ outside 1 4ee
TMHMM posteriar probabilities for WEBSEQUENCE
12
I J
08 1
=
s}
g 06 b
2
=3
0.4 1
02 b
0
50 100 150 200 260 300 350 400
transmembrane inside outside
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Mrub1283 0 # WEBSEQUENCE Length: 397

# WEBSEQUENCE Number of predicted TMHz: @

# WEBSEQUENCE Exp number of Afs in TMHs: &.85143

# WEBSEQUENCE Exp number, first 88 AAs: @&.86466

# WEBSEQUENCE Total prob of N-im: a.88770
WEBSEQUENCE TMHMM2 . 8 outside 1 397

TMHMM posterior probabilities for WEBSEQUENCE
1.2

0B

0.6

probakility

0.4

02

0 100 150 200 260 300 350

transmembrane inside outside

= plot in postscript, script for making the plot in gnuplot, data for plot

Table 7 below shows the result of SignalP, the tool to predict whether or not the protein is a

signal protein.

Table 7. SignalP data for all GOls.

SignalP

Signal peptide Signal peptide graph

probability
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h2679

0.787

Cleavage 21-22

SignalP-4.1 prediction (gram- networks): Sequence

Cscore ——
10 Sscore ——
Y-score ———
08 t 1
06 1
o
3
o 04t 1
02t 1
s T D
MRHEVLFATAFAT LISTQT FAADLPGKGITVYNPVQST IT EET FOTL LV SRA LEKLGYT VH KPS EV DY NV
0 10 20 30 40 50 50 70
Position
# Measure Position Value  Cutoff signal peptide?
max. C 22 9.863
max. Y 22 @.3a7
max. S 21 9.862
mean S 1-21  8.764
D 1-21 @.787 a.57a YES

Name=Sequence  SP='YES' Cleavage site between pos. 21 and 22: TFA-AD D=08.787 D-cutoff=0.57@ Metworks=SignalP-noTM

Mrub1285

0.642

Cleavage 19-20

C-score
10+ Sscore — 1
Y-score ———
08 t 1
06 1
@ 4
3
o 04
02t
oo NN
MRGKLY LLE LVVAFGT AMGRQQCEVMRP I VFADYDWESARVHNR | AQF| LEKGYGC KTDALPGT S| PLIT
0 10 20 30 40 50 80 70
Position
# Measure Position Value  Cutoff signal peptide?
max. C e 2.388
max. Y e 2.537
max. S 1 @.841
mean S 1-18 2.768
o 1-18 @.5642 9.578 YES
Name=Sequence SP="YES' Cleavage site between pos. 19 and 28: AMG-QQ D=0.642 D-cutoff=0.570 Metworks=5SignalP-noTM
# Aars
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h2678

0.091
Not a signal

peptide

10
0.8
0.6
<4
=}
@ 04
0.2
0.0
# Heasure
max. C
max. Y
max. S
mean 5
D

SignalP-4.1 prediction (gram- networks): Sequence

C-score |
r Sscore ——
Y-score

MADQHN PWDTT PAADSAAQSADAWGT PTTAPT DGGGADWLT STPAPNY EHFN| LD PFHKT LI PLDSWVT

0 10 20 30 40 50 80 70
Position

Position Value  Cutoff signal peptide?

24 e.12e
43 2.1lez
1 2.145
1-47 8.878
1-47 2.091 @.578 NO

Name=Sequence SP="NO" D=2.021 D-cutoff=0.57@ Networks=SignalP-noTM

# data

# gnuplot script

Mrub1284

0.088
Not a signal

peptide

08

06

Score

: Measure
max. C
max. ¥
max. 5
mean 5
+]

SignalP-4 1 prediction {gram- networks) Sequence

T T

C-score
r S-score 1
Y-score
TP T T Ty
T TTTTTTTT R HHHTTTTIT
MO LA EA | NAFVANLVONYGET FEA| SOGLLSFLL FFEGL LAD LSWFPWVAGLYF LAGWWLS RA LVFA LGUG
0 10 20 30 40 50 60 70
Position
Position value Cutoff signal peptide?
67 @.128
27 8.899
63 @.129
1-26 8.878
1-26 8.8838 8.518 MO

lame=Sequence  SP="NO' D=8.88E D-cutoff=8.518 Networks=SignalP-TH
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82677 0 094 SignalP-4.1 prediction (gram- networks): Sequence

T T T T T C}SCDFGI —
; 10 ¢ Sscore ———
Not a signal V.acors
] 08 t ]
peptide
06 - g
2
t
o 04 - B
02+ g
0.0 - 1
MATKLEI ENLY KI FGEHPOQRA FKY | BEOGLS KEQ| LEKTGLS LGV KDAS LA | EEGE| FY | MGLSGSGKST
1 1 1 1 I 1
0 10 20 30 40 50 60 70
Position
t Measure Position WValue Cutoff  signal peptide?
max. C 24 e2.1as
max. Y 24 8.998
max. 5 22 8.1az
mean 5 1-23 2.889
i} 1525 2.094 @.578 NO

lame=5equence SP="NO' D=©.894 D-cutoff=0.578 Networks=5ignalP-noTM

MrUb1283 0121 # signalP-4.1 gram- predicticns

>sequence
Not a signal SignalP-4 1 prediction (gram- networks) Sequence
; ' ! ) ! Cscore —
peptide 10 | S score ]
Y-5core
08 ]
06 b
E —
]
i 04 |
02 r 1
oo [T ITRRATTRTA A
MSFIRY ENLYE | FGPEAGOA L EMVOGET DEOT LFQET RHVLGLNR | NLEVKOGEFFVI MGLSGSGKST L

0 10 20 30 40 50 60 70
Position
# Measure Position wvalue Cutoff signal peptide?
max. C 21 8.138
max. ¥ 21 8.123
max. 5 3 8.153
mean 5 1-28 8.128
v} 1-28 8.121 8.578 MO

Name=Sequence SP="ND" D=8.121 D-cutoff=8.578 Networks=S5ignalP-noTM
# dats

# gnuplot script
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Table 8 below shows the result of LipoP tool, the tool that categorizes the type of signal
proteins. Since b2678, b2677, Mrub_1284 and Mrub_1283 are not signal protein, we will only
report the result of LipoP for b2679 and Mrub_1285. According to LipoP, both b2679 and
Mrub_1285 are signal proteins of type SP1, each protein has the cleavage site very proximate to
the site of each other. Therefore, LipoP data can be used to confirm the orthologue between

b2679 and Mrub_1285.

Table 8. LipoP data for b2679 and Mrub_1285

LipoP

Best Prediction Cleavage site after AA#
b2679 SP1 21
Mrub_1285 SP1 19

To confirm the cellular localization of proteins products of genes, we also collect the data
from PSORT-B, a tool that predict the localization of the protein along with a probabilistic score.
Table 9 below will report the PSORT-B final prediction for each protein product as long as the
score for that prediction. We can see that from PSORT-B data, all pairs of predicted orthologous
genes are predicted to locate in the same cellular site. Therefore, we can use PSORT-B data to

support our hypothesis about the orthologue between M. ruber and E. coli genes.

Table 9. PSORT-B prediction of protein products along with score

PSORT-B
Final prediction Score
b2679 Periplasmic space 10.00
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Mrub_1285 Periplasmic space 9.76
b2678 Cytoplasmic Membrane 10.00
Mrub_1284 Cytoplasmic Membrane 10.00
b2677 Cytoplasmic Membrane 10.00
Mrub_1283 Cytoplasmic Membrane 9.99

Finally, to have an overall look at the location of the protein in cell, we collect the data
from Phobius and report in Table 10 below. Again, all pairs of predicted orthologous genes show

very similar Phobius probability graph indicate the evolutionary relation.

Table 10. Data from Phobius about probability of protein in different cell location

Phobius probability graph

b2679 ID  UNNAMED
FT  SIGNAL 1 71
FT  REGIOM 1 4 M-REGION.
FT  REGION 5 16 H-REGION.
FT  REGIOM 17 71 C-REGION.
FT  TOPO_DOM 22 330 NON CYTOPLASMIC.

Phobius posterior probabilities for UNNAMED

0.8 F

0.6 F

0.4 F

Posterior label probability

0.2 F

ge=
[

S0 Ly 150 200 250 00

transmenbrane cytoplasmic == non cytoplasmic =——cjicngl peptice se—
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Mrub 1285 Prediction of UNNAMED
I UNNAMED
FT  SIGMAL 1 13
FT  REGIOM 1 4 N-REGION.
FT  REGIOM 5 14 H-REGION.
FT  REGIOM 15 13 C-REGION.
FT  TOPRO_DOM 28 334 NOM CYTOPLASMIC.
I
Phobius posterior probabllities for UNNGHED
i e - - - - -
0.8 | E
=
-
E osr -
3
4
T
#
e 0.4 J
-
&
-
o
&
0.2 1
=
§---]
50 100 150 200 250 300
transmenbrans cutoplasmic non cytoplasmic == cignal peptice —
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b2678

Pozterior label probability

UNNAMED
TOPO_DOM
TRANSHEM
TOPO_DOM
TRANSHEM
TOPO_DOM
TRANSHMEM
TOPO_DOM
TRANSHMEM
TOPO_DOM
TRANSHEM
TOPO_DOM
TRANSHEM
TOPO_DOM

97
119
125
144
149
172
192
228
271
292
3e3
321

96
118
124
143
148
171
191
219
27a
291
3a2
32a
354

NON CYTOPLASMIC.

CYTOPLASMIC.

MNON CYTOPLASMIC.

CYTOPLASMIC.

MON CYTOPLASMIC.

CYTOPLASMIC.

NON CYTOPLASMIC.

Phobius posterior probabilities for UNNAMED

50

tranzmenbrane

100 150 200 250 300 350

cytoplasmic == non cytoplasmic == cjdngl peptide se—
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Mrub_1284

Prediction of UNNAMED
I UNMAMED

FT  TOPO_DOW 1 a2
FT  TRANSMEM 43 £
FT  TOPO_DOM ] &3
FT  TRANSMEM &4 &2
FT  TOPO_DOM EE 7
FT  TRANSMEM 82 111
FT TOPO DOM 112 131
FT  TRANSMEM 132 199
FT TOPO DOM 168 211
FT  TRANSMEM 212 231
FT TOPO.DOM 232 242
FT  TRANSMEM 243 268
FT TOPO DOM 261 279
i

Pasterior label probabllity

Trangeenbrane

NOM CYTOPLASMIC.
CYTOPLASMIC.
NOM CYTOPLASMIC.
CYTOPLASMIC.
MOM CYTOPLASMIC.
CYTOPLASMIC.

NOM CYTOPLASMIC.

Frobius posterior proband 1ities For UNMARED

160 1% 20y 5

cyboplageic =—ron culiolasgaic = sigral peptide =
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b2677

Prediction of UNNAMED

ID UNNAMED
FT TOPO_DOM 1 494 NOM CYTOPLASMIC.
Iy
Phobius posterior probabilities for UNMAMED
1 T T T T T T T

0.8 k / _

0.6 b

Posterior lahel probability

02T \h 4

.
fae] 106 156 200 250 300 350 L]

transmenbr-ane cytoplasmic = non cytoplasnic =————=jsng] pepbicde s—
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Mrub_1283

Phobius prediction

Prediction of Nrub_ 1283

e} HMrub_1283
FT TO20_DOM 1 307 HOM CYTOPLASMIC .

Frobhius poster-ior probaind lities foe e 1083

Pastarior label probabllity

LT 16

153 21 0 ] i)

B o e e aee cubop] aseic S T B B Fignal pept e =—

The prebekility datz used in the plet is fourd here, and the gmaplot script is hers

Section IV — Structure-based Evidence Module

In this section, we collect several structural based evidence to prove that Mrub_1285,

Mrub_1284, and Mrub_1283 are orthologous to proX, proW and proV in E. coli genomes,

respectively. We collect data from different protein family database like CDD, TIGRFAM,

PFAM, PDB. The data is reported below in three separate tables for three pairs of orthologous

genes.

In table 11 below, b2679 and Mrub_1285 are orthologous due to several different

structural data from a variety of bioinformatics tools such as CDD, PFAM. The CDD searches

for both sequences result in the same COG2113 result. COG2113 is the ABC-type

proline/glycine betaine transport system, periplasmic component, which is consistent with the
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function of b2679 in literature. Since Mrub_1285 is orthologous to b2679 as shown by several
informatics data, Mrub_1285 is expected to encode for the periplasmic component of ABC
transporter as well. There are no TIGRFAM hits for both sequence so TIGRFAM data cannot be
used to confirm the orthologue between two genes. The PFAM searches of both sequences result
in the same PF04069 hit, which is the substrate binding domain of ABC-type glycine betaine
transport system. From PFAM result, we predict that Mrub_1285 encode for the substrate
binding domain of the ABC transporter. CLO177 — periplasmic binding protein clan is found as
the first hit of the search for both sequences. This Clan result also supports our hypothesis that
Mrub_1285 is orthologs of b2679. All the hits are associated with very low E-value which

indicates the significance of the data found.

Table 11: b2679 and Mrub_1285 are orthologous according to structural-data from
a variety of bioinformatics tools. For this pair of gene, there are no TIGRFAM hits with

reasonable E-value so no TIGRFAM result was reported.

Categories E. coli b2679 (proX) M. ruber Mrub_1285

CDD data COG2113
ABC-type proline/glycine betaine transport system,

periplasmic component

Score: 668.57 Score: 215
E-value: 0e+00 E-value: 4.0e-57
PFAM — Protein family PF04069
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Substrate binding domain of ABC-type glycine betaine

transport system

E-value: 4.3e-63 E-value: 3.3e-70

Clan CLO0177

Periplasmic binding protein clan

E-value: 5.4e-56 E-value: 9.6e-60
Highly conserved amino G28, G49, Y143 G28., G49, Y143
acids
(HMM logo)
PDB protein 1R9L

ProX in complex with glycine betaine

E-value: 0.0 E-value: 1.28099¢-10

In table 12 below, b2678 and Mrub_1284 are orthologous due to several different
structural data from a variety of bioinformatics tools such as TIGRFAM and PFAM. The CDD
searches for both sequences result from no reasonable COG value so we can use CDD data to
support our hypothesis. The TIGRFAM searches of both sequences result in the same
TIGR03416 hit, which is the ABC_choXWV_perm: choline ABC transporter family. The
TIGRFAM of choline ABC transporter seems unrelated to the function as glycine betaine
transporter. However, in bacteria, the primary role of choline is the precursor of glycine/betaine
S0 in most bacteria, the transport mechanism of choline and glycine betaine are similar (Wargo et
al, 2013). Hence, we can still use the TIGR03416 as evidence to understand the function and

structure of the protein encoded by Mrub_1284. The PFAM searches of both sequences result in
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the same PF00528 hit, which is the BPD_transp_1: ABC transporter, permease protein. From

PFAM result, we predict that Mrub_1285 encode for the transmembrane domain of the ABC

transporter. CL0404 — BpD_transp_1 clan are found as the first hits of the searches for both

sequences. This Clan result also supports our hypothesis that Mrub_1284 is orthologs of b2678.

All the hits are associated with very low E-value which indicates the significance of the data

found.

Table 12: b2678 and Mrub_1284 are orthologous according to structural data from

a variety of bioinformatics tools. There are no COG found from CDD search so COG data

is not included in the table.

Categories

E. coli b2678 (prow)

M. ruber Mrub_1283

TIGRFAM - Protein family

TIGR03416

ABC_choXWV_perm: choline ABC transporter

E-value: 6.2e-95

E-value: 5e-97

PFAM — Protein family

PF00528

BPD_transp_1: ABC transporter, permease protein

E-value:4.8e-92

E-value: 3.3e-70

Clan

CLO0404

BpD_transp_1

E-value:3.1e-26

E-value: 4.3e-27

Highly conserved amino

acids

G5, A9, P31

G5, P31, GI1
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(HMM logo)

PDB protein 3DHW No PDB structure found

methionine importer MetNI

E-value: 7.04674E-5

In table 13 below, b2677 and Mrub_1283 are orthologous due to several different
structural data from a variety of bioinformatics tools such as CDD, TIGRFAM, and PFAM. The
CDD searches for both sequences result in the same COG4175 result. COG4175 is ProV protein,
which is consistent with the function of b2677 in literature. Since Mrub_1283 is orthologous to
b2677 as shown by several informatics data, Mrub_1283 is expected to encode for the ProV
protein, the ATP-binding domain of ABC transporter as well. The TIGRFAM searches of both
sequences result in the same TIGR01186 hit, which is the proV: Glycine betaine/L-protein
transport A. From TIGRFAM result, we predict that Mrub_1283 encode for the ATP binding
domain of the ABC transporter. The PFAM searches of both sequences result in the same
PFO00005 hit, which is the ATP binding domain of ABC-type transport system. Again, PFAM
result is consistent with the predicted function for Mrub_1283 protein. CL0023 — P-loop
NTPases clan is found as the first hit of the searches for both sequences. This Clan result also
supports our hypothesis that Mrub_1283 is an ortholog of b2677. All the hits are associated with

very low E-value which indicates the significance of the data found.

Table 13: b2677 and Mrub_1283 are orthologous according to structural-data from

a variety of bioinformatics tools.

Categories E. coli b2677 (proV) M. ruber Mrub_1283
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TIGRFAM - Protein family

TIGR01186

proV: Glycine betaine/L-protein transport A

E-value: 4.2e-278

E-value: 2.3e-137

CDD search

COG 4175

ProV

E-value: 2.73e-178

E-value: 2.73e-178

PFAM — Protein family

PFO0005

ATP-binding domain of ABC transporter

Clan

CL0023

P-loop_NTPase

E-value:2.1e-34

E-value: 9.8e-31

Highly conserved amino G18, G21, G23 G18, G21, G23
acids

(HMM logo)

PDB protein 2D62 2IT1

Crystal structure of multiple
sugar binding transport ATP-

binding protein

Structure of PH0203 protein

from Pyrococcus horikoshii

E-value: 5.43883E-49

E-value: 2.69755E-52
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http://www.rcsb.org/structure/2D62
http://www.rcsb.org/structure/2D62
http://www.rcsb.org/structure/2D62

Section V — Operon Module

This section is to show that Mrub_1285, Mrub_1284 and Mrub_1283 are three
components of an operon that all encode for the ABC transporter that transport glycine/betaine.
If we can verify these three genes are in the same operon just like proX, proW, proV, this data

can also support our hypothesis about orthologue between M. ruber and E. coli genes.

We see that proX, proW, proV are parts of an operon by the pathway in EcoCyc (Keseler

et al, 2013), the database with data for E. coli. The pathway is represented in figure 5 below.

ene Local Context (not to scale -- see Genome Browser for correct scale) @

Figure 5. proX, proW and proV are part of an operon due to data from EcoCyc
(Keseler et al, 2013). In the figure, they are located next to each other and work in a same

pathway to encode the ABC transporter.

Data from Color-by-KEGG map from IMG/M also confirm that these three E. coli genes

are parts of an operon. The map is presented in figure 6.

—

2795155 2795155 2501155 2504155 2507158 2510158 2513158 2516155 2519155

g - e el LR SE— o

=

Figure 6. proX, prowW and proV are part of an operon due to data from IMG/M

Color-by-KEGG map. In the figure, the gene are located next to each other. They have the
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same color which indicate the same function so they are very likely to be in an operon and
serve in a same pathway.

On the other hand, Mrub_1285, Mrub_1284 and Mrub_1283 are parts of an operon as

well. This fact can be confirmed also using the Color-by-KEGG map from IMG/M in figure 7.

1265179 1271179 1274179 1277179 1250179 1253179 1256179 1259179 1292179 1295179
1z&da0n 1502000 1305000 1305000 1311000 1314000 1317000 LEz0000 1323000 1326000

[ [ - =
1325965 15351965 1334965 1337965 154 0965 15453965 1546965 1549965 1352965 1355965
s L — 14 X

Figure 7. Mrub_1285, Mrub_1284 and Mrub_1283 are parts of an operon by
IMG/M Color-by-KEGG. In the picture, we can see that these three genes are located next

to each other and have the same color: indicate the same function and in the same pathway

as an operon.

Another way to show that these M. ruber genes are in an operon is to look at other
organisms that are evolutionarily close-related to M. ruber. Figure 8 shows the neighborhood

regions with the same top COG hit with the GOI from M. ruber.
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Meiothermus ruber DSM 1279 chromosome: NC_013946
290582 129539 130034

1285392 1 1305392 1510592 1315392 1320392 1325392 1530592
—
N  €«3JaaE3d J40aaa 4y J < | |
Meiothernus ruber H3ZE @ WoneDRAFT_BAOROLOGOOOZ 1.2
GaEE4 0 TEAE0 TUEA4D FiHG4 0 T1EG40 TEIIHN TEEAHN TG FEEGH0 T4340
[ R [ Y Ci
<¥ 4Je@EIX3 <K¥XJaaa 14 Jd e <4
Meicthermus ruber TC-1 (unzscreened) @ GadO70836_101
FEETE 31556 26556 21556 16556 11556 6556 1556 -Gttt
CRTECA O [ ] R .
1
4 @E@&==d faiemman | Y O XK
Meiothernus ruber DSM 1279 @ CPOOTESS
1315395 175596 1335595 1355595 1256395 1243596 1345395 13555495 1358395 1263596
<X 4JeEEd < I<aaa a4 <d e |
Meicthermus taiwanenszis 0OSHM 14542 @ HS7ZDRAFT_scaffoldoooz? 27
30525 25625 20525 15525 1052 5525 525 -41785 -a175
N
3
JE eRETT e 4] <10] Saa Lo <]

Figure 8. Mrub_1285, Mrub_1284 and Mrub_1283 are parts of an operon by
IMG/M. In the picture, we can see that these all the gene with same top COG hits in other
organism closely related to M. ruber are in an operon. Therefore, it is reasonable to claim

that Mrub_1285, Mrub_1284 and Mrub_1283 are parts of an operon as well.

Section VI. Duplication and Degradation Module

In this section, we are looking for duplication of the gene in M. ruber and E. coli
genomes (paralogs). However, for all E. coli and M. ruber genes, there are no paralogs found in
the BLAST of the gene against its own genome. The DB search in KEGG also results in none
genes with reasonable E-value. Therefore, we conclude that there are no paralogs of all our M.

ruber GOls.

Section VII. Horizontal transfer Module
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In this section, we are looking for horizontal gene transfer between phylogenetic-related
organisms. However, there are no HGT suspected so we don’t have any further analyses in this

module.

CONCLUSION

From all the results we have collected, we conclude that Mrub_1285, Mrub_1284
and Mrub_1283 are orthologous to proX, proW and proV in E. coli genomes, respectively.
As the result, we predict that Mrub_1285 encodes for the substrate binding domain,
Mrub_1284 encodes for the transmembrane domain (permease) and Mrub_1283 encodes
for the ATP-binding domain. Furthermore, these three genes are in the same operon codes

for the complete structure of glycine betaine ABC transporter.

As mentioned in the introduction, to confirm our hypothesis about the function of M.
ruber genes, we must show that the M. ruber genes of our interests are orthologous to genes in E.
coli genome. To test our hypothesis, we collect evidence from various sources contained protein
family like PFAM, TIGRFAM and conserved domain (CDD) as well as evidence about cell
localization of the protein product of each gene from TMHMM, LipoP, SignalP, PSORT-B. The

summary of evidence confirming that Mrub_1285 and proX (b2679) are presented in table 14,
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the evidence confirm that Mrub_1284 and proW (b2678) are presented in table 15 while the

evidence confirm that Mrub_1283 and proV (b2677) are presented in table 16.

In table 14, we see in the first row of data shows the BLAST result of E. coli b2679
against M. ruber genome. From this result, we predict that there is only one ortholog of b2679 in
M. ruber genome since there is only one hit with E-value in the acceptable range (<0.01). This
BLAST has E-value very close to zero so we are certain that the two sequences do not align due
to random chance but rather are orthologous and derive from the same ancestor gene. The CCD
and PFAM pulled out the same COG number and PFAM for both sequences, indicate they have
similar conserved domain, belong to one protein family that code for substrate binding domain of
ABC-type transporter. Unfortunately, the search for TIGRFAM family for both sequences does
not find any hits with reasonable E-value. All results are found with very small E-value so the
similarity is certainly not due to chance. In term of cell localization, both protein products are
showed by PSORT-B to be in the periplasmic space. They are both concluded by TMHMM to
have no transmembrane domain. Their protein products are showed to be signal proteins by
SignalP and LipoP with high probability. Both proteins contains same amino acids that highly
conserved in the HMM logo, which indicated the two genes to have an evolutionary relation. The
search in Protein Data Bank (PDB) also results in only one structure with relatively low E-value,
indicates that the two genes encode for the same structure or the genes have a similar function.
Finally, yet importantly, both of the genes are showed to be in an operon, which emphasize their

close evolutionary relation.

Table 14: b2679 and Mrub_1285 are orthologous according to data from a variety

of bioinformatics tools.
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Categories

E. coli b2679 (proX)

M. ruber Mrub_1285

BLAST E. coli b2679 amino

Score: 65.5 bits

acid sequence against M. E-value: le-12
ruber
CDD data C0G2113

ABC-type proline/glycine betaine transport system,

periplasmic component

Score: 668.57

E-value: 0e+00

Score: 215

E-value: 4.0e-57

Cellular Localization

(PSORT-B result)

Periplasmic Space

TMHMM 0 0
LipoP SP1
SignalP Probability: 0.787 Probability: 0.642

Signal Protein

Signal Protein

PFAM — Protein family

PF04069
Substrate binding domain of AB

transport system

C-type glycine betaine

E-value: 4.3e-63

E-value: 3.3e-70

Clan

CLO177

Periplasmic binding protein clan

E-value: 5.4e-56

E-value: 9.6e-60
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Highly conserved amino G28, G49, Y143 G28., G49, Y143
acids
(HMM logo)
PDB protein 1R9L

ProX in complex with glycine betaine

E-value: 0.0 E-value: 1.28099¢e-10
Part of Operon? Yes Yes
KEGG pathway map Map02010: ABC transporters

In table 15, we see in the first row of data shows the BLAST result of E. coli b2678
against M. ruber genome. From this result, we predict that there is only one ortholog of b2678; in
M. ruber genome since there is only one hit with E-value in the acceptable range (<0.01). This
BLAST has E-value very close to zero so we are certain that the two sequences do not align due
to random chance but rather are orthologous and derive from the same ancestor gene. The
TIGRFAM and PFAM pulled out the same TIGRFAM number and PFAM for both sequences,
indicate they have a similar conserved domain, belong to one protein family that code for
substrate binding domain of ABC-type transporter. Even when TIGRFAM pulled out the same
protein for both sequences, TIGR03416 hit, which is the ABC_choXWV_perm: choline ABC
transporter family, the TIGRFAM of choline ABC transporter seems unrelated to the function as
glycine betaine transporter. However, in bacteria, the primary role of choline is the precursor of
glycine/betaine so in most bacteria, the transport mechanism of choline and glycine betaine are
similar (Wargo et al, 2013). Hence, we can still use the TIGR03416 as evidence to understand

the function and structure of the protein encoded by Mrub_1284. Unfortunately, the search for
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COG from CDD search for both sequence do not find any hits with reasonable E-value. All
results are found with very small E-value so the similarity is certainly not due to chance. In term
of cell localization, both protein products are showed by PSORT-B to be in the cytoplasmic
membrane. They are both concluded by TMHMM to have 6 transmembrane domains. Their
protein products are showed not to be signal proteins by both SignalP and LipoP with high
probability. Both proteins contains same amino acids that highly conserved in the HMM logo
(G9 and A31), which indicated the two genes to have an evolutionary relation. The search in
Protein Data Bank (PDB) cannot be used to conclude about orthology in this situation since the
search for E. coli gene results in an unrelated protein while there is no hit found for M. ruber
gene. Finally, yet importantly, both of the genes are showed to be in an operon, which emphasize

their close evolutionary relation.

Table 15: b2678 and Mrub_1284 are orthologous according to data from a variety

of bioinformatics tools.

Categories

E. coli b2678 (prow)

M. ruber Mrub_1283

BLAST E. coli b2678 amino
acid sequence against M.

ruber

Score: 189 bits

E-value: 1e-58

Cellular Localization

(PSORT-B result)

Cytoplasmic Membrane

TMHMM

6

6

SignalP

Probability: 0.091

Not a signal protein

Probability: 0.088

Not a signal protein
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LipoP Cytoplasm

TIGRFAM — Protein family | TIGR03416

ABC_choXWV_perm: choline ABC transporter

E-value: 6.2e-95 E-value: 5e-97

PFAM — Protein family PF00528

BPD_transp_1: ABC transporter, permease protein

E-value:4.8e-92 E-value: 3.3e-70

Clan CLO0404

BpD_transp_1

E-value:3.1e-26 E-value: 4.3e-27
Highly conserved amino G5, A9, P31 G5, P31, G91
acids
(HMM logo)
PDB protein 3DHW No PDB structure found
methionine importer MetNI
E-value: 7.04674E-5
Part of Operon? Yes Yes
KEGG pathway map Map02010: ABC transporters

In table 16, we see in the first row of data shows the BLAST result of E. coli b2677
against M. ruber genome. From this result, we predict that there is only one ortholog of b2678; in

M. ruber genome since there is only one hit with E-value in the acceptable range (<0.01). This
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BLAST has E-value very close to zero so we are certain that the two sequences do not align due
to random chance but rather are orthologous and derive from the same ancestor gene. The CDD
search, TIGRFAM and PFAM pulled out the same COG, TIGRFAM, and PFAM number for
both sequences, indicate they have a similar conserved domain, belong to one protein family that
code for substrate binding domain of ABC-type transporter. All results are found with very small
E-value so the similarity is certainly not due to chance. In term of cell localization, both protein
products are showed by PSORT-B to be in the cytoplasmic membrane. They are both concluded
by TMHMM to have 0 transmembrane domains means that they are just anchored on the
membrane instead of embedded in the membrane. Their protein products are showed not to be
signal proteins by both SignalP and LipoP with high probability. Both proteins contains same
amino acids that highly conserved in the HMM logo (G18, G21, G23), which indicated the two
genes to have an evolutionary relation. The search in Protein Data Bank (PDB) cannot be used to
conclude about orthology in this situation since the search for two sequences results in different
structures and both structures seem to be unrelated to our protein as ATP-binding domain of
ABC transporter. We need further data regard of the crystal structure/ structure of the protein
products of Mrub_1285 and b2677 to conclude about their structural similarity. Finally, yet
importantly, both of the genes are showed to be in an operon and encode for the complete
structure of glycine betaine ABC transporter. This data from operon module emphasizes the

close evolutionary relation between E. coli genes and our M. ruber genes of interest.

Table 16: b2677 and Mrub_1283 are orthologous according to data from a variety

of bioinformatics tools.
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Categories

E. coli b2677 (proV)

M. ruber Mrub_1283

BLAST E. coli b2677 amino
acid sequence against M.

ruber

Score: 342 bits

E-value: 3e-116

Cellular Localization

(PSORT-B result)

Cytoplasmic Membrane

TMHMM 0 0

SignalP Probability: 0.094 Probability: 0.121
Not a signal protein Not a signal protein

LipoP Cytoplasm

TIGRFAM - Protein family | TIGR01186

proV: Glycine betaine/L-protein transport A

E-value: 4.2e-278

E-value: 2.3e-137

CDD search

COG 4175

ProV

E-value: 2.73e-178

E-value: 2.73e-178

PFAM — Protein family

PF00005

ATP-binding domain of ABC transporter

Clan

CL0023

P-loop_NTPase

E-value:2.1e-34

E-value: 9.8e-31
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Highly conserved amino G18, G21, G23 G18, G21, G23

acids

(HMM logo)

PDB protein 2D62 2IT1
Crystal structure of multiple | Structure of PH0203 protein
sugar binding transport ATP- | from Pyrococcus horikoshii
binding protein
E-value: 5.43883E-49 E-value: 2.69755E-52

Part of Operon? Yes Yes

KEGG pathway map Map02010: ABC transporters
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