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Mrub_0680, Mrub_0836, and Mrub_0837 found to be orthologous to E. coli
CcmA, CcmB, and CcmC, respectively, coding for ABC-transport proteins

involved in cytochrome-C biogenesis.
Sarah Church, Dr. Lori Scott

1| Introduction
1.1 | Cytochrome C Biosynthesis

Cytochromes are a large group of proteins in bacteria
responsible for transport of electrons between proteins.
Most cytochromes are located in the cytoplasm, but a
portion of them are located in the periplasm and interact
with intergral membrane proteins located there (Thonyl-
Meyer, 1997). Cytochromes are primarily heavily involved
in aerobic and anaerobic respitation and photosynthesis
(Feissner et al., 2006; Thonyl-Meyer, 1997). In this study
we look specifically at cytocrome-C (Cyt-C) which is a
peripheral membrane protein that is associated with
intergral membrane proteins (Yeagle, 2016). C-type
cytochromes are characterized by their involvement in
ATP-coupled reactions and heme co-factor. The heme is
covalently bound to the c-type cytochrome via two
thiodiester bonds (Thonyl-Meyer, 1997). In Escherichia
coli, Cyt-C serves as an electron carrier between
membrand bound proteins (Yeagle, 2016). In E. coli Cyt-
C biosynthesis involves proteins CcmA, CcmB, CcmC,
CcmD, CcmE, CcmF, CecmG, and CcmH (Kesler et al.,
2013). Many of these proteins are located in the
cytoplasmic membrane, as seen in the proposed layout in
Fig 1. below.

Fig 1. Proposed arrangement of proteins involved in
cytochrome C biosynthesis. Different shading refers to
different function of the proteins. The letters relate to the
Ccm_ gene nomenclature used for Escherichia coli. This
diagram was reproduced from Thonyl-Meyer (1997).

1.2 | ABC Transporter Function

ATP-binding cassette (ABC) transporters are very
common in bacteria, comprising a significant amount of
the genome of bacteria such as E. coli (Wilkens, 2015).
For this study, the focus is on the transport complex
involved in Cyt-C biosynthesis which includes CcmA,
CcmB, CcmC, and CcmD; E. coli locus tags b2201
(2297021..2297644), b2200 (2296362..2297024), b2199
(2295583..2296320), and b2198 (2295377..2295586),
respectively; these sequences were taken from KEGG
(Kanehisa et al., 2016). This system was initially thought
to be involved with heme export as listed in The UniProt

Consortium (2016) and Ecocyc (Kesler et al., 2013). This
transport was of particular interest because the production
of Cyt-C requires both heme and the Cyt-C protein to be
in the periplasm. To have this happen, heme needs to be
exported into the periplasm (Fergusson et al., 2007). The
CcmBC complex was the primary target for heme
transport but has since been disproven by several studies
(Thonyl-Meyer, 1997; Goldman et al., 2001). In E. coli
CcmB and CcmA make up the transport complex of the
system with interacting domains however since heme as
a substrate has been disproved, researchers are unsure
of what the complex exports (Fergusson et al., 2007;
Goldman et al., 2001). CcmA is known to contain an ATP-
binding domain and has been found to interact with the
CcmCB complex and is involves in heme transport as it
has a heme binding site as well (Thonyl-Meyer, 1997;
Ferguson et al., 2007). CcmA transports heme to CcmE,
a chaperone protein, which is involved in the further steps
of the Cyt-C biosynthesis mechanism. This step is thought
to be assisted by CcmD in E. coli (Ferguson et al., 2007).
These four genes are all part of an operon in E. coli as
suggested by the consecutive locus tags. This is
confirmed by the operon map found through Ecocyc
(Kesler et al., 2013). Transcription begins at b2201 and
the operon codes for Cyt-C related genes starting with
CcmA through CcmH (Kesler et al., 2013).

1.3 | Meiothermus ruber as Study Organism

Meiothermus ruber is a red pigmented gram-negative
bacterium closely related to the genus Thermus. The
specific organism examined in this study is M. ruber DSM
1279 as sequenced by Tindall et al. (2010). This organism
was isolated from Russian hot springs and then further
isolated in lab. Additionally, it has been found in many
other European and Asian countries giving rise to several
species within the genus Meiothermus (Tindall et al.,
2010). One reason Meiothermus bacteria have been
studied is due to their ability to form biofilms on certain
surfaces through the excretion of products from adhesion
organelles. Studies have found M. ruber and M. silvanus
to make colored biofilms on machine equipment and also
from colonies on produced paper and boards (Huarng et
al., 2011).

1.4 | Purpose and Hypothesis

This study specifically seeks to map out the functions of
three genes proposed to be involved in the ABC transport
complex involved in Cyt-C biosynthesis. These genes are
found at locus tags Mrub 0680 (659484..660071),
Mrub_0836  (823734..824399), and  Mrub_0837
(824570.825262), as taken from KEGG database
(Kanehisa et al., 2016). We hypothesize that Mrub_0680
is orthologous to b2201, Mrub_0836 is orthologous to



b2200, and Mrub_0837 is orthologous to b2199.
Additionally, these genes are involved in the ABC
transport complex involved in Cyt-C biosynthesis.

2 | Materials and Methods
2.1 | Sequences and Orthologs

Nucleotide and amino acid sequences for Mrub_0680,
Mrub_0836, Mrub_0837, b2198, b2199, b2200 and b2201
were obtained from KEGG database from the ABC
transporter map (KEGG map number 02010) (Kanehisa et
al.,, 2016). E. coli genes were run against the M. ruber
genome using amino acid sequences in BLASTp to
identify orthologs between the two bacteria (Altschul et al.,
1990).

2.2 | Alternate Start Codons

Start codons were identified and confirmed for all M. ruber
genes using bioinformatics tools. IMG/M database was
used to look at the amino acid 50 positions upstream of
the suggested start codon to identify possible alternate
start codons and Shine-Dalgarno sequences (Markowitz
2012). Multiple sequence alignment was generated in T-
Coffee using orthologs of 10-15 closely related species to
the gene of interest (GOI) taken from a BLASTp search
(Madden et al., 2002; Notredame et al., 2000). Weblogo
was also generated using the same closely related
orthologs to examine conserved amino acids (Crooks et
al., 2004). These steps were completed for all M. ruber
genes. Start codons for the E. coli genes have already
been confirmed (Keseler et al., 2013).

2.3 | Cell Localization

Amino acid sequence was run through TMHMM,
PSORTb, and Phobius to determine the number of
transmembrane helices and where in the cell it was most
likely to be located (Krogh et al., 2016; Krogh et al., 2001;
Sonnhammer et al., 1998; Yu et al., 201; Kall et al., 2007,
Kall et al., 2004). The amino acid sequence was also run
through bioinformatics tools SignalP and LipoP to
determine if a signal peptide was present in the protein
(Petersen et al., 2011; Junker et al., 2003). This process
was followed for all M. ruber and E. coli GOls.

2.4 | Protein Function Similarities

Domains of all M. ruber and E. coli GOls were determined
by running the amino acid sequence through the CDD
database of NCBI BLASTp, TIGRfam, and Pfam returning
significant hits for COG, TIGR, and PF domains,
respectively (Marchler-Bauer et al., 2014; Haft et al., 2001,
Finn et al., 2014; Finn et al., 2016). For CDD and
TIGRfam, a simple output was given and data collected.
For Pfam, pairwise alignment between the domain and the
GOl was recorded and the HMM logo for the PF domain
was saved (Finn et al., 2014; Finn et al, 2016).
Additionally, the sequences were run through PDB to see
if the protein, or any of its domains, had been crystalized
(Bergman et al., 2000; Bergman et al., 2000). If there was
a PDB match, pairwise alignment and 3D protein image
was recorded.

2.5 | Operons

Next, genes were analyzed on a wider scale to examine
the possibility it was part of an operon. The locus tag of
the GOI was run through IMG/M and then images of
nearby genes was obtained using the Color-by-KEGG
imaging option and the genes upstream and downstream
of the GOI were identified (Markowitz et al., 2012). Using
the function “Show neighborhood regions with the same
top COG hit,” an image of 5 related species was generated
of the area of the chromosome containing the GOI
(Markowitz et al., 2012).

2.6 | Paralogs

Paralogs for all GOIs were determined using KEGG
(Kanehisa et al., 2016). Once the gene was located from
the pathway a database search was done from KEGG
which ran the amino acid sequence against the GOI's own
genome only (Mrub genes run against M. ruber genome
and E. coli genes run through the E. coli genome) to
determine if there were any significantly comparable
genes. If there were significant paralogs an alignment was
drawn to see how closely related the genes were
(Kanehisa et al., 2016).

3| Results
3.1 | KEGG and BLASTp Analysis

The genes of interest were found on KEGG to be part of
the heme transport system within the ABC Transporter
map. E. coli has genes that code for proteins CcmA
(b2201), CcmB (b2200), CcmC (b2199), and CcmD
(b2198) as seen in Fig. 1A. M. ruber has genes that code
for CcmA (Mrub_680), CcmB (Mrub_836), and CcmC
(Mrub_837), but does not code for CcmD as seen in Fig
1B (Kanehisa et al., 2016). The BLASTp search of
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Fig 2. KEGG pathway maps for (A) Escherichia Coli K-12
and (B) Meiothermus ruber DSM 1279 for heme ABC
Transport map. ID: 02010

E. coli GOls against the M. ruber genome confirmed that
the suggested M. ruber and E. coli genes were orthologs.
The top hit for b2201 was Mrub_0680 with an expect value
of 2e-25 and bit score of 94.7, the alignment can be seen
in Fig 4A. The top hit for b2200 was Mrub_0836 with an
expect value of 3e-09 and bit score of 52.0, the pairwise
alignment can be seen in Fig 4B. The top hit for b2199
was Mrub_0837 with an expect value of 2e-28 and bit
score of 105, the alignment can be seen in Fig 4C.
BLASTp search of b2198 against M. ruber DSM 1279
yielded no significant hits within the genome.



3.2 | CcmA: Mrub_0680 and b2201

Pairwise alignment of multiple related orthologs of
Mrub_0680 showed that M5 is the most likely start codon
of the CcmA gene in M. ruber (Fig 3). IMG/M identified a
Shine-Dalgarno sequence 9 to 14 positions upstream of
the initial start codon of M1, which is then 11 to 26 amino
acids away from the new proposed start codon of M5. The
WebLogo in Fig 6 confirms the conserved M5 start codon.

Fig 5 shows that neither Mrub_0680 nor b2201 contains
transmembrane helices as determined using TMHMM and
Phobias tools. Mrub_0680 had a signal peptide probability
of 0.135 on SignalP and was predicted by LipoP to be a
cytosolic protein not containing a signal peptide. b2200
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Fig 3. Multispecies pairwise alignment of Mrub_0680 and

has a signal peptide probability of 0.120 on SignalP and

T-Coffee, described in methods.

related orthologs showing likely start codon. Created using
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Fig 4. BLASTp alignment of orthologs of Escherichia coli GOIs when against the Meiothermus ruber genome; Panel A shows
b2201 alignment with Mrub_680, panel B shows b2200 alignment with Mrub_836, panel C shows b2199 alignment with
Mrub_837. BLASTp program described in methods.
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Fig 5. Cellular localization data from (right to left) TMHMM, SignalP, and Phobius confirming that both b2201 (A) and
Mrub_0680 (B) have no transmembrane helices, are located in the cytoplasm, likely attached to the membrane and do not

have any signal peptides. Programs are explained in Methods.

was predicted to be a cytosolic protein not containing any
signal peptide by LipoP. PSORTb predicted that
Mrub_0680 and b2201 are located in the cytoplasmic
membrane with scores of 9.82 and 7.88 respectively.
b2201 had a cytoplasmic score of 2.11, all other location
scores were insignificant. The best prediction for the
location of b2201 and Mrub 0680 is the cytoplasm
attached to the inner membrane. The domains were found
to be conserved between b2201 and Mrub_0680.

The top COG and TIGRfam hits for b2201 and Mrub_0680
were matches for CcmA with e-values as shown in Table
1. The top Pfam hit was for a family of ABC transporters,
e-values shown in Table 1. b2201 and Mrub_0680 also had
the same clan hit within the Pfam database representing
the P-loop NTPase domain (CL0023). All top hits matched
between b2201 and Mrub_0680 searches and had
significant e-values suggesting similar function. When run
in the PDB database, several domains were listed among
both genes as having significant alignment. The top hit
present in both was 17247, an ATP binding subunit of CysA
ABC protein. Though it is not the exact protein in question,
it is likely that the crystalized structure (Fig 7) shares
similarities with the structure of the CcmA protein in
qguestion. TIGRfam, Pfam, and PDB data conclude that
b2201 and Mrub_0680 contain an ATP binding domain,
suggesting CcmaA is directly involved in the active transport
of heme via ATP hydrolysis.
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Fig 6. WebLogo created from the pairwise alignment
generated by T-Coffee of the orthologs of Mrub_0680.

Table 1. Description of the orthologs E. Coli b2201 and
Mrub_0680. All programs described in methods.

Bicinformatics , M. ruber
tool used E.colib2201 | ik 0680
BLAST E. cofi Score: 94 7 bits
against M. ruber E-value: 2e-25
COG1131

Ccm#; ABC-type multidrug

CDD Data (COG transport system

category) E-value: E-value:
1.9e-101 4.20e-51
Cellular Periplasmic space, attached to
Localization inner membrane

TIGRO1139
CcmA: heme ABC exporter,
ATP-binding protein
E-value: E-value:
1.4e-134 6.9e-27

PFO0O00S (ABC Transporter)
CL0O023 (P-loop NTPase)

TIGRfam — protein
family

Pfam — protein

family E-value: E-value:
2 Be-32 8 5e-24
17247 (ATPase subunit CysA:
POB ATP-binding cassette)
E-value: E-value:
1.801e-5 1.72e-20

KEGG pathway

map Heme ABC Transporter

3.2 | CcmB: Mrub_0836 and b2200

The start codon of Mrub_0836 was confirmed as being
correct from the KEGG sequence given using T-Coffee
pairwise alignment. The alignment showed that across
several relates species, the M1 of M. ruber was highly



Fig 7. Structure of the ATPase subunit CysA of the putative
sulfate ATP-binding cassette (ABC) transporter from
Alicyclobacillus acidocaldarius as provided by PDB.
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Fig 8. Multispecies pairwise alignment of Mrub_0836 and
related orthologs showing likely start codon. Created using
T-Coffee, described in methods.
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Fig 9. WebLogo created from the pairwise alignment
generated by T-Coffee of the orthologs of Mrub_0836.
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conserved in relation to the other species (Fig 8). A few
species, D. misasensis and G. bacterium, were
misaligned at the start. The MR and M at the far left of the
alignment could have been shifted to the right of the gaps
to have the M line up with the majority of the other species.

Alternative start codons proposed by IMG/M were
analyzed and determined not to be convincing based on
the T-Coffee alignment data being so significant for the M1
start codon. The Weblogo associated with these species
reinforced the data that the correct start codon was
chosen (Fig 9).

Fig 10 shows the proposed transmembrane domains of
b2200 and Mrub_0836. These proteins were found to be
transmembrane proteins with six transmembrane helices.
No signal peptide was found for b2200 or Mrub_836
through either SignalP or LipoP. The best prediction for
cellular location is the cytoplasmic membrane with a
PSORT score of 10.0 for both b2200 and Mrub_0836.
LipoP also predicted that b2200 and Mrub_836 are
located in the membrane.

Additional functionality research identified common COG,
TIGR, and Pfam domains for b2200 and Mrub_0836.
These genes contained domains relating to ABC-transport
and those previously identified as being part of heme
transporter complex. All e-values and domains are listed
in Table 2. Both b2200 and Mrub_0836 belong to the
same clan, ABC-2 (CL0181). No significant matches were
obtained from the PBD search for either gene. Data from
Pfam and TIGRfam confirm that Mrub_0836 is correctly
determined as protein CcmB involved in heme transport.
CDD data indicated that this particular protein in involved
in transport. Together these data suggest that Mrub_0836
codes for CcmB which is involved in heme export to the
periplasmic space.

Postion [Rr—— VR saal e i LSRRG ] T e

Fig 10. Cellular localization data from (right to left) TMHMM, SignalP, and Phobius confirming that both b2200 (A) and
Mrub_0836 (B) are transmembrane proteins that have 6 transmembrane helices indicated by red and gray peaks on the TMHMM
and Phobius plots, respectively, and do not have any signal peptides. Programs are explained in Methods.



3.3 | CcmC: Mrub_0837 and b2199

The start codon for Mrub_0837 was confirmed using
pairwise alignment of multiple species (Fig 11) which
showed all related organisms having the same M
conserves within the orthologs to Mrub_0837. This was
further supported by WebLogo data (Fig 12) which
showed the highly conserved start codon M1. Additionally,
a Shine-Dalgarno sequence was identified 9 positions
upstream of the start codon by IMG/M.

Table 2. Description of the orthologs E. Coli b2200 and
Mrub_0836. All programs described in methods.

Bioinformatics E. coli M. ruber
tool used b2200 Mrub_0836
BLAST E. coli Score: 52.0 bits
against M. ruber E-value: 3e-09
C0OG2386

ABC-type transport system

CDD Data (COG involved in cytochrome ¢

category) biogenesis
E-value: E-value:
4.93e-76 1.83e-24
Locctzllilgia?iron Cytoplasmic/inner membrane
TIGR01190
. CcmB: heme exporter protein
TIGRfam — protein CcmB
family E-value: E-value:
1.9e-145 8.3e-08
PF03379
Pfam — protein CcmB protein
family E-value: E-value:
4.9e-92 2.7e-39
PDB No significant matches found
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Fig 11. Multispecies pairwise alignment of Mrub_0837 and
related orthologs showing likely start codon. Created using
T-Coffee, described in methods.
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Fig 12. WebLogo created from the pairwise alignment
generated by T-Coffee of the orthologs of Mrub_0837.

Fig 13 shows the transmembrane domains of b2199 (13A)
and Mrub_0837 (13B). The data shows that these proteins
each contain six transmembrane helices and lack signal
peptides. Additional data from LipoP confirmed the lack of
signal peptides for both genes and suggested the cellular
membrane as a possible location. The best prediction for
cellular location is the cytoplasmic membrane with a
PSORT score of 10.0 for both b2200 and Mrub_0836.
LipoP also predicted that b2199 and Mrub_0837 are
located in the membrane.

Fig 13. Cellular localization data from (right to left) TMHMM, SignalP, and Phobius confirming that both b2199 (A) and
Mrub_0637 (B) are transmembrane proteins that have 6 transmembrane helices indicated by red and gray peaks on the
TMHMM and Phobius plots, respectively, and do not have any signal peptides. Programs are explained in Methods.



Looking into the functional families of b2199 and
Mrub_0837, matching hits were found for COG, TIGRfam,
and Pfam families. The e-values for each can be seen in
Table 3. In addition to the same Pfam match, b2199 and
Mrub_0837 were also found to be part of the same clan,
2heme cytochrome (CL0328). All categorizations suggest
that b2199 and Mrub_0837 code CcmC and are integral

membrane proteins involved in
matches were found to be significant.

transport.

Table 3. Description of the orthologs E. Coli b2199 and
Mrub_0837. All programs described in methods.

No PDB

the lack of a signal peptide and suggested the membrane
as the protein’s location within the cell. PSORT analysis
also suggested the cytoplasmic membrane as the location
with a score of 9.82, all other scores were insignificant.

Table 4 shows the best hits for COG, TIGRfam, and Pfam
families with their corresponding e-values. No PDB
matches were found for b2198. All data link b2198 to
CcmbD, a heme exporter protein.

Table 4. Description of E. Coli b2201 which does not have
an ortholog in M. ruber. All programs described in methods.

Bioinformatics E. coli M. ruber Bioinformatics E coli b2198
tool used b2199 Mrub_0837 tool used '
BLAST E. coli Score: 105 bits BLAST E. coli No paralod found in M. ruber
against M. ruber E-value: 2e-28 against M. ruber P 9 '
COGO0755 COG3114
CDD Data (COG CcmC, permease component CDD Data (COG CcmD, Heme exporter protein D
category) E-value: E-value: category) _
7.77e-93 1.67e-27 E-value: 1.17e-21
Cellular . Cellular .
Localization Cytoplasmic/inner membrane Localization Cytoplasmic/inner membrane
CcmcC: h(-ar:riReoxllogrtler rotein TIGRO3141
TIGRfam — protein T e rer P TIGRfam — protein | heme exporter protein CcmD
family E-value: E-value: family
- : ) . E-value: 4.2e-21
4.9¢-135 1.3e-40 val
PF01578 PF04995
Pfam — protein Cytochrome C assembly protein Pfam — protein CcmD; Heme exporter protein D
family E-value: E-value: family _
13e-32 5 8627 E-value: 1.9e-16
PDB No significant matches found PDB No significant matches found

KEGG pathway

Heme ABC Transporter

KEGG pathway

Heme ABC transporter

map

map

3.4| CcmD: b2198

As already mentioned, b2198 codes for CcmD and has no
ortholog in M. ruber. Fig 14 shows data collected from
TMHMM and Phobius indicate that b2198 contains a
single transmembrane domain but no signal peptide as
indicated by the SignalP plot. LipoP analysis confirmed

THEMM posterior probablites for scob21 88

probalaity

3.5 | Paralogs

When examined for paralogs, only b2201 and
Mrub_0680 came back with significant results as
visualized by KEGG in Fig 15. The top hit for b2201 was
b0262 which codes for AfuC, an ATP-binding component

Fig 14. Cellular localization data from (right to left) TMHMM, SignalP, and Phobius confirming that is transmembrane proteins
containing one transmembrane helix indicated by red and gray peaks on the TMHMM and Phobius plots, respectively, and
does not have any signal peptides. Programs are explained in Methods.
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Fig 15. Alignment of b2201 (Panel A) and Mrub_0680 (Panel B) in red with multiple possible paralogs in pink for each GOI.
Alignment performed using BLAST tool from KEGG as described in methods.

of an ABC transporter, with an e-value of 1e-21. The top

hit for Mrub_0680 was Mrub_2580, an ATP-binding

protein involved in liposaccharide export, with an e-value
A 657464 660464 of 2e-31. These results are not surprising given that

[—>D |—> :D D ATP-binding domains are not overly specific and are very
— common within ABC transport systems.
m G 3.6 | Meiothermus ruber Operon

Gene locations were examined using Color by KEGG to
B 5224944 525444 see the relationship to genes upstream and downstream
DDD. m of the GOI (Fig 16). Mrub_680 was bordered by
— Cytochrome c biogenesis protein CcmA (Mrub_0681)
and short-chain dehydrogenase/reductase SDR
(Mrub_0679), both unrelated to the function of

c 1 823571 826571 Mrub_680. Mrub_0836 and Mrub_0837 are n_ext to each
other and directly upstream and downstream is located a

E}{:D. UD:{ hypothetical protein (white in Fig 16). This relationship of
T Mrub_0836 and Mrub_0837 is conserved between many

Fig 16. Nearby areas of Mrub_0680 (A), Mrub_0836 (B), d|_ffe_rent related species as seen in Fig 17, highlighted
and Mrub_0837 (C) colored by KEGG; genes are indicated within the box.

by the red bar. 4| Conclusions

4.1 | Mrub_0680 codes for CcmA and is orthologous

to b2201
%ﬁﬁh;g‘l e :'QJQ?SERHFT‘Bﬁgg%ﬁooooz'iéms DD;.zas:rts . The locus Mrub_0680 was determined to code for protein
@ «]':-GG”D'-DD & CcmA which is a component of the transport complex

previously linked to heme transport in Cyt-C biosynthesis.
_ CcmA contains an ATP-binding domain and assists in the
T s K2 R T s 000000000 heguiver eI 51134 transfer of a heme cofactor to CcmE with the assistance
B D DESSCCMN T > O > DIBODOBMBL of energy from ATP. This same gene is found in E. coli at
a “ &« & locus b2201 and performs the same function in the Cyt-C
biosynthesis pathway. CcmA does not contain any
c0808 Lesos .« transmembrane helices or signal peptides and is found in
B _BLP Brob ACOEPOI O ELCRRURME the cytoplasm attached to the inner side of the cytoplasmic
g e membrane. The start codon chosen by KEGG for
Mrub_0680 was shown to be incorrect. The alignment
from T-Coffee indicated that most other species have a
different start codon that matches up better with the M5
4 | residue of the M. ruber sequence rather than the M1
initially chosen. Additionally, there is evidence that
Thernus antranikianii DSM 12462 : GS84DRAFT_scaffoldo0003.3 ~ suggests that CcmA may bind to the CcmBC transporter
120782 115782 110752 105762 100782 95 . .
oo o [ complex during the mechanism, but research has yet to
« @K show conclusive evidence. CcmA contains an ATP-
Fig 17. Neighborhood regions with the same top COG hit Emtﬂmg tﬂo:naln re((:jognlzed by PDB tha}t V\fgcpi;esent mt
for multiple species closely related to M. ruber as taken oth ortho ogs and 1s very .Common n - rar.ISpor
from IMG/M. Operon for Mrub_0836 (red) and Mrub_0837 complexes since they are driven by energy input in the
(white) are visibly conserved as shown by the box. form of ATP hydrolysis.

Thermus filiformis ATCC 43280 : Gad070825_139
65808 60808 55808

Chloroflexi sp. G233 : Ga0070539_14
E77943 872943 67943 SE2943 S7943 85.




4.2 | Mrub_0836 codes for CcmB and is orthologous
to b2200

Mrub_0836 codes for CcmB, a subunit of an ABC
transporter associated with Cyt-C biosynthesis. CcmB is
also found in E. coli at locus b2200. This protein contains
six transmembrane helices and forms a complex with
CcmC to make a complete export, originally associated
the heme factor of Cyt-C. This has since been disproven
but no substrate has been determined. The function of
CcmB as encoded by both Mrub_0836 and b2200 has
been confirmed with the low e-values of the Pfam,
TIGRFam, and COG hits that were the same for both
genes. The start codon for Mrub_0836 is correct as taken
from KEGG. Though there is no Shine-Dalgarno
sequence in the near vicinity upstream of the start codon,
the M chosen aligns well with most of the paralogs in other
species.

4.3 | Mrub_0837 codes for CcmC and is orthologous
to b2199

It was found that Mrub_0837 codes for the protein CcmC
involved as half of the ABC transporter complex involved
in Cyt-C biosynthesis. This gene is also found in E. coli at
locus tag b2199. All protein function matches were
consistent between Mrub_0837 and b2199 with very low
e-values indicating a significant match. CcmC contains six
transmembrane helices and no signal peptide, making its
home in the cytoplasmic membrane. CcmC forms a
complete exported with CcmB and is linked to heme
expor. However, more recent studies have determined
that the CcmBC complex does not transport heme and
they are uncertain what its substrate it. More research is
required to determine this. Additionally, the start codon
was confirmed for Mrub_0837 as being M1 as taken from
KEGG database. This M1 was highly conserved between
several closely related species to M. ruber.

4.4 | There was no ortholog in M. ruber for b2198
which codes for CcmD

The data in Fig 14. shows conclusively that b2198 codes
for a transmembrane protein with a singular trans-
membrane helix. It does not contain any signal peptide
and lives in the cytoplasmic membrane. b2198 codes for
CcmD which assists CcmA with the heme transfer to
CcmE in the biosynthetic pathway of Cyt-C. All protein
functional matches described in results has highly
significant e-values (all < 1e-15) which strongly confirms
the association with CcmE and the pathway of Cyt-C
biosynthesis. As mentioned already, there was no
ortholog for CcmD found in M. ruber. This suggests that
though CcmbD is helpful in the heme transfer from CcmC
to CcmeE, it is not crucial for function of this complex. M.
ruber likely lost this gene in the past and since it was a
nonessential protein, survived with the incomplete system.
There were no paralogs found for b2198 in E. coli.0020

4.5 | Overview

Our initial hypothesis was confirmed showing that
Mrub_0680, Mrub_0836, and Mrub 0837 code for
proteins CcmA, CcmB, and CcmC respectively.

Additionally, these proteins have orthologs in E. coli that
represent the same system. It is known that these genes
are all part on a single operon in E. coli, however it was
determined that this is not the case for M. ruber. For M.
ruber, the genes for CcmB and CcmA are part of an
operon that is present in closely related species. However,
the locus for CcmA is much further upstream and separate
from the other two proteins in the system. This could be
explained by a duplication in the gene followed by the
deletion at the original locus, or the addition of several
genes between the two locations. Research has yet to
determine the cause of the separation of these genes. The
only paralogs found for all GOIs were for CcmA in both E.
coli and M. ruber. This is not surprising since the ATP-
binding domain of CcmA is very common to find in ABC
transporters and the transporter complex, CcmBC, is
highly specified so no paralogs is expected.

4.6 | Future Directions

For future research, we suggest looking into the key amino
acids in the mechanism of the protein. One possible target
is H53 of Mrub_0837. This residue has been shown to be
highly conserved by the HMM logo created based on data
using the Pfam domain (PF01578) as visualized in Fig 18.

Fig 18. HMM logo generated for Pfam Cytochrome C
assembly protein (PF01578) showing the highly conserved
H residue which corresponds to H53 of Mrub_0837.

To do this, primers would be obtained using NEBase-
Changer in order to change H53 to F; these primers are
shown in Fig 19A (NE Biolabs). However, for Mrub_0837,
there is another H at position 51 which may take over the
role that H53 fills in the mechanism if only H53 is mutated.
We propose that another mutated form be induced and
tested that replaces both H51 and H53 with F to determine
is the loss of the hypothesized catalytic H results in loss of
function of the CcmC protein encoded by Mrub_0837;

primers for this are listed in 19B (NE Biolabs). A

A Q5SDM_2/16/2018_F CITCCATATGttC G 31 55 69°C
Q5SDM_2/16/2018_R 67 72°C

IName (F/R) Oligo (Uppercase = target-specific primer) Len % GC Tm Ta*

B Q5SDM_2/16/2018_F g IG 22 64 69°C
Q5SDM_2/16/2018_R ata G 24 46 67°C

Fig 19. Forward and reverse primers for site directed
mutagenesis of Mrub_0837 substituting H53 for F (A) and
Substituting H51 for F and H53 for F. Primers obtained from
NEBaseChanger (NE Biolabs).



substitution from H to F was chosen because both
residues have similar shape and size so not it interfere
with the stereochemistry of the possible active site, and
also F is not likely to act as an acid and donate a proton
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