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ABSTRACT OF THE THESIS

Common Evolutionary Pathway
for the Appearance of
the Ca*":Cation Antiporter (CaCA) Family
and Several Other Transporter Superfamilies

by

Chenchen Zhang
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Professor Milton H. Saier, Jr., Chair

Ca’":Cation Antiporter (CaCA) family homologues are found in both prokaryotes
and eukaryotes, while bacterial Murein Precursor Exporter (MPE) family homologues are
found only in prokaryotes. CaCA family homologues have 9- 13 transmembrane

spanning a-helical segments (TMSs). We demonstrated that the 10 TMSs topology arose
via three sequential duplication events as following: 2 TMSs —%— 4 TMSs —*— 5

TMSs—2— 10 TMSs. Homologues fall into 6 phylogenetic clusters that correlate with
function. Comparisons between proteins and 16S rRNA trees revealed that horizontal
gene transfer was frequent in prokaryotes, but rare in eukaryotes. Early gene duplication

of a gene encoding common ancestral protein probably gave rise to the major cluster.
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These paralogues were then transmitted vertically to give rise to sub-families of different
substrate specificities and characteristics.

MPE family members are homologous to CaCA proteins. These proteins have 9-
10 transmembrane spanning o-helical segments and probably evolved via the same
pathway as CaCA family members although this could not be demonstrated. MPE family
proteins fall into 7 clusters. Early gene duplication events may have given rise to these
different clusters with Cluster 1 and 4 homologues diverging early, and Cluster 3
diverging more recently. Homology was also established between several ancient
transporter supperfamilies, all which appear to have evolved from a common 2 TMSs

hairpin structure.
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Introduction

In the last twenty-five years, over six hundred membrane transport protein
families have been identified and classified in the Transporter Classification Database,
TCBD (http://www.tcdb.org). Protein families are classified on the basis of structural,
functional and evolutionary characteristics (Saier et al., 2006; 2009).

Ca’":Cation Antiporter Family (CaCA; TC#2.A.19) proteins are found in both
eukaryotes and prokaryotes. Proteins exhibit divergent sequences and have arisen by a
tandem intragenic duplication event (Saier ef al., 1999). Based on 3-D structures, these
proteins contains 10 core transmembrane helices with four ion-binding sites in the center
of the protein, one for Ca*", and the other three for Na* (Liao ef al., 2012). The E. coli
ChaB (YrbG) homologue has 10 TMSs with both N- and C-termini located in the
periplasm. Two 5 TMS internal repeats have been demonstrated (Saaf ef al., 2001). The
two 5 TMS duplication units show opposite orientation in the membrane, stabilized by
positively charged residues in the cytoplasmic loops. CaCA family proteins exhibit
various protein sizes from 302 to 1199 residues. Prokaryotic proteins generally exhibit
shorter sequences than the eukaryotic proteins (Chung et all, 2001).

The CaCA family primarily functions in Ca®" extrusion (DiPolo and Beauge,
2006). These proteins may also function in K’ extrusion; for example, E. coli cells
expressing ChaA can mediate K efflux against a K concentration gradient (Radchenko
et al., 2006). Another family member Vnx1p does not mediate Ca®" transport due to the
absence of key amino acids. Vnxlp catalyzes Na'/H™ and K'/H" but not Ca*"/H"

exchange (Cagnac et al., 2007).



Another CaCA family protein, YfKE from Bacillus subtills, exhibits robust
Ca®"/H" antiport activity, and Ca®" signaling is critical for sporulation and germination.
Neither Na” nor K" has been shown to serve as s substrate in this antiporter (Fujisawa et
al., 2009).

CaCA family proteins are essential for human neuronal activity by exporting
calcium out of the cytosol upon stimulation. Defects in Na'/Ca®" exchangers can lead to
neurodegenerative disorders (Gomez-Villafuertes ef al., 2007). One Na'/Ca®" exchanger
maintains Ca>" homeostasis for cardiac contractility (Iwamoto ef al., 1999). Calcium ions
bind to CBD1 and CBD2 domains, located in large intracellular loops of some CaCA
family members, and binding activates Ca®’ transport across the plasma membrane
(Besserer et al., 2007). CaCA family proteins probably arose by gene duplication before
the three domains of life arose (Saier et al., 1999).

MPE family proteins are observed only in prokaryotes. They have protein sizes of
370-420 amino acyl residues. MPE family homologues show 9-10 transmembrane helices
with a large extra-cytoplasmic loop and both N- and C-termini in the cytoplasm (Gérard
et al., 2002). These proteins include the FtsW cell division protein, the RodA rod shape
determining protein (both of E. coli) and the SpoVE sporulation protein of B. subtilis
(Boyle et al. 1997; Errington, 2003; Matsuzawa et al., 1989; Sato et al., 1990). These
proteins export Lipid II, precursors of peptidoglycan across the cytoplasmic membrane

(Mohammadi et al. 2011).

In E. coli, the class B PBP3 domain is concerned with septal peptidoglycan

synthesis during cell division, which required FtsW, a flippase for lipid II localized at the



division site. E. coli FtsW and PBP form a sub-complex via a PBP dimer domain in

which periplasmic loop 9/10 of FtsW (Fraipont ef al., 2011) plays a role.

In this study, we establish homology of CaCA and MPE family members. To
establish homology between repeat elements in the transmembrane domains of the CaCA
and MPE family proteins, statistics and the superfamily principle were used. We also
extended the observation of homology to other families of transport proteins (Doolittle,

1981, Saier 2003; Tran and Saier 2004; Yen et al. 2009a, b).



Method

Data Sources

FASTA sequences of transport proteins were gathered from the Transporter
Classification Database (www.tcdb.org). The Protocoll Program was used to generate
tables providing CaCA and MPE family homologues with protein abbreviations,
descriptions, organismal sources, sizes, GI numbers, organismal kingdoms or phyla, and
organismal domains, based on PSI-BLAST search (Altschul et al., 1997) against the
National Center for Biotechnology Information (NCBI). A modified CD-HIT program
(Li et al., 2006, Saier et al., 2009; Yen et al., 2009) was also used to eliminates redundant
and similar sequences with greater than 40% identity.
Multiple Alignment Methods

The Clustal X program was used to generate multiple alignment files for CaCA
and MPE family homologues as well as 16S RNA genomic sequences of each
represented genus. These multiple alignments were used to generate phylogenetic trees
(Thompson, Gibson et al. 1997). The TreeView program (Zhai et al., 2002) was used to
view the phylogenetic trees by opening the ‘dnd’ file, created by ClustalX.
Topological Analyses

The Web-Based Hydropathy, Amphipathicity and Topology (WHAT) (Zhai and
Saier, 2001a) and HMMTOP (G.E Tusnady and I. Simon 2001) were used to preform the
topological analyses on single protein FASTA sequences. The AveHAS program (Zhai
and Saier, 2001b) creates average hydropathy, amphipathicity and similarity plots of

protein homologues based on Clustal X-based multiple sequence alignments.



Establishment of homology between families.

The Global Sequence Alignment Tool (GSAT) preforms binary alignments of two
protein sequences and generates a comparison score, expressed in standard deviations
(S.D.); a comparison score over 11 S.D. is considered sufficient to establish homology
(Reddy & Saier, 2012).

Protocol 2 (Reddy & Saier, 2012) provides confirmatory evidence for homology.
The program compares two sets of FASTA sequences using the Smith Waterman
algorithm to locate local alignments, and runs GSAT to generate HTML reports.

The Ancient Rep (AR) program searches for internal repeats in a set of
homologous protein sequences and generates the vertical.txt file as well as the
horzonal.txt file (Reddy & Saier, 2012). The horzontal.txt file is generated based on
comparisons within one protein. The vertical.txt is generated based on the comparison of
TMSs in one protein against an entire set of protein sequences. Conclusions of homology
are then based on the superfamily principle. A 11 S.D. comparison score is considered
sufficient to establish homology between selected TMSs and to establish duplication
units within a protein family. HMMGAP (Reddy & Saier, 2010) visualizes the

highlighted TMS regions, which are inputted in the GSAT format.



Chapter 1.1: Phylogenetic Analysis of CaCA Family Members

275 CaCA family protein members are listed in Table 1. These homologues fall
into 6 Clusters (Figure 1). Clusters 1, 2, 3, 4, 5 and 6 can be subdivided into 10, 7, 14, 6,
9 and 9 sub-clusters, respectively.

Cluster 1 (50 proteins) has an average protein size of 450+86 residues (Figure 2).
Sub-cluster 1-4 proteins are from bacteria except for Mbal, which is from an archaeon.
Clustering of a single archaeal member with bacterial proteins, suggests that Mbal arose
horizontal gene transfer (HGT) from the bacterial domain. Although sub-clusters 1-4
contain proteins from a broad range of organisms, they exhibit fairly uniform protein
sizes: 36212, 381+31, 369+35 and 363 residues, respectively. No protein deviates
substantially from this size range. Sub-cluster 5 (2 homologues) has an average protein
size of 433x199 residues. Ccil (517 residues) is much larger than Horl (349 residues).
Based on a multiple alignment, Ccil contains extra residues at its N-terminus, a
characteristic of several other homologues. This domain was not recognized by the
Conserved Domain Database (CDD) (NCBI). Sub-cluster 6-9 proteins cluster closely
together and are mostly derived from Fungi except for Zmal, a single plant protein
sandwiched in between fungal homologues, which, if not due to contaminating DNA,
could have arisen by HGT. These 4 sub-clusters have similar but significantly different
protein sizes: 44879, 50064, 455+49 and 573+53 residues, respectively. Sub-clusters
containing fungal homologues have longer sequences than sub-clusters derived from
bacteria as expected (Chung et al, 2001). Based on the multiple alignment, fungal

homologues often contain N-terminal extensions not recognized by CDD. Sub-Cluster 10



(7 proteins with an average size of 466+93 residues) contains proteins from different
organismal types. Protein sizes are fairly uniform, except for Panl with 654 residues.
Panl contains a long hydrophilic extension at its N-terminus as well as a long
cytoplasmic hydrophilic region between TMSs 6 and 7. In general, comparing sub-
clusters 1-4 with sub-clusters 6-10, the average protein sizes of the eukaryotic
homologues are substantially larger than for the bacterial proteins, and sub-cluster 9
contains the largest proteins of all. Based on the multiple alignment, the extra residues are
present consistently at the N-termini, exclusively in fungal homologues.

Cluster 2 (35 proteins) has an average protein size of 996+226 residues (Figure 3), much
longer than Cluster 1 homologues. All sub-clusters in Cluster 2 derive from fungi except
for sub-cluster 2 (8 proteins) which are from trichomonadidae, heterolobosea and
metazoan. Sub-cluster 2 proteins are shorter than members of the other sub-clusters.
Within each sub-cluster, no protein is outside its own average size range except for
Umal, Pgrl and Cnel in sub-cluster 3. These proteins have extra N-terminal extensions
in the cytoplasm and a hydrophilic loop between TMS 8 and 9. From an NCBI Blast
search with Umal as the query, there is a DUF307 conserved domain at the N-terminus
(CDD). Moreover, some bacteria possess proteins that show two DUF307 domains
repeats, DUF 307 may involved in dimerization of transmembrane proteins.

Cluster 2 fungal proteins have long sequences due to N-terminal extensions.
Members of Clusters 1 and 2 were used as query sequences to do TC-BLAST searches.
The proteins from Cluster 1 are homologous to the vacuolar Ca*:H" exchanger sub-
family (TC#2.A.19.2.8), while proteins from Cluster 2 brought up low affinity vacuolar

monovalent cation sub-family member (TC#2.A.19.7.1). Segregation between these two



clusters with significant size differences may be due to functional differences (see the
Discussion Section).

Cluster 3 (30 proteins) has an average protein size of 380+19 residues, and all are
from bacteria. Cluster 3 is sub-divided into 14 small sub-clusters (Figure 4). Sub-clusters
1, 2, 10, 12 and 13 each contains a single protein, and these sub-clusters are deeply
rooted, indicating early divergence. All of these proteins have sizes within the average
size range. Sub-clusters 3-6 cluster together and have similar protein sizes: 390+£25,
36125, 374+25 and 378=+10 residues, respectively, although most of the homologues are
from taxonomically diverse organisms such as p-proteobacteria, actinobacteria, o-
proteobacteria, bacteroidetes, y-proteobacteria and J-proteobacteria. Sub-cluster 7 (3 a-
proteobacterial proteins) is separated from the other sub-clusters (average protein size of
379+9 residues). Sub-Cluster 8 (4 proteins) exhibits an average protein size of 394+35
residues. Bfal and Cefl branch closely together and far from the tree center. Bfal (440
residues) has extra residues at its N-terminus. Sub-clusters 9 and 11 have similar protein
sizes (~390 residues), and no protein is outside of the average size range, although sub-
cluster 9 proteins derive from diverse organisms. Sub-cluster 14 shows late divergence
between Avi2 and Psyl. The average size (381+15 residues) is similar to those of the
other sub-clusters.

Cluster 4 (26 proteins) has an average protein size of 896+67 residues and derives
from metazoans except for Mbrl, Pmal and Hvul, which are from codosigidae,
perkinsidae and viridiplantae, respectively. Cluster 4 is sub-divided into 6 sub-clusters

(Figure 5). Sub-cluster 1 (3 proteins) branches distantly from the tree center, with



paralogues Cell and Asu2 clustering together, suggesting a consequence of recent
speciation. The protein sizes for sub-clusters 1-4 are fairly uniform (829+22, 8§74+31,
890+46 and 825x18 residues, respectively). No protein is outside of the average size
range except Tad3 in sub-cluster 3 (945 residues). The extra region is between TMSs 6
and 7. Sub-clusters 5 (6 proteins) and 6 (8 proteins) cluster closely together. The average
protein size for sub-cluster 5 is 913+31 residues. Asul and Cbrl may have arisen recently
by speciation since they cluster close to each other. Sub-cluster 6 exhibits an average size
of 944+84 residues. Odil has an N terminal extension located extracellularly according to
HMMTOP.

The protein sequences in Cluster 4 are significantly larger than those in the other
clusters. Alignment positions 270 to 480 and 1210 to 1450 exhibit high degrees of
conservation, but sequences between positions 480 to 1210 lacked obvious conservation.
Odil was chosen for the query sequence for a BLAST search of the NCBI Database. The
conserved regions were recognized as parts of Na-Ca-exchangers, and the hydrophilic
regions were recognized as two cytoplasmic repeated Calx-f superfamily units. Calx-o
and Calx-f motifs comprise high affinity calcium binding sites (Schwarz and Benzer,
1997).

Cluster 5 (71 proteins) exhibits an average protein size of 644x183 residues with
substantial size variation. It is sub-divided into 9 sub-clusters (Figure 6). Sub-clusters 1-
3 from metazoans cluster closely together and have fairly uniform protein sizes: 494£58,
548 and 546x84 residues, respectively. None of these protein is outside of average size

range. Sub-cluster 4 is near sub-cluster 3, but it has varied protein sizes (695+195



10

residues). Only Mmu3 has long sequence (992 residues) due to an N-terminal extension.
Sub-clusters 5 and 6 cluster together, but sub-cluster 5 (617+75 residues) has a larger
average protein size than that of sub-cluster 6 (566+104 residues) because of an C-
terminal extension in Adal (743 residues). Sub-cluster 7 branches distantly from the
other sub-clusters, and exhibits greater size variation (790+226 residues). Tni2, Hsal,
Btal, Ttrl, Mmu2 and Mdo1l have N-terminal extensions and insertions between TMSs 5
and 6 with high degrees of conservation. Using Btal, CDD recognized the N-terminal
region as a K'-dependent Na'/Ca®" exchanger domain. Both potassium-dependent and
potassium-independent sodium calcium exchange activities can be found in brain and
other tissues, which efficiently regulate the homeostasis of calcium concentrations in
smooth muscle, neurons, and astrocytes (Tsoi, Rhee et al. 1998). Mdol, Mmu2, Ttrl,
Btal and Hsal cluster closely together as do Ttrl and Btal, Dmel and Dwil Tni2 and
Msal. All sub-cluster 7 homologues are from Metazoans, except for Mpul and Mspl,
which are from Viridiplantae, suggestive of HGT. Sub-clusters 8 (2 proteins) and 9 (12
proteins) have similar protein sizes (625+3 and 644+183 residues, respectively), and both
sub-clusters are derived from diverse organisms. In sub-cluster 9, Ppal and Mmal show
significantly shorter sequences than the other homologues. Ppal and Mmal the are the
only bacterial homologues in Cluster 5, and both of them are deeply rooted.

Cluster 6 (46 proteins) has an average protein size of 334+25 residues, and all
homologues are derived from bacteria except for Tonl, Htul and Orf7 which are from
archaea. No single protein is outside of the average size range. Based on the tree (Figure
7), sub-clusters 1-4 cluster together and have similar protein sizes, although each sub-

cluster is derived from a variety of organisms. Sub-clusters 5-9 cluster closely together
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with similar protein sizes. These homologues are from y-proteabacteria except for Ppal
and Dgil which are from J-proteobacteria. Sub-clusters 8 and 9 contain single

homologues of similar.



Chapter 1.2: Phylogenetic Analysis of MPE Family Members

361 homologues of the MPE family are listed in Table 2. All homologues are
derived from prokaryotes. Homologues are divided into 7 clusters (Figure 8). Each
cluster falls into sub-clusters, which are shown in Figures 9-14. Clusters 1, 2, 3, 4, 5, 6
and 7 are sub-divided into 6, 2, 7, 6, 10, 1 and 11 sub-clusters, respectively. Sub-cluster 1
is further divided into 3 sub-sub-clusters.

Cluster 1 (129 proteins) (Figure 9) has an average protein size of 391+26 residues
(Table 2). All homologues in sub-sub-cluster la are derived from a-proteobacteria, but
sub-sub-cluster 1b homologues derive from taxonomically diverse organisms such as
firmicutes, dictyoglomi and spirochaetes. Sub-sub-cluster 1c proteins are from
thermotogae and fusobacteria. Sub-cluster 2 has the largest average protein size in
Cluster 1 (42138 residues). These homologues are derived from bacteroidetes, except
for Bmul (from a spirochaete). Bmul has 364 residues, the smallest protein in sub-
cluster 2. Size variation in sub-cluster 3 is minimal, and the average protein size is
390+20 residues. Cael exhibits 460 residues, the largest protein in this sub-cluster. Cael
has a C-terminal hydrophilic extension. Sub-cluster 4 has similar protein sizes as sub-
cluster 3 (386+28 residues). In sub-cluster 4, Aacl has 467 residues due to a C-terminal
extension. Sub-cluster 5 has little size variation (386+24 residues). Lor]l has 460 residues,
outside of the average size range, due to an N-terminal extension. Sub-cluster 4 and 5
homologues primarily derive from firmicutes, except for Hspl, Pmal, Lefl, Hmal and
Tgrl (two aquificae species, nitrospirae, p-proteobacteria and elusimicrobia,

respectively), suggestive of horizontal gene transfer or an early gene duplication event.
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Last, sub-cluster 6 homologues are from diverse organisms, but they show uniform
protein sizes (399+21 residues).

Cluster 2 (containing 23 homologues) shows uniform protein sizes (40120
residues) with no homologue substantially outside of the average size range. All cluster 2
homologues are derived from firmicutes expect for Hcol, deeply rooted in the tree.
Cluster 2 is sub-divided into two sub-clusters (Figure 10). Sub-cluster 1 is at the top of
the tree (402+24 residues), and sub-cluster 2 is at the bottom (399+17 residues).

Cluster 3 (containing 70 homologues) has an average protein size of 463+127
residues, larger than for Clusters 1 and 2. Cluster 3 is sub-divided into 7 sub-clusters
(Figure 11). Sub-cluster 1 has an average protein size of 433+31 residues. The largest
homologue Cle2 exhibits 523 residues with a long hydrophilic region at its C-terminus.
Sub-cluster 2 (average protein size of 443+67 residues) includes Ehal (529 residues), the
largest protein in sub-cluster 2 with a C-terminal extension which is responsible for its
size expansion. Sub-cluster 3 shows unexpected size uniformity (360+10 residues),
although these sub-cluster homologues are derived from varied organisms such as
Deinococcus-Thermus, lentisphaerae and chloroflexi. Sub-cluster 5, with two
homologues, includes the largest proteins in Cluster 3 (average protein size of 1050+30
residues). Susl and Sus2 show C-terminal extensions that were recognized as penicillin
binding protein transpeptidase domains (PBP). They can form sub-complexes with FtsW
and are involved in murein (peptidoglycan) biosynthesis (Derouaux et al., 2008; Fraipont
etal., 2011; Maggi et al., 2008). The Dpsl (521 residues) protein size is outside the size

range because of a C-terminal extension. Sub-cluster 7 has an average protein size of
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443+43 residues. Ospl shows a larger protein size (553 residues) due to extra residues at
its C- and N-termini. Sub-cluster 8, from actinobacteria, except for Mthl, Tcal, Snol
(from firmicutes) and Kraland Haul (from choroflexi) has an average protein size of
504+127 residues. Badl, Bbrl, Cacl and Ccul exhibit larger sizes due to C-terminal
extensions. These regions were not recognized by CDD. Ccul (921 residues) has a large
C-terminus. This region was recognized as PBP dimer and transpeptidase domains by
CDD. Based on HMMTOP and the positive-inside rule, these domains are in the
periplasm. Sub-clusters 1, 2 and 7 homologues are exclusively derived from firmicutes.

Cluster 4 (containing 65 homologues) and Cluster 5 (containing 34 homologues)
cluster loosely together and have average protein sizes of 383+22 and 389+18 residues,
respectively. Both clusters show size uniformity without exception. Cluster 4 contains 6
sub-clusters with little size variation (Figure 12), although the proteins derive from
taxonomically diverse organisms such as thermodesulfobacteria, verrucomicrobia,
chlamydiae, planctomycete, nitrospirae, e-proteobacteria, chloroflexi, fusobacteria,
lentisphaerae,  firmicutes,  cyanobacteria, = gemmatimonadetes,  actinobacteria,
Deinococcus-Thermus, 6-proteobacteria, chlorobi and acidobacteria.

The majorities of Cluster 5 homologues are derived from firmicutes and sub-
divided into 10 small sub-clusters (Figure 13). Sub-cluster 1-6, 8 and 9 homologues are
exclusively derived from firmicutes, and size variation is minimal. Sub-cluster 7 has 2
homologues, Fspl and Fnul, both derived from fusobacteria. Sub-cluster 7 (average
protein size of 415+3 residues) has larger proteins due to extra residues at their C-termini.
Sub-cluster 10 (3 homologues) has an average protein size of 377+45 residues. Ghal

(427 residues) has 47 extra amino acids at its C-terminus.
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Cluster 7 (containing 19 homologues) has an average protein size of 451+120
residues, and contains 10 sub-clusters (Figure 14). All homologues are derived from
actinobacteria except for Ppiland Sspl (from synergistete) and Hpyl (from an &-
proteobacterium). Sub-clusters 1 and 2 have similar sizes (~380 residues). However, sub-
cluster 3 has an average protein size of 695+312 residues. Rfal has a periplasmic C-
terminal transpeptidase domain, functional for peptidoglycan synthesis. Transpeptidase
restructures peptidoglycan while the cell are growing (Fraipont, 2011). Sub-clusters 4, 5
and 7 each consist of a single protein. Sub-clusters 6, 8 and 11 proteins all have similar
sizes (~420 residues) with no protein outside of the average size range. Sub-cluster 10
has an average protein size of 435+85 residues; but one protein Blil, has an extra N-

terminal region.



Chapter 2.1: Evidence for Vertical Descent (Orthology) for Members of the CaCA

Family

The phylogenetic tree of 16S rRNAs from all genuses from which CaCA family
homologues included in our study are derived is shown in Figure 15. The bacterial branch
locates at the top, two archaea are on the right hand side, and all eukaryotes can be found
at the bottom of the tree. a-, B- y- and d-proteobacteria cluster closely together at the top
of the tree. Firmicutes cluster next to the a-proteobacteria on the left side of the tree, and
three cyanobacteria cluster closely with the firmicutes. A single member of the
Deinococcus-Thermus group clusters with bacteroidetes. chloroflexi, actinobacteria,
spirochetes and thermogogales cluster loosely together. In the eukaryotic branch,
metazoans cluster on the right side of the branch while viridiplantae, codonosigidae and
fungi cluster closely together on the left side.

Comparing proteins with the 16S rRNAs tree, Cluster 1 contains a number of non-
adjacent paralogues and shows different cluster patterns between the two trees, and
hence, orthology is hard to establish. In sub-clusters 1-5, prokaryotic homologues are
observed. Sub-cluster 1 homologues are primarily derived from cyanobacteria, and the
cluster patterns suggest vertical inheritance. However, Sub-cluster 2 homologues derive
from taxonomically distinct organisms such as [-proteobacteria, o-proteobacteria,
firmicutes, actinobacteria and y-proteobacteria. In sub-clusters 1-5, orthology is difficult
to establish. In sub-clusters 6-9, vertical descent appears likely for homologues Aorl,
Umal, Cthl and Sjal (from Aspergillus, Ustilago, Chaetomium, and
Schizosaccharomyces, respectively). Comparing the protein and 16S rRNA trees, plant

Zmal unexpectedly clusters between Pch2 and Pan2, both derived from fungi. Horizontal
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gene transfer may have occurred for Zmal (Table 15). Paralogues observed in Cluster 1
are shown in Table 3. Two homologues are from organisms also represented in Cluster 5,
while three homologues are from organisms also found in Cluster 2. Two homologues are
from organisms possessing paralogues in Cluster 3, and one is from an organism
represented in Cluster 4. Finally, six homologues are from organisms also represented in
Cluster 1 (Table 16). In prokaryotic protein sub-clusters, vertical decent could not be
established; however, eukaryotic homologue sub-clusters exhibit similar clustering
patterns when comparing the protein and thel6S rRNA trees, suggesting vertical
inheritance.

Cluster 2 homologues have similar clustering patterns when proteins and 16S
rRNA trees are compared. Vertical decent is likely for fungal homologues, Spol, Ylil,
Scel, Zrol, Ctrl and Dhal. A few paralogues are found in Cluster 2 (Table 4). Three
homologues are from organisms also represented in Cluster 1. Paralogues Tval and Tva2
cluster closely together as do Ngrl and Ngr2. This suggests that recent gene duplication
events have occurred. Examples of vertical inheritance are likely in Cluster 2.

Cluster 3 homologues show little evidence of orthology, for example, Acal and
Nspl (from Azohizobium and Novosphingobium, respectively) show relationships
suggesting of orthology. Tspland Pnel (from T7hiomonas and Polynucleobacter,
respectively) also appear orthologous. Sub-cluster 7 homologues, Mspl, Xaul and Mlol
(from Methylocystis, Xanthobacter and Mesorhizobium, respectively) exhibit clustering
similar to that in the 16S rRNA tree. In sub-clusters 8 and 9, these proteins derive from
highly divergent organisms. In sub-clusters 10 and 11, vertical descent is likely for

homologues, Mcal, Sbal and Ecol (from Methylococcus, Shewanella and Escherichia,
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respectively), but sub-clusters 12-14 homologues are from divergent organismal types.
Two homologues in Cluster 3 had paralogues in Cluster 1 (Table 5 & 16).

In Cluster 4, vertical decent could not be established. Hvul a single member of
Viridiplantae protein, Hvul cluster with Metazoans proteins, suggesting HTG (Table 15).
Several pairs of paralogues were observed of different organisms (Table 6). Ten Cluster 4
homologues had paralogues in Cluster 5 and one organism had paralogues in Clusters 1
& 2 (Table 16). Further, six homologues had paralogues in Cluster 4. Most paralogues
were found in different sub-clusters, except for Drel and Dre2 (from Danio rerio), which
cluster together in sub-cluster 6, suggestive of a recent gene duplication event.

In Cluster 5, vertical descent could be established. In sub-clusters 1-6, vertical
descent is likely for homologues, Dwi2, Dsil, Dps2, Amel, Derl, Spul and Dps1 (from
several Drosophila species, Apis and Strongylocentrotus). In sub-cluster 7, homologues
Hsal, Spu2, Dwil, Dmel, Crel and Cbrl (from Homo, Strongylocentrotus, two
Drosophila species, and two Caenorhabditis species) show relationships suggestive of
orthology. In sub-cluster 9, Pinl and Otal (from Phytophthora and Ostreococcus) also
appear orthologous. Fourteen homologues have paralogues within Cluster 5 (Table 7)
with most present in different sub-clusters. Tps2 (from Thalassiosira pseudonana) was
found in sub-cluster 8, and Tps1 and Tps3 were found clustering closely together in sub-
cluster 9, suggestive of a recent gene duplication event. Tnil, Tni2 (in Cluster 5) and
Tni3 (in Cluster 4) are from Tetraodon nigroviridis. Tnil and Tni2 cluster closely
together, undoubtedly the result of another recent gene duplication event. Two
viridiplantae proteins, Mpul and Mspl cluster with metazoan proteins and two members

of bacterial proteins Mmal and Ppal cluster with eukaryotic proteins, suggesting HTG
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(Table 15). Paralogues Skol and Sko2 have similar clustering patterns as paralogues
Api2 and Api3. Examples of vertical descent are likely in Cluster 5.

The Cluster 6 homologues are exclusively from prokaryotes; orthology could be
established within several sub-clusters. For example, Dinl and Dacl (from
Desulfobacterium and Desulfuromonas) in sub-cluster 1. Archaeal Tonl, Htul and Orf7
cluster with bacterial proteins; suggestive of HGT, and 2 members of d-proteobacterial
proteins, Dgil and Ppal cluster with y-proteobacterial proteins, suggesting HGT (Table
15). Homologues in sub-clusters 2-4 are from diverse phyla such as d-proteobacteria, o-
proteobacteria, deinococcus, actinobacteria, cyanobacteria, chloroflexi, y-proteobacteria,
planctomyce, bacteroidetes and lentisphaera. In sub-cluster 5, orthology is likely for
Ybel, Pmil, Vhal and Phal (from Yersinia, Proteus, Vibrio, and Pseudoalteromonas,
respectively). In sub-cluster 6, homologues Rbll, Mthl and Cbul (from Reinekea,
Methylophaga and Coxiella, respectively) cluster similarly to the corresponding 16S
rRNAs. Only two paralogues in Cluster 6 (Table 8), Kstl and Kst2, from Candidatus
Kuenenia stuttgartiensis, cluster closely together in sub-cluster 4, suggesting a recent

gene duplication event.



Chapter 2.2: Evidence for Vertical Descent (Orthology) for Members of the MPE

Family

The phylogenetic tree of 16S rRNAs from all genuses from which CaCA family
homologues included in our study were derived is shown in Figure 16. On the top of the
tree, -, a-, -, y-, and d-proteobacteria cluster together, while chlorobi and bacteroidetes
are represented in the same cluster next to the proteobacteria. Firmicutes localize on the
lower left. Two cyanobacterial members locate between firmicutes and bacteroidetes.
Clusters on the right hand side of the tree include a single members each of the
chlamydia, planctomycete, verrucomicrobium and fibrobacter as well as four members of
spirochetes. Actinobacteria cluster on the lower right of the tree. Single member of
chloroflexi, dictyglomi, and three members each of Thermus and Thermotaga cluster at
the bottom of the tree.

Comparing Cluster 1 of the MPE family protein tree with the 16S rRNA tree,
vertical descent is often difficult to establish, because these homologues are from highly
divergent organismal types. In sub-cluster la, orthology is likely for homologues Sfrl,
Cerl, Sspl Gobl, Rcal and Wenl (from Sinorhizobium, Caulobacter, Sulfitobacter,
Gluconacetobacter, and Rickettsia Wolbachia, respectively). Sub-cluster 3 homologues
are from taxonomically diverse organisms such as spirochaetes, chlamydia,
verrucomicrobia, y-proteabacteria, planctomycetes, lentisphaerae, elusimicrobia, oJ-
proteobacteria, deferribacteres, actinobacteria, firmicutes, zetaproteobacteria, -
proteobacteria, acidobacteria, chrysiogenetes and cyanobacteria. Horizontal gene transfer
was rampant during the evolution of these homologues as revealed by comparisons with

the 16S rRNA tree. The majority of sub-cluster 4 and 5 homologues are from firmicutes.
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These homologues show relationships suggesting orthology. Sub-cluster 6 homologues
derive from diverse organisms such as chlorobi, gemmatimonadetes, fibrobacteres,
firmicutes, bacteroidetes, aquafina and chloroflexi, suggestive of horizontal gene transfer.

Forty-four homologues in Cluster 1 are from organisms also represented in the
other clusters (Table 9). Ceul and Ceu2 are full-length paralogues from organism
Coprococcus eutactus, and clustering closely together in sub-cluster 6, as expected for a
recent gene duplication event. One homologue is from Eubacterium dolichum also
represented in Cluster 2, while eight homologues are from organisms also found in
Cluster 3. Thirty homologues had paralogues in Cluster 4 and eight homologues are from
organisms also represented in Cluster 5. A single homologue is from an organism also
represented in Cluster 7 (Table 16). It is difficult to know if horizontal gene transfer has
occurred, as all of these homologues could have arisen by vertical transmission from
multiple precursor paralogues.

Cluster 2 homologues have similar clustering patterns when the protein and the
16S rRNA trees are compared. Erhl, Edol and Cspl (from Erysipelothrix, Eubacterium
and Clostriduium, respectively) show relationships suggesting orthology. Lmel, Ooel
and Wpal (from Leuconostoc, Oenococcus, and Weissella, respectively) also appear
orthologous. Single member of Haloplasmataceae (Hcol) clusters with firmicutes,
suggestive of HGT (Table 18). Five proteins have paralogues in the other clusters (Table
10). One homologue is from an organism also represented in Cluster 1, and four
homologues had paralogues in Cluster 5 (Table 16).

Cluster 3 homologues show divergent patterns similar to those of the other

clusters. In sub-cluster 1, vertical decent is likely for homologues Chal, Dhal and Ame2
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(from Clostridium, Desulfitobacterium and Alkaliphilus, respectively). Dpsl and Avil
(from Desulfotalea and Allochromatium) show clustering patterns on the 16S rRNA tree
in correspondence with the protein tree. In sub-cluster 7, Dha2, Amel, Cthl, Evel and
Bprl (from Desulfitobacterium, Alkaliphilus ,Clostridium, Eubacterium and Butyribibrio,
respectively) exhibit clustering similar to that in the 16S rRNA tree. In sub-cluster 8,
Twhl, Cmil, Badl, Mlel, Tful and Afel (from Tropheryma, Clavibacter,
Bifidobacterium, Mycobacterium, Thermobifida and Acidimicrobium, respectively) show
relationships suggesting of orthology. Twenty-two proteins had paralogues (Table 11).
Eight homologues are from organisms also represented in Cluster 1. Seven homologues
are from organisms also represented in Cluster 4. Four homologues had paralogues in
Cluster 5, and a single homologue is from an organism also represented in Cluster 7.
Finally, three homologues are from organisms also represented in distinct sub-clusters of
Cluster 3. Susl and Sus2 in sub-cluster 5 are full-length paralogues from Candidatus
Solibacter usitatus and cluster distantly from the center of the tree, suggesting that they
arose from a recent gene duplication event.

Clusters 1 and 4 have similar clustering patterns; Cluster 4 homologues are from
divergent organismal types. Paralogues were observed in Cluster 4 (Table 12); thirty
homologues are from organisms also represented in Cluster 1. Seven homologues are
from organisms also represented in Cluster 3. One protein has a paralogue in Cluster 5.
Finally, three homologues are from organisms also represented in Cluster 7. No protein
has paralogues within Cluster 4, and many paralogues were observed between Clusters 1

and 4 (Table 16). Vertical decent is difficult to establish even within sub-clusters, since
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Cluster 3 homologues are derived from distinct phyla such as proteobacteria, firmicutes,
and actinobacteria.

In contrast to Cluster 4, vertical decent is likely for Cluster 5 homologues, for
example, for Sepl and Oihl (from Straphylococcus and Oceanobacillus,), and for Cspl
and Edol (from Clostridium and Eubacterium). Two members of fusobacteria (Fspl and
Fnul) cluster with firmicutes, suggestive of HGT (Table 18). Many proteins in Cluster 5
have paralogues (Table 13). Full length paralogues, Bclland Bcl2 (from Bacillus clausii),
and Lmol and Lmo4 (from Listeria monocytogenes) cluster closely together in sub-
clusters 3 and 2, respectively, suggesting recent gene duplication events.

Cluster 6 homologues show little evidence of orthology. Cluster 7 homologues
show relationships suggesting orthology. Vertical descent appears likely for
actinobacterial homologues Fspl, Rfal, Cgll, Atel, Pacl, Ahal, Blil, Twhl and Lxyl
(from Frankia, Rhodococcus Corynebacterium Actinoplanes Propionibacterium,
Arcanobacterium, Brevibacterium, Tropheryma, and Lefsonia, respectively. Five proteins
had paralogues in the other clusters, while four proteins had paralogues in Cluster 4

(Tables 14 and 17).



Chapter 3.1: Topological Analyses of CaCA Family Proteins

Figure 17 shows the average hydropathy, amphipathicity and similarity plots of
all CaCA family proteins included in this study. The AveHAS plot reveals 11
hydrophobic peaks corresponding 11peaks of similarity. The first 6 TMSs cluster
together followed by a long hydrophilic region, followed by 5 more TMSs near the end of
the alignment. Possibly, TMSs 2-6 are repeated in TMSs 7-11, especially, since the first
hydrophobic peak shows a low degree of conservation.

By examining the AveHAS plots for each individual sub-cluster, the topologies
were found to be different. The AveHAS plots for Cluster 1 (Figure 18) reveal 11
putative TMSs in a 6+5 arrangement. Comparing the AveHAS plots for Cluster 6
proteins versus those Cluster 1 proteins, the latter shows an extra hydrophobic peak at
their N-termini. TMSs 2-6 show greater conservation than TMSs 7-11.

The AveHAS plots for Cluster 2 (Figure 19) shows 13 hydrophobic peaks. A long
hydrophilic region is presented at the C-termini of these proteins, and TMS 1 clusters
distantly from TMS 2. TMS 2 clusters far from TMS 3. TMSs 3-8 cluster closely together
although TMSs 7 and 8 are separated by a small hydrophilic region. TMSs 9-13 cluster
closely together while a hydrophilic region separates the sequences into two halves.
When comparing the AveHAS plots for all CaCA homologues, Cluster 2 shows 2 more
hydrophobic peaks near the C-termini, located at positions 700 and 950, respectively, and
both show a high degree of conservation. TMS 3 presents a large hydrophobic peak with
a low degree of conservation. Based on the multiple alignment, positions 1150 to 1300

(TMSs 4-8) and 1650 to 1800 (TMSs 9-13) are highly conserved.
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The AveHAS plots for Clusters 1 and 3 (Figure 20) exhibit 11 hydrophobic peaks
with 6 peaks clustering in the first half, and 5 clustering in the second half. A small
hydrophilic region divides the sequences into their 2 halves. Each hydrophobic peak is
separated from the others. The first TMS has a low degree of conservation. The highest
degree of conservation is seen for positions 380 to 550 (TMSs 7-11).

The AveHAS plots for Clusters 4 (Figure 21) and 5 (Figure 22) exhibit similar
patterns with 11 hydrophobic peaks. Peaks 1-5 cluster closely together in the first half,
while 6 peaks cluster closely together in the second half. A large hydrophilic region
separates the sequences into these 2 halves. However, Cluster 4 and 5 homologues
exhibit 10 TMSs instead of 11. The hydrophobic peak 6 is placed in the cytoplasm, since
hydrophobicity of this segment is significantly less than those of other TMSs and
moreover, some algorithms for prediction of transmembrane helices and topology predict
it to be intracellular (Iwamoto et al., 1999). Moreover, AveHAS plots for Cluster 5 show
long N-terminal extensions with a low degree of conservation that is caused by the first
(TMS 0) of 11 transmembrane segments that is thought to be cleaved by a putative signal
peptidase (Visser et al., 2007).

The large hydrophilic regions in Clusters 4 and 5 show a low degree of
conservation. There is a hydrophilic domain belonging to the Calx-f§ superfamily fused to
the transporter for some homologues, and examples can be found in metazoans. In
Cluster 4, TMSs 1-5 and TMSs 6-10 show high degrees of conservation. In Cluster 5,
TMSs 6-10 show the highest degree of conservation.

The AveHAS plots for Cluster 6 (Figure 23) exhibit 10 well conserved

hydrophobic peaks. 5 cluster closely together in the first, and 5 more TMSs cluster
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closely together in the second half. TMSs 6-8 show greater conservation. Comparing the
AveHAS plots for Clusters 1 and 3 with Cluster 6, Clusters 1 and 3 exhibit an extra TMS
in their first halves. Comparing the AveHAS plots of Cluster 2 with those of Cluster 6,
Cluster 2 contains an extra hydrophilic region and 3 extra peaks at its N-terminus.

Cluster 2, 3, and 5 eukaryotic proteins have larger protein as expected
(Table 18). Cluster 1, 2 and 5 proteins have extra residues in their N-termini. Cluster 4
and 5 proteins have extra residues located in the middle of the sequences. No cluster has

C-terminal extension.



Chapter 3.2: Topological Analyses of MPE Family Proteins

Figure 24 shows average hydropathy, amphipathicity and similarity (AveHAS)
plots for all MPE family homologues included in this study. The AveHAS plots showed
up to 11 peaks of hydrophobicity, but several of them were poorly conserved. In fact, low
degrees of conservation at positions 100 to 200, 500 to 650 and 950 to 1500 in the
multiple alignment are observed. By contrast, the WHAT program predicted from 9 to 12
TMSs for individual proteins. Inaccurate TMS predications are possiblely for both the
WHAT and AveHAS program. Many homologues were retrieved using Protocol 1 with a
40% cut off to eliminate redundancies and close homologues. Therefore, homologues
included in this study are quite distantly related to each other. Because of the poor
reliability of the AveHAS and WHAT predication, homologues were analyzed by
individual cluster.

The AveHAS plots for Cluster 1 (Figure 25) reveal 10 hydrophobic peaks with a
high degree of conservation between positions 100 and 600. Large hydrophilic regions
with a low degree of conservation were observed at both C- and N-termini. Peak 1 is a
large and distant from peaks 2-3 which cluster closely together. Peak 4, a large
hydrophobic peak, shows a higher degree of conservation compared to TMSs 2-3.
Following TMS 4 are 3 small peaks, which may represent TMSs 5, 6 and 7. Peaks 8-10
cluster together near the C-termini. Peak 8 is a large and hydrophobic peak; a small peak
precedes it, but it could be periplasmic, since hydrophobicity of this peak is significantly
less than those of other peaks, and HMMTOP predict it to be extracellular. Cluster 1

shows a high degree of conservation for peaks 1-2 and peaks 8-10.
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The AveHAS plots for Clusters 2 (Figure 26) and 5 (Figure 29) exhibit similar
patterns with 10 hydrophobic peaks. Compared to the AveHAS plot for Cluster 1,
hydrophilic regions at both the N- and C-termini are absent in Clusters 2 and 5.
Moreover, Cluster 2 shows clearer separation between peaks 6 and 7 compared to Cluster
5. TMSs 8-10 exhibit a high degree of conservation.

The AveHAS plots for Cluster 3 (Figure 27) has 10 hydrophobic peaks. In these
plots, alignment positions 100 to 150 and 700 to 1200 show poor conservation while
putative TMSs 8-10 are well conserved. Comparing AveHAS plots for Clusters 1 and 3,
Cluster 3 shows long C-terminal extensions due to the fusion domain PBP.

The AveHAS plots for Cluster 4 (Figure 28) reveal 10 hydrophobic peaks as well.
Comparing the AveHAS plots for Cluster 2 with those for Cluster 4, TMSs 1-4 and TMSs
8-10 of Cluster 4 appears similar to TMSs 1-4 and TMSs 8-10 of Cluster 2, respectively.
However, the separation between 5-7 in Cluster 4 is not clear. Putative TMSs 8-10 show
a high degree of conservation.

The AveHAS plots for Cluster 6 (Figure 30) exhibit 9 hydrophobic peaks. The 9
peaks are separated into 3 groups, and each containing 3 peaks. TMSs 4 of Cluster 2 are
absent in Cluster 6.

The AveHAS plots for Cluster 7 (Figure 31) reveals 10 hydrophobic peaks, with
clustering patterns similar to those of Clusters 1, 2 and 5. However, Cluster 7
homologues have extra regions at their C-termini with a low degree of conservation. A
fusion event probably caused these C-terminal extension. TMSs 8-10 have the highest

degree of conservation.
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All proteins in MPE family have 10 TMSs on AveHAS plots (Table 19). The
average protein size for each cluster is similar and uniform except for Clusters 3 and 7

due to the fusion domain at their C-terminus.



Chapter 4.1: Establishment of Internal Repeats in CaCA Family Proteins

The majority of homologues in the CaCA family exhibit 10 TMSs, but some of
them appear to have 11 TMSs. We will try to establish the evolutionary pathway by
which different members of the CaCA family arose by examining potential internal
repeats.

From our analysis of the CaCA family, two duplicated units can be recognized by
the Conserved Domain Database (CDD) as Na'/Ca®" exchange family. Two repeat
domains separate the sequence to into two halves (Saier et al., 1999). Of the 10 TMS
homologues, we expected repeats of 5 TMSs. By using the Ancient Rep program, 5 TMS
repeats could be established. Although 5 TMSs repeats were observed for all CaCA
homologues, individual phylogenetic clusters display different AveHAS plots. Thus, the
topologies were found to be different in each clusters due to extra TMSs in some of them.

Cluster 1 has 11 TMSs on the AveHAS plots in a 6+5 arrangement. By using the
Ancient Rep and HMMGap program, 5 TMS repeats were confirmed, and an extra TMS
was observed at the N-termini. Comparing TMSs 2-6 of Dacl (gi: 328954050) with
TMSs 7-11 of Crel (gi: 212374355) gave a binary alignment showing 23% identity,
39.6% similarity and a comparison score of 12 S.D. (Figure 32). (Both proteins exhibit 11
TMSs based on the WHAT program).

Cluster 2 has 13 peaks of average hydrophobicity in the AveHAS plots. TMSs 1
and 2 are located in the N-terminal region far from other hydrophobic peaks. TMSs 3-8
are shown in the first half of the sequence with TMSs 9-13 in the second half. Comparing
Dacl (exhibits 11 TMSs) in Cluster 1 with Mlal in Cluster 2 (gi: 328858470) gave a

comparison score of 34 S.D, and TMSs 1-11 of Dacl aligned with TMSs 3-13 of Mlal
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(Figure 33). Based on the superfamily principle, TMSs 4-8 is a repeat unit of TMSs 9-13
(of Mlal).

The AveHAS plot for Cluster 3 shows 11 TMSs in a 6+5 arrangement. Dacl
(Cluster 1) exhibits two with 5 TMS repeats, and an extra N-terminal TMS. Comparing
Dacl and Chul (Cluster 3) gave a comparison score of 16 S.D. with TMSs 1-11 of Dacl
aligning with TMSs 1-11 of Chul. Based on the superfamily principle, Cluster 3
homologues have 5 TMS repeats and an extra TMS at their N-termini.

The AveHAS plots for Clusters 4, 5 and 6 reveal 10 TMSs. Mthl (gi: 254490075)
and Ppal (gi: 149925192) exhibit 10 TMSs (WHAT program). TMSs 1-5 of Ppal aligned
with TMSs 6-10 of Mthl with 28.7% identity, 48.5% similarity and a comparison score
of 18 S.D. (Figure 35).

Next we will examined the probable evolutionary origin of the 5 TMSs repeat unit
and its. Comparing TMSs 2-3 of Ada5 (10 TMSs) with TMSs 4-5 of Dps6 (10TMS), the
binary alignment showed 30.8% identity, 63.5% similarity and a comparison score of 15
S.D. (Figure 36). The first TMS of the repeat unit did not give a good score to any
internal region of CaCA family proteins. Following the superfamily principle, duplication
between TMSs 2-3 and TMSs 4-5 suggests duplication between TMSs 7-8 and TMSs 9-
10. Furthermore, TMSs 7-8 of Ada5 (gi: 312381030) aligned with TMSs 9-10 of Hma2
(gi: 221122333) with 25.7% identity, 48.6% similarity, and a comparison score of 11S.D.
(Figure 37). Our results show that the 5 TMSs repeat unit likely arose from a 2-TMSs
duplication.

In conclusion, two evolutionary pathways are possible for CaCA family proteins.

First, homologues could have arisen in the following three steps: 1) Duplication of the
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primordial 2 TMSs to give a 4 TMSs, 2) the addition of one more TMS at the N-terminus
of the 4 TMSs to give 5 TMSs, and 3) duplication of the 5 TMSs to give 10 TMSs. The
second possible pathway is as follows, 1) Triplication of the primordial 2 TMSs could
have given 6 TMSs, 2) lose one TMS at the N-terminus of the 6 TMSs could then have
given 5 TMSs total, and 3) duplication of the 5 TMS unit could have produced the 10
TMSs proteins. The additional TMSs in a some homologues may be due to late gene

fusion events.



Chapter 4.2: Internal Repeats in MPE Family Proteins

In Table 22, we have listed possible combinations of repeat units. TMSs 2-3 of
Nsa2 (gi: 319957313) aligned with TMSs 4-5 of Mtu2 (gi: 289760114) with 39.6%
identity, 47.9% similarity, and a comparison score of 11S.D. (Figure 39), suggesting 2
TMSs may have given rise to the other TMSs.

The comparison scores for 3 TMS and 4 TMS repeats (around 6 S.D.) are
insufficient to establish homology. Comparing TMSs 1-5 with TMSs 6-10 gave a
comparison score of 9 S.D. Although this score is not sufficient to establish homology, it
exhibits the highest comparison scores for these combination, moreover, TMSs 1-2
aligning with TMSs 6-7 gave a comparison score of 9 S.D., which supports the 5 TMS

repeat unit as demonstrated from the CaCA family.
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Chapter 5: Establishing Homology Between Superfamilies

The program Protocol 2 can be used to detect the similarity between two proteins.
Comparison scores between superfamilies studied and defined previously are presented in
Table 20. A comparison score > 11 S.D. is considered sufficient to establish homology.

First, homology between the MPE and CaCA families was established. The
comparison score between Aex2 (gi: 315498735) of the CaCA family and Shbel (gi:
163751823) of the MPE family is 12 S.D. According to Protocol 2 (Figure 38), Aex2
TMSs 3-5 aligned with Shbel TMSs 3-5, and Aex2 TMSs 8-10 aligned with Shbel
TMSs 8-10. Both proteins exhibit 10 TMSs. Moreover, TMSs 1-4 of a MPE family
protein (gi: 296101252) aligned with TMSs 6-9 of a CaCA family protein (gi: 62181822)
with a GSAT score of 10 S.D, suggesting 5 TMS repeats for MPE family proteins.

Additional superfamilies from TCDB were examined with Protocol 2. The highest
comparison scores are presented in Table 20.

CDF with CACA

The Cation Diffusion Facilitator (CDF) Family (TC#: 2.A.4) showed homology
with other superfamilies included in this study. CDF proteins have 6 TMSs with three 2
TMSs repeats (Matias et al., 2010). Homology between the CDF families confirms the
presence of the 2 TMS repeats in members of the CaCA family. For example, TMSs 1-5
of a CDF family protein (gi: 21242070) aligned with TMSs 11-15 of a CaCA family
protein (gi: 320036119) with a GSAT score of 11 S.D. (Figure 39); suggesting that TMSs
12-13 represent a repeat unit of TMSs 14-15. The extra 5 TMSs are found at its N-
terminus compared to 10 TMS CaCA family proteins. Moreover, TMSs 11-15 can be

recognized as the Na-Ca-exchange domain by CDD. Since we already have shown that
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the 5 TMSs Na-Ca exchange domain arose from 2 TMSs duplication with one more TMS
at the N-termini, homology can be inferred.
CDF and MPE

Comparing TMSs 1-4 of Aspl4 of the CDF family (gi: 359428766) with TMSs 2-
5 of DhalO (gi: 361855429) of the MPE family gave a comparison score of 13 S.D.
(Figure 40), sufficient to establish homology. Aspl4 has 6 TMSs and Dhal0 has 10
TMSs. CDF family proteins have already been shown to have a triplication of a
primordial hairpin structure to give rise to 6 TMSs (Matias et al., 2010). Based on the
superfamily principle, MPE family proteins may also have TMSs 2-3 repeated in 4-5;
TMSs 2-3 and 4-5 aligned with a comparison score of 11S.D. (Figure 39).

CDF with AAAP (APC)

The Amino Acid-Polyamine-Organocation (APC) Family (TC#: 2.A.3) has been
shown to consist of members, many of which have 5 TMS repeats to generate 10 TMSs
with 2 extra TMSs at their C-termini to make a total of 12 (or more) TMSs ( et al.,
2009). Comparing TMSs 2-5 of Dfal (gi: 328874879) of the AAAP family with TMSs 1-
4 of Bju4 (gi: 32274627) of the CDF family gave a GSAT score of 13 S.D. (Figure 41),
indicating homology between these two families. The comparison score of 13 S.D.
between TMSs 2-5 of an AAAP protein and TMSs 1-4 of a CDF protein suggests 2
TMSs repeats consisting of TMSs 2-3 and 4-5 of Dfal (Wong et al., 2012). Therefore,
the 2 TMSs may have duplicated to give 4TMSs, and by adding one more TMS at the N-
termini may have given rise to the 5 TMS repeat unit in the APC family as suggested

pathway (Wong et al., 2012). Alternatively, triplication of the hairpin structure may have
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given rise to a 6 TMS protein, and the 5 TMS unit resulted from loss of the N-terminal
TMS.
CDF with DMT

The Drug/Metabolite Transporter (DMT) Superfamily (TC#: 2.A.7) has also been
shown to hae arisen from a transmembrane 2 TMSs hairpin structure by duplication
followed by addition of one more TMS to generate a 5 TMS unit (Lam et al., 2011). This
was then duplicated to give 10 TMS proteins (Lam et al., 2011). Comparing TMSs 3-6 of
Cpsl of the CDF family (gi: 71279891) with TMSs 7-10 of Pnel of the DMT
superfamily (gi: 145589545) gave a comparison score of 11 S.D. (Figure 42), suggesting
homology between the CDF and DMT families. CDF proteins exhibit 6 TMSs (Matias et
al., 2008) while DMT family members can have 10 TMSs (Lam et al., 2011). These
results confirm the proposed 2 TMSs precursor of TMSs 7-8 and 9-10 in the latter family.
TDT with CDF

The Telurite-resistance/Dicarboxylate Transporter (TDT) Family (TC#: 2.A.16),
has been shown to have an internal repeats of 5 TMSs (Saier et al., 1999). Comparing
TMSs 1-5 of Lsml of the TDT family (gi: 312216773) with TMSs 2-6 of Rlt1 of the
CDF family (gi: 309778699) gave a comparison score of 11 S.D. (Figure 43), suggesting
homology.
RND with CDF

The Resistance-Nodulation-Cell Division (RND) Superfamily (TC#: 2.A.6)
appears to exhibit homology with the CDF family. TMSs 1-4 of Etbl of the CDF family
(gi: 146313689) aligned with TMSs 9-12 of Msz1 of the RND family (gi: 336477699) to

give a comparison score of 12 S.D. (Figure 44). Furthermore, the 2 TMSs duplication
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could be demonstrated in the RND family. Comparing TMSs 9-10 in Min2 (gi:
254821662) with TMSs 11-12 in Aful (gi: 11498828) (both of 12 TMSs) gave a
comparison score of 10 S.D. (Figure 45). RND family proteins have a single TMS at their
N-termini followed by a large extracytoplasmic domain, followed by six additional
TMSs, a second large extracytoplasmic domain, and five final C-terminal TMSs. The
first 6 TMSs halves of RND family proteins (TMSs 1-6) are homologous to the second
6TMSs halves (TMSs 7-12) (Tseng et al, 1999).
CaCA with RND

TMSs 3-6 of a CaCA family protein (gi: 281347334) aligned with TMSs 3-6 of an
RND family protein (gi: 187927409) with a comparison score of 12 S.D. (Figure 46).
TMSs 2-6 represent the first coherent 5 TMSs repeat unit of these RND proteins. The
first TMS in RND proteins is distant from the other TMSs as noted above. Therefore,
TMSs 2-6 of an RND family protein could be homologous to TMSs 1-5 of a CaCA
family protein. Since TMSs 3-4 represent a repeat of TMSs 5-6 of a CaCA family
protein, TMSs 3-4 may be homologous to TMSs 5-6 in an RND family protein.
CaCA with APC (AAAP)

Comparing TMSs 2-8 of Ppal0 (gi: 168052695) of the CaCA family with TMSs
2-8 of Ropl (gi: 167999963) of the AAAP family gave a comparison score of 13 S.D.
(Figure 47). Both Ppal0 and Rop1 have 10 TMSs.
CaCA with DMT

TMSs 6-10 of GlcU (gi: 73661966) of the DMT superfamily were compared to
TMSs 6-10 of Ptcl of the CaCA family (gi: 224131110) yielding a comparison score of

11 S.D. (Figure 48). This comparison suggests homology between the DMT and CaCA
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families and supports an evolutionary pathway involving a 5 TMS duplication. Protein
GlcU and Ptcl both have 10 TMSs.
CaCA with TDT

TMSs 7-10 of Slp1 of the CaCA family (gi: 115709819) aligned with TMSs 7-10
of Ntfl of the TDT family (gi: 119484216) with a GSAT score of 10 S.D. suggestive, but
not proof of homology (Figure 49). Both proteins exhibit 10 transmembrane a-helical
spanners.
RND with MPE

Comparing TMSs 3-6 of Ntf2 of the RND family (gi: 254787166) with TMSs 2-5
of Etb2 of the MPE family (gi: 149186203) gave a comparison score of 11 S.D. (figure
50). RND has 12 TMSs and MPE has 10 putative TMSs.
MPE with DMT

Comparing TMSs 1-3 of Vms1 of the MPE family (gi: 171914172) with TMSs 1-
3 of Lbhl of the DMT family (gi: 161506918) gave a comparison score of 11 S.D.
(Figure 51). Both proteins exhibit 10 TMSs.
MPE with TDT

Comparing TMSs 1-6 of Vatl of the MPE family (gi: 91228513) with TMSs 1-6
of Arbl of the TDT family (gi: 116662088) gave a comparison score of 11 S.D. (Figure
52). Both proteins have 10 TMSs.
TDT with RND

Comparing TMSs 7-10 of Rerl (gi: 226305474) of the TDT family (10 TMSs)
with TMSs 3-6 of Ttu2 (gi: 254787166) of the RND family (12 TMSs) gave a

comparison score of 13 S.D. (Figure 53).
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RND with DMT

Comparing TMSs 8-12 of Cotl of the RND family (gi: 344923545) with TMSs 6-
10 of Ptm1 of the DMT family (gi: 359436732) gave a comparison score of 10 S.D.
(Figure 54). RND family proteins present 12 TMSs and DMT family proteins have 10
TMS:s.
APC with DMT

Comparing TMSs 7-10 of Afl15 (gi: 238507023) of the AAAP family with TMSs
7-10 of Ami2 (gi: 223042098) of the DMT family gave a comparison score of 14 S.D.
(Figure 55), and both proteins exhibit 10 TMSs.
TDT with DMT

Comparing TMSs 2-6 of YItl (gi: 50553858) of the TDT family with TMSs 2-6
of Reml (gi: 255581410) of the DMT family gave a comparison score of 12 S.D. (Figure
56). Both proteins have 10 TMSs.
TDT with APC

Comparing TMSs 1-7 of Cmi2 (gi: 346321507) of the TDT family with TMSs 1-7
of Hvu2 (gi: 326519116) of the AAAP family gave a comparison score of 15 S.D.
(Figure 57). Cmi2 has 10 TMSs while Hvu2 has 11 TMSs. APC family proteins have two
5 TMS internal repeats with additional TMSs at their C-termini. Therefore, the alignment
makes evolutionary sense.
RND with AAAP (APC)

Comparing TMSs 4-6 of Plel (gi: 330446251) of the RND family with TMSs §-
10 of Ggr3 (gi: 310799985) of the AAAP family gave a comparison score of 11 S.D.

(Figure 58). Plel has 12 TMSs, while Ggr3 has 11 TMSs.
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MPE with AAAP (APC)

Comparing TMSs 7-10 of Afu3 (gi: 146324801) of the AAAP family with TMSs
7-10 of Aspl7 (gi: 320093976) of the MPE family gave a comparison score of 12 S.D.
(Figure 59). Afu3 has 11 TMSs and Asp17 exhibits 10 TMSs
CDF and AAAP (APC)

Comparing TMSs 2-5 of Dfal (gi: 328874879) of the AAAP family with TMSs
1-4 of Bju4 (gi: 32274627) of the CDF family gave a comparison score of 13 S.D.
(Figure 60). Dfal presents 11 TMSs, and Bju4 has 6 TMSs.
CDF and DMT

Comparing TMSs 3-6 of Cps1 of the CDF family (gi: 71279891) with TMSs 7-10
of Pnel of the DMT family (gi: 145589545) gave a comparison score of 11 S.D. (Figure
61). The comparison score of 11 S.D. suggests homology between the CDF and DMT

families. Cps1 has 6 TMSs, and Pnel has 10 TMSs.



Discussion

In this paper, we describe CaCA family homologues and define the evolutionary
pathway by which these proteins arose. Two pathways are suggested. First, a genetic
element encoding a 2 TMSs precursor duplicated to give 4 TMSs; this element added one
TMS at its N-terminus to give 5 TMSs, and 5 TMSs duplicated to give the final 10 TMSs
topology. Second, triplication of a 2 TMSs precursor gave 6 TMSs, 6 TMSs lost one
TMS at its N-terminus, leaving 5 TMSs, 5 TMSs duplicated to give a 10 TMSs proteins
(Figure 62). Several families have been shown to have taken a similar evolutionary
pathway by arising from the 2 TMSs precursor. These families all possibly related
because they derived from the same 2 TMSs element are presented in Figure 62 with
their most likely evolutionary pathway.

Establishing homology between families is based on 3 criteria. First, the
percentage of similarity and identity, when expressed in a comparison score, must be
equal to or higher than 11 S.D. Second, the compared protein sequences of the
homologues from both families must exhibit at least 60 residues and 3 transmembrane
domains. And last, the alignment between two segments must make evolutionary sense;
repeat units should show consistency between the two family homologues.

The putative 5 TMS repeats in MPE family homologues were insufficiently
similar to allow establishment of homology. Comparing TMSs 1-5 and TMSs 6-10 of
MPE family proteins gave a comparison score of 9 S.D, but comparing TMSs 1-3 and
TMSs 8-10 gave a highest comparison score of 7 (Table 22). MPE family proteins are
likely to have 5 TMS repeats. Homology between CaCA and MPE family members could

be established, and based on the superfamily principle, the MPE family homologues are
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likely to exhibit the same duplications as CaCA family homologues. MPE family
homologues show an average of 10 TMSs, again suggesting a 5 TMSs duplication. From
the Protocol 2 results, TMSs 3-5 of a homologue of the CaCA family aligned with TMSs
3-5 of a homologue of the MPE family, and TMSs 8-10 of these two homologues aligned
as well. TMSs 1-5 and TMSs 6-10 proved to be duplication units in CaCA family
homologues. Therefore, TMSs 1-5 are presumed to be duplication units of TMSs 6-10 in
both families.

Homologues of the CaCA family exhibit 9 to 13 putative TMSs. The AveHAS
plots for Clusters 1 and 3 present 11 TMSs; TMSs 2-6 and 7-11 proved to be 5 TMS
repeat units. Cluster 2 homologues exhibit 13 probable TMSs, and we have found
internal repeats encompassing TMSs 4-8 and 9-13. Cluster 4, 5 and 6 homologues have
10 TMSs with repeat units between TMSs1-5 and 6-10. Individual homologues in
different clusters may serve different functions.

CaCA family homologues are found in both eukaryotes and prokaryotes. The
majority of eukaryotic homologues are from fungi and metazoans.

In Cluster 1 of the CaCA family, all homologues are from the CAXs sub-family
of cation exchangers (TC#: 2.A.19.2) and exhibit an 11 TMS topology. Homologues are
from both bacteria and eukaryotes. Protein sizes displayed unexpected uniformity, but
homologues are derived from distantly related organisms. Cluster 1 homologues facilitate
the exchange between calcium and protons in vacuoles. An AveHAS plot confirmed the
11 TMSs topology. Due to the odd number of TMSs, the two termini should localize to

opposite sides of the membrane. The N-termini proved to be in the cytoplasm (Segarra,
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2008). 5 TMSs internal repeats for homologues were found, suggesting that the first TMS
is the extra one.

Vertical decent was often difficult to establish for prokaryotic homologues when
comparing the proteins and the 16S rRNA trees, but eukaryotic homologues usually
showed similar patterns between the two trees, suggesting a preponderance of vertical
inheritance. Both eukaryotic and prokaryotic proteins are deeply rooted, suggesting that
they arose early to preform dissimilar central cellular functions or participate in transport
complexes composed of multiple subunits. Cluster 1 homologues have paralogues in
Clusters 2-5, suggests early divergence.

Cluster 2 homologues are found in the sub-family of low affinity vacuolar
monovalent cation H™ antiporter (TC#: 2.A.19.7). Most of homologues are from fungi.
Homologues in this sub-family are unable to mediate Ca®" transport but catalyze
exchange between Na', H" and K'. Moreover, sequence analyses revealed the absence of
key amino acids shown to be essential for Ca®>"/H" exchange (Cagnac et al., 2007). These
sub-family homologues are responsible for vacuolar Na”/H™ and K'/H', but not Ca’
exchange. There is no evidence of horizontal gene transfer within this cluster, and
orthology appears likely when comparing proteins with the 16S rRNAs. The AveHAS
plot for Cluster 2 proteins shows 13 probable TMSs, with the three extra TMSs at the N-
termini. Fusion domain DUF307 is responsible for the long N-terminal regions.

Cluster 3 homologues show a close relationship with the Ca*":H" antiporter of
TC#: 2.A.19.1, and all these homologues are of prokaryotic origin. Based on a multiple

alignment, greatest conservation is observed for TMSs 7-11. Some of these sub-family
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proteins can also mediate K efflux against a K concentration gradient to maintain K"
homeostasis (Radchenko et al., 2006).

Orthologous relationship could be established within several sub-clusters, and
paralogous relationships are observed between Clusters 1 and 3 which exhibit the same
topology (11 TMSs). Moreover, Cluster 1 contains both prokaryotic and eukaryotic
proteins, but Cluster 3 contains only bacterial proteins. Proteins from Cluster 1 can only
mediate the exchange between calcium and proton, but proteins from Cluster 3 can
facilitate K" efflux as well. It is likely that an early gene duplication event in a CAX
ancestral protein occurred that is common to proteins in Clusters 1 and 3. The paralogues
were then transmitted vertically to give a rise to members of these two clusters.

All Cluster 4 homologues appear to be from the sub-family of K'-independent
Na'/Ca®" exchangers (NCXs) (TC#: 2.A.19.3), and all of these homologues are from
eukaryotes. They are plasma membrane proteins, regulating intracellular Ca®" levels by
extrusion of calcium to in exchange for sodium (Ren, 2006). Based on the protein tree,
Cluster 4 is distant from Clusters 3 and 5. Several paralogues are observed in Cluster 4,
and a recent gene duplication gave rise to Drel and Dre2. The AveHAS plot shows 11
TMSs and a long hydrophilic region between TMSs 5 and 6. The hydrophilic region can
be recognized as tandem units of Calx-f3 motifs, which are located in the cytoplasm, and

responsible for the high affinity binding of intracellular calcium (Wu et al., 2011).

In Cluster 5, homologues include metazoan cation/Ca*" exchangers (CCXs) (TC#:
2.A.19.4). The N-terminal extension was recognized by CDD as the “K'-dependent

Na'/Ca®*" exchanger domain”. However, the long hydrophilic region that separates these
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two hydrophobic halves was not recognized by CDD. Several paralogues were observed.
When compared to bacteria and archaea, eukaryotes show the most proteins paralogues
(Makarova, Wolf et al. 2009). Orthology appears likely for Cluster 5 homologues based
on 16S rRNA analysis. The clustering pattern in the protein tree suggests early

divergence of a common ancestral protein to give a rise to Clusters 4 and 5.

Cluster 6 homologues are recognized as YBRG transporters (TC#: 2.A.19.5). The
AveHAS plot for Cluster 6 shows10 hydrophobic peaks and a small hydrophilic loop
between TMSs 5 and 6. These sub-family proteins are essential to maintain cytosolic

homeostasis for cell signaling. The 3D structure demonstrated the 5 TMSs repeat units

(Liao J, 2012).

In contrast to CaCA family homologues, all MPE family homologues are from
bacteria. The AveHAS plots of all clusters show similar patterns. Based on a multiple
alignment, the last 4 TMSs show the highest degree of conservation. The conserved
region may play a critical functional structural role. Protein size for each clusters are
fairly uniform. Clusters 3 and 7 exhibit larger protein sizes due to the presence of the
fusion domain, PBP, a penicillin binding protein transpeptidase domain. PBP is located
in the periplasm where it can play a role in peptidoglycan synthesis during elongation
(Fraipont et al., 2011). The branches in the protein tree are deeply rooted except for

cluster 3 which may have resulted from a more recent gene duplication event.

MPE family homologues were found only in bacteria and archaea, and horizontal
gene transfer between bacteria was rampant. For example, Clusters 1 and 4 include

proteins from diverse phyla. We also observed large numbers of paralogues between
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Clusters 1 and 4. An early gene duplication event of a common ancestral protein may
have given rise to Cluster 1 and 4 homologues. Horizontal gene transfer events can also
be observed in Cluster 2; for example, the single Haloplasmataceae protein clusters with

the Firmicutes proteins.

It is interesting that MPE family homologues are found in organisms that lack a
peptidoglycan cell wall, organisms such as the planctomycetes, verrucomicrobia,
chlamydia and mycoplasma. It will be interesting to know if these proteins play a
functional role or are remnants of an earlier age at least the plantctomycetes and
verrcomicobria also possess incomplete sets of the peptidoglycan biosynthesis enzymes

(Reynaud & Devos, 2011; Fuerst & Sagulenko, 2011)



Appendix

Table 1. All CaCA family proteins included in this study are listed according to the
position of the protein in the phylogenetic tree (clockwise direction) (Figure 1). The
average protein sizes provided for each sub-cluster. The Table presents the protein
abbreviation, sequence description, organism, protein size, gi number, phylum or
kingdom and organismal domian and TC number of closest hit in TCDB.
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Table 2. All MPE family proteins included in this study are listed according to the
position of the protein in the phylogenetic tree (clockwise direction) (Figure 8). The
average protein size £ S.D. is provided for each clusters, sub-cluster and sub-sub-cluster.
The Table presents the protein abbreviation, sequence description, organism, protein size,
gi number, phylum or kingdom and organismal domain.
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Table 3. Paralogues observed in Cluster 1 of the CaCA family.
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Organism Homologues | Cluster GI number
Thalassiosira pseudonana Tpsl 1 224006648
Tps4 5 224015509
Tps2 5 224001622
Tps3 5 224010691
Schizophyllum commune Scol 1 302674539
Sco2 1 302685091
Puccinia graminis Pgrl 1 331239911
Pgr2 1 331221453
Pgr3 2 331239133
Podospora anserina Panl 1 171690580
Pan2 1 171688494
Perkinsus marinus Pma3 1 294891166
Pma2 4 294953203
Penicillium chrysogenum Pch2 1 255953175
Pchl 1 255933738
Naumovozyma castellii Nca3 1 342302654
Nca2 2 342302430
Methylococcus capsulatus Mca2 1 53804065
Mcal 3 53805213
Ectocarpus siliculosus Esi2 1 298705602




Table 3, continued
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Esil 5 298713622
Coprinopsis cinerea Cecil 1 169856345
Cci3 1 299748017
Cci2 2 299743625
Conexibacter woesei DSM 14684 Cwo2 1 284043117
Cwol 3 284047105
Aspergillus oryzae Aorl 1 317150008
Aor2 1 83766993
Table 4. Paralogues observed in Cluster 2 of the CaCA family.
Organism Homologues Cluster GI number
Trichomonas vaginalis G3 | Tval 123423586
Tva2 154419784
Puccinia graminis Pgrl 331239911
Pgr2 331221453
Pgr3 331239133
Naumovozyma castellii Nca3 342302654
Nca2 342302430
Naegleria gruberi Negrl 290990046




Table 4, continued

Ngr2 2290975515
Coprinopsis cinerea Cecil 1 | 169856345
Cci3 1| 299748017
Cci2 2| 299743625
Table 5. Paralogues observed in Cluster 3 of the CaCA family.
Organism Homologues | Cluster GI number
Methylococcus capsulatus Mca2 53804065
Mcal 53805213
Conexibacter woesei Cwo2 284043117
Cwol 284047105
Table 6. Paralogues observed in Cluster 4 of the CaCA family.
Organism Homologues Cluster GI number
Trichoplax adhaerens Tad2 195999284
Tadl 196014843
Tad3 196001263
Tad4 196016029
Trichinella spiralis Tspl 339235315
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Table 6, continued

Tsp3 339238677
Tetraodon nigroviridis Tnil 47213382
Tni3 47214497
Tni2 47225868
Perkinsus marinus Pma3 294891166
Pma2 294953203
Pma4 294944237
Pediculus humanus
corporis Phu2 242016779
Phul 242020994
Oikopleura dioica Odil 313235239
Odi3 313230968
Nematostella vectensis Nve3 156397050
Nve2 156385129
Nvel 156403746
Hydra magnipapillata Hma3 221121648
Hmal 221101518
Hma2 221122333
Danio rerio Dre3 110005804
Drel 181339524
Dre2 181339493
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Table 6, continued

Ciona intestinalis Cin2 198426482

Cinl 198422506

Caenorhabditis briggsae Cbr2 309360090

Cbrl 309361787

Branchiostoma floridae Bfl6 260836357

Bf13 260829777

Bfl12 260814626

Bfl4 260822461

Bf15 260797070

Ascaris suum Asul 324504975

Asu?2 324503600

Asu3 324509213

Table 7. Paralogues observed in cluster 5 of the CaCA family.

Organism Homologues | Cluster GI number
Trichoplax adhaerens Tad2 195999284
Tadl 196014843
Tad3 196001263
Tad4 196016029
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Table 7, continued

Tribolium castaneum Tca2 270010753
Tcal 270007787
Tca3 270006895
Thalassiosira pseudonana Tpsl 224006648
Tps4 224015509
Tps2 224001622
Tps3 224010691
Tetraodon nigroviridis Tni3 47213382
Tnil 47214497
Tni2 47225868
Strongylocentrotus purpuratus Spu2 47551219
Spul 115709825
Spu3 115871986
Saccoglossus kowalevskii Skol 291221728
Sko2 291243690
Plesiocystis pacifica Ppa2 149923824
Ppa3 149925192
Perkinsus marinus Pma3 294891166
Pma2 294953203
Pma4 294944237

72



Table 7, continued

Pediculus humanus Phu2 242016779
Phul 242020994
Nematostella vectensis Nve3 156397050
Nve2 156385129
Nvel 156403746
Mus musculus Mmul 21450183
Mmu?2 159032066
Morone saxatilis Msal 118139452
Msa2 118139446
Micromonas pusilla Mpu2 303285051
Mpul 303279510
Hydra magnipapillata Hma3 221121648
Hmal 221101518
Hma2 221122333
Ectocarpus siliculosus Esi2 298705602
Esil 298713622
Drosophila willistoni Dwil 195438385
Dwi2 195447092
Drosophila pseudoobscura
pseudoobscura Dps3 198467881

73



Table 7, continued

Dps2 198454486
Daphnia pulex Dpul 321476184
Dpu3 321459376
Ciona intestinalis Cin2 198426482
Cinl 198422506
Camponotus floridanus Cfll 307179272
Cf12 307179269
Caenorhabditis briggsae Cbr2 309360090
Cbrl 309361787
Brugia malayi Bmal 170592429
Bma2 170593899
Branchiostoma floridae Bfl6 260836357
Bf13 260829777
Bfl12 260814626
Bfl4 260822461
Bf15 260797070
Ascaris suum Asul 324504975
Asu?2 324503600
Asu3 324509213
Anolis carolinensis Aca3 327286665
Aca5 327259250
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Table 7, continued

Aedes aegypti Aael 157107608
Aae? 157107606
Acyrthosiphon pisum Apil 328706570
Api3 328701889
Api2 328706562
Table 8. Paralogues observed in Cluster 6 of the CaCA family.
Organism Homologues | Cluster GI number
Plesiocystis pacifica Ppa2 149923824
Ppa3 149925192
Candidatus Kuenenia
stuttgartiensis Kstl 91202036
Kst2 91202741
Table 9. Paralogues observed in Cluster 1 of the MPE family.
Organism Homolouges | Cluster GI number
Alicyclobacillus acidocaldarius Aac?2 258511024
Aacl 258511027
Alistipes putredinis Apul 167752865
Apu2 167753023
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Table 9, continued

Bacillus clausii Bel3 56964564
Bell 56964563
Bcl2 56965579
Candidatus Kuenenia stuttgartiensis | Kstl 91200084
Kst2 91203000
Candidatus Pelagibacter Pub2 91762844
Publ 91762876
Candidatus Solibacter Susl 116626352
Sus2 116626558
Sus3 116622382
Clostridium thermocellum Cth3 125973490
Cthl 125975525
Coprococcus eutactus Ceul 163816708
Ceu2 163814972
Cytophaga hutchinsonii Chu2 110639123
Chul 110639676
Desulfitobacterium hafniense Dhal 89895000
Dha2 89895433
Dha4 89897116
Dha3 89895918

76



Table 9, continued

Desulfovibrio vulgaris Dvu3 218886059
Dvu4 218887909
Dvu2 46580909
Dvul 46579198
Dictyoglomus thermophilum Dthl 206901982
Dth2 206901820
Elusimicrobium minutum Emi2 187251656
Emil 187251782
Epulopiscium Esp3 168333727
Espl 168333335
Esp4 168334681
Eubacterium dolichum Edo3 160915795
Edol 160913555
Edo2 160914748
Eubacterium saphenum Esal 255994321
Esa2 255994114
Filifactor alocis Fall 374307642
Fal2 374307398
Finegoldia magna Fma?2 169824313
Fmal 169824414
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Table 9, continued

Fluviicola taffensis Fta2 327404200
Ftal 327403876
Gemmatimonas aurantiaca Gaul 226226833
Gau2 226227163
Halanaerobium praevalens Hprl 309388992
Hpr2 309389486
Holophaga foetida Hfol 373487374
Hfo2 373485978
Hydrogenobaculum Hspl 195952592
Hsp2 195953480
Leptospirillum ferrodiazotrophum Lfe2 251772198
Lfel 251771498
Microscilla marina Mmal 124009922
Mma2 124006885
Oribacterium Ospl 291459275
Osp2 291459005
Pedosphaera parvula Ppa3 223937421
Ppal 223936565
Persephonella marina Pmal 225850178
Pma6 225849617
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Table 9, continued

Petrotoga mobilis Pmol 160903089
Pmo2 160902814
Pseudoflavonifractor capillosus Pca2 154500747
Pcal 154500215
Ruminococcus Rspl 291544490
Rsp2 291544252
Rsp3 291544235
Salinibacter ruber Srul 83814197
Sru2 83814857
Subdoligranulum variabile Sva2 261367513
Sval 261366552
Synechococcus elongatus Sel2 81299135
Sell 81299913
Thermodesulfobium narugense Tnal 332295507
Tna2 332295530
Thermosinus carboxydivorans Tcal 121533643
Tca2 121533695
Thermotoga Tsp3 170288513
Tsp2 170287895
Treponema denticola Tdel 42526710
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Table 9, continued

Tde2 42526861
unidentified eubacterium Orf8 149371576
Orf9 149369988
Verrucomicrobium spinosum Vsp2 171913319
Vspl 171914172
Victivallis vadensis Vva2 281357083
Vval 281355335
Vva3 281356907
Xylella fastidiosa Dixon Xfal 71275123
Xfa2 71274880
Table 10. Paralogues observed in cluster 2 of the MPE family.
Organism Homolouges | Cluster GI number
Clostridium spiroforme Cspl 169350939
Csp4 169349789
Erysipelothrix rhusiopathiae Erhl 323341738
Erh2 323342240
Eubacterium dolichum Edo3 160915795
Edol 160913555
Gemella haemolysans Ghal 241889569
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Table 10, continued

Gha2 51241888881

Listeria monocytogenes Lmol 2| 16804725

Lmo3 51 16804465

Lmo4 51 16804724

Table 11. Paralogues observed in Cluster 3 of the MPE family.

Organism Homologues | Cluster GI number
Acetivibrio cellulolyticus Acel 366165597
Ace?2 366166626
Acidimicrobium ferrooxidans Afe2 256371790
Afe3 256371744
Alkaliphilus metalliredigens Amel 150388174
Ame2 150389358
butyrate-producing bacterium Orf7 291563161
Orf6 291563264
Candidatus Solibacter usitatus Sus2 116626558
Sus3 116622382
Clostridium lentocellum Cle2 326791461
Cle3 326790417
Clostridium perfringens Cpe2 18309332
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Table 11, continued

Cpel 18311118
Coprothermobacter proteolyticus | Cpr2 206895993
Cprl 206895469
Cryptobacterium curtum Ccul 256826781
Ccu2 256827050
Desulfitobacterium hafniense Dhal 89895000
Dha2 89895433
Dha4 89897116
Dha3 89895918
Epulopiscium Espl 168333335
Esp4 168334681
Herpetosiphon aurantiacus Haul 159897974
Hau2 159900553
Oribacterium Ospl 291459275
Osp2 291459005
Ruminococcus Rspl 291544490
Rsp2 291544252
Rsp3 291544235
Thermosinus carboxydivorans Tcal 121533643
Tca2 121533695
Thermus thermophilus Tth2 46199026
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Table 11, continued

Tthl 46199181
Tropheryma whipplei Twhl 28493742
Twh2 28493194
Victivallis vadensis Vva2 281357083
Vval 281355335
Vva3 281356907
Table 12. Paralogues observed in Cluster 4 of the MPE family.
Organism Homolouges | Cluster GI number
Acetivibrio cellulolyticus Acel 366165597
Ace?2 366166626
Acidimicrobium ferrooxidans Afe2 256371790
Afe3 256371744
Afed 256372026
Alicyclobacillus acidocaldarius Aac?2 258511024
Aacl 258511027
Alistipes putredinis Apul 167752865
Apu2 167753023
Candidatus Kuenenia
stuttgartiensis Kstl 91200084
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Table 12, continued

Kst2 91203000
Candidatus Pelagibacter ubique | Pub2 91762844
Publ 91762876
Coprothermobacter proteolyticus | Cpr2 206895993
Cprl 206895469
Cryptobacterium curtum Ccul 256826781
Ccu2 256827050
Cytophaga hutchinsonii Chu2 110639123
Chul 110639676
Desulfitobacterium hafniense Dhal 89895000
Dha2 89895433
Dha4 89897116
Dha3 89895918
Desulfovibrio vulgaris Dvu3 218886059
Dvu4 218887909
Dvu2 46580909
Dvul 46579198
Dictyoglomus thermophilum Dthl 206901982
Dth2 206901820
Elusimicrobium minutum Emi2 187251656
Emil 187251782
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Table 12, continued

Finegoldia magna Fma?2 169824313
Fmal 169824414
Fluviicola taffensis Fta2 327404200
Ftal 327403876
Frankia Fsp4 288920836
Fsp5 288918399
Fusobacterium nucleatum Fnul 19704362
Fnu3 19703394
Gemmatimonas aurantiaca Gaul 226226833
Gau2 226227163
Halanaerobium praevalens Hprl 309388992
Hpr2 309389486
Helicobacter pylori Hpy2 15645363
Hpy3 15646167
Herpetosiphon aurantiacus Haul 159897974
Hau2 159900553
Holophaga foetida Hfol 373487374
Hfo2 373485978
Hydrogenobaculum Hspl 195952592
Hsp2 195953480
Leptospirillum ferrodiazotrophum | Lfe2 251772198
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Table 12, continued

Lfel 251771498
Microscilla marina Mmal 124009922
Mma2 124006885
Pedosphaera parvula Ppa3 223937421
Ppal 223936565
Persephonella marina Pmal 225850178
Pma6 225849617
Petrotoga mobilis Pmol 160903089
Pmo2 160902814
Pyramidobacter piscolens Ppil 282857428
Ppi2 282857258
Salinibacter ruber Srul 83814197
Sru2 83814857
Synechococcus elongatus Sel2 81299135
Sell 81299913
Thermodesulfobium narugense Tnal 332295507
Tna2 332295530
Thermotoga Tsp3 170288513
Tsp2 170287895
Thermus thermophilus Tth2 46199026
Tthl 46199181
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Table 12, continued

Treponema denticola Tdel 42526710
Tde2 42526861
unidentified eubacterium Orf8 149371576
Orf9 149369988
Verrucomicrobium spinosum Vsp2 171913319
Vspl 171914172
Victivallis vadensis Vva2 281357083
Vval 281355335
Vva3 281356907
Xylella fastidiosa Xfal 71275123
Xfa2 71274880
Table 13. Paralogues observed in Cluster 5 of the MPE family.
Organism Homologues | Cluster GI number
Bacillus clausii Bell 56964563
Bcel2 56965579
butyrate-producing bacterium Orf7 291563161
Orf6 291563264
Clostridium perfringens Cpe2 18309332
Cpel 18311118
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Table 13, continued

Clostridium spiroforme Cspl 169350939
Csp4 169349789
Epulopiscium Esp3 168333727
Espl 168333335
Esp4 168334681
Erysipelothrix rhusiopathiae Erhl 323341738
Erh2 323342240
Eubacterium dolichum Edo3 160915795
Edol 160913555
Edo2 160914748
Eubacterium saphenum Esal 255994321
Esa2 255994114
Filifactor alocis Fall 374307642
Fal2 374307398
Fusobacterium nucleatum Fnul 19704362
Fnu3 19703394
Gemella haemolysans Ghal 241889569
Gha2 241888881
Listeria monocytogenes Lmo5 16804725
Lmo2 16802465
Lmol 16804465
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Table 13 continue

Lmo4 16804724
Pseudoflavonifractor capillosus Pca2 154500747
Pcal 154500215
Ruminococcus Rspl 291544490
Rsp2 291544252
Rsp3 291544235
Subdoligranulum variabile Sva2 261367513
Sval 261366552
Table 14. Paralogues observed in Cluster 7 of the MPE family.
Organism Homologues | Cluster GI number
Acidimicrobium ferrooxidans | Afe2 256371790
Afe3 256371744
Afed 256372026
Frankia Fsp4 288920836
Fsp5 288918399
Helicobacter pylori Hpy2 15645363
Hpy3 15646167
Pyramidobacter piscolens Ppil 282857428
Ppi2 282857258
Tropheryma whipplei Twhl 28493742
Twh2 28493194
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Table 15. Obvious horizontal gene transfer (CaCA family)

90

Cluster 1

Proteins Organisms Recipients Sources

Zmal Zea Viridiplantae Fungi

Mbal Methanosarcina Archaea Bacteria

Cluster 4

Hvul Hordeum Viridiplantae Metazoa

Cluster 5

Mpul Micromonas Viridiplantae Metazoa

Mspl Micromonas Viridiplantae Metazoa

Mmal Microscilla Bacteria Eukaryota

Ppal Plesiocysti Bacteria Eukaryota
Cluster 6

Tonl Thermococcus Archaea Bacteria

Htul Haloterrigena Archaea Bacteria

Orf7 Crenarchaeote Archaea Bacteria

Dgil Desulfovibrio 6-proteobacteria y-proteobacteria
Ppal Plesiocystis 6-proteobacteria y-proteobacteria

Table 16. Paralogues within and between each cluster of the CaCA family

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Cluster 1 6 3 2 1 2 0
Cluster 2 0 0 0 0 0
Cluster 3 0 0 0 0
Cluster 4 6 10 0
Cluster 5 14 0
Cluster 6 )
Table 17. Paralogues within and between each cluster of the MPE family

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7
Cluster 1 1 8 30 8 0 1
Cluster 2 0 0 0 4 0 0
Cluster 3 3 7 4 0 1
Cluster 4 0 1 0 3
Cluster 5 1 0 0
Cluster 6 0 0
Cluster 7 0
Table 18. Obvious horizontal gene transfer (MPE family)
Cluster 2
Proteins Organism Recipients Sources
Hcol Haloplasma Haloplasmataceae Firmicutes
Cluster 5
Fspl Fusobacterium Fusobacteria Firmicutes
Fnul Fusobacterium Fusobacteria Firmicutes
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Table 19. Characteristic of phylogenetic clusters from the CaCA family

CaCA Average Topology Extra Extra Extra Dominate
protein residues in | residues in residues in | organismal
size the N- the middle the C- types

terminus terminus

Cluster 1 450+86 11 TMSs 33% 11% 5% Bacteria +

Fungi

Cluster 2 996+226 13 TMSs 55% 12% 5% Fungi

Cluster 3 380+19 11 TMSs 9% 18% 5% Bacteria

Cluster 4 896+67 10 TMSs 17% 52% 1% Metazoans

Cluster 5 644+183 10 TMSs 37% 35% 6% Metazoans

Cluster 6 334+25 10 TMSs 1% 1% 1% Bacteria

Table 20. Characteristic of phylogenetic clusters from the MPE family

MPE Average Protein Size Topology Dominate Organismal
Types
Cluster 1 39126 10 TMSs Diverse Organism
Cluster 2 401+20 10 TMSs Firmicutes
Cluster 3 463+127 10 TMSs Firmicutes+
Actinobacteria
Cluster 4 38322 10 TMSs Diverse Organism
Cluster 5 389+18 10 TMSs Firmicutes
Cluster 6 431+78 9 TMSs Planctomycetes
a-proteobacteria
Cluster 7 451+120 10 TMSs Firmicutes

Table 21. Comparison scores between superfamilies expressed in standard deviations.

MPE RND CDF APC DMT TDT

CaCA

MPE

RND

CDF

APC

DMT

12

12 11 13
11 13 12
12 11

13

11 10
11 11
10 13
11 11
14 15

12




Table 22. Comparison scores between potential repeats of 2, 3, 4, 5 TMSs of MPE
family proteins
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Figurel. Protein tree of 275 CaCA family homologues based on the multiple alignment
generated with ClustalX, and drawn using TreeView or FigTree. The Tree is divided into
6 clusters as indicated (1-6).



Figure 2. Protein tree for 50 homologues in Cluster 1 of the CaCA family. Cluster 1 is
sub-divided into 10 sub-clusters as indicated (1-10).
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Figure 3. Protein tree for 35 homologues in Cluster 2 of the CaCA family. Cluster 2 is
sub-divided into 9 sub-clusters as indicated (1-9).
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Figure 4. Protein tree for 30 homologues in Cluster 3 of the CaCA family. Cluster 3 is
sub-divided into 14 sub-clusters as indicated (1-14).



Figure 5. Protein tree for 26 homologues in Cluster 4 of the CaCA family. Cluster 4 is
sub-divided into 6 sub-clusters as indicated (1-6).
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Figure 6. Protein tree for 71 homologues in Cluster 5 of the CaCA family. Cluster 5 is
sub-divided into 9 sub-clusters as indicated (1-9).
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Figure 7. Protein tree for 46 homologues in Cluster 6 of the CaCA family. Cluster 6 is
sub-divided into 9 sub-clusters as indicated (1-9).
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Figure 8. Protein tree for 361 MPE family homologues based on the multiple alignment
generated with ClustalX, and drawn using FigTree. The Tree is divided into 7 clusters as
indicated (1-7).
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Figure 9. Protein tree for 129 homologues in Cluster 1 of the MPE family. Cluster 1 is
sub-divided into 7 sub-clusters as indicated (1-7), and sub-cluster 1 is further sub-sub-
divided into 3 sub-sub-clusters as indicated (1a-1c).
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Figure 10. Protein tree for 23 homologues in Cluster 2 of the MPE family. Cluster 2 is
sub-divided into 2 sub-clusters as indicated (1-2).



103

Figure 11. Protein tree for 70 homologues in Cluster 3 of the MPE family. Cluster 3 is
sub-divided into 8 sub-clusters as indicated (1-8).
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Figure 12. Protein tree for 65 homologues in Cluster 4 of the MPE family. Cluster 4 is
sub-divided into 6 sub-clusters as indicated (1-6).
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Figure 13. Protein tree for 34 homologues in Cluster 5 of the MPE family. Cluster 5 is
sub-divided into 10 sub-clusters as indicated (1-10).
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Figure 14. Protein tree for 19 homologues in Cluster 7 of the MPE family. Cluster 7 is
sub-divided into 11 sub-clusters as indicated (1-11).
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Figure 15. Phylogenetic tree of 16S rRNAs from all genuses from which CaCA family

homologues included in study were derived. The genus is indicated in small print inside
of the pluylum backets while the phylum/kingdom is indicated in large print outside of

the phylum brackets.



108

Proteabacteria . proteabacteria

a-Proteabacteria
e-Proteabacteria

\
LGt
e
Cyanobacteria RN

Bacteroidetes

Firmicutes

Actinobacteria

Thermotoga Deinococcus-
S Themus
0.02

Figure 16. Phylogenetic tree of 16S rRNAs from all genuses from which MPE family
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the phylum brackets.



109
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Figure 17. The AveHAS plots for all homologues of the CaCA family included in this
study. The 11 hydrophobic peaks are numbered 1-11.
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Figure 18. The AveHAS plots for homologues in Cluster 1 of the CaCA family shows 11
hydrophobic peaks are numbered 1-11.
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Figure 19. The AveHAS plots for homologues in Cluster 2 of the CaCA family shows 13
hydrophobic peaks as numbered 1-13.
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Figure 20. The AveHAS plots for homologues in Cluster 3 of the CaCA family shows 11
hydrophobic peaks as numbered 1-11.
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Figure 21. The AveHAS plots for homologues in Cluster 4 of the CaCA family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 22. The AveHAS plots for homologues in Cluster 5 of the CaCA family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 23. The AveHAS plots for homologues in Cluster 6 of the CaCA family shows 10

hydrophobic peaks as numbered 1-10.

. , 23 567 h 910
i ) AW o A\
N N e
A I VY f
N LA Yol | :
! ¥ | \ J |
} p ‘,‘ P M :‘ \f | {
§ ] A f ‘v-,‘n\‘ | N | ¥
Aot ) TN ! / | f
\ o o W /
i L
|
|
2

\ I Y IS
100 200 300 E

Position

Figure 24. The AveHAS plots for all homol
study shows 10 hydrophobic peaks as numbered 1-10.
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Figure 25. The AveHAS plots for homologues in Cluster 1 of the MPE family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 26. The AveHAS plots for homologues in Cluster 2 of the MPE family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 27. The AveHAS plots for homologues in Cluster 3 of the MPE family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 28. The AveHAS plot for homologues in Cluster 4 of the MPE family shows 10
hydrophobic peaks as numbered 1-10.



fo’llj]‘-Z-ph‘ibllw?l'y
1 s Similarity = -
; 56 r7 h]
2 I‘l\ B 3h r.l \‘| " |
| ‘ | H I “| [l rv ‘ 9 10
N (IR i
‘f L‘ ‘\ !‘4‘ { \‘ 4 ‘[ L"H'I‘ \ “ | ‘\l NM h
1 | | N
BTV IOP A N Y i
P kw1 | ’ |
MUA ufH | L Ui
2 |].,,1‘_.|‘.,|‘,"\‘v“_”"\ﬁ,ﬂv]_l “““““ W“"I‘J"I'I-H»‘H‘ ____ o
g T M ( L ‘
Lo " W . |
| | Y. r
ﬁ' " || 4y [ A
. vl\‘”l"' JII‘ \ i |\
\” \u V I “
| 4
\
2k \ |
J"j “ N
i |
A \ﬂ. |
WY
l
T 20 3m 400 500

Position

114

Figure 29. The AveHAS plot for homologues in Cluster 5 of the MPE family shows 10

hydrophobic peaks as numbered 1-10.
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Figure 30. The AveHAS plot for homologues in Cluster 6 of the MPE family shows 9

hydrophobic peaks as numbered 1-9.
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Figure 31. The AveHAS plot for homologues in Cluster 7 of the MPE family shows 10
hydrophobic peaks as numbered 1-10.
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Figure 32. TMSs 2-6 of Dacl (gi: 328954050) aligned with TMSs 7-11 of Crel (gi:
212374355), both of the CaCA family, with 23.0 % identity, 39.6% similarity and a

comparison score of 12 S.D.
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Figure 33. TMSs 3-13 of Mlal (gi: 328858470) aligned with TMSs 1-11 of Dacl (gi: gi:

328954050), both of the CaCA family, with 13.0 % identity, 25.0% similarity and a

comparison score of 31 S.D.
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Ppal 45 LIVGLGTSAPEMLVSAMAALDGSGGIALGNAVGSNITNIGLVLGVSALIK 94

TR I R T T T1-:--11-
Mth1 51 TIVAIGTSLPELAASVISALKNEHDIAVGNILGSNIFNIVAVLAMPGLIA 100

Ppal 95 PIRLHRDVVRREIPVVLLITFGVVLLL -VDWQLRPVDGAILVATLILFLV 143

lecaanalte |2a]etantaa [2a]as saa|alanaa|atlaa]|laansns
Mth1 101 PSDTDPLLLYRDFPFMAGLAIGLYLFARFSSQGRIGRFAGVLMLLVYIGY 150

Ppal 144 RAIRSGRDSEEVEDEAE 160

Mth1 151 NGLLAYQNTPGLS--—-- 163

Figure 34. TMSs 1-5 of Ppal (gi: 149925192) aligned with TMSs 6-10 of Mth1 (gi:
254490075), both of the CaCA family, with 28.7% identity, 48.5% similarity and a
comparison score of 18 S.D.
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Figure 35. TMSs 2-3 of Ada5 (gi: 312381030) aligned with TMSs 4-5 of Dps6 (gi:
198467881), both of the CaCA family, with 30.8% identity, 63.5% similarity, and a
comparison score of 15 S.D.

Adas 1 ———-SAGLEYSAISLLSTLLMLYIAFSLNKFKLDRRVGNACLIMYAVFLI 46
Hmaz 1 TEVOSVGHLVSSEIIE ISV TETLARERYANYVL DK TOYaMLSoYAVELY 50
Ada5 47 LASLIELNVFFRSSSF———- 62
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Figure 36. TMSs 7-8 of Ada5 (gi: 312381030) aligned with TMSs 9-10 of Hma2 (gi:
221122333), both of the CaCA family, with 25.7% identity, 48.6% similarity and a
comparison score of 11 S.D.
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Figure 36. TMSs 2-3 of Nsa2 (gi: 319957313) aligned with TMSs 4-5 of Mtu2 (gi:
289760114), both of the MPE family, with 39.6% identity, 47.9% similarity and a
comparison score of 11S.D.( See Table 22)

PIFAVIGEELGFVGIIVVLSVLLFVSLRAI...RLGNLCIAIDKAFEGYLAYSIGIWICFQTVVNV. .GASIGM. LPTKGLTLPFISYGGSSLWVMTAAAMILI]

Figure 38. TMSs 3-5 and 8-10 of Aex2 of the CaCA family (gi: 315498735; 10 TMSs)
aligned with TMSs 3-5 and 8-10 of Shbel of the MPE family (gi: 163751823; 10 TMSs),
respectively with a comparison score of 12 S.D.
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Figure 39. TMSs 1-5 of a CDF family protein (gi: 21242070; 6 TMSs) aligned with
TMSs 11-15 of a CaCA family protein (gi: 320036119; 15 TMSs) with a comparison
score of 11 S.D.
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Figure 40. TMSs 1-4 of Asp14 of the CDF family (gi: 359428766; 6 TMSs) aligned with
TMSs 2-5 of Dhal0 of the MPE family (gi: 361855429; 10 TMSs) with a comparison
score of 13 S.D.
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Figure 41. TMSs 2-5 of Dfal of the AAAP family (gi: 328875879; 11 TMSs) aligned
with TMSs 1-4 of Bju4 of the CDF family (gi: 32274627; 6 TMSs) with a comparison
score of 13 S.D.
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Figure 42. TMSs 3-6 of Cpsl1 of the CDF family (gi: 71279891; 6 TMSs) aligned with
TMSs 7-10 of Pnel of the DMT family (gi: 145589545; 10 TMSs) with a comparison
score of 11 S.D.
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Figure 43. TMSs 1-5 of Lsm1 of the TDT family (gi: 312216773; 10 TMSs) aligned with
TMSs 2-6 of Rltl of the CDF family (gi: 309778699; 6 TMSs) with a comparison score
of 11 S.D.
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Figure 44. TMSs 1-4 of Etb1 of the CDF family (gi: 146313689; 5 TMSs) aligned with
TMSs 9-12 of Msz1 of the RND family (gi: 336477699; 12 TMSs) with a comparison
score of 12 S.D.
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Figure 45. TMSs 9-10 of Min2 (gi: 254821662) aligned with TMSs 11-12 of Aful (gi:
11498828), both of the RND family with 31.6% identity, 42.1% similarity and a
comparison score of 10 S.D.
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Figure 46. TMSs 3-6 of a CaCA family protein (gi: 281347334; 11 TMSs) aligning with
TMSs 3-6 of an RND family protein (gi: 187927409; 12 TMSs) with a comparison score
of 12 S.D.
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Figure 47. TMSs 2-8 of Ppal0 of the CaCA family (gi: 168052695; 10 TMSs) aligned
with TMSs 2-8 of Ropl of the AAAP family (gi: 167999963; 11 TMSs) with a
comparison score of 13 S.D.
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Figure 48. TMSs 6-10 of GlcU of the DMT family (gi: 73661966; 10 TMSs) aligned
with TMSs 6-10 of Ptcl of the CaCA family (gi: 224131110; 10 TMSs) with a

comparison score of 11 S.D.
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Figure 49. TMSs 7-10 of Slp1 of the CaCA family (gi: 115709819; 10 TMSs) aligned
with TMSs 7-10 of Ntfl of the TDT family (gi: 119484216; 10 TMSs) with a comparison
score of 10 S.D.
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Figure 50. TMSs 3-6 of Ntf2 of the RND family (gi: 254787166; 12 TMSs) aligned with
TMSs 2-5 of Etb2 of the MPE family (gi: 149186203; 10 TMSs) with a comparison score
of 11 S.D.
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Figure 51. TMSs 1-3 of Vms| of the MPE family (gi: 171914172; 10 TMSs) aligned
with TMSs 1-3 of Lbh1 of the DMT family (gi: 161506918; 10 TMSs) with a comparison
score of 11 S.D.
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Figure 52. TMSs 1-6 of Vatl of the MPE family (gi: 91228513; 10 TMSs) aligned with
TMSs 1-6 of Arbl of the TDT family (gi: 116662088; 10 TMSs) with a comparison score
of 11 S.D.
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Figure 53. TMSs 7-10 of Rerl of the TDT family (gi: 226305474; 10 TMSs) aligned
with TMSs 3-6 of Ttu2 of the RND family (gi: 254787166; 12 TMSs) with a comparison
score of 13 S.D.
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Figure 54. TMSs 8-12 of Cotl of the RND family (gi: 344923545; 12 TMSs) aligned
with TMSs 6-10 of Ptm1 of the DMT family (gi: 359436732; 10 TMSs) with a
comparison score of 10 S.D.
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Figure 55. TMSs 7-10 of Afl15 of the AAAP family (gi: 238507023; 10 TMSs) aligned
with TMSs 7-10 of Ami2 of the DMT family (gi: 223042098; 10 TMSs) with a
comparison score of 14 S.D.
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Figure 56. TMSs 2-6 of Ylt1 of the TDT family (gi: 50553858; 10 TMSs) aligned with

TMSs 2-6 of Rem1 of the DMT family (gi: 255581410; 10 TMSs) with a comparison
score of 12 S.D.
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Figure 57. TMSs 1-7 of Cmi2 of the TDT family (gi: 346321507; 10 TMSs) aligned with
TMSs 1-7 of Hvu2 of the AAAP family (gi: 326519116; 11 TMSs) with a comparison
score of 15 S.D.
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Figure 58. TMSs 4-6 of Plel of the RND family (gi: 330446251; 12 TMSs) aligned with
TMSs 8-10 of Ggr3 of the AAAP family (gi: 310799985; 11 TMSs) with a comparison
score of 11 S.D.
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Figure 59. TMSs 7-10 of Afu3 of the AAAP family (gi: 146324801; 11 TMSs) aligned
with TMSs 7-10 of Asp17 of the MPE family (gi: 320093976; 10 TMSs) with a
comparison score of 12 S.D.
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Figure 60. TMSs 2-5 of Dfal of the AAAP family (gi: 328874879; 11 TMSs) aligned
with TMSs 1-4 of Bju4 of the CDF family (gi: 32274627; 6 TMSs) with a comparison
score of 13 S.D.
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Figure 61. TMSs 3-5 of Cpsl1 of the CDF family (gi: 71279891; 6 TMSs) aligned with
TMSs 7-10 of Pnel of the DMT family (gi: 145589545; 10 TMSs) with a comparison
score of 11 S.D.
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Figure 62. Proposed evolutionary pathways for CaCA family proteins.
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