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Abstract

Transport proteins function in the translocation of ions, sol-
utes and macromolecules across cellular and organellar
membranes. These integral membrane proteins fall into
>600 families as tabulated in the Transporter Classification
Database (www.tcdb.org). Recent studies, some of which are
reported here, define distant phylogenetic relationships be-
tween families with the creation of superfamilies. Several of
these are analyzed using a novel set of programs designed
to allow reliable prediction of phylogenetic trees when se-
quence divergence is too great to allow the use of multiple
alignments. These new programs, called SuperfamilyTreel
and 2 (SFT1 and 2), allow display of protein and family rela-
tionships, respectively, based on thousands of comparative
BLAST scores rather than multiple alignments. Superfamilies
analyzed include: (1) Aerolysins, (2) RTX Toxins, (3) Defensins,
(4) lon Transporters, (5) Bile/Arsenite/Riboflavin Transport-
ers, (6) Cation:Proton Antiporters, and (7) the Glucose/Fruc-
tose/Lactose superfamily within the prokaryotic phospho-
enol pyruvate-dependent Phosphotransferase System. In

addition to defining the phylogenetic relationships of the
proteins and families within these seven superfamilies, evi-
dence is provided showing that the SFT programs outper-
form programs that are based on multiple alignments when-
ever sequence divergence of superfamily members is exten-
sive. The SFT programs should be applicable to virtually any
superfamily of proteins or nucleic acids.
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Introduction

Phylogenetic programs can help us visualize the rela-
tionships of transport proteins belonging to the same
superfamily (sharing a common evolutionary ancestor).
There are several methods currently available that mea-
sure the evolutionary divergence amongst related pro-
teins using different algorithms and techniques. Prior to
the development of the SuperfamilyTree (SFT) programs,
these methods relied on multiple alignments to properly
determine the relationships within a superfamily. How-
ever, when proteins within a superfamily are too distant-
ly related to one another, they will not align properly, and
as a result, a reliable and accurate phylogenetic tree will
not be generated [Ogdenw and Rosenberg, 2006]. The
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SET programs use thousands of BLAST bit scores instead
of multiple alignments, thus avoiding the pitfalls often
encountered when determining phylogeny for distantly
related proteins [Yen et al., 2009, 2010].

In this paper, we compare the SFT1 and 2 programs
with various programs used to derive phylogenetic trees
based on multiple alignments. The superfamilies ana-
lyzed include three pore-forming toxin superfamilies [(1)
Aerolysin, (2) RTX toxin and (3) Defensin superfamilies],
three secondary carrier superfamilies [(4) Ion Trans-
porters, IT, (5) Bile/Arsenite/Riboflavin Transporters,
BART, and (6) Cation:Proton Antiporters, CPA, super-
families] and a single group translocating superfamily,
the (7) Phosphotransferase System (PTS-GFL) super-
family (see Transporter Classification Database, TCDB;
www.tcdb.org). We show that whenever members of a
superfamily are sufficiently close in sequence, trees
derived by methods based on multiple alignments or
BLAST bit scores give excellent agreement. However,
when sequences are too divergent to allow construction
of reliable multiple alignments, the SFT programs out-
perform all others. The work reported here provides a
more detailed comparative analysis of the applicability
of these programs to phylogenetic tree construction. It
also reveals, for the first time, the phylogenetic relation-
ships of the proteins and families that comprise these
seven superfamilies. The results (a) substantiated prede-
termined family assignments in TCDB, (b) allowed us to
correct a few errors in these assignments and (c) verified
the utility of these programs as applied to a wide variety
of proteins and nucleic acid homologues. Their use in
both functional prediction and consideration of the bio-
logical/historical relationships of the members of each
superfamily are discussed.

Methods

Using the TCDB database [Saier et al., 2006, 2009], we can
generate a temporary database file containing proteins that de-
fine all members within our superfamily of interest. This data-
base file is used to define the criteria for superfamily definition
and how that superfamily would later be broken down into fam-
ilies or subfamilies. The division of proteins into superfamilies,
families, and subfamilies was conducted according to assign-
ments in TCDB.

Multiple Alignment Methods

In previous publications, we compared multiple programs de-
signed to establish homology and derive multiple alignment-
based phylogenetic trees [Matias et al., 2010; Wang et al., 2009;
Young et al., 1999]. Only some of these programs were used in the
present comparative analyses.
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For neighbor-joining [Gascuel and Steel, 2006; Saitou and Nei,
1987], parsimony [Felsenstein, 1996; Kolaczkowski and Thorn-
ton, 2004], and Bayesian methods [Huelsenbeck et al., 2008], the
resulting database was used to create a multiple alignment. In the
neighbor-joining method, the multiple alignment was used to
generate a neighbor-join phylogenetic tree using the ClustalX
program [Thompson et al.,, 1997]. The resulting file was then
viewed as a radial phylogenetic tree using the Tree View (TV) pro-
gram [Zhai et al., 2002].

In the parsimony method, the multiple alignment was used to
create a PHYLIP file [Felsenstein, 2004]. Then the program
ProtPars (http://evolution.genetics.washington.edu/phylip/doc/
protpars.html) was used to generate 100 parsimony trees, which
were then consolidated in to a single consensus tree. This tree was
then viewed as a radial tree using the TV program.

In the Bayesian method, the multiple alignment was used to
create a NEXUS file [Maddison et al., 1997]. Then the program,
MrBayes [Huelsenbeck and Ronquist, 2001], was used to generate
a Bayesian tree. The resulting tree was then viewed as a radial
phylogenetic tree using the TV program.

SFT Methods

The SFT programs were designed to provide reliable phyloge-
netic data for distantly related homologues, particularly when se-
quence divergence is too great to allow construction of accurate
multiple alignments. Family assignments in TCDB were based on
proof of homology using rigorous statistical approaches as de-
scribed in Saier et al. [2009]. The SFT programs provide confir-
mation of these assignments and go further to define the relation-
ships of the proteins (SFT1) and family or subfamilies (SFT2)
within superfamilies. This had never been possible before.

For the SFT methods, temporary databases, generated from
TCDB, were used for rapid sequence similarity searches. Using
these databases, we used PSI-BLAST [Altschul et al., 1990, 1997]
to search the NCBI protein database and matched up potential
members for each family. BLAST hits were then classified and
sorted into respective families and subfamilies. This approach
differs from that described previously in Yen et al. [2009, 2010] by
streamlining the procedures of operation automating data entry
and stabilizing the operating sequence.

The resulting database files were then used to generate a phy-
logenetic tree using the SFT1 program by generating comparative
BLAST bit score matrices of the superfamily through 100 repeat
shuffles. The programs, Fitch and Consense [Fitch and Margo-
liash, 1967] (http://evolution.genetics.washington.edu/phylip/
doc/protpars.html), utilized the matrix information to generate
100 phylogenetic trees and consolidate those trees into a single
consensus tree. The resulting SFT1 tree shows the relative phylo-
genetic positions of all members of the families within the super-
family. The information from the SFT1 program is then used to
combine sequences in each of the constituent families into a single
file. The same programs and methods are applied to the newly
formed database files to generate an SFT2 tree. These trees are
viewed as radial phylogenetic trees using the TV program [Zhai
et al., 2002]. The procedures used are described in a step-by-step
fashion on our online Wiki (web address: http://132.239.144.24/
?p=78). These programs can be downloaded from TCDB’s Bio-
tools section and installed following directions found on the SFT
Wiki webpage.
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Results

The Aerolysin Superfamily

The Aerolysin superfamily [lacovache et al., 2008]
consists of seven families in TCDB, several of which were
not known to be related prior to these studies. We have
established (unpubl. results) that six of these families are
related using standard criteria as described in earlier pa-
pers [Chang et al., 2004; Matias et al., 2010; Povolotsky et
al., 2010; Saier, 1994; Saier et al., 2009; Wang et al., 2009].
The six families are the a-hemolysins (¢HL, TC# 1.C.3),
aerolysins (TC# 1.C.4), e-toxins (TC# 1.C.5), cytotoxins
(Ctx, TC# 1.C.13), cytohemolysins (CHL, TC# 1.C.14),
and crystal proteins (Cry, 1.C.78). Additionally, we have
evidence that the Lysenin family (TC# 1.C.43) is distant-
ly related (unpubl. results).

Similar to Yen et al. [2010], we constructed phyloge-
netic trees using four programs as shown in figure 1.
Figure la shows the tree based on a ClustalX program-
generated multiple alignment using the TV program
(neighbor-joining). Figure 1b shows a tree, also using
a ClustalX-generated multiple alignment and TV, but
based on the ProtPars program (Phylip package, parsi-
mony). Figure 1c shows a tree based on the SFT1 pro-
gram, and figure 1d shows a consensus tree based on the
SFT2 program. The results show that the SFT1 and SFT2
programs are superior to classical programs based on
multiple alignments when sequence-divergent proteins
are compared as described below.

As shown in the ClustalX-based neighbor-joining tree
(tig. 1a), many of the family members segregate into the
expected families according to assignments in TCDB.
However, the large aerolysin family and the smaller Cry
family within this superfamily are not cohesive. The four
major branches of the aerolysin family all stem from dif-
ferent points near the center of the tree, and the 3 mem-
bers of the Cry family form two different clusters. No ob-
vious relationships between these clusters were apparent.

In the parsimony tree (fig. 1b), we also observed that
members of the aerolysin family are distributed on four
different branches, but the protein cluster memberships
differ significantly from those in figure la. Additionally,
the four members of the e-toxin family are separated
from each other, present on three different branches, and
these are separated from each other by Cry family mem-
bers. The results clearly suggest that these two programs
were not capable of detecting the correct phylogenetic re-
lationships.

These results should be contrasted with those shown
in figure 1c and d, obtained using the SFT1 and SFT2
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programs, respectively. In figure 1c, each family forms a
distinct cluster. Thus, all aerolysin family members are
present on a single branch (lower left-hand side) and the
e-toxin family forms a single coherent cluster (lower
right-hand side). The single Ctx family member included
in this study appears to be the most closely related to the
aerolysins as also indicated in the SFT2 tree (see below).
Members of other large families (e.g. the oHL family)
also cluster together. While this is sometimes true of the
figure la and b trees, the clustering pattern of the mem-
bers are not always the same. Remaining families are not
large enough to make similar comparisons.

Figure 1d shows the relationships of the different fam-
ilies to each other. The bacterial aHL and CHL families
cluster together on this tree, in agreement with the pat-
terns shown in figure 1la and ¢ but not b. Additionally, the
bacterial Ctx family and the ubiquitous aerolysin family
cluster together as expected from figure Ic, but this rela-
tionship cannot be deduced from figure 1la or b. Finally,
the Cry and e-toxin families form a cluster in figure 1c
and d, but not in figure 1a or b. These results clearly dem-
onstrate the superiority of the SFT programs over classi-
cal multiple alignment-based programs.

The RTX Toxin Superfamily

The RTX toxin superfamily consists of three currently
recognized families, all derived from bacteria. These
families include: RTX (TC# 1.C.11), HrpZ (TC# 1.C.56),
and CCT (TC# 1.C.57). These three families include
pore-forming exotoxins possessing multiple domains ca-
pable of insertion into the membranes of target species
[Davies et al., 2001, 2002; Genisyuerek et al., 2011; Lee et
al., 2001; Reineke et al., 2007]. We established in figures
SIA-C and figures S2A-C (web address: http:/www.
biology.ucsd.edu/~msaier/supmat/SFT/) that these three
families were related using standard criteria as described
in earlier papers [Chang et al., 2004; Matias et al., 2010;
Povolotsky et al., 2010; Saier, 1994; Saier et al., 2009;
Wang et al., 2009].

Figure 2 shows phylogenetic trees for TC members of
this superfamily determined using three programs, (a)
ClustalX (Neighbor-Joining), (b) MrBayes (Bayesian),
and (c) SFT1. In all three trees, some degree of family in-
termixing was observed, but depending on the program,
the nature of this intermixing differed. For example, in
figure 2, the single HrpZ family member (TC# 1.C.56.1.1)
clusters loosely with the RTX family (TC# 1.C.11). In fig-
ure 2a and ¢, CCT family members cluster together sepa-
rately from the other proteins, but in figure 2b, CCT
members can be found on two distinct branches.
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Fig. 1. Phylogenetic (Fitch) trees for the Aerolysin superfamily us-
ing the proteins in TCDB as of February 2011. Four different
methods of tree construction were used: ClustalX-based neigh-
bor-joining (a), ProtPars-based parsimony (b), the BLAST-de-
rived SFT1 program results showing all Aerolysin superfamily
members (c), and the SFT2-based tree showing all Aerolysin su-

We compared two proteins, gi547678 from the HrpZ
family and gi73853298 from the RTX toxin family. After
identifying the hydrophobic transmembrane regions, we
compared residues 18-370 of the RTX toxin homologue
with residues 1-347 of the HrpZ homologue. This com-
parison yielded a GAP score of 12.3 standard deviations
with 34.2% identity and 25.8% similarity (fig. S2, see web
address above). These scores are sufficient to establish ho-
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perfamily families (d). a-c Numbers indicate the protein TC#s
(last two digits of the complete TC#). d Family abbreviations are
presented with TC family numbers in parenthesis. b-d Small
numbers adjacent to the branches represent the ‘bootstrap’ values,
indicating the reliability of the branching order. See TCDB for
protein identification.

mology between the two families. This high degree of
similarity explains the observed intermixing between
members of RTX and HrpZ in all three phylogenetic
trees.

In summary, the results obtained with the three pro-
grams differed from each other, where figure 2a and ¢
gave more similar phylogenetic relationships and greater
coherence among members of the RTX toxin and CCT
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Fig. 2. Phylogenetic (Fitch) trees for the RTX toxin superfamily
using the proteins in TCDB as of February 2011. Three different
methods of tree construction were used: ClustalX-based neigh-
bor-joining (a), MrBayes-based Bayesian (b), and the BLAST-de-
rived SFT1 program showing all RTX toxin superfamily members

families. Thus, it can be concluded that when proteins are
aligned properly, ClustalX and Bayesian trees show rea-
sonable agreements with the SFT1 tree.

The Defensin Superfamily

The Defensin superfamily consists of four recognized
families of peptide toxins. These small toxins form oligo-
meric pores of variable sizes. Zhu et al. [2005] have de-
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(c). In all three figures, numbers indicate the protein TC#s. Fam-
ily TC#s are indicated within parentheses under the family ab-
breviation. ¢ Small numbers adjacent to the branches represent
the ‘bootstrap’ values, indicating the reliability of the branching
order. See TCDB for protein identification.

scribed this superfamily, noting that in addition to the
pore-forming peptide toxins, some are sweet tasting pro-
teins and others are animal toxins that instead of forming
pores, exert their toxic effects by targeting ion channels.
This superfamily is sometimes referred to as the cysteine-
stabilized af3-superfamily because members exhibit a
single a-helix with an a3-cysteine motif and two C-ter-
minal B-strands [Zhu et al., 2005].
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Fig. 3. Phylogenetic (Fitch) trees for the Defensin superfamily us-
ing the proteins in TCDB as of February 2011. Two different meth-
ods of tree construction were used: ClustalX-based neighbor-
joining (a) and the BLAST-derived SFT1 (b). Both trees show all
Defensin superfamily members. Numbers indicate the protein

The pore-forming defensin families are: (1) the mam-
malian defensins (TC# 1.C.19), (2) the plant defensins
(TC#1.C.45), (3) the fungal/insect defensins (TC# 1.C.47)
and (4) the B-defensins (TC# 1.C.85). This last mentioned
family includes three subfamilies: mammalian pore-
forming toxins, snake venom myotoxins that modify
voltage-sensitive Na* channels and exhibit analgesic ef-
fects, and bird gallinacins that serve as antimicrobial
agents (see TCDB; www.tcdb.org).

Two phylogenetic trees for the defensin superfamily,
generated using (1) a ClustalX-based multiple alignment
with the TV program versus (2) the SFT1 program with
TV, are shown in figure 3a and b, respectively. The pro-
teins in TCDB are included. In addition to these two
trees, two more phylogenetic trees were generated using
ClustalX-based multiple alignments and MrBayes with
TV (Bayesian) as well as the SFT2 program using TV (see
figures S3A and S3B, respectively, at web address given
above).

Interestingly, when the ClustalX and MrBayes trees
were examined, we discovered that both trees separated
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TC#s, while family TC#s are indicated within parentheses under
the family name. b Small numbers adjacent to the branches re-
present the ‘bootstrap’ values, indicating the relative reliability of
the branching order.

one member of the B-defensin family (TC# 1.C.85.1.5)
from all the other members of this family. In the insect/
fungal defensin family (TC# 1.C.47), members were also
separated, but in different ways. In the Bayesian tree, pro-
teins 1.1 through 1.4 cluster together, but 1.5 and 2.1 clus-
ter separately. In the ClustalX tree, the same is true, but
the two latter proteins cluster loosely with one of the plant
defensins (TC# 1.C.45.1.3). Also in this tree, the plant de-
fensins and the insect/fungal defensins cluster loosely to-
gether. In the Bayesian tree, these proteins also cluster
loosely with the mammalian defensins. In both trees,
only the mammalian defensins form a coherent group.
This can be contrasted with the results obtained with the
SFT1 program (fig. 3b). In this tree, each of the four de-
fensin families cluster separately and coherently. The
plant defensins cluster loosely with the insect/fungal de-
fensins, while the B-defensins, derived from various ani-
mals including mammals, cluster loosely with the mam-
malian defensins. It is interesting to note that while the
ClustalX and Bayesian trees did not detect family rela-
tionships, the proteins for which the family relationships
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Fig. 4. Phylogenetic (Fitch) trees for the IT superfamily using the
proteins in TCDB. Three different methods of tree construction
were used: ClustalX-based neighbor-joining (a), the BLAST-de-
rived SFT1 approach showing all IT superfamily members (b),
and the SFT2 approach showing all IT superfamily families (c).

were not correctly depicted are the most distant members
of that family in the SFT1 tree. Once again, these facts
reveal the greater power of the SFT programs to detect
correct distant relationships.

The IT Superfamily

The IT superfamily has been described by Prakash et
al. [2003]. This superfamily consists of 13 families of
known function plus 11 more families of unknown func-
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a, b Numbers indicate the protein TC#s (last two digits of the com-
plete TC#). ¢ Family abbreviations are presented with TC family
numbers in parentheses. b, ¢ Small numbers adjacent to the
branches represent the ‘bootstrap’ values, indicating the reliability
of the branching order. See TCDB for protein identification.

tion. All functionally characterized members of this su-
perfamily transportionic species; not one has been shown
to transport a neutral (non-charged) molecule [Prakash
etal., 2003].

Phylogenetic trees obtained for this superfamily are
depicted in figure 4, where these three trees show the re-
sults of the ClustalX, SFT1 and SFT2 programs, respec-
tively. The ClustalX and SFT1 programs show the posi-
tions of all the proteins within the 24 families of the IT
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superfamily in TCDB, while figure 4c shows the relation-
ships of these families to each other. Interestingly, the IT
superfamily includes members that can function as either
secondary or primary active transporters, e.g. the DASS
family (TC# 2.A.47) includes members that function ex-
clusively as secondary carriers, while the ArsB family
(TC# 2.A.45) can function by either primary or second-
ary active transport depending upon the availability of an
ArsA ATPase [Bhattacharjee, 2000; Castillo and Saier,
2010; Rosen et al., 1995]. In addition, members of the
TRAP-T family, while functioning exclusively as second-
ary active transporters, require the presence of an auxil-
iary 4 TMS membrane protein as well as an extracyto-
plasmic solute-binding receptor [Kelly and Thomas,
2001; Mulligan et al., 2007; Rabus et al., 1999]. Thus, the
IT superfamily includes members that function by differ-
ent mechanisms.

In figure 4a, it is interesting to observe the clustering
patterns of proteins according to their family member-
ships within the ClustalX tree. It can be seen, for example,
that certain families, like members of the DASS family
within the IT superfamily, occur on two branches of the
phylogenetic tree. Members of the LctP family occur on
two different branches; members of the NhaC family oc-
cur on two branches; ArsB family members occur on two
branches, and TRAP-T family members occur on two
distant branches. All other members cluster into their ap-
propriate families as designated in TCDB.

In comparison, it can be seen in the SFT1 tree (fig. 4b)
that nearly all currently recognized proteins within a sin-
gle family cluster tightly together. The DASS family
members are found in two nearby clusters, separated only
by members of the Phol family. This intermixing of fam-
ily members suggests that certain members of the DASS
family are closely related to members of the Phol family.

The configuration of figure 4c, which presents the rel-
ative positions of the 24 families, based on the SFT2 pro-
gram, provides a guide to potential functions of several
of the uncharacterized Unknown IT (UIT) families. For
example, UIT11 clusters together with Lactate and Gly-
colate porters of the LctP family, suggesting that mem-
bers of the UIT11 family may also transport short-chain
monocarboxylates. The CitMHS and Dcu families trans-
port di- and tri-carboxylic acids, and therefore it is not
surprising that they cluster together. Since UIT9 is in-
cluded in the same branch of the tree, one can predict
that members of this family also transport di- and tri-
carboxylates. This suggestion is further supported by the
fact that the next closest functionally characterized fam-
ily within the IT superfamily, DcuC, also transports di-
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carboxylates. Since UIT5 and UIT7 are found on the
same branch as DcuC, one can suggest that all of these
families function in di- and tri-carboxylic acid trans-
port.

Continuing with this logic, the UIT10 family clusters
with the TRAP-T family. However, TRAP-T family mem-
bers are known to transport a wide variety of organic sub-
stances, including dicarboxylates, sugar acids, taurine,
keto-monocarboxylates, ectoine, glutamate, and chloro-
benzoate. The common feature of all these substances is
that they contain a single carboxyl group. Therefore, it
can be postulated that UIT10 also transports monocar-
boxylates. Closest to the branch bearing the TRAP-T
family is the GntP family. All members of the GntP fam-
ily transport monocarboxylates, most of them being sug-
ar acids, but a few transport D-serine and D-glycerate.
For this reason, we can postulate that UIT2 and UIT8
similarly transport monocarboxylates, since these three
families cluster together. Finally, UIT3 clusters together
with the AbgT family which transports p-aminobenzoyl-
glutamate, another organic anion. It seems that most
functionally characterized superfamily members trans-
port anionic substances with the exceptions only of the
NhaB, NhaC and NhaD families, which primarily cata-
lyze transport of monovalent cations. It is worthy of note,
that all functionally characterized families in the lower
half of the tree except NhaC transport organic anions,
suggesting that similar substrates are recognized by
transporters within most of the UIT families within the
IT superfamily.

Functional Predictions of UIT Family Members

Based on Genomic Context

UIT1 was examined using the SEED database [Over-
beek et al., 2005]. Searches revealed that this family in-
cludes a protein that is encoded within the same operon
as two other proteins, malonyl-CoA synthetase and mal-
onyl-CoA decarboxylase in Rhizobium leguminosarm bv.
trifolii [An and Kim, 1998]. It therefore may transport
malonate or acetate. The UIT1 family has therefore been
redesignated as TC# 2.A.101 rather than TC# 9.B.48, its
previously assigned TC number.

The BART Superfamily

The BART superfamily has been described by Man-
sour et al. [2007]. Phylogenetic trees were constructed for
the proteins within this superfamily included in TCDB
using 4 different programs: ClustalX (Neighbor-Joining),
MrBayes (Bayesian), SFT1 and SFT2. ClustalX proved to
be better than MrBayes as the latter failed in several in-
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Fig. 5. Phylogenetic trees for the BART superfamily using the proteins in TCDB. a ClustalX. b SFT1. The con-
ventions of presentation are the same as for figure 3. For family and protein identification, see TCDB.

stances to group together members of certain families.
Figure 5a and b shows the ClustalX and SFT1 trees, re-
spectively. The other two trees can be viewed in figures
S4A and S4B on our website. The BASS family generally
clusters adjacent to the UBS1 family. In the UBS1 family,
SFT1 clusters all members together, but one of these pro-
teins (TC# 2.A.93.1.2) failed to cluster with the other
members on the ClustalX tree. This protein proved to be
relatively distant from the other members of this family
(fig. 5b). The fact that SFT1 was able to cluster all of these
proteins together reveals its superiority in detecting dis-
tant relationships. It should be noted that both the Bayes-
ian and ClustalX trees, both of which are based on mul-
tiple alignments, made the same mistakes. While the
Bayesian tree made the most such mistakes, the SFT1
program apparently made none.

In figure 5b, the SHK (TC# 9.B.33) and KPSH (TC#
9.B.34) families cluster together. This fact agrees with the
observation that members of both families consist of N-
terminal 5 TMS BART superfamily domains followed by
catalytic domains [Mansour et al., 2007]. However, while
SFT1 identified this relationship, ClustalX did not. In the
latter tree, these families branch from each other near the
base of the tree, suggesting a lack of resolution. P-RFT
clusters loosely with the SHK and KPSH proteins in the
SFT trees in agreement with the fact that all three families

Phylogenetic Characterization of
Transport Protein Superfamilies

have the basic 5 TMS element and lack a duplication of
this unit. Once again, the ClustalX program failed to de-
tect this relationship.

The AEC family (TC# 2.A.69) shows similar relation-
ships. Thus, in the SFT1 tree, all of these proteins cluster
loosely together in agreement with family assignments.
However, in the ClustalX tree, proteins of the AEC fam-
ily are localized to 3 distinct branches. The proteins of
subfamily 1 are found together; the proteins of subfami-
lies 2 and 3 cluster loosely together, and subfamily 4 is on
a distinct branch arising from the base of the tree. It ap-
pears that SFT1 is superior in detecting these distant re-
lationships. Finally, the ACR3 family (TC# 2.A.59) mem-
bers cluster together on both trees.

The SFT2 program, in which the positions of proteins
within each of the families are integrated so that only
family relationships are depicted, reveals clustering pat-
terns in agreement with those observed in figure 5b (see
tigure S4B on our website). Thus, SHK and KPSH cluster
tightly together with P-RFT branching more distantly at
the top of the tree. Further, BASS and UBSI cluster tight-
ly together, with ACR3 and AEC branching more dis-
tantly. It is interesting to note that all of the families at the
top of the tree have the basic 5 TMS unit while all families
at the bottom of the tree have 10 TMSs with just one ex-
ception. This protein, in the UBS1 family (TC#2.A.93.1.2),
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has 6 TMSs and is the most distant member of this fam-
ily. It is possible that it should be assigned to a distinct
family.

The CPA Superfamily

The CPA superfamily currently consists of 4 families:
CPA1 (TC# 2.A.36), CPA2 (TC# 2.A.37), PSE (TC#
2.A.94), and NaT-DC (TC# 3.B.1). While the first three
families include secondary active transporters, the last
one (NaT-DC) utilizes organo-acid decarboxylation to
drive Na* efflux [Dimroth et al., 2001]. The trees gener-
ated by ClustalX and SFT1 are shown in figure 6. In ad-
dition to these two trees, an additional tree was generated
using the SFT2 program (see figure S5 on our website). In
all three trees, the PSE and NaT-DC families clustered
fairly closely together while the CPA1 and CPA2 families
clustered more loosely together but more distantly from
the PSE and NaT-DC families.

Starting with the smallest family, the PSE family, we
see that the two trees exhibit complete agreement with
respect to the branching positions of the proteins. Simi-
larly, for the NaT-DC family, we find almost identical
branching patterns except that the positions of proteins
1.1 and 1.5 are switched. On both trees, all members of
the CPA1 family segregate from members of the CPA2
family.
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The largest family included within the CPA superfam-
ily is the CPA1 family. This family consists of 8 subfami-
lies. The largest of these subfamilies is subfamily 1. In
both ClustalX and SFT1 trees, subfamily 1 member clus-
ter together and distantly from all other members of the
CPA1 family, but proteins 2.1 and 5.1 are included within
this subfamily. These two proteins are the only members
of their respective subfamilies included within TCDB.
TC Blast searches reveal that both 2.1 and 5.1 are more
closely related to members of subfamily 1 than they are
to any of the other subfamilies, and thus, they can be
viewed as distant members of subfamily 1. With respect
to subfamilies 3 and 4, both are coherent, with members
grouping together on a single branch in both the ClustalX
and SFT1 trees. Moreover, subfamilies 3 and 4 are more

Fig. 7. Phylogenetic (Fitch) trees for the PTS-GFL superfamily us-
ing the proteins examined previously by Nguyen et al. [2006].
Only the BLAST-based SFT1 method of tree construction was
used. a Numbers indicate the protein TC#s, while family TC#s are
indicated within parentheses under the family designation. Small
numbers adjacent to the branches represent the ‘bootstrap’ values,
indicating the reliability of the branching order. At the ends of
each branch, the protein abbreviation is presented as in table 1 of
Nguyen et al. [2006].
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closely related to subfamilies 6 and 7 in both trees. Only
in the SFT1 tree does subfamily 3 associate with family 7
while family 4 associates with family 6. In the ClustalX
tree, members of subfamilies 6 and 7 are intermixed.

The second largest family in the CPA superfamily is
the CPA2 family. Once again, substantial agreement is
observed between the two trees shown in figure 6. Thus,
subfamily 1 comprises a clear cluster most closely related
to the proteins in subfamilies 3 and 5. Subfamily 2 is also
coherent, although subfamily 4, coherent in the SFT1
tree, is segregated in the ClustalX tree. This presumably
reflects the greater distance of protein 4.1 from proteins
4.2, 4.3 and 4.4 as observed in both trees. Thus, in this
case, we see excellent agreement when comparing the two
trees with only a few exceptions.

The PTS-GFL Superfamily

The permeases of the bacterial phosphotransferase
system (PTS) have been extensively characterized
[Barabote and Saier, 2006; Lengeler and Jahreis, 2009].
This functional superfamily consists of seven recognized
families, four of which include members that are homol-
ogous and therefore comprise a phylogenetic superfamily
[Nguyen et al., 2006]. The three remaining families in-
clude the mannose family, where all constituents of these
enzyme complexes are evolutionarily distinct from all
other PTS families, the Ascorbate/Galactitol superfamily,
and the non-transporting Dihydroxyactetone family
[Barabote and Saier, 2006; Saier et al., 2005].

The four families within the first of these PTS super-
families include the glucose-glucoside (Glc; TC# 4.A.1)
family, the fructose-mannitol (Fru; TC# 4.A.2) family,
the Lactose-N,N’-diacetylchitobiose-f-glucoside (Lac;
TC# 4.A.3) family, and the glucitol (Gut; TC# 4.A.4) fam-
ily [Hvorup et al., 2003; Nguyen et al., 2006; Saier et al.,
2005]. While the complete superfamily tree is presented
in figure 7a, those for the individual families and sub-
families are shown in figure 7b—f, where the first two of
these families are divided into two subfamilies. All TC
entries included within these four families were included
in the phylogenetic tree generated by SFT1 (fig. 7a). It can
be seen that all proteins within the glucose-glucoside
family cluster together on a single branch. All of the
monosaccharide permeases in this family (TC# 4.A.1.1)
occur at the bottom of this branch, while all glycoside
permeases (TC# 4.A.1.2) cluster together on the upper
portion of this branch. The lactose (TC# 4.A.3.1) and di-
acetylchitobiose (TC# 4.A.3.2) families cluster together
on the upper left-hand side of the tree. The third branch
(upper right-hand side) includes the glucitol family (Gut;
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TC# 4.A.4) and the fructose-mannitol family (Fru; TC#
4.A.2). This observation suggests that glucitol permeases,
the only PTS permeases that are split into two polypep-
tide chains, may be most closely related to the fructose
permeases. This is of substantial interest in view of our
early suggestion that the fructose permeases were pri-
mordial [Saier et al., 1985].

Phylogenetic trees for large numbers of PTS perme-
ases were generated using the SFT1 program. The pro-
teins included within this study were the same ones in-
cluded in the previous study by Nguyen et al. [2006]
where the ClustalX and TV programs were used. The
trees reported by Nguyen et al. [2006] are shown in figure
1A-F of that paper, and they correspond to the trees
shown in figure 7 in this paper, generated with the SFT1
program. The correspondence between these two meth-
ods of phylogenetic analysis is substantial although a few
minor differences can be observed, particularly for those
proteins close to the center of the tree.

While proteins frequently cluster according to the
phylogenetic groupings of their source organisms, excep-
tions can be observed. These exceptions may represent
cases of horizontal gene transfer. Due to their clustering
with proteins from one bacterial phylum, the source or-
ganism from which these genes were transferred can be
predicted.

Escherichia coli contains several paralogs of PTS per-
meases that fall within the fructose family. These include
FrvB, FrwC, FryC, and MngA [Nguyen et al.,, 2006].
These proteins are distantly related in both trees, and
they therefore cluster loosely together. This observation
suggests that they arose by gene duplication events early
during the evolution of the proteobacteria. Examination
of the remaining trees shown in figure 7 in this paper and
figure 1A-F in Nguyen et al. [2006] confirms the close
correspondence between positions of proteins within the
trees generated by these two programs. Since the former
trees are based on BLAST scores while the latter are based
on multiple alignments, we feel that the results reinforce
the conclusion of the reliability of both programs when
sequences are not so diverse as to prevent construction of
a reliable multiple alignment.

Discussion

In this paper, we have conducted phylogenetic analysis
of some of the largest superfamilies of integral membrane
transport proteins. In doing so, we have intentionally an-
alyzed superfamilies with tremendous sequence diver-
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gence between members. Whenever this sequence diver-
gence was too great to allow construction of reliable mul-
tiple alignments, the SFT1 and 2 programs proved su-
perior to all tested alternative programs.

Since SFT1 and 2 use larger protein databases to help
define each protein family/subfamily, when compared to
other phylogenetic programs and methods, the SFT1 and
2 programs are usually more accurate and reliable in de-
termining the correct phylogenetic relationships within a
superfamily. The usage of protein databases coupled with
the novel usage of BLAST bit score comparison matrices
allow the SFT programs to properly determine the phy-
logeny of superfamilies containing more evolutionarily
divergent members [Yen et al.,, 2009, 2010]. Using other
phylogenetic programs and methods, more distantly re-
lated proteins are usually either grouped together due to
long-branch clustering or excluded from clusters and giv-
en their own distinctive isolated branches [Felsenstein,
1978; Kolaczkowski and Thornton, 2009; Ogdenw and
Rosenberg, 2006; Siddall and Whiting, 1999]. The minor
drawback to using BLAST bit score comparisons for de-
termining phylogeny is that the ‘bootstrap’ values be-
come less indicative of the reliability and accuracy of ob-
served clustering patterns for very closely related pro-
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