UC San Diego
UC San Diego Previously Published Works

Title
Comparative genomics of the transportome of Ten Treponema species

Permalink
https://escholarship.org/uc/item/6078t3x4

Authors

Buyuktimkin, Bora
Zafar, Hassan
Saier, Milton H

Publication Date
2019-07-01

DOI
10.1016/j.micpath.2019.04.034

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6078t3x4
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Microb Pathog. Author manuscript; available in PMC 2020 March 22.

-, HHS Public Access
«

Published in final edited form as:
Microb Pathog. 2019 July ; 132: 87-99. doi:10.1016/j.micpath.2019.04.034.
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Abstract

Treponema is a diverse bacterial genus, the species of which can be pathogenic, symbiotic, or free
living. These treponemes can cause various diseases in humans and other animals, such as
periodontal disease, bovine digital dermatitis and animal skin lesions. However, the most
important and well-studied disease of treponemes that affects humans is ‘syphilis’. This disease is
caused by Treponema pallidum subspecie pallidum with 11-12 million new cases around the globe
on an annual basis. In this study we analyze the transportome of ten 7reponema species, with
emphasis on the types of encoded transport proteins and their substrates. Of the ten species
examined, two (7. primitiaand T. azonutricium) reside as symbionts in the guts of termites; six (7
pallidum, T. paraluiscuniculi, T. pedis, T. denticola, T. putidumand T. brennaborense) are
pathogens of either humans or animals, and 7. caldarium and 7. succinifaciens are avirulent
species, the former being thermophilic. All ten species have a repertoire of transport proteins that
assists them in residing in their respective ecological niches. For instance, oral pathogens use
transport proteins that take up nutrients uniquely present in their ecosystem; they also encode
multiple multidrug/macromolecule exporters that protect against antimicrobials and aid in biofilm
formation. Proteins of termite gut symbionts convert cellulose into other sugars that can be
metabolized by the host. As often observed for pathogens and symbionts, several of these
treponemes have reduced genome sizes, and their small genomes correlate with their dependencies
on the host. Overall, the transportomes of 7. pallidum and other pathogens have a conglomerate of
parasitic lifestyle-assisting proteins. For example, a 7. pallidum repeat protein (TprK) mediates
immune evasion; outer membrane proteins (OMPSs) allow nutrient uptake and end product export,
and several ABC transporters catalyze sugar uptake, considered pivotal to parasitic lifestyles.
Taken together, the results of this study yield new information that may help open new avenues of
treponeme research.
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1. Introduction

Treponema is a diverse genus of the divergent bacterial phylum Spirochaetes, the members
of which are distantly related to other bacteria, both Gram-negative and Gram-positive types
[1]. It is believed that its members have undergone extensive horizontal gene transfer not
only with other bacteria, but also with archaea and possibly eukaryotes [2, 3]. Species of
Treponema include human and animal pathogens, arthropod intestinal commensals,
extremophiles and saprophytes [4]. Initially, treponemes were considered to be obligate
anaerobes, but some are now known to be microaerophiles [5]. Species of Treponema
include causative agents of a variety of diseases such as venereal and endemic syphilis,
yaws, pinta, periodontal disease, and digital dermatitis [6, 7].

Venereal syphilis, caused by Treponema pallidum subsp. pallidum (Tpal), occurs with over
10 million new cases reported globally every year [8]. Its incidence is also on the rise in the
United States. For details see Peeling et al and Trivedi et al [9, 10]. Syphilis can clinically
manifest with genital sores, genital warts and skin rashes, sometimes associated with bone,
cardiovascular and neurological damage. It can also result in miscarriage, stillbirths and/or
congenital syphilis, and it triples the risk of HIV transmission [11, 12].

Other pathogens of 7reponema, such as 7. denticola (Tde), T. putidum (Tpu) 7. pedis (Tpe),
T. brennaborense (Tbr), and 7. paraluiscuniculi (Tpar), utilize varying mechanisms of
infection [4]. Orally residing Tde and Tpu cause periodontal diseases in humans, giving rise
to polymicrobial infections in adults with the potential to evolve into severe forms [13, 14].
The two animal pathogens, Tpe and Tbr, infect various species of animals, typically
targeting skin, promoting dermatitis, rash, and ulcers with the probability of evolving into
deep necrotic lesions that can result in bone deformities [15, 16]. Another animal pathogen
is Tpar, which is a sexually transmitted pathogen like Tpal; however, this treponeme causes
rabbit venereal syphilis and apparently does not infect humans. These pathogens often
exhibit discernible stages of disease progression [17]. Non-oral pathogens of 7reponema
give rise to treponematoses; etiological agents include other subspecies of 7. pallidumand 7.
carateum [18], which were not analyzed in this study due to high genomic identity with an
included species or lack of a complete published genome sequence.

Non-pathogenic treponemes are represented by 7. primitia (Tpr), 7. azotonutricium (Taz), 7.
succinifaciens (Tsu), and 7. caldarium (Tca). The former two occur as symbionts in termite
guts where the metabolomes and secretomes of the two types of organisms, the host and the
bacteria, complement each other, providing and consuming essential metabolites for all [19].
Tsu is an avirulent spirochete isolated from pig colon, named for its production of succinic
acid [20]. Finally, the only thermophile in this study, Tca, was isolated from cyanobacterial
mat samples, collected at a freshwater hot spring [21].

In this communication we use and capitalize the first letter from the genus (T) followed by
the first two letters from the species designations in lower-case as abbreviations to refer to
these species as noted above, with two exceptions to clarify identical abbreviations (Tpal and
Tpar). Table 1 provides the species names, abbreviations and basic information about the ten
species of 7Treponema examined in this study.
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Treponema species possess many morphological similarities to other well-known
spirochetes such as species of Leptospiraand Borrelia[22]. These Gram-negative bacteria
are unique in the locations of their flagella, present in the periplasmic space, running the
length of the bacterium, and playing a pivotal role in their corkscrew motility [23]. However,
Tpal does not have the characteristic corkscrew motility that the other treponemes possess.

Treponema have diacylglycerol-containing glycolipids that resemble lipoteichoic acids of
Gram-positive bacteria, which play a role in the interaction with animal host receptors to
generate the symptoms associated with the aforementioned diseases [24]. Treponemes lack
lipopolysaccharide (LPS), and instead, lipoproteins induce immune responses in the host.
The syphilis causing Tpal has a flat-wave shape [25], while other treponemes have helical
shapes [26]. Their shapes and embedded flagella enable the treponemes to penetrate tissues
and vascular barriers, thus assisting in the dissemination of the microbe [27, 28].

The present research is in continuation of our work on pathogenic spirochaetes. Previously,
Buyuktimkin et al. (2017) analyzed the transport proteins of three Leptospira strains
including L. /interrograns, L. borgpeterseniiand L. biflexa[29]. They found minor
differences among the transportomes of the three spirochetes; however, despite these small
differences in the individual sets of transport proteins, the proteins played significant
pathological and physiological roles [29]. The goal of the present research was to analyze
the transport proteins of ten 7reponema strains, and to check for similarities and differences
among the pathogenic and non-pathogenic strains. We had a particular interest in the
transportome of Tpal due to 1) its small genome size, 2) its versatility to persist as a highly
effective parasite in humans, and 3) its limited repertoire of recognized outer membrane
proteins (OMPs) in comparison to £. coli [30, 31]. How does this treponeme utilize a
minimal OMP repertoire to accommaodate its parasitic lifestyle? Transportome analyses
should help shed light on this issue and others.

2. Materials and Methods

2.1 Genome-BLAST (G-BLAST) searches of the Treponema proteomes

The FASTA formatted protein-coding sequences of 7. denticola ATCC 35405 [32], T
pallidum str. Sea 81-4 [33], 7. pedisstr. TA 4 [34], T. primitia ZAS-2 [35], T azotonutricium
ZAS-91[35], T. paraluiscuniculi Cuniculi A [36], 7. succinifaciens DSM 2489 [37], T.
brennaborense DSM 12168 (unpublished), 7. caldarium DSM 7334 (unpublished), 7.
putidum OMZ 758 [38], were used as the starting sequence data to be inputted into the G-
Blast program. Genomes were selected on the basis of the draft qualities and completenesses
of their sequenced genomes, as well the pathogenic potential of these strains in either
humans or animals. Non-pathogens, symbionts and a thermophile were included in the
analyses. The ten proteomes were screened for homologs of all proteins contained in the
Transporter Classification Database (www.tcdb.org in September 2018 using the program G-
BLAST [39]. This program is designed to retrieve information for both the genome query
and TC top hit sequences, TC numbers, numbers of amino acy| residues (aas), numbers of
predicted TMSs using the HMMTop 2.0 program, both query and hit protein e-values,
regions with sequence similarity, and regions of TMS overlap between the query and the hit
proteins. For prediction of the numbers of TMSs, G-BLAST uses the Web-based

Microb Pathog. Author manuscript; available in PMC 2020 March 22.
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Hydropathy, Amphipathicity, and Topology (WHAT) program, which aligns the plots of
hydrophobicity and amphipathicity throughout the length of the protein [40,41]. Proteins
lacking TMSs were not omitted, since multicomponent systems often possess soluble
components that can be transport protein constituents.

2.2 Examination of distant transport protein homologues of Treponema

For G-BLAST searches, we initially used an arbitrary e-value cut off of 0.0001. Manual
examination of the remaining proteins (having e-values of >0.0001) was done using
topological data to determine if the proteins were either true homologues or false positives.
As two proteins displaying homology in hydrophilic regions can give small e-values, it was
necessary to manually examine the regions of overlap to prevent the selection of proteins
that had good scores, but were not actually homologous in their transmembrane domains.
The hydropathy profiles generated by the WHAT program were used to estimate whether the
program had missed a TMS or predicted a TMS in an incorrect region. By using the
AveHAS program, confirmation of predicted proteins with several homologues was
accomplished [41]. Proteins that had moderate e-values, between 0.0001 and e~8, were
potential but not certain homologs, and hence, they were examined more closely using the
aforementioned steps.

2.3 Identification of substrates transported

Authentic transport protein homologues were assigned substrates according to TCDB hit
entries. For TC entries of unknown function, the genome context of the encoding genes was
considered, especially if the encoding genes were within multicistronic operons. The
scientific literature was also used to deduce functions.

2.4 Occurrence of multicomponent systems

Our analysis identified various multicomponent transport systems in the ten 7reponema
genomes. This identification was primarily based on the presence of the transmembrane
(TM) protein of the systems; however, in some instances, other constituents were found. If
the TM protein(s) was/were identified, the transport system was considered to be present.

3. Results

3. Transport Protein Subclasses

The Transporter Classification (TC) system includes an extensive list of transport proteins,
many of which are characterized both structurally and functionally. In TCDB, transporters
are organized into five well-defined classes (1-5) and two less well-defined classes (8-9).
The five well-defined classes are (1) channels (2) secondary carriers (3) primary active
transporters, (4) group translocators and (5) transmembrane electron flow carriers. The latter
two classes include (8) auxiliary transport proteins and (9) transporters or putative
transporters of unknown function or mechanism of transport.

Ten Treponema genomes were analyzed for the occurrence of transporters using G-BLAST
[39] and TCDB as noted in the Methods section. The complete results are described in the
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Supporting information section (S1 Table), whereas Table 2 gives an overview of the
subclass distributions of the transporters from each organism.

3.1. Channel Proteins

3.2. B-type

TC subclass 1.A in TCDB (www.tcdb.org) includes a-type channels except for holins,
which are included in subclass 1.E. These transporters range in number from 6 to 16 in the
treponemes analyzed, with Tpal having the smallest number of such channel proteins. All
Treponema species examined possess at least one homolog of the Mot family
(TC#1.A.30.1), which is responsible for energizing the flagellar motor complex [42, 43]. In
addition, two of the non-pathogenic treponemes (Taz and Tpr) possess at least one homolog
of the TolQR system (TC#1.A.30.2.9), responsible for energizing the assembly of the outer
membrane, and resulting in increased stability of this structure [44].

A family of a-type channels found in eight of the ten treponemes analyzed is the Mg2*
Transporter-E (MgtE) Family (TC#1.A.26); only Thr and Tsu lack such transporters. These
proteins are responsible for the uptake of Mg2* and sometimes other inorganic divalent
cations [45]. Of note, only non-pathogenic treponemes encode a member of the Camphor
Resistance family (TC#1.A.43); these proteins are responsible for abating toxic fluoride
anion accumulation [46].

Thirteen families of a-type channels are represented in the pan-transportome examined.
However, homologues of only two families are present in all ten strains. One of these
families is the H*- or Na*-translocating Bacterial Flagellar Motor (Mot) Family
(TC#1.A.30.1), while the other is the Cation Channel-forming Heat Shock Protein (Hsp70)
Family (TC#1.A.33). The homologues of the Hsp70 family may have numerous functions in
the treponemes. Primarily, these proteins assist in the folding and assembly of newly
synthesized proteins [47]. However, their channel-forming functions have been
demonstrated only in eukaryotes [48], and assignment of this function to a prokaryotic
Hsp70 protein is premature.

The syphilis-causing treponemes lack transporters belonging to the Epithelial Chloride
Channel (E-CIC) family (TC#1.A.13) while almost all other treponemes possess at least two
homologues of these proteins. Interestingly, these channels are characterized only in
animals, whereas bacterial homologs are functionally indeterminate. These proteins may
prove to exhibit chloride channel activities comparable to those found in eukaryotes.

Porins

TC subclass 1.B includes outer membrane porins, mostly p-types. Although a few of them,
especially outer membrane porins of Actinobacteria, have transmembrane a-helical
structures, they are nevertheless included in subclass 1.B. This is also true of a few
spirochete outer membrane porins that may also contain a-structures. Porins are of
particular interest as they are potential cell surface antigens that can be used for vaccine
production and serve as potential drug targets [49, 50]. A range of 15 to 27 of these porins
was found in the 7reponema ssp. Both Taz and Tpr possess the most, with 27, correlating
with higher amounts of B-type porins in non-pathogens. While this correlation with porins
and symbionts is highly provocative, the distribution of these p-type porins is diverse, and
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assignment of any major role in the lifestyle of the organisms is currently speculative. Since
these proteins localize to the outer membrane, usually via p-strands instead of a-helices,
those containing zero or only one predicted a-helical TMSs were included in our study.

The only four families of p-type porins in which homologs are represented in all treponemes
examined are the OmpA-OmpF Porin (OOP) family, the Outer Membrane Protein Insertion
Porin (Bam Complex (OmplP) family, the Outer Membrane Lipopolysaccharide Export
Porin (LPS-EP) family, and the 7reponema Porin (T-Por) family (TC#1.B.6, 1.B.33, 1.B.42,
and B.45, respectively). The members of these families in well characterized bacteria serve
functions of non-specific pores, outer membrane porin insertion, and LPS export [51, 52]. It
should be noted that subclass 1.B. includes outer membrane pore-forming proteins,
regardless of what they transport.

Further interesting facets of (B-type) porin-types include the high number in Tpal (23)
representing 22.1% of the overall recognized transportome (see Table 2). Homologues of the
Treponema Porin Major Surface Protein (TP-MSP) family (TC#1.B.38) are present in the
pathogens Tpal, Tpar, Tpe, and Tde, and also in the non-pathogens Tbr and Tpu. However,
the numbers of these proteins is much higher in Tpal, Tpar and Tpe as compared to the other
strains. A transport protein of interest is the 7reponema repeat protein K (TrpK)
(TC#1.B.38.1.2) that is present in only three of the pathogenic treponemes (Tpal, Tpar and
Tpe). TrpK of T. pallidum has been hypothesized to play an important role in immune
evasion, thus enabling the pathogen to persist in the host [53]. In our analysis we also found
homologues of this protein in Tpar and Tpe; it is likely that the role of the proteins in these
two strains is similar to that in Tpal, thus allowing these treponemes to survive in the host.

Other porin families may be present, but they were ultimately excluded from our analyses,
due to homology to proteins with repetitious elements of undetermined function. These
families were the Corynebacterial Porin A (PorA) family, the OMS28 Porin (Oms28P)
family, and the Poly Acetyl Glucosamine Porin (PgaA) family (TC#1.B.34, 1.B.52 and
1.B.55, respectively).

3.3. Pore-forming toxins

TC subclass 1.C includes pore-forming toxins (PFTs). The PFTs observed in all ten
Treponema strains range in number from 3-6 per organism. Most notably, all 7reponema
species examined possess at least one homolog of a hemolysin, Hly 111, which has been
shown to exhibit pore-forming activity (TC#1.C.113.1.1) [54, 55]. Various families of pore-
forming toxins are represented in these spirochaetes, but homologs belonging to 1.C.39 and
1.C.109 of the Membrane Attack Complex/Performin family and the Bacterial Hemolysin A
family, respectively, are absent in the syphilis-causing treponemes (Tpal and Tpar). All ten
species encode proteins of the HIyC Family of Hemolysins (1.C.126). Interestingly, the
HIlyC Family includes putative hemolysins, increasing the total number of proteins to
consider for 7reponema pathogenesis, despite similar representation in all ten species, and
despite the lack of biochemical evidence for the presence of hemolysins in Treponemes.

The unexpected observation of hemolysins should not be overlooked, as hemolysins have
been shown to strongly induce pro-inflammatory cytokines in Leptospira spirochetes [56]. It
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should be noted that toxins with zero or one predicted transmembrane a-helix were included
in this study, as many secreted toxins can exist in both soluble and membrane-integrated
forms, and many are known to be pore-forming p-type toxins [57].

TC subclass 1.E consists of holins, “hole-formers” often involved in autolysin secretion and
cell death. Both symbionts (Taz and Tpr) and other strains including Tde, Thbr, and Tsu
possess one member of a Holin family, TC#1.E.14 or 1.E.49. Although holins have a variety
of proposed functions in prokaryotes, including roles in cell lysis and biofilm formation
[58], it is unlikely that the presence of these holins directly promotes pathogenicity in these
treponemes.

3.5. Secondary Carriers

The second largest number of transport proteins for all ten species is found in TC subclass
2.A, secondary carriers. The numbers of these transporters ranges from 15 to 48, with Tpal
and Tbr possessing the least and most, respectively. The syphilis-causing pathogens, Tpal
and Tpar, encode significantly fewer secondary carriers, being most notably deficient in
transporters of the Major Facilitator Superfamily (MFS, TC#2.A.1). This relative deficiency
of secondary carriers may help to distinguish between obligate pathogens and those that are
capable of surviving in the external environment.

The MFS is the largest global group of secondary active transporters present in nature, with
a wide range of substrates [59]. Eight of the treponemes examined have multiple MFS
transporters, the two exceptions being Tpal and Tpar as mentioned previously. The other
pathogenic treponemes (Tpe, Tde and Thr) that possess these transporters encode fewer than
the non-pathogenic species. This may be explained by the relatively broad range of
substrates experienced by bacteria capable of life outside an animal as compared with those
that live only intracellularly in a specific range of hosts. Of note, Tde and Tpu encode
multiple paired matches of MFS porters, including two macrolide efflux pumps
(TC#2.A.1.21.1 and TC#2.A.1.62.2).

The oral pathogens, Tde and Tpu, and the avirulent thermophile Tca encode members of the
MFS Glycoside-Pentoside-Hexuronide (GPH) family (TC#2.A.2). These transporters
catalyze uptake primarily of glycosides rather than free sugars, likely to be particularly
important for nutrient acquisition in the oral cavity [60]. Similarly, homologues of the non-
MFS Amino Acid-Polyamine-organocation (APC) Family (TC#2.A.3) are exclusive to the
oral pathogens (Tde and Tpu). These transport proteins have been shown to catalyze uptake
of amino acids and their derivatives [61].

Secondary carriers of the Cation Diffusion Facilitator (CDF) Family (TC#2.A.4) are present
in all ten treponemes; these proteins primarily catalyze the efflux from cells, but
occasionally uptake of heavy metals into vesicles and organelles. Members of the Zinc
(Zn%*)-Iron (Fe2*) Permease (ZIP) Family (TC#2.A.5) and the Metal lon (Mn2*-iron)
Transporter (NRAMP) Family (TC#2.A.55) catalyze heavy metal uptake, and are found in
fewer 7reponema species.

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

Page 8

Representing the second largest superfamily of secondary carriers found in 7reponema, the
Resistance Nodulation Division (RND) Superfamily (TC#2.A.6) primarily consists of
transporters with unknown substrate specificity. Only the SecD and SecF proteins [62],
present in single copy in all ten organisms, fall outside of this designation. These two
proteins function together as a single RND pump to facilitate proton-driven protein secretion
via the General Secretory Pathway (Sec; TC#3.A.5) [63]. It is likely that the RND
transporters of unknown substrate specificity catalyze the efflux of heavy metals or
antimicrobials [64]. The Drug/Metabolite Transporter (DMT) Superfamily (TC#2.A.7) is the
third largest superfamily of secondary carriers represented in these spirochetes. The range
found extends from three to nine, with the fewest in Tpal, Tpar, and Tpe. Like many of those
found in the RND Superfamily, most of the top hits in TCDB have not been functionally
characterized, so specific substrates cannot be assigned. However, all known members of
this superfamily function in the transport of small metabolites and drugs.

The largest superfamily of secondary carriers found in these treponemes is the Multidrug/
Oligosaccharidyl-lipid/Polysaccharide (MOP) Flippase Superfamily (TC#2.A.66) with
representatives in all ten species. Proteins in this family usually use cationic (Na*) antiport
to drive the efflux of their substrates, multiple drugs and polysaccharide precursors. Thr
possesses the most with twenty, while Tpal and Tpar have the fewest with two each. A
predominance of the MOP superfamily members is unusual for most other bacteria studied
[65, 29, 66].

Additional families found in all ten treponemes include the Membrane Protein Insertase
(YidC/Alb3/Oxal) Family, the Dicarboxylate/Amino Acid:Cation (Na* or H") Symporter
(DAACS) Family, the Trk (K*) Family, the TRAP-T (organic compounds) Family, the PNaS
(phosphate) Family, and the MPE (murein precursor exporter) Family (TC#2.A.9, 2.A.23,
2.A.38, 2.A.56, 2.A.58, and 2.A.103, respectively). The substrates of these families are
diverse and likely satisfy the general needs for these substrates by the Treponema species.
Table S1 reveals the presence of secondary carriers belonging to many other families, and
most of them are well represented in eight of the treponemes, with the noticeable exceptions
of Tpal and Tpar, the venereal disease pathogens. These families will not be discussed
further here.

3.6. Primary Active Transporters

TC subclass 3.A are pyrophosphate hydrolysis-driven primary active transporters, usually
multi-component systems. The ATP-binding Cassette (ABC) Superfamily is the best-
represented family and transports the greatest variety of substrates of any other family in the
subclass. The range of these transport proteins extends from 33 to 157, constituting around
half of all the transport proteins in Tde, Tpu, Tpe, Taz, and Tpr. The variety and wealth of
the transport proteins found in this subclass demonstrates robust uptake and efflux
capabilities [67], clearly suggesting that they play important roles in treponemes. The large
role of ABC transport implicates a major role for ATP in energization and metabolism in
these organisms [68] and suggests that these organisms use fermentative mechanisms
preferentially over oxidative mechanisms to generate energy. Although class 3 primary
active transporters represent the largest groups of transport proteins, the number of systems
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is actually smaller than the total number of secondary carriers which are usually single
component systems.

The six species, Tpal, Tpar, Tde, Tpu, Tpe, and Tsu, possess relatively few transport proteins
of ABC sugar uptake systems (TC#3.A.1.1), with an average of 3.2 per species compared to
an average of 39 in the others. Transport proteins for sugars and nucleosides (TC#3.A.1.2),
however, are more balanced in their distributions (average of 8 compared to an average of
14). Proteins of ABC uptake systems primarily for amino acids (TC#3.A.1.3 and 3.A.1.4)
are not as robustly represented, but are most prevalent in Taz, Tpr, and Tca. As for ABC
uptake systems specific for amino acids, Tpal and Tpar have no representatives of peptide
uptake systems (TC#3.A.1.5) whereas Tde, Tpu, Tpe, Taz, Tpr have at least two, each
consisting of 5 proteins. Further analyses of ABC uptake systems reveal the continued
deficiency of these transporters in the syphilis-causing Tpal and Tpar as well as the avirulent
Tsu. The other treponemes examined possess considerable numbers of these uptake systems,
which transport substrates such as inorganic anions, polyamines, siderophores, organic
anions, and vitamins. ABC efflux systems, those designated with TC#3.A.1.100 - 3.A.1.199,
are notably deficient in Tpal and Tpar, with both possessing only six of these proteins for
drug, lipoprotein, and polysaccharide efflux. Tde, Tpu, and Tpe, meanwhile, possess 65, 53,
and 60 of these transport proteins, respectively, with significant but reduced presence in the
remaining treponemes. The presence of high numbers of ABC efflux systems in Tde is
consistent with the results of Seshadri et al. [32], who observed a total of 47 different ABC
efflux proteins in Tde.

All treponemes possess V-type ATPases (TC#3.A.2), for energy interconversion, but these
homologues are notably lacking in Tde. It has been suggested that this ATPase is
nonfunctional in Tde [32]. The two oral pathogens, Tde and Tpu, have homologues of the
ABC bacteriocin exporter (TC#3.A.1.111.9). These secreted bacteriocins in oral pathogens
may have a wide range of effects, possibly acting as competitive tools against other micro
flora in the oral cavity; they may also play a role in signaling inside biofilms [32].

Subclasses 3.B and 3.D, decarboxylation-driven transporters and oxidoreduction-driven
transporters, are also present as TC class 3 primary active transporters in 7reponema species.
All ten treponemes examined possess at least one Na*-transporting carboxylic acid
decarboxylase family member (TC#3.B.1), coupling decarboxylation to sodium ion
extrusion [69]. Subclass 3.D, represented primarily by the Putative lon (H* or Na*)-
translocating NADH:Ferredoxin Oxidoreductase Family (TC#3.D.6), is not consistently
found in the treponemes, with Tpal and Tpar notably deficient in this subclass of
transporters. All other treponemes examined possess multiple constituents of this family,
suggesting a role of these ion-pumping electron carriers in energy generation.

3.7. Possible Group Translocators

TC subclass 4.A includes bacterial phosphoenolpyruvate:sugar phosphotransferase systems
(PTS), divided into families, primarily based on phylogeny, which correlates with sugar
substrate specificities. While all treponemes possess homologs of the energy-coupling and
regulatory proteins of the PTS, most PTS permeases are absent in treponemes [70]. Only
Taz, Tpr, and Tca encode PTS permeases and thus have the ability to transport sugars using
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these systems. The presence of the PTS in termite gut symbionts indicates the potential of
these organisms to convert cellulose and other plant polysaccharides into phosphorylated
glucose/fructose/cellobiose that can be catabolized via glycolysis.

All treponemes examined encode at least one member of the Proposed Fatty Acid Group
Translocation (FAT) family (TC#4.C.1) in TC subclass 4.C of Acyl CoA Ligase-coupled
transporters. These transporters have been linked to fatty acid uptake. While their Acyl CoA
Ligase activities have been confirmed [103], their direct roles in transport have been less
certain [71].

Representatives in TC Subclass 4.D are probably group translocating glycosyl transferases.
Members of this subclass have demonstrated exopolysaccharide synthesis activities that are
believed to be coupled to polysaccharide secretion [72]. Exopolysaccharides have been
associated with biofilm formation, especially in oral pathogenesis [73]. Most notably,
however, oral pathogens Tde and Tpu possess no homologs of proteins in this subclass. Tde
does congregate in biofilms with other oral pathogens [74], so this finding likely suggests a
separate mechanism of polysaccharide secretion, possibly via a Type | (ABC-type) secretion
system or a member of the MOP superfamily. As noted above, all ten species contain
members of the Multidrug/Oligosaccharidyl-lipid/Polysaccharide (MOP) Flippase
Superfamily (TC#2.A.66), with various multidrug efflux pumps of the Multi-Antimicrobial
Extrusion (MATE) Family (TC#2.A.66.1). The symbionts and free-living treponemes
possess homologs of the Putative Vectorial Glycosyl Polymerization (VGP) family
(TC#4.D.1), possibly mediating protection in harsh environments.

3.8. Transmembrane Electron Carriers

Subclass 5.A includes electron carriers that transfer electron pairs from one side of the
membrane to the other, thereby influencing cellular energetics. Four Treponema species
examined (Tde, Tpu, Tpe, Tsu) do not possess a constituent of this subclass, while the
remainder possess only one or two homologs of the Disulfide Bond Oxidoreductase D
(DsbD) family (TC#5.A.1). These proteins catalyze cysteinyl residue oxidation in
periplasmic proteins, but they may also influence the magnitude of the proton motive force.
Their distribution among treponemes suggests that they do not contribute to pathogenicity.

3.9. Auxiliary Transport Proteins

Subclass 8.A includes auxiliary proteins with one component in Tbr belonging to the MPA1-
C family (TC#8.A.3), associated with exopolysaccharide export, and three treponemes
encoding a stomatin-like protein that may help with localization and insertion of proteins
into the outer membrane (TC#8.A.21).

3.10. Poorly Characterized Transporters

TC subclass 9.A in TCDB contains known transport proteins whose biochemical
mechanisms of transport are unknown. All ten treponemes possess homologs of the Fanciful
K* Uptake-B (FkuB) family (TC#9.A.4). TC subclass 9.B includes a variety of proteins that
are putatively classified as transporters. Further study of a given 9.B protein might either
confirm its involvement in transport, or warrant its removal from the TC classification
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system if a transport function is disproven. The range of transporters in this subclass found
in the treponemes examined is 9 to 27, with no noticeable correlation to the 7reponema
lifestyle. Most of the ‘unknown’ substrate specificities among putative transporters are due
to members of this subclass. Table 2 gives an overview of the transport proteins found in the
ten 7reponema genomes based on TC subclass.

3.11 Differences in transported substrates between pathogenic and non-pathogenic

strains

To gain a better understanding of the contribution of transport systems to pathogenicity, the
substrate specificities of the transport systems of both pathogenic and non-pathogenic
species were predicted and are shown in Table 3. Overall, there are similarities among the
ten strains with regards to the substrates transported; however, significant differences are
evident. Results in Table 3 show that the numbers of transport proteins with unknown
functions are the lowest in the two syphilis-causing treponemes (Tpal and Tpar).
Interestingly, the numbers of these transport proteins differ among pathogens versus non-
pathogens (6-47 versus 20-34) with no obvious pattern. However, the non-pathogenic strains
contain more protein/peptide transporters (both uptake and export) than the pathogenic
strains (22-55 versus 14-36). Both syphilis-causing strains had the least (14 and 15) of such
transport proteins among all ten treponemes. The frequency of protein/peptide exporters in
the non-pathogenic strains is surprising as these transporters sometimes assist in the
secretion of virulence factors in other bacteria [75]. In terms of siderophore transport
proteins, the oral pathogen Tde and the animal pathogen Tpe have the most with 20 and 19
respectively, while the range in the non-pathogenic treponemes is 1-9. The two syphilis-
causing treponemes do not appear to encode siderophore transporters. It has been established
that Tpal, cannot synthesize siderophores, and it lacks a TonB ortholog to energize transport
across the outer membrane [6]. However, it can extract iron from transferrin and lactoferrin,
which has been demonstrated in vitro [76]. With regards to drug exporters, again, the oral
pathogen Tde has the most with 64 such proteins, while Tpal and Tpar have the least with
only 4 each. This observation may be useful in designing inhibitors of multi-drug-resistance
(MDR) pumps in the latter organisms.

Various numbers of vitamin transport proteins (3-8) are found in all ten treponemes; of
interest is the 4-component Riboflavin uptake transporter, RFuABCD (TC#3.A.1.2.28),
whose components are present in all ten species. Riboflavin is a precursor of FMN and FAD
coenzymes, which are mediators of oxidative metabolism and other physiological processes
[77]. Thus, riboflavin is central to the metabolic fitness of an organism. Prior to this study it
had been shown that only pathogenic spirochetes possess this riboflavin transporter, but as
revealed by the present study, the non-pathogenic treponemes seem to possess homologues
as well. Interestingly, the dental pathogen, Tpu, has the smallest number of polysaccharide
transporters, while the termite gut symbiont Tpr has the most with 19. This suggests that the
substrate exopolysaccharides play protective roles in a wide range of /n vitro environments.

3.12. Transport proteins that contribute to pathogenicity of the treponemes

Both pathogenic and non-pathogenic strains encode various pore-forming toxins (PFTSs) as is
evident in Table 4. The oral pathogen Tpu has two channel-forming colicins (TC# 1.C.1.1.2
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and 1.C.1.2.2) that target other bacteria, while Tsu (non-pathogenic) has one (TC#1.C.1.2.3);
these channel-forming colicins are absent in the remaining eight strains. Of the ten strains,
only Tpu has a homologue (TC# 1.C.39.4.6) of the Membrane Attack Complex Family
(MACPF). Similarly, only the animal pathogen Tpe has a homologue of the cytolytic RTX-
toxin (TC#1.C.11.1.5). This PFT might play a role in the pathogenesis of Tpe, as it can
cause ulcers at various body sites (oral cavity, ears, shoulders) in different animal species
[34]. All strains contain various hemolysins, while a Serratiatype PFT (TC#1.C.75.1.7) is
also found in both pathogens and non-pathogens. Interestingly, the syphilis-causing duo only
has three PFTs each. With regards to iron transporters, both pathogenic and non-pathogenic
treponemes have a few in common, but the non-pathogenic strains have slightly more iron-
siderophore uptake systems than the pathogens as shown in Table 5. Three OMRs are unique
to the termite gut symbionts (Tpr and Taz) (Table 5). These proteins may catalyze the uptake
of Fe3*-enterobactin (TC#1.B.14.1.3; TC#1.B.14.3.6) and Fe3*-catecholate (TC#1.B.14.1.4)
thus assisting these two strains in their mutualistic lifestyle in the gut of termites.

Type 11 secretion systems (T3SS) are found in many Gram-negative bacteria. This unique
virulence secretion mechanism enables the organism to transfer its effector proteins across
the bacterial and host membranes in one energy-coupled step [78]. Components of the T3SS
are present in all ten strains (Table 6). Not surprisingly, all ten treponemes have homologues
of the flagellar export system (TC#3.A.6.2.1). It has been suggested that in addition to the
export of flagellar subunits, these systems may export virulence factors [79, 80]. Also,
components of the general secretory pathway (TC#3.A.5.1.1) are present in all the
treponemes analyzed as expected. This system is universally present an all organisms so far
examined. Type VI secretory systems (T6SS) have been shown to be major virulence factors
in Gram-negative bacteria, but recent studies have shown that they also play roles in the
regulation of bacterial interactions and competition [81, 82]. The pathogenic strains possess
more recognized components of the T6SSs, thus suggesting that these systems are more
complete in the pathogens as compared to the non-pathogenic treponemes.

3.13. Interesting facets of the transportome of T. pallidum str. Sea 81-4

So far, we have presented the results as a comparative analysis of all ten 7reponema
genomes. However, in this section we shall discuss interesting facets of the transportome of
7. pallidum str. Sea 81-4 and how its small genome facilitates its parasitic lifestyle inside the
human host. Minor descriptions of proteins that may have the potential to assist Tpal as a
parasitic bacterium are given in Table 7, while Figure 1 gives a concise view of the
transportome of Tpal.

To gain an understanding of immune evasion by Tpal and understand which transport
proteins play a role in its occurrence, it is necessary to understand the pathogenesis of
syphilis, which is described in much detail in the review by Radolf et al. 2016 [6]. In brief, it
has been hypothesized that a 7reponema pallidum repeat protein (TprK) (TC# 1.B.38.1.2)
plays a pivotal role in escaping the binding of antibodies, thus contributing to the immune
evasion potential of Tpal. Other potential OMPs found in Tpal include a repeat protein
TprEb (TC# 1.B.38.1.3), the outer membrane bipartite porin TprC/TprD (TC# 1.B.38.1.5)
and the outer membrane trimeric porin Tprl (TC#1.B.38.1.6). It has been hypothesized that
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these OMPs, in conjunction with each other, can form large non-selective channels, which
could help Tpal meet its nutritional requirements in the host [6]. Tpal has homologues of
characterized methyl-accepting chemotaxis proteins (TC#9.B.305.1.27). These proteins can
be involved in a wide range of physiological processes including biofilm formation,
regulation of flagellar biosynthesis, toxin production and sensory transduction. The sensors
may bind exogenously derived ligands in the periplasm [83].

In our analysis, we found ABC transporters specific for various sugars encoded within the
Tpal genome. Hexoses are crucial sources of energy to assist in the parasitic lifestyle of the
organism [84]. Tpal seems to possess a complete three-component methyl galactoside
transporter (TC# 3.A.1.2.3). This system may be utilized for high affinity uptake of glucose/
galactose across the cytoplasmic membrane. Another complete ABC system found is
PnrABCDE, which is a five-component purine nucleoside permease (TC# 3.A.1.2.10). This
transport system catalyzes uptake of nucleosides (adenosine, guanosine, inosine and
xanthosine). Parasitic organisms need to replicate rapidly during initial host colonization,
requiring purine and pyrimidine bases for the synthesis of DNA and RNA [84]. However,
Tpal behaves contrary to this initial replicative rapidity and exhibits a rather sluggish
replication rate (~30h) [85]. Overall, Tpal has limited capacity for the de novo synthesis of
purine bases owing to its small genome size, and this system (PnrABCDE) has been
hypothesized to be pivotal for the replicative needs of the organism [86].

Past studies have indicated that Tpal requires three transition metals, zinc, iron and
manganese, to perform important structural and catalytic functions [52]. In this study, we
found that the organism seems to possess a complete system for the uptake of manganese
(Mn2%), zinc (Zn2*) and possibly iron (Fe2*): TroABCD (TC#3.A.1.15.8). Tpal also has a
complete zinc-specific uptake system, one constituent of which matched TC#3.A.1.15.5 as
the top hit, while two constituents matched TC#3.A.1.15.11 as the best hits.

We found that Tpal encodes two putative transport proteins of the Fatty Acid Translocation
(FAT) Family (TC#4.C.1). One is a homologue of the long chain fatty acid (LCFAS)
synthase of £. coli (TC# 4.C.1.1.4); this protein catalyzes the esterification, concomitant
with transport, of exogenous long-chain fatty acids into metabolically active CoA thioesters
for subsequent degradation or incorporation into phospholipids [87, 88]. A second
homologue is a carnitine/crotonobetaine CoA synthase (TC#4.C.1.1.6), a protein predicted
to be involved in carnitine metabolism. It has been established that carnitine plays roles in
bacterial metabolism: i) it may be used as a final electron acceptor in anaerobes, and ii) it
may assist in the survival of bacteria within and outside the host [89]. To date, none of the
spirochaetes have been shown to utilize carnitine in their metabolism, but Tpal has been
predicted to possess a carnitine transporter [90, 91]. Our study also supports this prediction,
which may promote survival of the bacteria under different environmental conditions, and it
may assist in the establishment of infections in the host.

Amino acids serve a plethora of important biological functions in bacteria including protein
synthesis and the provision of energy, carbon and nitrogen. However, the parasitic Tpal lacks
the necessary biosynthetic machinery for the synthesis of many amino acids [92], and
instead relies on the uptake of free amino acids and peptides from the external environment
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[90]. In the Tpal genome, we found evidence for eight amino acid transport proteins as
shown in Table 2. One of these transport proteins is a homologue of the probable glycine/
alanine/asparagine/glutamine (AgcS) uptake porter (TC#2.A.25.1.9) of Pseudomonas
aeruginosa. In addition, a complete three-component system of an L-histidine uptake porter
(MetlQN) (TC# 3.A.1.24.5) was found.

4. Discussion

Treponemes are fascinating adaptive organisms as revealed by their occurrence in a wide
range of hosts and external environments [4]. Normally, these organisms exist as a part of
the normal flora of humans and animals; however, some species are pathogenic to one or
another of these hosts, and some are pathogenic to more than one animal host [93]. In
addition, some species occur in a variety of aquatic habitats [94]. The most significant
pathogen of the Treponema genus is T. pallidum, which is the causative agent of syphilis.
This disease may be transmitted horizontally by sexual contact or vertically via
hematogenous dissemination across the placental wall [95]. Each year, there are 11-12
million new cases of syphilis in human adults [93], while the estimated number of cases of
congenital syphilis range between 700,000 and 1,500,000. Syphilis may additionally result
in miscarriage or stillbirth [96]. Currently, no vaccine is available for syphilis, and different
antibiotic regimes, including penicillin and macrolides, may be opted for treatment. For
more insight into antibiotic resistance in treponemes see the review of Stamm, 2015 [93].

The transportome analyses reported in this study unveiled interesting details concerning the
physiological and metabolic capabilities of the ten treponemes studied. All strains encode
transport proteins that provide the organism with the metabolic repertoire required to thrive
in their respective ecological niches. For instance, the oral pathogen Tde encodes the most
iron-siderophore transport proteins among all ten strains. Iron (Fe) is known to be essential
for biofilm formation, as it regulates surface motility while stabilizing the polysaccharide
matrix [97]. During limited availability of iron, certain physiological changes limit biofilm
formation by affecting interactions with other oral residents [98]. The high numbers of
siderophore transport proteins point to the importance of iron acquisition for biofilm
formation by Tde. The other oral pathogen, Tpu, also contains a considerable number (14) of
these iron-siderophore transport proteins.

In the case of the two termite gut symbionts (Taz and Tpr), various transport proteins were
identified that support the two organisms in their symbiotic lifestyles. Both treponeme
symbionts have ammonia transporters (TC#1.A.11.2.3 in Tpr and TC#1.A.11.2.7 in Taz) that
were absent in the remaining eight strains. It has been hypothesized that in a symbiotic
relationship, one of the major nitrogen metabolites transported to the symbiont by the host is
ammonia [99]. This nitrogenous compound may be utilized by the two treponemes for the
synthesis of amino acids, and these amino acids may be translocated back to the host via
different amino acid efflux transporters. Interestingly, both symbionts have members of the
Branched Chain Amino Acid Exporter (LI1V-E) Family (TC#2.A.78), which supports the
above-mentioned hypothesis of an amino acid-efflux mechanism in these two treponemes.
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The parasitic properties of Tpal are of particular interest (see Results reported in section 3.13
for interesting facets of Tpal). Ever since its discovery in 1906, progressive research on Tpal
has been slow due to uncontrolled circumstances. One was the difficulty in the /n-vitro
cultivation of the syphilis-causing organism [76]. However, genomic studies have helped in
understanding the mechanisms that Tpal employs to gain nutritional benefits from its host
[100]. From our analysis, we hypothesize that despite its small genome size (~1.1 Mbp),
Tpal has a finely tuned transportome (9% of the total proteome) at its disposal. This
transportome must be an efficient mining tool that gathers essential nutrients from its host.
Also, these transport proteins must enable Tpal to adapt to a diverse range of
microenvironments and stresses in the human host.

Treponemes have the key attributes of motility and chemotaxis [101]. The embedded flagella
permitting corkscrew-like motility favors their dissemination and survival in their respective
environments. Transport proteins identified in this study, including a flagellar protein export
system, chemotaxis proteins, and flagellar motor energizers; all play roles in survival and
virulence of the organisms [102].

The transportome of an organism usually represents about 10% of the overall proteome.
However, in our study this percentage was less than 10% for four strains (Tsu 7.9%, Tpal
9%, Tpr 9.5% and Taz 9.5%). The transportome analysis revealed key aspects of
pathogenesis, parasitism and symbiosis in the ten strains. The presence of various virulence
factors such as PFTs, iron uptake systems and protein secretion systems in all ten
treponemes is surprising, as the non-pathogens may have yet undisclosed pathogenic
potential. Also, the non-pathogens contain more secondary carriers as compared to the
pathogens (See Results section 3.12), which indicates their enhanced ability to live in a wide
range of environments as compared to the host-restricted pathogens. The findings reported in
this communication improve our understanding of the pathogenesis of different 7reponema
species and encourage further comparative studies of more such species.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We acknowledge the help of all the members of the Saier Bioinformatics lab at the University of California, San
Diego, USA.

Funding

This research was funded by NIH grant GM077402. The funder had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

References

1. Dashper SG, Seers CA, Tan KH, Reynolds EC. Virulence factors of the oral spirochete Treponema
denticola. J Dent Res. 2011;90:691-703. [PubMed: 20940357]

2. Staudova B, Strouhal M, Zobanikova M, Cejkova D, Fulton LL, Chen L, et al. Whole genome
sequence of the Treponema pallidum subsp. endemicum strain Bosnia A: the genome is related to

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

11.

Page 16

yaws treponemes but contains few loci similar to syphilis treponemes. PLoS Negl Trop Dis.
2014;8:e3261. [PubMed: 25375929]

. Wolf Y1, Rogozin 1B, Grishin NV, Tatusov RL, Koonin EV. Genome trees constructed using five

different approaches suggest new major bacterial clades. BMC Evol Biol. 2001;1:8. [PubMed:
11734060]

4. Radolf JD. Treponema. Medical Microbiology 4th edition. Galveston (TX)1996.
. Lombard M, Touati D, Fontecave M, Niviere V. Superoxide reductase as a unique defense system

against superoxide stress in the microaerophile Treponema pallidum. J Biol Chem.
2000;275:27021-6. [PubMed: 10867007]

. Radolf JD, Deka RK, Anand A, Smajs D, Norgard MV, Yang XF. Treponema pallidum, the syphilis

spirochete: making a living as a stealth pathogen. Nat Rev Microbiol. 2016;14:744-59. [PubMed:
27721440]

. Giacani L, Lukehart SA. The endemic treponematoses. Clin Microbiol Rev. 2014;27:89-115.

[PubMed: 24396138]

. Kenyon CR, Osbak K, Tsoumanis A. The Global Epidemiology of Syphilis in the Past Century - A

Systematic Review Based on Antenatal Syphilis Prevalence. PLoS Negl Trop Dis.
2016;10:e0004711. [PubMed: 27167068]

. Peeling RW, Mabey D, Kamb ML, Chen XS, Radolf JD, Benzaken AS. Syphilis. Nat Rev Dis

Primers. 2017;3:17073. [PubMed: 29022569]

10. Trivedi S, Williams C, Torrone E, Kidd S. National Trends and Reported Risk Factors Among

Pregnant Women With Syphilis in the United States, 2012-2016. Obstet Gynecol. 2019;133:27-32.
[PubMed: 30531570]

Singh AE, Romanowski B. Syphilis: review with emphasis on clinical, epidemiologic, and some
biologic features. Clin Microbiol Rev. 1999;12:187-209. [PubMed: 10194456]

12. Arnold SR, Ford-Jones EL. Congenital syphilis: A guide to diagnosis and management. Paediatr

Child Health. 2000;5:463-9. [PubMed: 20177559]

13. Visser MB, Ellen RP. New insights into the emerging role of oral spirochaetes in periodontal

disease. Clin Microbiol Infect. 2011;17:502-12. [PubMed: 21414084]

14. Chukkapalli SS, Rivera MF, Velsko IM, Lee JY, Chen H, Zheng D, et al. Invasion of oral and aortic

tissues by oral spirochete Treponema denticola in ApoE(—/-) mice causally links periodontal
disease and atherosclerosis. Infect Immun. 2014;82:1959-67. [PubMed: 24566627]

15. Schrank K, Choi BK, Grund S, Moter A, Heuner K, Nattermann H, et al. Treponema

brennaborense sp. nov., a novel spirochaete isolated from a dairy cow suffering from digital
dermatitis. Int J Syst Bacteriol. 1999;49 Pt 1:43-50. [PubMed: 10028246]

16. Evans NJ, Brown JM, Demirkan I, Murray RD, Birtles RJ, Hart CA, et al. Treponema pedis sp.

nov., a spirochaete isolated from bovine digital dermatitis lesions. Int J Syst Evol Microbiol.
2009;59:987-91. [PubMed: 19406779]

17. Ho EL, Lukehart SA. Syphilis: using modern approaches to understand an old disease. J Clin

Invest. 2011;121:4584-92. [PubMed: 22133883]

18. Brown ST. Therapy for nonvenereal treponematoses: review of the efficacy of penicillin and

consideration of alternatives. Rev Infect Dis. 1985;7 Suppl 2:5318-26. [PubMed: 4012176]

19. Graber JR, Breznak JA. Physiology and nutrition of Treponema primitia, an H2/CO2-acetogenic

spirochete from termite hindguts. Appl Environ Microbiol. 2004;70:1307-14. [PubMed:
15006747]

20. Cwyk WM, Canale-Parola E. Treponema succinifaciens sp. nov., an anaerobic spirochete from the

swine intestine. Arch Microbiol. 1979;122:231-9. [PubMed: 120726]

21. Abt B, Goker M, Scheuner C, Han C, Lu M, Misra M, et al. Genome sequence of the thermophilic

fresh-water bacterium Spirochaeta caldaria type strain (H1(T)), reclassification of Spirochaeta
caldaria, Spirochaeta stenostrepta, and Spirochaeta zuelzerae in the genus Treponema as
Treponema caldaria comb. nov., Treponema stenostrepta comb. nov., and Treponema zuelzerae
comb. nov., and emendation of the genus Treponema. Stand Genomic Sci. 2013;8:88-105.
[PubMed: 23961314]

22. Paster BJ, Dewhirst FE, Weisburg WG, Tordoff LA, Fraser GJ, Hespell RB, et al. Phylogenetic

analysis of the spirochetes. J Bacteriol. 1991;173:6101-9. [PubMed: 1917844]

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 17

Li C, Motaleb A, Sal M, Goldstein SF, Charon NW. Spirochete periplasmic flagella and motility. J
Mol Microbiol Biotechnol. 2000;2:345-54. [PubMed: 11075905]

Schroder NW, Eckert J, Stubs G, Schumann RR. Immune responses induced by spirochetal outer
membrane lipoproteins and glycolipids. Immunobiology. 2008;213:329-40. [PubMed: 18406378]
Izard J, Renken C, Hsieh CE, Desrosiers DC, Dunham-Ems S, La Vake C, et al. Cryo-electron
tomography elucidates the molecular architecture of Treponema pallidum, the syphilis spirochete.
J Bacteriol. 2009;191:7566-80. [PubMed: 19820083]

Wolgemuth CW, Charon NW, Goldstein SF, Goldstein RE. The flagellar cytoskeleton of the
spirochetes. J Mol Microbiol Biotechnol. 2006;11:221-7. [PubMed: 16983197]

Charon NW, Goldstein SF. Genetics of motility and chemotaxis of a fascinating group of bacteria:
the spirochetes. Annu Rev Genet. 2002;36:47-73. [PubMed: 12429686]

Charon NW, Cockburn A, Li C, Liu J, Miller KA, Miller MR, et al. The unique paradigm of
spirochete motility and chemotaxis. Annu Rev Microbiol. 2012;66:349-70. [PubMed: 22994496]
Buyuktimkin B, Saier MH Jr. Comparative genomic analyses of transport proteins encoded within
the genomes of Leptospira species. Microb Pathog. 2015;88:52—64. [PubMed: 26247102]

Radolf JD, Norgard MV, Schulz WW. Outer membrane ultrastructure explains the limited
antigenicity of virulent Treponema pallidum. Proc Natl Acad Sci U S A. 1989;86:2051-5.
[PubMed: 2648388]

Walker EM, Zampighi GA, Blanco DR, Miller JN, Lovett MA. Demonstration of rare protein in
the outer membrane of Treponema pallidum subsp. pallidum by freeze-fracture analysis. J
Bacteriol. 1989;171:5005-11. [PubMed: 2670902]

Seshadri R, Myers GS, Tettelin H, Eisen JA, Heidelberg JF, Dodson RJ, et al. Comparison of the
genome of the oral pathogen Treponema denticola with other spirochete genomes. Proc Natl Acad
Sci U S A. 2004;101:5646-51. [PubMed: 15064399]

Giacani L, lverson-Cabral SL, King JC, Molini BJ, Lukehart SA, Centurion-Lara A. Complete
Genome Sequence of the Treponema pallidum subsp. pallidum Sea81-4 Strain. Genome Announc.
2014;2.

Svartstrom O, Mushtaq M, Pringle M, Segerman B. Genome-wide relatedness of Treponema pedis,
from gingiva and necrotic skin lesions of pigs, with the human oral pathogen Treponema denticola.
PLo0S One. 2013;8:671281. [PubMed: 23977007]

Rosenthal AZ, Matson EG, Eldar A, Leadbetter JR. RNA-seq reveals cooperative metabolic
interactions between two termite-gut spirochete species in co-culture. ISME J. 2011;5:1133-42.
[PubMed: 21326336]

Smajs D, Zobanikova M, Strouhal M, Cejkova D, Dugan-Rocha S, Pospisilova P, et al. Complete
genome sequence of Treponema paraluiscuniculi, strain Cuniculi A: the loss of infectivity to
humans is associated with genome decay. PL0oS One. 2011;6:620415. [PubMed: 21655244]

Han C, Gronow S, Teshima H, Lapidus A, Nolan M, Lucas S, et al. Complete genome sequence of
Treponema succinifaciens type strain (6091). Stand Genomic Sci. 2011;4:361-70. [PubMed:
21886863]

Lacap-Bugler DC, Jiang J, Huo YB, Chan Y, Leung FC, Watt RM. Complete Genome Sequence of
the Oral Spirochete Bacterium Treponema putidum Strain OMZ 758T (ATCC 700334T). Genome
Announc. 2014;2.

Reddy VS, Saier MH Jr. BioV Suite--a collection of programs for the study of transport protein
evolution. FEBS J. 2012;279:2036-46. [PubMed: 22568782]

lkeda M, Arai M, Lao DM, Shimizu T. Transmembrane topology prediction methods: a
reassessment and improvement by a consensus method using a dataset of experimentally-
characterized transmembrane topologies. In Silico Biol. 2002;2:19-33.

Zhai Y, Saier MH Jr. A web-based program (WHAT) for the simultaneous prediction of
hydropathy, amphipathicity, secondary structure and transmembrane topology for a single protein
sequence. J Mol Microbiol Biotechnol. 2001;3:501-2. [PubMed: 11545267]

Okabe M, Yakushi T, Homma M. Interactions of MotX with MotY and with the PomA/PomB
sodium ion channel complex of the Vibrio alginolyticus polar flagellum. J Biol Chem.
2005;280:25659-64. [PubMed: 15866878]

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 18

Koerdt A, Paulick A, Mock M, Jost K, Thormann KM. MotX and MotY are required for flagellar
rotation in Shewanella oneidensis MR-1. J Bacteriol. 2009;191:5085-93. [PubMed: 19502394]

Llamas MA, Rodriguez-Herva JJ, Hancock RE, Bitter W, Tommassen J, Ramos JL. Role of
Pseudomonas putida tol-oprL gene products in uptake of solutes through the cytoplasmic
membrane. J Bacteriol. 2003;185:4707-16. [PubMed: 12896989]

Sahni J, Scharenberg AM. The SLC41 family of MgtE-like magnesium transporters. Mol Aspects
Med. 2013;34:620-8. [PubMed: 23506895]

Ji C, Stockbridge RB, Miller C. Bacterial fluoride resistance, Fluc channels, and the weak acid
accumulation effect. J Gen Physiol. 2014;144:257-61. [PubMed: 25156118]

Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol
Life Sci. 2005;62:670-84. [PubMed: 15770419]

More SH, Breloer M, von Bonin A. Eukaryotic heat shock proteins as molecular links in innate and
adaptive immune responses: Hsp60-mediated activation of cytotoxic T cells. Int Immunol.
2001;13:1121-7. [PubMed: 11526092]

Galdiero S, Falanga A, Cantisani M, Tarallo R, Della Pepa ME, D'Oriano V, et al. Microbehost
interactions: structure and role of Gram-negative bacterial porins. Curr Protein Pept Sci.
2012;13:843-54. [PubMed: 23305369]

Achouak W, Heulin T, Pages JM. Multiple facets of bacterial porins. FEMS Microbiol Lett.
2001;199:1-7. [PubMed: 11356559]

Dunstan RA, Hay ID, Wilksch JJ, Schittenhelm RB, Purcell AW, Clark J, et al. Assembly of the
secretion pores GspD, Wza and CsgG into bacterial outer membranes does not require the Omp85
proteins BamA or TamA. Mol Microbiol. 2015;97:616-29. [PubMed: 25976323]

Hazlett KR, Cox DL, Decaffmeyer M, Bennett MP, Desrosiers DC, La Vake CJ, et al. TP0453, a
concealed outer membrane protein of Treponema pallidum, enhances membrane permeability. J
Bacteriol. 2005;187:6499-508. [PubMed: 16159783]

Reid TB, Molini BJ, Fernandez MC, Lukehart SA. Antigenic variation of TprK facilitates
development of secondary syphilis. Infect Immun. 2014;82:4959-67. [PubMed: 25225245]
Baida GE, Kuzmin NP. Cloning and primary structure of a new hemolysin gene from Bacillus
cereus. Biochim Biophys Acta. 1995;1264:151-4. [PubMed: 7495855]

Baida GE, Kuzmin NP. Mechanism of action of hemolysin 111 from Bacillus cereus. Biochim
Biophys Acta. 1996;1284:122-4. [PubMed: 8962879]

Wang H, Wu Y, Ojcius DM, Yang XF, Zhang C, Ding S, et al. Leptospiral hemolysins induce
proinflammatory cytokines through Toll-like receptor 2-and 4-mediated JINK and NF-kappaB
signaling pathways. PL0S One. 2012;7:e42266. [PubMed: 22870312]

Reddy BL, Saier MH Jr. Properties and Phylogeny of 76 Families of Bacterial and Eukaryotic
Organellar Outer Membrane Pore-Forming Proteins. PLoS One. 2016;11:e0152733. [PubMed:
27064789]

Saier MH Jr., Reddy BL. Holins in bacteria, eukaryotes, and archaea: multifunctional xenologues
with potential biotechnological and biomedical applications. J Bacteriol. 2015;197:7-17.
[PubMed: 25157079]

Law CJ, Maloney PC, Wang DN. Ins and outs of major facilitator superfamily antiporters. Annu
Rev Microbiol. 2008;62:289-305. [PubMed: 18537473]

Reizer J, Reizer A, Saier MH Jr. A functional superfamily of sodium/solute symporters. Biochim
Biophys Acta. 1994;1197:133-66. [PubMed: 8031825]

Schweikhard ES, Ziegler CM. Amino acid secondary transporters: toward a common transport
mechanism. Curr Top Membr. 2012;70:1-28. [PubMed: 23177982]

Tsukazaki T Structure-based working model of SecDF, a proton-driven bacterial protein
translocation factor. FEMS Microbiol Lett. 2018;365.

Tsukazaki T, Mori H, Echizen Y, Ishitani R, Fukai S, Tanaka T, et al. Structure and function of a
membrane component SecDF that enhances protein export. Nature. 2011;474:235-8. [PubMed:
21562494]

Tseng TT, Gratwick KS, Kollman J, Park D, Nies DH, Goffeau A, et al. The RND permease
superfamily: an ancient, ubiquitous and diverse family that includes human disease and
development proteins. J Mol Microbiol Biotechnol. 1999;1:107-25. [PubMed: 10941792]

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 19

Paparoditis P, Vastermark A, Le AJ, Fuerst JA, Saier MH Jr. Bioinformatic analyses of integral
membrane transport proteins encoded within the genome of the planctomycetes species,
Rhodopirellula baltica. Biochim Biophys Acta. 2014;1838:193-215. [PubMed: 23969110]

Heidari Tajabadi F, Medrano-Soto A, Ahmadzadeh M, Salehi Jouzani G, Saier MH Jr. Comparative
Analyses of Transport Proteins Encoded within the Genomes of Bdellovibrio bacteriovorus HD100
and Bdellovibrio exovorus JSS. J Mol Microbiol Biotechnol. 2017;27:332-49. [PubMed:
29212086]

Davidson AL, Maloney PC. ABC transporters: how small machines do a big job. Trends Microbiol.
2007;15:448-55. [PubMed: 17920277]

Smith PC, Karpowich N, Millen L, Moody JE, Rosen J, Thomas PJ, et al. ATP binding to the
motor domain from an ABC transporter drives formation of a nucleotide sandwich dimer. Mol
Cell. 2002;10:139-49. [PubMed: 12150914]

Balsera M, Buey RM, Li XD. Quaternary structure of the oxaloacetate decarboxylase membrane
complex and mechanistic relationships to pyruvate carboxylases. J Biol Chem. 2011;286:9457-67.
[PubMed: 21209096]

Gonzalez CF, Stonestrom AJ, Lorca GL, Saier MH Jr. Biochemical characterization of phosphoryl
transfer involving HPr of the phosphoenolpyruvate-dependent phosphotransferase system in
Treponema denticola, an organism that lacks PTS permeases. Biochemistry. 2005;44:598-608.
[PubMed: 15641785]

Jia Z, Pei Z, Maiguel D, Toomer CJ, Watkins PA. The fatty acid transport protein (FATP) family:
very long chain acyl-CoA synthetases or solute carriers? J Mol Neurosci. 2007;33:25-31.
[PubMed: 17901542]

Davis JK. Combining polysaccharide biosynthesis and transport in a single enzyme: dual-function
cell wall glycan synthases. Front Plant Sci. 2012;3:138. [PubMed: 22737159]

Koo H, Falsetta ML, Klein MI. The exopolysaccharide matrix: a virulence determinant of
cariogenic biofilm. J Dent Res. 2013;92:1065-73. [PubMed: 24045647]

Rosen G, Genzler T, Sela MN. Coaggregation of Treponema denticola with Porphyromonas
gingivalis and Fusobacterium nucleatum is mediated by the major outer sheath protein of
Treponema denticola. FEMS Microbiol Lett. 2008;289:59-66. [PubMed: 19054094]

Garai P, Chandra K, Chakravortty D. Bacterial peptide transporters: Messengers of nutrition to
virulence. Virulence. 2017;8:297-309. [PubMed: 27589415]

Norris SJ, Cox DL, Weinstock GM. Biology of Treponema pallidum: correlation of functional
activities with genome sequence data. J Mol Microbiol Biotechnol. 2001;3:37-62 [PubMed:
11200228]

Deka RK, Brautigam CA, Biddy BA, Liu WZ, Norgard MV. Evidence for an ABC-type riboflavin
transporter system in pathogenic spirochetes. MBio. 2013;4:e00615-12. [PubMed: 23404400]
Galan JE, Lara-Tejero M, Marlovits TC, Wagner S. Bacterial type 111 secretion systems:
specialized nanomachines for protein delivery into target cells. Annu Rev Microbiol. 2014;68:415—
38. [PubMed: 25002086]

Nguyen L, Paulsen IT, Tchieu J, Hueck CJ, Saier MH Jr. Phylogenetic analyses of the constituents
of Type |11 protein secretion systems. J Mol Microbiol Biotechnol. 2000;2:125-44. [PubMed:
10939240]

Wagner S, Grin I, Malmsheimer S, Singh N, Torres-Vargas CE, Westerhausen S. Bacterial type 111
secretion systems: a complex device for the delivery of bacterial effector proteins into eukaryotic
host cells. FEMS Microbiol Lett. 2018;365.

Hood RD, Singh P, Hsu F, Guvener T, Carl MA, Trinidad RR, et al. A type VI secretion system of
Pseudomonas aeruginosa targets a toxin to bacteria. Cell Host Microbe. 2010;7:25-37. [PubMed:
20114026]

Schwarz S, West TE, Boyer F, Chiang WC, Carl MA, Hood RD, et al. Burkholderia type VI
secretion systems have distinct roles in eukaryotic and bacterial cell interactions. PLoS Pathog.
2010;6:€1001068. [PubMed: 20865170]

Salah Ud-Din AIM, Roujeinikova A. Methyl-accepting chemotaxis proteins: a core sensing
element in prokaryotes and archaea. Cell Mol Life Sci. 2017;74:3293-303. [PubMed: 28409190]

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buyuktimkin et al.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

Page 20

Dean P, Major P, Nakjang S, Hirt RP, Embley TM. Transport proteins of parasitic protists and their
role in nutrient salvage. Front Plant Sci. 2014;5:153. [PubMed: 24808897]

Magnuson HJ, Eagle H, Fleischman R. The minimal infectious inoculum of Spirochaeta pallida
(Nichols strain) and a consideration of its rate of multiplication in vivo. Am J Syph Gonorrhea
Vener Dis. 1948;32:1-18. [PubMed: 18917621]

Deka RK, Brautigam CA, Yang XF, Blevins JS, Machius M, Tomchick DR, et al. The PnrA
(Tp0319; TmpC) lipoprotein represents a new family of bacterial purine nucleoside receptor
encoded within an ATP-binding cassette (ABC)-like operon in Treponema pallidum. J Biol Chem.
2006;281:8072-81. [PubMed: 16418175]

Campbell JW, Morgan-Kiss RM, Cronan JE Jr. A new Escherichia coli metabolic competency:
growth on fatty acids by a novel anaerobic beta-oxidation pathway. Mol Microbiol. 2003;47:793—
805. [PubMed: 12535077]

Morgan-Kiss RM, Cronan JE. The Escherichia coli fadK (ydiD) gene encodes an anerobically
regulated short chain acyl-CoA synthetase. J Biol Chem. 2004;279:37324-33. [PubMed:
15213221]

Meadows JA, Wargo MJ. Carnitine in bacterial physiology and metabolism. Microbiology.
2015;161:1161-74. [PubMed: 25787873]

Saier MH Jr., Paulsen IT. Whole genome analyses of transporters in spirochetes: Borrelia
burgdorferi and Treponema pallidum. J Mol Microbiol Biotechnol. 2000;2:393-9. [PubMed:
11075911]

Smajs D, McKevitt M, Howell JK, Norris SJ, Cai WW, Palzkill T, et al. Transcriptome of
Treponema pallidum: gene expression profile during experimental rabbit infection. J Bacteriol.
2005;187:1866-74. [PubMed: 15716460]

Chen X, Zhao M, Qu H. Cellular metabolic network analysis: discovering important reactions in
Treponema pallidum. Biomed Res Int. 2015;2015:328568. [PubMed: 26495292]

Stamm LV. Global challenge of antibiotic-resistant Treponema pallidum. Antimicrob Agents
Chemother. 2010;54:583-9. [PubMed: 19805553]

Abt B, Goker M, Scheuner C, Han C, Lu M, Misra M, et al. Genome sequence of the thermophilic
fresh-water bacterium Spirochaeta caldaria type strain (H1(T)), reclassification of Spirochaeta
caldaria, Spirochaeta stenostrepta, and Spirochaeta zuelzerae in the genus Treponema as
Treponema caldaria comb. nov., Treponema stenostrepta comb. nov., and Treponema zuelzerae
comb. nov., and emendation of the genus Treponema. Stand Genomic Sci. 2013;8:88-105.
[PubMed: 23961314]

Hollier LM, Cox SM. Syphilis. Semin Perinatol. 1998;22:323-31. [PubMed: 9738997]

Kruger C, Malleyeck 1. Congenital syphilis: still a serious, under-diagnosed threat for children in
resource-poor countries. World J Pediatr. 2010;6:125-31. [PubMed: 20490768]

Chhibber S, Nag D, Bansal S. Inhibiting biofilm formation by Klebsiella pneumoniae B5055 using
an iron antagonizing molecule and a bacteriophage. BMC Microbiol. 2013;13:174. [PubMed:
23889975]

Simoes LC, Simoes M, Vieira MJ. Biofilm interactions between distinct bacterial genera isolated
from drinking water. Appl Environ Microbiol. 2007;73:6192-200. [PubMed: 17675433]

Kopp C, Pernice M, Domart-Coulon I, Djediat C, Spangenberg JE, Alexander DT, et al. Highly
dynamic cellular-level response of symbiotic coral to a sudden increase in environmental nitrogen.
MBio. 2013;4:e00052-13. [PubMed: 23674611]

100. Fraser CM, Norris SJ, Weinstock GM, White O, Sutton GG, Dodson R, et al. Complete genome

sequence of Treponema pallidum, the syphilis spirochete. Science. 1998;281:375-88. [PubMed:
9665876]

101. Charon NW, Goldstein SF. Genetics of motility and chemotaxis of a fascinating group of bacteria:

the spirochetes. Annu Rev Genet. 2002;36:47-73. [PubMed: 12429686]

102. Perez-Llarena FJ, Bou G. Proteomics As a Tool for Studying Bacterial Virulence and

Antimicrobial Resistance. Front Microbiol. 2016;7:410. [PubMed: 27065974]

103. Black PN, & DiRusso CC Vectorial acylation: linking fatty acid transport and activation to

metabolic trafficking. Novartis Found Symp. 2007;286:127 [PubMed: 18269179]

Microb Pathog. Author manuscript; available in PMC 2020 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Buyuktimkin et al.

Page 21
Highlights

. Treponema species can be pathogenic, symbiotic or free living, two causing
syphilis.

. Ten species were analyzed for their genome-encoded complement of transport
proteins.

. Transporter types correlate with the means of energy production and
ecological niche.

. Widely divergent transport capabilities have evolved, correlating with
organismal life styles.

. Identified transporters help explain why and how some became pathogenic or

symbiotic.
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Figure 1. The transportome of Tpal in a nutshell.
The most well represented TC subclasses are shown in terms of pecentages of proteins in the

overall transportome. TC 3.A has the highest representation (31.7%), with the ABC
superfamily (TC#3.A.1) being the best represented family. However, secondary carriers
(2.A) comprise 26.0% of the transporters, and since these systems are single component
systems while ABC systems are multi-component systems, the number of secondary carriers
actually excede the number of primary active transport systems. TC subclass 1.B also makes
up a significant fraction (22.1%) of the transportome. In this subclass, members of the
Treponema Porin Major Surface Protein (TP-MSP) Family (TC#1.B.38) are present in large
numbers (see Table 2). The TC subclass (1.A; a-type channels) only represents 2.9% of the
Tpal transportome.
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