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Abstract

Bdellovibrio bacteriovorus is a bacterial parasite with an unusual lifestyle. It grows and
reproduces in the periplasm of a host prey bacterium. The complete genome sequence of B.
bacteriovorus has recently been reported. We have reanalyzed the transport proteins encoded
within the B. bacteriovorus genome according to the current content of the transporter
classification database (TCDB). A comprehensive analysis is given on the types and numbers of
transport systems that B. bacteriovorus has. In this regard, the potential protein secretory
capabilities of at least 4 types of inner membrane secretion systems and 5 types for outer
membrane secretion are described. Surprisingly, B. bacteriovorus has a disproportionate
percentage of cytoplasmic membrane channels and outer membrane porins. It has far more TonB/
ExbBD-type systems and MotAB-type systems for energizing outer membrane transport and
motility than does £. coli. Analysis of probable substrate specificities of its transporters provides
clues to its metabolic preferences. Interesting examples of gene fusions and of potentially
overlapping genes were also noted. Our analyses provide a comprehensive, detailed appreciation
of the transport capabilities of B. bacteriovorus. They should serve as a guide for functional
experimental analyses.
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Bdellovibrio bacteriovorus is a Gram-negative &-proteobacterium that preys on other Gram-
negative bacteria [1]. B. bacteriovorus penetrates the outer membrane of its prey and grows
intraperiplasmically [2]. There it differentiates from the attack phase cell into the growth
phase cell [1,3]. It loses its flagellum and initiates growth. At this point, B. bacteriovorus
modifies the host cell peptidoglycan [4,5] and converts the host cell into a spherical structure
called a bdelloplast in a process dependent on glycanase [2,6]. Not until 45 minutes after
initiating the growth phase does DNA replication begin. During the following 2-3 hours, B.
bacteriovorus causes extensive host cell damage and grows into a long coiled filament [7].
Late steps in the differentiation cycle can be completed outside of the host cell [8]. Although
wild-type B. bacteriovorus is an obligate parasite, it can be mutated to grow in culture [9].

The B. bacteriovorus developmental cycle has been divided into eight phases according to
morphological and physiological observations [7,10,11]: (1) The attack phase: B.
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bacteriovorus swims rapidly and collides with its prey, remaining reversibly attached for a
short “recognition” period [12]. (2) Irreversible attachment: Active adhesion, possibly
involving multiple fimbriae, occurs at the pole opposite the flagellum. (3) Invasion: B.
bacteriovorus forms a “penetration pore” in the host cell outer membrane and cell wall [13].
Invasion may involve retractive fimbriae pulling the prey through the pore [11]. Pore
formation is believed to occur when B. bacteriovorus locally secretes hydrolytic enzymes to
degrade outer envelope constituents. Before entry into the periplasm, B. bacteriovorus
frequently sheds its flagellum [10]. The pore is ultimately resealed by the host cell. (4)
Macromolecular synthesis: B. bacteriovorus initiates macromolecular (RNA, protein, lipid,
polysaccharide) synthesis. The first round of DNA synthesis occurs [2,14]. Since B.
bacteriovorus can synthesize only 11 amino acids, protein synthesis depends on the uptake
of host degradation products [11]. (5) Bdelloplast formation: The rod-shaped host cell
rounds up into the spherical bdelloplast [2,15], and cell growth continues. (6) Septation:
After formation of a single long snake-like cell, B. bacteriovorus synchronously undergoes
septation, generating multiple progeny cells. (7) Flagellation: The progeny cells synthesize
flagella while in the exhausted host bdelloplast. (8) Exit phase: B. bacteriovorus secretes
novel hydrolytic enzymes that cause bdelloplast lysis. Release of the progeny attack cells is
achieved [16]. This progression of developmental events may be initiated and regulated by a
set of sensor kinase/response regulator systems and orchestrated by a sigma factor cascade
similar in principle to that established for Bacillus sporulation [11,17,18].

Throughout most of the growth phase, prey cytoplasmic and integral membrane proteins are
degraded, as are other host cell macromolecules [19,20]. There is evidence that B.
bacteriovorus secretes proteins, possibly porins [21] but definitely many degradative
enzymes [20]. Many of these appear in the host cell cytoplasm although the mechanisms by
which they get there are unknown. Upon completion of growth, the single filamentous cell
septates, giving rise to multiple motile cells, their numbers depending on the size of the prey
cell [22]. Extensive signaling between the predator and prey bacteria seems to be operative
[23,24]. B. bacteriovorus has the potential of being a therapeutic agent for treatment of
Gram-negative bacterial infections [11,25,26,27].

In 2004, the genome sequence of B. bacteriovoruswas published [11], allowing prediction
of its physiology from its gene content. The single circular chromosome contains 3.8 Mbp
and includes an estimated 3,600 coding regions. Only 55% of the deducted proteins were
assigned a putative function based on homology searches. The rest were of unknown
function. The transport systems predicted by annotation of the genome sequence were
shown to fall in the classes of ABC-type transporters and MFS permeases or secondary
carriers belonging to other transporter families. In this analysis, we are updating the list of
transport systems according to the content of the January 2006 version of the transporter
classification database (TCDB; http://www.tcdb.org/). We propose possible substrates and
functions for some of these transporters.

B. bacteriovorus exhibits a number of properties that suggest the need for a most unusual
complement of transport proteins. Several of its metabolic pathways may be incomplete,
based on the available gene function annotations [11]. Neither oxidation nor fermentation of
carbohydrates, organic acids or alcohols has been demonstrated [1,28]. Biochemically, this
organism lacks the phosphoenolpyruvate-dependent sugar transporting phosphotransferase
system (PTS) [19]. It seems to depend primarily on non-carbohydrate macromolecular
metabolism for carbon and energy [1,29,30]. It secretes many macromolecular degradative
enzymes including carbohydrases, proteases, nucleases and lipases [1,19,20]. Thus, it must
have a tremendous capacity for protein secretion across both of its membranes [20]. It
appears to grow largely at the expense of host cell proteins, nucleic acids, and membrane
and cell wall constituents [1,31]. For example, up to 80% of degraded host nucleic acids is
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incorporated into B. bacteriovorus DNA [32]. However, this is just a fraction of the
nucleotides required for growth, so B. bacteriovorus must be capable of making all of the
nucleotides required for DNA synthesis. In fact, complete pathways for purine and
pyrimidine biosynthesis are encoded within the genome [11].

Only a few molecular transport activities in B. bacteriovorus have been characterized, and
even fewer transport proteins have been associated with these activities. The energy-
dependent uptake of intact nucleotides (UMP and ATP) has been demonstrated [33,34].
Uptake of nucleotides appears to be a rare trait for a bacterium, but at least two such systems
appear to exist in B. bacteriovorus. Neither has been characterized in molecular terms.

We have reanalyzed the complement of recognizable transporters encoded within the B.
bacteriovorus genome 2 years after its original annotation, as a plethora of new sequences
have been made publicly available during this time. The B. bacteriovorus genome analyses
reported by Rendulic et al. [11] identified transporters as either permeases or ABC-type
transporters. Here we present a systematic classification of the B. bacteriovorus transporters
based on the TC system [35], which facilitates a more detailed understanding of transport
function and evolution [36]. The methodology used has been described previously [37].

The genome of B. bacteriovorus reveals the presence of potential efflux pumps for
hydrophobic and amphipathic drugs and organic solvents as well as potential uptake systems
for amino acids, peptides and inorganic anions. The general secretory (Sec) system, the twin
arginine targeting protein translocation system, and ABC-type protein secretion systems are
also discussed. B. bacteriovorusencodes complete flagellar and fimbrial protein export
systems and probably a type Il main terminal branch (MTB; TC #3.A.15) for secretion of
proteins across the outer membrane [38]. Several other protein export systems are described
as well. These systems must account for the unusual parasitic lifestyle of this bacterium.

Overview of Transporter Types

Table 1 presents an overall summary of the classes of transporters found in B. bacteriovorus.
The 406 transport proteins make up 172 transport systems. 11.3% of the genes encode
recognizable transport proteins, corresponding to established entries in TCDB. An additional
161 (4.5%) of its genes encode potential transporters that, however, do not give good hits in
TCDB (see below). The total potential percent of transport protein encoding genes is
therefore 15.8%. Since in most free-living bacteria, 10-15% of the genes encode transport
proteins [39], B. bacteriovorus may contain an unusually large number of transporters
especially considering the fact that the genomes of most intracellular parasites encode lower
proportions of transport proteins [39]. The B. bacteriovorus genome encodes higher numbers
of ABC-type transporters than most other bacterial genomes analyzed [11].

In most bacteria, approximately 3-8% of all the transport proteins encoded in the genome are
channel-type transporters [39], B. bacteriovorus has a surprisingly large number of
recognized channel proteins: 15 inner membrane channel proteins (3.7% of the total number
of transport proteins) comprising 12 channels (7% of the transport systems), and 29 outer
membrane porin-type channel-forming proteins (7.1% of the recognized transport proteins),
corresponding to 16 systems, (9.3% of the transport systems). These numbers presumably
reflect a need for rapid, low specificity uptake and export of ions and nutrients, consistent
with the unusual lifestyle of B. bacteriovorus. Some of these channels may be expressed
only at certain phases of the growth cycle (e.g., phase 4, see Introduction) or in response to
specific stress conditions.
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B. bacteriovorus has substantially more secondary carriers (70 systems, or 41% of the
transport systems identified) than primary active transporters (55 systems, or 32%). The
genome sequence gives no indication for group translocators of the
phosphoenolpyruvate:sugar phosphotransferase system (PTS), confirming biochemical
results of Romo et al. [19]. It has just two recognized transmembrane electron flow carrier,
but 16 of its putative transporters fall into the TC class 9 category of poorly defined systems.
Many (161) potential transport proteins (see below) have no counterpart in TCDB [35]. This
is also an unusually large number for a bacterium with a genome of 3.8 Mbps. This
observation may reflect a need for permeases of diverse function.

Transport Substrates

Figure 1 presents a breakdown of the transport systems according to substrate type. Forty-
four (26%) of the recognized transporters are specific for inorganic molecules. Of these, the
large majority transport cations (20%) while far fewer transport anions (3.5%). Nearly 2.5%
are low specificity outer membrane porins.

Small organic molecule transporters show a strong bias for drugs and toxic compounds,
there being three times as many of these transporters as there are sugar or vitamin
transporters. Systems specific for organic acids [40] are only half as plentiful as those for
amino acids [14]. A few systems probably transport aromatic compounds and nucleosides.
However, 22 transporters (13%) are drug/toxic compound efflux systems. This last
percentage is comparable to, but on the high side relative to that found in many other
bacteria.

Half of the macromolecular transporters are probably protein export systems, but lipid and
polysaccharide exporters are also present. Nearly 30% of the identified transporters fall into
the “miscellaneous” or “unknown” category. We suggest the probable substrates and
transport mechanisms of several of these transporters. These results will be discussed in
more detail below and on our website (http://www.biology.ucsd.edu/~msaier/supmat/Bba).

Distribution of Topological Types

The TMHMM transmembrane helix prediction program [41,42] was used to predict the
number of putative transmembrane segments (TMSs) in all the proteins encoded in the B.
bacteriovorus genome. Of the 3587 recognized protein-encoding genes in B. bacteriovorus,
2736 (76%) are predicted to have 0 TMSs, and 849 (24%) are predicted to have 1 or more
TMSs. Of the latter, 396 (11%) have only 1 TMS. Many of these will be secreted proteins
such as periplasmic binding proteins, which require an N-terminal leader sequence to exit
the cytoplasm via the general secretory (Sec) pathway. Remaining proteins with 2 or more
TMSs (Fig. 2) include 453 proteins (13%), which have the greatest potential of being
transporters. However, it should be noted some of these proteins are not involved in
transport as discussed below. Further, only about half of the B. bacteriovorus proteins with 2
or more TMSs were classified into transporter families while a majority of the remainder
were assigned as putative transporters with no functional information (see below). Of these,
152 (9.2%) have just 2 or 3 TMSs. Many of these are recognizable sensor histidine kinases,
but those that function as transporters are likely to be oligomeric pore formers. No proteins
with 3 or less TMSs per polypeptide chain have yet been identified that function as carriers
[35,43]. Sixty-three proteins (1.8%) have 4 TMSs. These could be either carriers or
channels. If carriers, they probably function as dimeric or tetrameric structures [44,45].
Proteins with 5 or more TMSs are likely to be secondary carriers or primary active
transporters although some channel proteins are known to have 5 or more TMSs [46,47].
There are nearly equal numbers of predicted 5 and 6 TMS proteins (50 (1.4%) and 47
(1.3%), respectively) encoded within the B. bacteriovorus genome. Carriers of 5 or 6 TMSs
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generally function as dimers. Transmembrane proteins of 5 TMSs are mostly ABC
transporters while those with 6 are primarily secondary carriers (see below). A total of 4.6%
of the proteins in B. bacteriovorus have 4-9 TMSs; 7, 8 and 9 TMS carriers are also known
[47]. Just 2% of the proteins have 10 or more TMSs. Of these, most are predicted to have 10
or 12 TMSs. As shown in Figure 2, large (=10 TMSs) proteins with even numbers of TMSs
predominate over those predicted to have odd numbers (77% even; 23% odd). We believe
this has to do with the pathways taken for their evolutionary appearance [43]. The
distribution of topological types is not strikingly different than from those of other bacteria
[48,49]. The actual proportion of proteins with even numbers of TMSs may be even greater
due to errors in topological prediction.

The five largest transmembrane proteins have 16 (4 proteins) and 24 (1 protein) TMSs. The
24 TMS protein (G1:42523740) is a member of the monovalent cation:proton antiporter-3
(CPAZ3) family (TC #2.A.63) and is a fusion of two previously recognized subunits of this
multi-protein transporter complex [50,51]. Transporters of the CPA3 family include subunits
that are homologous to subunits of the NADH dehydrogenase complex (TC #3.D.5). Of the
four 16 TMS proteins, two (G1:42523556, G1:42523724) are of the CPA2 family (TC #2.A.
37). Typical Na:H* and K*:H" antiporters of the CPA2 family have up to 14 TMSs (e.g.,
GmrA of Bacillus megaterium) [52]. The two B. bacteriovorus homologues proved to be
fusion proteins where the integral membrane transporters are fused to soluble TrkA-like
domains [53], and the two extra TMSs precede the TrkA domain, linking the transporter to
this soluble regulatory domain.

The third 16 TMS protein (G1:42523211) is a member of the H*-translocating
pyrophosphatase family (TC #3.A.10), most members of which have 16 TMSs [54]. Finally,
the fourth 16 TMS protein (G1:42525209) is a homologue of subunit L of the proton-
translocating NADH dehydrogenase complex which in other organisms has 16 TMSs.

Predicted Subcellular Localizations of B. bacteriovorus Proteins

We used the PSORTDb program [55,56] to predict the subcellular localizations of the proteins
in B. bacteriovorus. Of the assigned proteins, 860 proteins (23%) were predicted to be
cytoplasmic, while 522 (14.1%) were predicted to be in the cytoplasmic membrane. Of the
remaining, 56 (1.4%) may be in the periplasm, 100 (2.5%) may be in the outer membrane,
and 31 (0.8%) may be extracellular. However, 2018 proteins (58%) could not be assigned a
subcellular location using this program. It should be noted that the PSORTb program
predicts slightly more proteins (14.1%) to be cytoplasmic membrane proteins than based
merely on the number of proteins with 2 or more predicted transmembrane helices (13%) as
noted above. The PSORTb program uses the HMMTOP algorithm to predict the number of
transmembrane segments in a protein. Different prediction programs used to predict the
topology and subcellular localization of proteins, often yield varying results [57].

Channels (TC #1.A)

As noted above, B. bacteriovorus has a large number of channel types. Three are
homologous to known chloride channels of the CIC family (TC #1.A.11; Table 2). A fourth
protein (G1:42524203) shows statistically significant sequence similarity to a central portion
of an epithelial chloride channel (E-CIC, TC #1.A.13), but the rest of the protein does not
resemble members of the E-CIC family. There is therefore no clear evidence that this protein
functions in anion transport.

B. bacteriovorus possesses five mechanosensitive channels, one of the MscL-type (TC #1.A.
22) and four of the MscS-type (TC #1.A.23). Both types of channels are known to function
in hypoosmotic stress adaptation [58]. Only one of these five channel proteins had been
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discussed previously [11] although the NCBI Genbank records do include annotations
noting that these proteins are putative mechanosensitive ion channels.

As reported previously [11], B. bacteriovorus encodes 3 MotA and 3 MotB homologues (TC
#1.A.30.1). These occur within three operons that each contains a single /m0tA and a single
motB gene. This observation is surprising since B. bacteriovorus encodes only a single
flagellum. Possibly the three flagellar “torque generators” act on a single flagellum under
different conditions. For example, for swimming vs. swarming motility as is the case of
Bacillus subtilis [59,60]. However, these Mot proteins are distantly related to gliding
motility genes in Myxococcus xanthus [61], and gliding motility may be a characteristic of
B. bacteriovorus [11]. One or more of these MotAB pairs may therefore function to energize
gliding motility rather than flagellar rotation.

Finally, B. bacteriovorus has a single divalent metal ion channel of the MIT or CorA family
(TC #1.A.35). CorA family members can be specific for a single divalent cation or can
allow entry of several [62]. This homologue may provide a primary mechanism for divalent
cation (Mg?*, Co?", etc.) uptake in this organism.

Outer Membrane Porins (TC #1.B)

B. bacteriovorus has a fair complement of outer membrane pB-structured porins. These
include a single member of the 16 TMS sugar porin family (TC #1.B.3), 4 paralogues of the
8 TMS OmpA-type porin family (TC #1.B.6) and two members of the 12 TMS Tsx
nucleoside-specific porin family (TC #1.B.10). Four outer membrane receptors (TC #1.B.
14) probably function in the energy-dependent uptake of Fe-siderophore complexes (3
systems) and vitamin Bq, (1 system). There are also seven outer membrane factors (TC
#1.B.17) that presumably function in conjunction with inner membrane efflux pumps. One
of these resembles PtrF of £. coli and probably acts with an ABC-type protease exporter; a
second most closely resembles NodT2 and may therefore catalyze oligosaccharide export;
several others probably act with RND-type drug efflux pumps. TolC of E. coli can function
with multiple transporters from different families, and three of the OMF family members in
B. bacteriovorus proved most similar to TolC. Consequently, these proteins may be
multifunctional. Surprisingly, we could identify only four membrane fusion proteins (MFP,
TC #8.A.1) [63]. These proteins probably function with ABC- (3) and RND-type (1) drug
exporters. All MFPs characterized to date function with a single efflux transporter, so at
least 7 might be expected to be present. Since these proteins are sequence divergent, some
MFPs encoded in the B. bacteriovorus genome may not have been identified by our current
search and annotation techniques.

Two outer membrane secretins (TC #1.B.22) were found. One, a PilQ homologue, may
function as a “porthole” in the export of type 1V pilus subunits [64,65]. The other, an XcpQ
homologue, is likely to serve as the porthole for a type Il protein secretion system of the
main terminal branch [66,67].

B. bacteriovorus has four homologues of £. coli YaeT (TC #1.B.33) and one homologue of
E. coli Imp (OstA). It also has one homologue of YfiO and two of YfgL (none of NIpB)
[68]. These E. coliproteins are known to function as a complex for the assembly and
insertion of outer membrane macromolecules, proteins, lipids and/or lipopolysaccharides
[68]. Other subunits of the £. coli complex may exist but have not yet been identified. One
such candidate is encoded by a gene in an operon that also encodes several homologues of
other constituents of the £. coli outer membrane biogenesis complex. It seems clear that B.
bacteriovorus assembles its outer membrane as does £. coli. However, the presence of four
YaeT homologues and two YfgL homologues suggests a level of complexity greater than
observed for £. coli. There may be four distinct systems corresponding to the four YaeT
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homologues, and these may share the other components of these systems. Alternatively,
more than one YaeT homologue may participate in the formation of a single complex.
Interestingly, B. bacteriovorus has a LolA-like outer membrane protein that may function in
lipoprotein export [11].

Finally B. bacteriovorus encodes a single holin of the LrgA family (TC #1.E.14), not
discussed previously [11], although the Genbank record does contain annotation suggesting
homology to the LrgA family. This protein is encoded by a gene that is downstream of and
within the same operon as a putative autolysin, a murine hydrolase. It would seem that B.
bacteriovorus encodes a chromosomal holin/autolysin system that may function in
programmed cell death [69]. A penicillin-binding protein, possibly also involved in cell wall
metabolism, is encoded within the same operon.

Secondary Carriers (TC #2.A)

B. bacteriovorus has substantial representation of transporters of the Major Facilitator
Superfamily (MFS, TC #2.A.1). These include 6 drug exporters of the DHAL family (TC
#2.A.1.2) and two sequence divergent members of the OPA family (TC #2.A.1.4) that may
function in sugar-phosphate:inorganic phosphate antiport. One member of the MFS (TC
#2.A.1.6) shows greatest sequence similarity to the KgtP a-ketoglutarate uptake transporter
of E. coli (see TCDB). Two more show greatest similarity with a putative acriflavine uptake
transporter (TC # 2.A.1.36). Such systems probably have some other aromatic compounds
as their natural substrates. One putative MFS transporter closely resembles the AmpG
transporter of £. coli (TC #2.A.1.25) which takes up cell wall degradation products [70,71].
Three MFS members in B. bacteriovorus could not be assigned a substrate type due to their
low BLAST scores with functionally characterized transporters. They may be members of
uncharacterized families not yet in TCDB.

Some other families in TCDB have been shown to be distantly related to the MFS
[72,73,74]. Of these, B. bacteriovorus has one member in the GPH family (TC #2.A.2) of
glycoside permeases which might be a melibiose uptake system, and one member of the
POT family (TC #2.A.17) of peptide uptake systems. The presence of these two transporters
expands the limited repertoire of transporters B. bacteriovorus has for taking up sugars and
amino acid derivatives. A single member of the APC superfamily (TC #2.A.3) of
transporters for amino acids and their derivatives is present in B. bacteriovorus, fewer than
in most bacteria with a genome of comparable size. This transporter is a member of the ABT
family (TC #2.A.3.6) for which no functionally characterized members are available.

Two members of the Cation Diffusion Facilitator (CDF) family (TC #2.A.4) are also
present. CDF carriers function in prokaryotes as heavy metal (Co?*, Cd2*, Zn2*, Ni2*, Cu2*
and Hg?") efflux pumps probably using a Me2*/H* antiport mechanism [75,76]. These
pumps can exhibit broad or narrow specificities, so the two CDF carriers in B. bacteriovorus
may be a broad and a narrow specificity system like the two proteins in TCDB (YiiP and
CzcD, respectively) that they most closely resemble.

A single member of the ZIP family (TC #2.A.5) of heavy metal uptake carriers occurs in B.
bacteriovorus. These carriers can be Zn2*-specific or broad specificity (Fe2*, Co?*, Mn2*,
etc.) uptake systems. The B. bacteriovorus homologue most resembles ZupT, a broad
specificity system of £. coli[77].

Three families within the RND superfamily (TC #2.A.6) are represented in B. bacteriovorus.
The first family is the heavy metal efflux (HME) family (TC #2.A.6.1). The single B.
bacteriovorus homologue in this family is most similar to the CzcA protein of Ralstonia
eutropha, a Co%*, Zn2*, Cd2* efflux system. The second family is the Hydrophobe/
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Amphiphile Exporter (HAEL) family of drug efflux pumps (TC #2.A.6.2). Six of these
paralogues are present in B. bacteriovorus. All of them most closely resemble MdtC (YegO)
of E. coli, a broad specificity drug/detergent/organic solvent/lipid exporter [78]. These
systems might protect the parasite against defense mechanisms of the host bacterium. The
last B. bacteriovorus RND homologue is a member of the mostly archaeal HAE3 family (TC
#2.A.6.7) which is still poorly characterized.

Within the Drug/Metabolite Transporter (DMT) superfamily (TC #2.A.7) are two members
of the SMR family (TC #2.A.7.1) of small multidrug resistance systems. One most closely
resembles the £. coli EmrE broad specificity cationic drug exporter, while the other
resembles the £. coli SugE narrow specificity cationic drug exporter [44,79]. Three
members of the DME family (TC #2.A.7.3) are probably metabolite efflux pumps. Two of
these most closely resemble the RhtA protein of £. coli which is a threonine/homoserine
exporter that may also be able to accommodate other semipolar amino acids [80]. Two more
distantly related putative 10 TMS members of the DMT superfamily could not be assigned
membership to an established family within the DMT superfamily. They may be members
of new families.

B. bacteriovorus encodes a single Ca2*:cation antiporter of the CaCA family (TC #2.A.19).
All characterized members of this family function in Ca2* extrusion from the cytoplasm
using a monovalent cation antiport mechanism. Therefore, this is likely to be its function in
B. bacteriovorus. Prokaryotic members of the NSS family (TC #2.A.22) are amino acid
uptake systems, and the one from B. bacteriovorus most resembles the tryptophan uptake
system of Symbiobacterium thermophilum, TnaT [81]. There is also a single member of the
glutamate:sodium symporter (ESS) family (TC #2.A.27) represented in B. bacteriovorus, a
protein resembling GItS of £. coliwhich transports both D- and L-glutamate as well as
various glutamate derivatives.

B. bacteriovorus encodes within its genome many putative cation:proton antiporters, one of
the NhaC family (TC #2.A.35). NhaC-type systems can function as Na*:H* antiporters or
malate « 2H*:lactate » Na* antiporters [82,83]. Thus, members of this family may merely act
as cation exchangers, but they may also be capable of electroneutral transport of organic
anions.

Five members of the CPA2 family (TC #2.A.37) of monovalent cation transporters are
encoded within the B. bacteriovorus genome, and they most closely match four different
transporters in TCDB. Two resemble Bacillus GrmA, a spore germination protein of
unknown transport specificity, which, however, closely resembles the GerN Nat/H*-K*
antiporter of Bacillus cereus, the second resembles the KefC glutathione-regulated K* efflux
protein of £. coli, the third looks like the MagA iron-regulated transporter of a
magnetotactic bacterium; and the fourth is like NhaS3 of Synechocystis, a Na*:H*
antiporter. It seems likely that each of these B. bacteriovorus homologues will prove to
catalyze a different reaction, but always acting on monovalent cations.

Two additional monovalent cation transporters are found within the B. bacteriovorus
genome. The first is a multicomponent Na* or K*:H* antiporter of the CPA3 family (TC
#2.A.63). All seven characteristic constituents of these systems were identified in B.
bacteriovorus although only 6 had been annotated. One of them (GI1:42523740) is a fusion
protein of two previously recognized subunits of these systems. The system in B.
bacteriovorus most closely resembles the Na*:H* antiporter of the Gram-positive bacterium,
Staphylococcus aureus, rather than the K*:H* antiporter of the Gram-negative bacterium,
Rhizobium meliloti [50,84]. It is therefore likely that the B. bacteriovorus homologue is a
Na*:H* antiporter. These complex Na*:H* antiporters, with subunits homologous to
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subunits in NADH dehydrogenase, are possibly dependent on NADH,. Such a Na*:H*
antiporter has not been characterized in a Gram-negative bacterium before.

The K* uptake (KUP) permease (TC #2.A.72) of £. colimay use a K*:H* symport
mechanism, allowing a 108-fold accumulation of K* over the external medium [85,86]. This
protein has an N-terminal 12 TMS topology (residues 1-450) followed by a hydrophilic
domain of unknown function (residues 450-622). The same structure is observed for the B.
bacteriovorus protein that it closely resembles. This suggests that the B. bacteriovorus
homologue may function, and may be regulated, like the £. co/ihomologue.

Four members of the MOP superfamily (TC #2.A.66), from three different constituent
families, were identified in B. bacteriovorus. One is probably an MDR efflux pump of the
MATE family (TC #2.A.66.1) of drug:Na™ antiporters; the second is likely to be a
polysaccharide exporter of the PST family (TC #2.A.66.2); and the third and fourth are
members of the “Mouse Virulence family” (TC #2.A.66.4) with no functionally
characterized member.

B. bacteriovorus encodes one or two members of each of several small solute carrier
families. One resembles the BenE benzoate:H* symporter of Acinetobacter calcoaceticus
(TC #2.A.46) [87]; a second and third are members of the DASS family (TC #2.A.47) of
divalent anion:Na* symporters within the IT superfamily [88]; the fourth is a full-sized
chromate/sulfate transporter of the CHR family (TC #2.A.51) [89,90,91,92]; the fifth is a
putative phosphate:Na™ uptake symporter of the PNaS family (TC #2.A.58); the sixth is a
member of the ArAE family (TC #2.A.85) which may export one or more aromatic acids
[93] and functions with a Membrane Fusion Protein (TC #8.A.1) [94]; and the seventh and
eighth are putative AbgT family (TC #2.A.68) homologues which might be peptide, p-
aminobenzoyl-glutamate and/or drug uptake porters. One of these proteins (G1:42521870)
had been annotated as a short chain fatty acid transporter like AtoE of £. coli (TC #2.A.
73.1.1).

Two remaining pmf-dependent systems listed in Table 2 under the 2.A category of TCDB
are involved in protein trafficking. One resembles the YidC protein of the Oxal family (TC
#2.A.9). This protein probably catalyzes protein insertion into the cytoplasmic membrane
[95]. The other is the Twin Arginine Targeting and Translocation (TAT) protein secretion
system (TC #2.A.69) [96]. All bacteria with a Tat system have at least 1 TatC constituent
and at least 1 TatA constituent. £. coliand B. bacteriovorus have three TatA homologues,
TatA, TatB and Tatk [96]. B. bacteriovorus has a single TatC as does E. coli, and it is
encoded within a bicistronic operon that also encodes a TatB homologue. Unlike the gene
arrangement in £. coli, TatA and TatE are both encoded elsewhere on the chromosome.

Outer Membrane Receptor (OMR) Energizers for Active Transport Across the Outer

Membrane

Category 2.C.1 in TCDB includes a single family of multicomponent, pmf-dependent
transporter energizers. Two such systems are present in £. coli, and at least three
constituents show sequence similarity between these two systems. The TonB/ExbB/ExbD
system shows sequences and functions similar to the TolA/TolQ/TolIR system. The latter
system has additional auxiliary proteins called Pal (a lipoprotein), TolB and YbgF. B.
bacteriovorus encodes at least one complete TolA-type system with minimally one copy of
each of the recognized £. coliauxiliary constituents (6 non-homologous proteins). However,
encoded in this B. bacteriovorus genome are 6 TonB/TolA homologues, six ExbB/TolQ-like
constituents, nine ExbD/TolR-like proteins, three YbgF homologues, two TolB homologues
and one Pal lipoprotein. Operon analyses revealed that one set of TolA, TolB, TolQ, and
TolR are encoded together in a single operon. Five separate TolQ/TolR pairs are encoded in
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five other distinct operons, and three of these also encode an extra ExbD/TolR-like
homologue. Pal, TolB and YbgF homologues, present in 1, 2 and 3 copies, respectively
(Table 2), are encoded at sites distant from each other and the other Tol genes, with the
single exception noted above where a TolB homologue is encoded within an operon with
TolA, TolQ and TolR homologues.

The operon structures were examined in the proximity of these genes. In brief, there are four
OMR receptors in Bba; three are probably specific for complex iron; and one is specific for
vitamin B1,. Six TolQ/TolR homologues are present, but there are fewer TolB, Pal and
YbgF homologues. It is probable that these last mentioned proteins either can function with
multiple co-transcribed pairs of TolQR proteins or are not required. This might suggest that
each OMR interacts with its own TolQ/R pair, any of which can use the same TolB/Pal/
YbgF complex. It is interesting to recall that TolQ/R homologues (MotA/B homologues)
may function in adventurous gliding motility in Myxococcus xanthus [61](see acc.
#AA022857). The possibility that B. bacteriovorus is capable of gliding motility using type
four pili has not been demonstrated [11].

Primary Active Transporters — ABC Superfamily (TC #3.A.1)

The ABC superfamily of ATP-driven transporters is the largest transporter superfamily
represented in the B. bacteriovorus genome. Fourteen potential uptake systems and 20
potential efflux systems were identified, and all of these systems appear to be complete,
having all of the expected constituents. One maltose-type system of the CUT1 family (TC
#3.A.1.1) and one ribose-type system of the CUT2 family (TC #3.A.1.2) were identified. In
the former system, the MalE binding protein and the MalF protein constituent are fused in a
single polypeptide chain derived from a single fused gene, an unusual arrangement. In the
latter system, one cytoplasmic (C) ATP-hydrolyzing protein (RbsA), one periplasmic
receptor (R) and two membrane (M) constituents were found. This arrangement resembles
that of a minority of CUT-2 transporters. Others have a single membrane constituent and
thus have only three constituents, one C, one M and one R. The £. coliribose system has the
equivalent four gene products, RsbABCD, where A is the cytoplasmic ATPase, B is the
periplasmic receptor, and C and D are the channel-forming membrane proteins.

One system for uptake of polar amino acids (PAAT family, TC #3.A.1.3) and one system for
uptake of hydrophobic amino acids (HAAT family, TC #3.A.1.4) were found. Both systems
appear to be complete with three constituents in the PAAT family system (1R, 1C and 1M)
and five in the HAAT family system (1R, 2Cs and 2Ms).

There is a complete oligopeptide uptake system (TC #3.A.1.5) like that in £. coli with two
Rs, two Cs and two Ms. However, a strange situation is observed for the dipeptide (Dpp)
system where there is a single receptor (R) and two pairs of membrane proteins (M) but no
ATPase (C). Possibly these two systems use the sequence similar OppD and OppF to
energize transport. Complete ABC uptake transporters specific for (1) phosphate
(resembling PstABC/PstS of £. coli; 4 constituents; TC #3.A.1.7), (2) phosphonates (most
like PhnCDE of E. coli; 3 constituents; TC #3.A.1.9), (3) polyamines (PotABCD of E. cofr,
4 constituents; TC #3.A.1.11), (4) zinc (ZnuABC of E. coli; 3 constituents; TC #3.A.1.15),
(5) inorganic anions (nitrate, nitrite, cyanide and bicarbonate; 3 constituents; TC #3.A.1.16),
taurine (3 constituents; TC #3.A.1.17), and (6) thiamin (3 constituents; TC #3.A.1.19) were
found.

ABC efflux systems include (1) a single system specific for lipooligosaccharides (2
constituents; TC #3.A.1.102), (2) three systems specific for lipids and/or drugs (one
constituent each; TC #3.A.1.106), (3) either one 4-component or two 2-component Na*
exporter(s) (2 constituents each; TC #3.A.1.115), (4) a macrolide exporter (1 constituent; TC
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#3.A.1.122), (5) two probable lipoprotein exporters (2 or 3 constituents each; TC #3.A.
1.125), and (6) two eukaryotic-like MDR pumps (TC #3.A.1.208), one resembling the plant
AtMRP2 system and the other resembling the human MRP3 system. There are also about a
dozen functionally unassigned ABC systems or orphan proteins. We have made functional
predictions for some of these proteins when warranted (see Table 2). The Genbank records
also include annotations of recognizable domains for many of these proteins.

Primary Active Transporters — Other Cation-transporting ATPases

B. bacterfovorus has one complete H*-translocating F-type ATPase (TC #3.A.2) and one
H*-translocating pyrophosphatase (TC #3.A.10). Both enzymes can reversibly synthesize
pyrophosphate bonds using the proton electrochemical gradient (the proton motive force,
pmf) as the driving force. B. bacteriovorus also has five P-type ATPases (TC #3.A.3), one
likely to be specific for Ca* (efflux), one for K* (uptake), and three heavy metal systems
that could be either uptake or efflux systems. No other cation-translocating ATPases appear
to be encoded within the B. bacteriovorus genome.

Primary Active Transporters — ATP-dependent Protein Secretion Systems

As reported previously [11], B. bacteriovorus has a complete (11 component) general
secretory (Sec) system (TC #3.A.5) including SecYEG, SecA, SecDF, FtsY and Ffh, YjaC,
the 4.5 S RNA and FtsE. A very sequence-divergent FtsX was also identified (see below). B.
bacteriovorus has a complete (11 component) flagellar protein export system (TC #3.A.6)
[11] and possesses a single member of the septal DNA translocator (S-DNA-T) family (TC
#3.A.12), essential for DNA translocation after septum formation in many bacteria. This
protein may be required to complete DNA translocation after synchronous cell division of B.
bacteriovorus snakes (phase 6 in the developmental cycle) (see Introduction).

B. bacteriovorus has protein constituents resembling those of two related types of outer
membrane protein secretion systems (TC #3.A.15). One of these is the type Il protein
secretion system or main terminal branch (MTB), like the PulC-O,S system found in
Klebsiella pneumoniae (14 constituents) [67], and the other is the pilin secretion/fimbrial
assembly system like the PilA-EQTU FimTU system of Pseudomonas aeruginosa (10
constituents) [97,98]. The system(s) found in B. bacteriovorus has(have) at least 13
constituents, 7 most closely resembling the Pul system, and 6 most closely resembling the
Pil system. However, there are many other ps/ (pilus) and fim (fimbrium) genes present on
the B. bacteriovorus chromosome. Rendulic et al. [11] suggested that these proteins
comprise a single system, a Pil-type rather than an MTB-type system. If, as proposed, B.
bacteriovorus has a type 4 pilus-driven system for passage through the host cell envelope,
then the suggestion that it is a Pil-type system is valid. Indeed, Schwudke et al. [99] have
shown that a pilus gene, 7lpZ, shows increased expression in the attack phase of Bba,
compared to the intracellular replication phase. However, it is known that B. bacteriovorus
secretes many proteins across its two-membrane envelope, and consequently, a Pul-type
system would be expected to be useful. The nine pu/genes in B. bacteriovorus occur within
two operons, and these are distant in sequence from any of the pi/ genes recognized using
TC-BLAST [36]. Other pi/annotated genes not listed in Table 2 are present in the B.
bacteriovorus genome, but these genes are not homologous to genes encoding the proteins of
the P. aeruginosa pil system in TCDB (TC #3.A.15.2.1). They also localized to regions of
the chromosome distant from the two pi/ operons in B. bacteriovorus that encode five of the
pil genes listed in Table 3. On a purely bioinformatic basis, it is difficult to distinguish the
Pul-from the Pil-type systems with certainty. However, based on their degrees of sequence
similarity, we propose that B. bacteriovorus has both a complete Pil biogenesis system and a
functional Pul-type (type Il) protein secretion system.
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Many prokaryotes have Na*-transporting organic acid decarboxylases (TC #3.B.1) which
include a-, p- and y-subunits [100,101]. B. bacteriovorus has two copies of both the a- and
y-subunits, but we could not identify a p-subunit. The p-subunit is the actual transporter,
while a is the decarboxylase (often present without ), and -y, a Zn2*-binding protein of
catalytic importance [102,103] is thought to be the linker connecting a and . The absence
of a recognizable B leaves the question open as to whether B. bacteriovorus can couple
decarboxylation to Na* expulsion.

Primary Active Transporters — Cation-translocating Electron Transfer Complexes

Many bacteria possess Na*-translocating NADH dehydrogenase complexes of 14 dissimilar
subunits [104,105,106]. In B. bacteriovorus, 13 proteins comprise the NADH dehydrogenase
(TC #3.D.1), encoded within two operons. One of the 13 proteins is a fusion protein (Ngo5-
Ngo4). Thus, the system is complete and is presumed to be functional. B. bacteriovorus also
has a complete proton pumping cytochrome oxidase complex (TC #3.D.4) with all five
expected proteins (Cox1-4 and X) encoded within a single operon. Surprisingly, it also has
several homologues of cytochrome oxidase subunits that map elsewhere on the
chromosome. A Cox1-like homologue and a Cox2-like homologue are encoded within a
single operon and show low sequence similarity to the Cox subunits. They have high
sequence identity with the two subunits of nitric oxide reductases [107,108], and therefore
presumably serve this function. These enzyme complexes may be capable of coupling
proton export to electron flow [107].

Transmembrane Electron Flow Carriers (TC #5.A)

B. bacteriovorus possesses two transmembrane electron flow systems that can influence
cellular energetics. One is disulfide bond oxidoreductase D (DsbhD; TC #5.A.1) in which
electrons from an electron donor such as NADH in the cytoplasm are transferred
sequentially via thioredoxin reductase, thioredoxin and DsbD to a periplasmic disulfide-
containing protein electron acceptor. Several such periplasmic proteins (DsbC, DsbE and
DsbG) can be reduced via the DsbD pathway, and some of them can further reduce other
disulfide-containing periplasmic proteins in Gram-negative bacteria [109]. The DsbD
pathway in B. bacteriovorus undoubtedly facilitates proper folding of and disulfide bond
formation in periplasmic proteins as is the case for £. co/i[110,111].

The second transmembrane electron flow carrier is a single member of the Prokaryotic
Molybdopterin-containing Oxidoreductase (PMO) family (TC #5.A.3), probably a
dimethylsulfoxide (DMSQ) oxidoreductase. One large protein (1033 aas) is a DmsAB
fusion protein including the equivalent of the a- and B-subunits while the other is a DmsC
subunit (the y-subunit) [112,113]. Both proteins show greatest sequence similarity with an
archaeal enzyme in TCDB (Table 2).

(Putative) Transporters of Unknown Function or Mechanism

In the 9A category of incompletely characterized transporters, we find one FeoAB iron
uptake system (TC #9.A.8), one MgtE magnesium uptake porter (TC #9.A.19), and one
putative iron transporter of the Ferroportin family (TC #9.A.23), as reported previously [11].
Our preliminary analyses suggest that this last B. bacteriovorus protein may be distantly
related to members of the Major Facilitator Superfamily in agreement with the Genbank
annotation.

In the 9B series of putative permeases, we find two homologues of Bacterial Murein
Precursor Exporters of the MPE family (TC #9.B.30) which are found in many, if not all,
bacteria. These porters probably serve the function of exporting precursors essential for
bacterial cell wall synthesis [114,115]. Members of the Putative Fatty Acid Transporter
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family (TC #9.B.17) are acyl CoA synthetases that may in some cases function in fatty acid
uptake coupled to esterification with cytoplasmic coenzyme A [116,117,118,119].

B. bacteriovorus encodes four potential hemolysins that could function in host cell lysis or
pore formation in the cytoplasmic membrane. The two members of the Hlylll family (TC
#9.B.30) are homologous to the B. cereus hemolysin I11 [120,121]. The two members of the
HIlyC/CorC family (TC #9.B.37) include one protein believed to be a hemolysin [122] and
one protein believed to be a component (CorB) of the Ca2*/Mg?* uptake transporter [123].
All proteins that show homology with members of the 9B class are homologous to TC
entries of unestablished functions (Table 2).

Updated annotations and distant homologues of established transporters

Table S1 on our website (http://www.biology.ucsd.edu/~msaier/supmat/Bba) lists the
proteins originally annotated as ABC-type proteins (8) or permeases (10) for which we now
suggest new annotations. In addition to identifying the proteins and providing the original
annotations, this table presents the protein sizes and the predicted numbers of TMSs. In
some cases where we suspected erroneous annotations, we noted that several homologues in
the NCBI database also appeared to be annotated in the same way, thus providing an
explanation for discrepancies noted in this analysis. This allowed us to identify erroneous
annotations in the current databases as well as surprising examples of gene overlap in the B.
bacteriovorus genome. These findings are described in our website
(http://www.biology.ucsd.edu/~msaier/supmat/Bba).

Putative Transporters Lacking Functional Data or Close Homologues in TCDB

One hundred and nine putative transporters were identified on the basis of their predicted
transmembrane a-helical topologies, PSORTD localizations, and operon associations (Table
S2). Like some of the proteins mentioned in the previous section and on our website, some
of the proteins included in Table S2 had been annotated as permease-like constituents, and
these were also investigated. The results of these studies are presented on our website.

Discussion and overview

B. bacteriovorusis an organism with an unusual lifestyle. It grows only in the
intraperiplasmic space of another host Gram-negative bacterium (see Introduction). It
derives its nutrients by degrading host macromolecules and hence secretes degradative
enzymes from its own cytoplasm to that of its host cell [20]. Such mechanisms are not yet
understood.

We have analyzed the transporters in this organism to determine what systems might confer
upon B. bacteriovorus its unique physiological characteristics. We identified several
additional putative transport proteins than reported in the original genome annotation effort
[11]. Our most interesting and provocative findings will be summarized here, and the
potential physiological importance of some of our observations will be considered.

Monovalent lon Transport

B. bacteriovorus has an unusually large complement of transporters for monovalent cations
(H*, K* and Na*). Some of these are primary active transporters that promote the generation
of electrochemical gradients (pmf and smf) that in part comprise the membrane potential. B.
bacteriovorus probably uses respiratory function primarily for this purpose, NADH
dehydrogenase to generate Na* gradients, and both cytochrome oxidase and nitric oxide
reductase to create the proton electrochemical gradient. These are then used to make high-
energy phosphodiester bonds in ATP and pyrophosphate via the F-type ATPase and the H*-
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translocating pyrophosphatase, respectively. The DsbD oxidoreductase and the
dimethylsulfoxide (DMSO) reductase both catalyze transmembrane electron flow from the
cytoplasm to the periplasm and thus tend to dissipate the pmf. The Kdp-like P-type K*
uptake system uses ATP to bring K* into the cell, so if this is an electrogenic system, it
should dissipate the pmf. This system is not likely to influence the membrane potential
appreciably except under highly selective conditions [124]. The ABC-type Na* exporter(s)
(NatE) also use ATP to pump Na* out of the cell, so this process is expected to enhance the
pmf. If ATP or pyrophosphate is available, then the F-type ATPase or the H*-translocating
pyrophosphatase, respectively, can generate a pmf using these high-energy compounds.

All other recognized monovalent ion transporters are cation uniporters, antiporters and
symporters, but these derive from many independent families as well as different
subfamilies within the primary families. One NhaC cation/proton (or malates2H*/lactate
Na*) antiporter, and five CPA2 cation/proton antiporters, are encoded in the B.
bacteriovorus genome. However, four of the 5 proteins from the latter family most closely
resemble phylogenetically divergent TC entries within the NhaC family, and may therefore
serve dissimilar functions. These homologous systems may, of course, be developmentally
regulated, being activated only during specific stages in the B. bacteriovorus life cycle.
Single members from (1) the multicomponent CPA3 family, which may use NADH to drive
Na* efflux and (2) a KUP-type K*/H* symporter for K* uptake are also present in B.
bacteriovorus.

Divalent Cation Transporters

B. bacteriovorus appears to have three or four types of divalent cation uptake systems. One
is an ABC-type system similar to the £. co/i ZnuABC zinc transport system; a second is
represented by three P-type copper ion/heavy metal uptake and/or efflux ATPases [125]; a
third is a CorA-type divalent ion-specific channel-type system used primarily for cation
uptake; and the fourth is a Zip family carrier-type system responsible for Zn2*, Fe2* and/or
Mn2* uptake. While the former two types of systems (1 and 2) are driven by ATP-
hydrolysis, both of these last two mentioned systems (3 and 4) are probably driven by the
membrane potential. These four types of systems could exhibit overlapping but distinct
specificities and affinities, and be regulated in response to different stimuli.

Other systems are probably efflux systems. These include (1) a P-type Ca2*-ATPase, (2) the
three heavy metal P-type ATPase efflux systems mentioned above, (3) a Ca2*/H* antiporter
(for Ca2* extrusion), (4) an RND-type heavy metal efflux system, and (5) two CDF-type
heavy metal efflux systems, one possibly of broad specificity and the other of narrow
specificity (see Results and TCDB). While (1 and 2) are ATP hydrolysis-driven, (3-5) are
pmf-driven. These systems probably interact functionally to maintain essential
concentrations while preventing the accumulation of toxic levels of these substances.

Anion Transporters

Many systems in B. bacteriovorus transport organic and inorganic solutes with inwardly
directed polarity, and in some cases we cannot be sure if the natural substrates are one or the
other or both. Of the potential organic anion transporters, there is one system for aromatic
acid uptake and one for aromatic acid efflux belonging to the Major Facilitator (TC #2.A.
1.15) and ArAE (TC #2.A.85) families, respectively. There is also a member of a family of
ABC systems for the uptake of organic phosphonates. Members of the DASS family in the
IT superfamily may take up either organic and/or inorganic anions.

At least one member of each of 5 different families is likely to transport inorganic anions.
There are two transporters that are probably specific for sulfate (the CHR and SulP
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families), two likely to be specific for phosphate (the PNaS family of phosphate:Na*
symporters and the PP family of ATP-dependent phosphate uptake permeases in the ABC
superfamily), and one specific for various anions (NO3", NO,", CN- and HCOj3") in the NNP
family within the ABC superfamily.

Nutrient Transport

B. bacteriovorus appears to have numerous uptake systems for amino acids and peptides but
relatively few for sugars. The three probable sugar uptake permeases are (1) a member of
the GPH family, probably specific for glycosides such as melibiose, (2) an ABC Cutl family
system specific for maltose and malto-oligosaccharides, and (3) a Cut2 family system
specific for ribose. In contrast, numerous systems are present for the uptake (and efflux) of
amino acids and their derivatives. Five potential peptide uptake permeases derive from four
TC families: (1) a potential peptide transporter of the AbgT family in the IT superfamily, (2)
an AmpG-like carrier, probably specific for cell wall degradation products in the MF
superfamily, (3) a peptide transporting permease within another family of the MFS, the POT
family [72], and (4) an oligopeptide (OPP) system and either one or two dipeptide (DPP)
system(s), all within the ABC superfamily. In this last case, only a single pair of ATPase
subunits was identified, although receptors and membrane proteins were found for two or
three systems. Consequently, we postulate that the former ATPase subunits may be shared
by both or all three systems. Although we know of no precedence for such a postulate in the
ABC superfamily, the sharing of energy-coupling proteins by multiple transporters has been
amply documented in the bacterial phosphotransferase system (PTS) superfamily [126].

Uptake systems for amino acids include: (1) a member of the BAT family within the APC
superfamily (of unknown specificity, but almost certainly specific for amino acids and their
derivatives as are all members of this superfamily), (2) a member of the NSS family,
possibly a tryptophan uptake system, (3) a member of the ESS family, likely to transport
acidic amino acids such as D- and L-glutamate and their derivatives, and (4) two ABC-type
systems, one specific for polar amino acids (the PAAT family) and one specific for
hydrophobic amino acids (the HAAT family).

Candidates for the functionally characterized ATP/ADP antiporter(s) in B. bacteriovorus
[33,34] include two sequence-divergent members of the organophosphate/phosphate
antiporter (OPA) family in the MF superfamily and a sequence divergent member of the
phosphate transporter family (PNaS; TC #2.A.58; see our website). If these do in fact prove
to be the “missing” antiporters, they will represent new specificities within these families.
Other members of the MFS, and members of other families, distantly related to any of the
functionally characterized members, potentially could also fulfill this role.

Drugs and Hydrophobic Substances

B. bacteriovorus encodes drug/amphiphile exporters from all superfamilies that are known
to include MDR pumps. Thus, there are (1) six MFS (H* antiport) systems, (2) six RND (H*
antiport) systems, (3) five ABC (ATP-dependent) systems from three different ABC
families, one from a predominantly eukaryotic family, (4) two cationic drug exporters of the
SMR family within the DMT H*-antiporter superfamily, one probably of narrow specificity
and one of broad specificity, and (5) one Na* antiporter from the MATE family within the
MOP superfamily. Altogether there are 20 putative drug/amphiphile exporters, more than
10% of the total number of transporters identified. These pumps may protect B.
bacteriovorus against efforts of the host cell to defend itself against bacterial predation using
toxic chemicals.
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Macromolecular Exporters

Protein secretion and membrane insertion must play a major role in the predatory lifestyle of
B. bacteriovorus. It has been suggested that this parasite somehow exports hydrolytic
enzymes directly from its own cytoplasm to that of its prey across three membranes (see ref.
[20] for a review). The only systems known to achieve this feat in a single step are the type
I11 [127] and type IV [64] secretion systems of Gram-negative bacteria, but these systems
are lacking in B. bacteriovorus. An alternative mechanism must therefore be proposed. We
suggest that B. bacteriovorus secretes these enzymes into the host periplasm, and that the
host cell then takes them up by retrotranslocation [128]. Although such a process has not
been documented in prokaryotes, it is well documented in eukaryotes where other
mechanisms may also be operative [129].

All living organisms studied to date have a general secretory pathway for exporting unfolded
polypeptide chains across the cytoplasmic membrane. However, not all constituents are
common to all organisms. Only the SecYEG, Ffh and FtsY proteins are found ubiquitously.
B. bacteriovorus has these proteins plus all of the auxiliary constituents found in £. coli
[130] that are thought to increase the efficiency of protein export. It also possesses a 4
component Tat system for secreting folded proteins across this membrane. Many organisms
have simplified 2 or 3 component Tat systems [96]. Thus, the B. bacteriovorus Sec and Tat
systems are just as complicated as those in £. coli.

Potential hemolysins that could destabilize the host cell membrane if exported to the host
periplasm and a holin that probably exports an autolysin across the B. bacteriovorus
cytoplasmic membrane were also detected. But how does B. bacteriovorus export proteins
across its own outer membrane? At least four types of such systems were positively
identified. (1) Type | ABC systems export proteins across both membranes in a single
energy-coupled step. These systems are usually substrate protein specific and are therefore
limited in scope. (2) The flagellar export machinery has been shown to be capable of
exporting pathogenicity-related proteins in addition to flagellar proteins, but again, this
process appears to be of limited physiological significance [131,132]. (3) The same
arguments apply to pilus (Pil) and fimbrial (Fim) protein secretion systems: they appear to
be specific for the subunits of the pilus or fimbrium they assemble. (4) B. bacteriovorus also
has several “autotransporters” that have C-terminal domains that insert into the outer
membrane and translocate their N-terminal domains across this structure. However, each
autotransporter is usually specific for its own N-terminal protein domain [133].

What system, then, is responsible for secreting the majority of the many exported proteins
that B. bacteriovorus encodes in its genome across the outer membrane? We identified many
and perhaps all of the essential components of the Main Terminal Branch (MTB) (Type I1)
pathway (TC #3.A.15) [67,134]. In many Gram-negative bacteria, such systems provide the
principal pathway for protein secretion across the outer membrane. Although these systems
are distantly related to Pil-type systems, the sequence similarity of the putative B.
bacteriovorus “Pul” proteins to authentic Pul proteins of K/ebsiellawas much greater than
that of the characterized Pil homologues. Also, the putative pu/genes of B. bacteriovorus
were found in operons that did not include and mapped distantly from any of the p//genes.
These observations lead us to suggest that the MTB provides the primary route for the
export of secreted protein across the outer membrane of B. bacteriovorus. It is noteworthy
that £. colilacks such a system.

The genome also encodes other potential macromolecular (polysaccharide, lipid and
lipopolysaccharide) exporters including several of the ABC, RND and MOP superfamilies
[135,136,137]. Many other observations suggested an unusual degree of complexity in B.
bacteriovorus that is lacking in most well studied bacteria such as £. coliand B. subtilis. For
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example, we noted unusual numbers of homologues of the flagellar motor (3 each of MotA
and MotB), of the TolIAQR energizers of outer membrane OMR-type importers and of the
outer membrane assembly complexes (see Table 3). In each case, the numbers of
homologues suggest that although the molecular mechanisms are similar in the two
organisms, the degree of functional complexity is much greater in B. bacteriovorusthan in
E. coli. These pmf- or smf-dependent energizers may also provide novel functions such as
serving as the motor for gliding motility [61].

An interesting observation relates to the relatively large proportion of fusion proteins in B.
bacteriovorus that in most bacteria are encoded by two distinct genes. Why B. bacteriovorus
has a disproportionate number of such fusion proteins is not clear. Fusion often facilitates
complex formation and increases both stability and efficiency of the assembled complex
[138,139,140], but why B. bacteriovorus as compared to other bacteria would prefer to use
this mechanism remains to be determined. Possibly B. bacteriovorus is subject to a wider
range of stress conditions by virtue of its parasitic lifestyle. This possibility might also
explain the large proportion of stress-relieving channel proteins and multidrug efflux pumps.
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Refer to Web version on PubMed Central for supplementary material.
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Others (8)

Anions (6)
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Others (4)

Figure 1.

Pie chart of transporters in B. bacteriovorus according to predicted substrate specificity. Five
different categories are shown. More detailed analyses, including numbers of systems found
in each subcategory, specific for each substrate type are provided in the boxes adjacent to
the five pieces of the pie. The chart is based on the data presented in Table 2 as discussed in
detail in the text.
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Table 3

Unusual compositions of protein complexes in Bba.

Complex Component

#of Homologuesin Bba # of Homologuesin E. coli

A. Bacterial Motor Complexes
MotA 3
MotB 3
B. OMR Energizers
TolA/TonB
TolQ/ExbB (like MotA)
TolR/ExbD (like MotB)
TolB
Pal

w P N O OO O

YbgF
C. Outer Membrane Assembly Complex
YaeT
OstA-L
OstA-S
YfgL
ofio
NIpB

O B N O -, b

R PPN DNDN

e = T = S )
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