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Abstract

We here describe all recognized established and
putative transport proteins encoded within the
genome of Bacillus subtilis. These fall into four
classes of established transporter types: (1) chan-
nel proteins, (2) secondary active transporters, (3)
primary active transporters, and (4) group translo-
cators of the sugar-transporting phosphotransfer-
ase system (PTS). Additionally, some transporters
are recognized that utilize an unknown mode of
action or energy coupling mechanism. The sec-
ondary carriers (which represent the majority of
Bacillus transporters) are subdivided according to
substrate specificity and family association. Char-
acteristics of the families as well as the individual
transport systems are presented when sufficient
information is available. The recognized transpor-
ters fall into 58 families including 4 channel types,
42 secondary carrier types, 3 primary carrier types,
4 PTS-types and 5 unknown types.

Introduction

Bacillus subtilis and most other Gram-positive bacteria
are surrounded by a single membrane that acts as a
permeability barrier. Membrane transport systems
enable the uptake of essential nutrients, ions and
metabolites, as well as the expulsion of toxic com-
pounds, cell envelope macromolecules, secondary
metabolites and the end products of metabolism.
Transporters also allow communication between cells
and their environments and participate in energy
generation and interconversion.

Cytoplasmic membrane transporters may consist
of one or more protein components, but typically they
include at least one protein that spans the membrane
with multiple transmembrane a-helical segments

(TMSs). The molecular mechanisms of transport
are poorly understood due in part to a paucity of
high-resolution three-dimensional structural data for
integral membrane transporters. Some progress is
beginning to be made in this area, with high resolution
structures now available for channel proteins such
as the Mycobacterium tuberculosis mechanosensitive
MscL channel (Chang et a l . , 1998) and the
Streptomyces lividans KcsA potassium channel
(Doyle et al., 1998). Structural data are also available
for a few primary active transporters such as the
calcium P-type ATPase from skeletal muscle sarco-
plasmic reticulum (Toyoshima et al., 2000). Low-
resolution structures for a few secondary active
transporters and group translocators are also available
(Koning et al., 1999; Tate et al., 2001). For a compre-
hensive review on channel proteins, including a
compilation of available high-resolution structural
information see Saier (2000b). For a summary of
3-dimensional structural date available for these and
other types of transporters, see Saier (2000a).

Membrane transport systems mediate solute
translocation by a number of distinct energy coupling
mechanisms. Primary active transporters use chemi-
cal, electrical, or solar energy to drive transport. ATP
hydrolysis provides the energy for the majority of
chemically driven active transporters, but decarbox-
ylation and methyl transfer can drive Na+ efflux in
select bacteria and archaea, respectively. Oxidoreduc-
tion and light absorption are specifically used for
ion pumping. Secondary active transporters use
chemiosmotic energy in the form of transmembrane
ion or solute electrochemical gradients to drive trans-
port. Many secondary transporters use the proton
motive force (pmf) or the sodium motive force (smf) as
the driving force, but they may also function as
uniporters, where a single molecular species is
transported across the membrane. Symporters, where
two or more molecular species are transported across
the membrane in a tightly coupled process, and
antiporters, where two or more molecular species
are transported across the membrane in opposite
directions, are the carriers that utilize the pmf or smf
as an energy source for active solute uptake or
extrusion, respectively.

Channel proteins generally catalyze movement of
solutes by an energy-independent process involving
passage through a transmembrane aqueous pore or
channel without evidence for a carrier-mediated
mechan i sm. A few examp les o f ene rg i zed
channel-mediated transport are known where the
solute is accumulated against large concentration
gradients (Ferguson et al., 1998; Larsen et al.,
1999). Group translocating systems such as bacterial
phosphotransferase systems (PTS) transport and
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concomitantly phosphorylate their sugar substrates
using phosphoenolpyruvate (PEP) as both the phos-
phate donor for sugar phosphorylation and the energy
source for sugar accumulation (Postma et al., 1993;
Robillard and Broos, 1999; Tchieu et al., 2001).

The membrane transport proteins that comprise
each of the four major categories described above
have been classified into families of homologous
proteins based on sequence similarities (Saier,
1998). At present we recognize the existence of 128
families of channel proteins/peptides, 84 families of
secondary carriers, 26 families of primary active
transporters, and 6 families of group translocators
(Saier, 2000a). In addition, 13 families of auxiliary
transport proteins and 62 families of poorly character-
ized (putative) transporters have been classified. The
system of classification that incorporates all of these
families is called the Transporter Classification (TC)
system, and is described in Saier (1998, 1999, 2000a)
(see http://www-biology.ucsd.edu/~msaier/transport/).
The results summarized in Figure 1 show that E. coli
and B. subtilis have comparable percentages of the
different types of transporters.

A detailed overview of the transport systems
recognized in Bacilli and other Gram-positive bacteria
in 1993 has appeared (Saier et al., 1993). These
systems were considered from structural, mechanistic
and physiological standpoints. At that time, the genome
of B. subtilis had not been completely sequenced. In this
update of that review, we tabulate all currently recog-
nized transport systems in B. subtilis and discuss novel
features. We also report on properties of mutants
defective for transcription factors, CcpA and ScoC on
the expression of genes encoding the pleiotropic
transport systems. These data were obtained by
transcriptome analyses. The interested reader is
referred to Saier et al. (1993) for a comprehensive
review of transport mechanisms that were recognized in

1993 in the volume, Species of Bacillus and Related
Organisms. This article was prepared as an update of
that article and was intended as a chapter for the second
edition of that book. A greatly abbreviated version of this
review (Saier et al., 2001) will appear therein.

Overview of Complete Genome Analysis

The advent of whole genome sequencing allows
comparison of cellular processes such as membrane
transport at the organismal level. The first completed
genome was that of Haemophi lus influenzae
(Fleishmann et al., 1995). As of July 2000, an
additional twenty-seven complete microbial genome
sequences have been published. The Bacillus subtilis
genome sequence was published in 1997 (Kunst
et al., 1997). A systematic comparison of the complete
complement of known and putative cytoplasmic mem-
brane transport systems in each of the completely
sequenced microbial organisms has been undertaken
(Paulsen et al., 1998a,b, 2000; http://www-biolo-
gy.ucsd.edu/~ipaulsen/transport/). This review article,
which presents a genomic analysis of the transporters
in B. subtilis, represents, in part, a distillation of the
information provided on this web site. The represented
families are discussed, and recently published
and unpublished functional data are summarized.

Figure 2 presents the relative proportions of
transporters estimated to be concerned with the
transmembrane transport of the major classes of
biologically important compounds in B. subtilis (top)
and E. coli (bottom). The proportions are similar in the
two organisms, but E. coli exhibits more transporters
for sugars (as expected for a facultative anaerobe that
is often dependent on fermentative processes for
energy generation). B. subtilis shows increased pro-
portions of drug/hydrophobe exporters compared to E.
coli. The preponderance of such systems may be a
common feature of soil bacteria. Reviews have
appeared that deal specifically with the transport of
carbohydrates and their derivatives (Saier, 2000d) and
amino acids and their derivatives (Saier, 2000c).

Table 1 lists all of the transporters or transporter
homologues currently recognized in B. subtilis. The
proteins fall into 58 families, four families of
channel protein, 42 families of secondary carriers,
three families of primary carriers (excluding electron
flow-driven proton pumps and protein secretion
systems), four families of phosphotransferase-type
group translocators and five families of unknown mode
of action. Table 1 presents the families and their
abbreviations, the family TC (transporter classification)
numbers, the protein designations in each of these
families, and any glucose effect (repression or activa-
tion) that is 2-fold or greater as estimated using a
whole transcriptome approach (Moreno et al., 2001).
Functional predictions are also tabulated, and in the
last column, an estimate of the confidence level of the
prediction is provided (1, certain; based on direct
experimental evidence; 2, likely; based on close
sequence similarity with a functionally characterized
transporter, and 3, uncertain; based on distant

Figure 1. Relative proportions of the five types of transporters
discussed in this chapter in B. subtilis (top) and E. coli (bottom). The
five transporter types are (1) channels, (2) secondary active
transporters, (3) primary active transporters, (4) group translocators,
and (5) unclassified transporter types. The figure reveals that in both
organisms, secondary active transporters predominate over all other
types.
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sequence similarities with functionally characterized
transporters). Much of the discussion of B. subtilis
transporters presented below is based on the data
presented in Table 1. Some discussion on transcrip-
tional regulation of genes encoding ABC transporter
constituents (Table 2) and secondary active transpor-
ters (see text) will also follow.

Table 3 presents data from whole genome
transcriptome analyses showing the effects of genetic
mutation in the pleiotropic gene scoC (aka hpr or cat )
on the regulation of genes encoding transport sys-
tems (Weyler, Ferrari, Maile, Caldwell, Sapolsky,
unpublished). ScoC was initially shown to be involved
in the control of sporulation (Chapman and Piggot,
1987) and later was shown to be a DNA binding
protein affecting the production of two proteases AprE
and NprE (Kallio et al., 1991). Both proteases are
expressed as the developmental program for B.
subtilis sporulation unfolds in response to environ-
mental and cell density signals. Our transcriptome
results indicate that scoC is transcribed through the
entire course of growth in liquid culture following
inoculation with vegetative cells (as opposed to
inoculation with spores), and that it affects the
regulation, directly and indirectly, of a wide range of
transport systems active in all phases of such a
culture. ScoC should probably be considered to be a
major modulator of the lifecycle of B. subtilis. In
addition, the scoC mutation affects the transcription of
a wide range of genes concerned with a variety of
physiological processes (Smith, 1993).

Channel Protein Families Represented
in B. subtilis

B. subtilis encodes within its genome six recognized
channel proteins, and these proteins belong to four

distinct families. These proteins will be discussed in
this section.

VIC (TC #1.A.1). A single member of the voltage-
gated ion channel (VIC) family was identified (Table 1).
This protein, YugO of 375 amino acyl residues (aas), is a
K+ channel homologue. It shows greatest similarity to
other putative prokaryotic K+ channel proteins, those
from Methanococcus jannaschii (28% identity over
220 residues), Aquifex aeolicus (26% identity) and
Methanobacterium thermoautotrophicum (24% iden-
tity). Other homologues exhibit substantially lower
sequence identities. The x-ray structure of the 2 TMS
Streptomyces lividans homologue has been determined
(Doyle et al., 1998), and phylogenetic analyses for the
VIC family have been reported (Durell et al., 1999;
Nelson et al., 1999). In B. subtilis, transcription of the
yugO gene appears to be influenced by scoC (Table 3).

MIP (TC #1.A.8). B. subtilis has a single glycerol
facilitator of the MIP family (Table 1). This protein,
GlpF, is encoded within the glycerol (glp ) operon, and
it consequently is expected to function primarily in
glycerol uptake in preparation for catabolism. Uptake
presumably occurs via an energy-independent,
non-specific, channel-type mechanism as has been
demonstrated for the E. coli orthologue (Heller et al.,
1980; Maurel et al., 1994). Although E. coli also
possesses a MIP family aquaporin concerned with
osmotic adaptation (Borgnia et al., 1999; Calamita
et al., 1998), such a homologue is absent in B. subtilis.
High-resolution structural data are available for the
tetrameric E. coli GlpF protein (Fu et al., 2000) and
structural data are also available for the tetrameric
E. coli aquaporin, AgpZ (Ringler et al., 1999; Calamita,
2000; Engel et al., 2000). Phylogenetic data for the
MIP family reveals that the B. subtilis GlpF clusters
together with other Gram-positive bacterial glycerol
facilitators as well as with a homologue from
Haemophilus influenzae which was probably acquired

Figure 2. Relative proportions of transporters and B. subtilis (top) and E. coli (bottom) concerned with different types of solutes. It can be seen that
the proportions are very roughly comparable, but B subtilis has fewer sugar permeases and more drug/hydrophobe efflux pumps relative to E. coli.

Transport Capabilities Encoded Within the Bacillus subtilis Genome 39



Table 1. Transporters and transporter homologues currently recognized in B. subtilis1

Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

Ion Channels (I.A.)
Voltage-gated ion 1.A.1 YugO Potassium channel 1.A.1.1.X 2
channel (VIC)
Major intrinsic protein 1.A.8 GlpF 2 Glycerol facilitator 1.A.8.2.1 1
(MIP)
Large conductance 1.A.22 YwpC Osmolyte release following 1.A.22.1.3 1
mechanosensitive ion osmotic downshift
channel (MscL)
Small conductance 1.A.23 YfkC ? 1.A.23.X.X 2
mechanosensitive ion YhdY ? 1.A.23.X.X 2
channel (MscS) YkuT Osmolyte release following 1.A.23.3.1 1

osmotic downshift
Secondary transporters (2.A)
Major facilitator (MF) 2.A.1 AraE 2 L-arabinose uptake 2.A.1.1.2 1

Blt 5 Multidrug efflux 2.A.1.2.8 1
Bmr Multidrug efflux 2.A.1.2.8 1
Bmr3 Multidrug efflux 2.A.1.2.8 1
CsbX 2.A.1.6.X 3
GlcP Glucose/mannose:H+

symport
2.A.1.7.3 1

GlpT 17 Gycerol-3-phosphate
uptake

2.A.1.4.3 1

IolF 9 Inositol uptake 2.A.1.1.X 1
LmrB Drug efflux 2.A.1.3.X 1
Mmr Methylenomycin efflux 2.A.1.3.10 1
NarK Nitrite efflux 2.A.1.8.1 1
NasA Nitrate efflux 2.A.1.8.2 1
TetB Tetracycline efflux 2.A.1.2.4 1
YbcL Efflux 2.A.1.2.X 3
YbfB ? 2.A.1.1.X 3
YcbE Glucarate uptake 2.A.1.14.X 2
YceI ? 2.A.1.2.X 3
YceJ Multidrug efflux 2.A.1.X.X 3
YcnB 5" Multidrug efflux 2.A.1.3.X 2
YcxA ? 2.A.1.X.X 2
YddS 2 ? 2.A.1.X.X 3
YdeG ? 2.A.1.X.X 3
YdeR ? 2.A.1.X.X 2
YdgK 2" Multidrug efflux 2.A.1.2.X 2
YdhL 3" Chloramphenicol efflux 2.A.1.X.X 2
YdjK 3 Sugar uptake 2.A.1.1.X 2
YfhI 3 Metabolite efflux 2.A.1.X.X 3
YfiG 7 Sugar uptake 2.A.1.1.X 3
YfiS Efflux 2.A.1.X.X 3
YfiU Multidrug efflux 2.A.1.X.X 2
YfkF Efflux 2.A.1.X.X 3
YfkL ? 2.A.1.X.X 3
YfmO Multidrug efflux 2.A.1.X.X 3
YfnC Multidrug efflux 2.A.1.3.X 2
YhcA Multidrug efflux 2.A.1.3.X 2
YhjO Multidrug efflux 2.A.1.X.X 3
YitG Multidrug efflux 2.A.1.X.X 3
YitZ Multidrug efflux 2.A.1.X.X 3
YjmG 3 Glucarate uptake 2.A.1.14.X 3
YkuC Macrolide efflux 2.A.1.21.X 3
YmfE Efflux 2.A.1.X.X 2
YncC 2 Sugar uptake 2.A.1.1.X 3
YoaB ? 2.A.1.X.X 3
YqjV Multidrug efflux 2.A.1.X.X 3
YtbD Multidrug efflux 2.A.1.X.X 3
YttB Multidrug efflux 2.A.1.X.X 3
YubD 10" Multidrug efflux 2.A.1.X.X 3
YusP Multidrug efflux 2.A.1.X.X 2
YuxJ 2 Multidrug efflux 2.A.1.2.X 3
YvkA Multidrug efflux 2.A.1.X.X 2
YvmA Drug efflux 2.A.1.X.X 3
YvqJ 2 Macrolide efflux 2.A.1.21.X 3
YwbF Sugar uptake 2.A.1.X.X 2
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Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

YwfA Drug efflux 2.A.1.X.X 2
YwfF 4 Macrolide efflux 2.A.1.21.X 3
YwoD Drug efflux 2.A.1.X.X 2
YwoG Drug efflux 2.A.1.X.X 2
YwtG 5 Sugar uptake 2.A.1.1.X 2
YxaM Drug efflux 2.A.1.X.X 3
YxcC Sugar uptake 2.A.1.1.X 2
YxlH Multidrug efflux 2.A.1.X.X 3
YyaJ ? 2.A.1.22.X 3
YybF Drug efflux 2.A.1.2.X 3
YybO Glucarate uptake 2.A.1.14.X 3
YycB Cyanate uptake 2.A.1.17.X 3

Glycoside-pentoside-
hexuronide (GPH):

2.A.2 YdjD
YjmB 2

Sugar uptake
Sugar uptake

2.A.2.3.X
2.A.2.X.X

3
3

cation symporter YnaJ 9 Glucuronide uptake 2.A.2.3.X 2

Amino acid-polyamine- 2.A.3 AapA 2" Amino acid uptake 2.A.3.1.X 2
organocation (APC) GabP 3 g-Aminobutyrate uptake 2.A.3.1.11 1

HutM 3 Histidine uptake 2.A.3.1.X 2
RocC Amino acid uptake 2.A.3.1.X 2
RocE Basic amino acid uptake 2.A.3.1.X 1
YbeC 2 Amino acid uptake 2.A.3.6.X 2
YbgF Histidine uptake 2.A.3.1.X 2
YbxG Amino acid uptake 2.A.3.1.X 3
YcgH Aromatic amino acid 2.A.3.1.X 2

uptake
YdgF Amino acid uptake 2.A.3.1.X 2
YecA Amino acid uptake 2.A.3.2.X 2
YfnA 352 Cationic amino acid uptake 2.A.3.3.X 2
YhdG Cationic amino acid uptake 2.A.3.3.X 2
YkbA Amino acid uptake 2.A.3.3.X 2
YtnA Amino acid uptake 2.A.3.1.X 2
YvbW 3" Amino acid uptake 2.A.3.1.X 2
YveA Amino acid uptake 2.A.3.6.X 2
YvsH 5" Arginine/ornithine uptake 2.A.3.2.X 3

Cation diffusion 2.A.4 CzcD Metal ion efflux 2.A.4.1.1 2
facilitator (CDF) YdbO Metal ion efflux 2.A.4.X.X 2

YdfM Metal ion efflux 2.A.4.X.X 2
YeaB Metal ion efflux 2.A.4.1.X 2

Resistance/nodulation/ 2.A.6 SecF Protein export 2.A.6.4.1 1
cell division (RND) YdgH Lipid efflux 2.A.6.5.X 2

YerP Multidrug efflux 2.A.6.2.X 2

Drug/metabolite
transporter (DMT)

2.A.7 EbrA, EbrB Multidrug efflux 2.A.7.1.6 1

YkkC, YkkD 3" Multidrug efflux 2.A.7.1.5 1
YvaE, YvaD Multidrug efflux 2.A.7.1.X 2
YvdS, YvdR Multidrug efflux 2.A.7.1.X 3
YcxE Sugar uptake 2.A.7.5.X 3
YwfM; YdeD 3" Metabolite/drug efflux 2.A.7.3.X 3
YbfH; YdzE Metabolite/drug efflux 2.A.7.3.X 3
YetK; YdfC Metabolite/drug efflux 2.A.7.3.X 3
YvbV; YoaV Metabolite/drug efflux 2.A.7.3.X 3
YyaM; YcxC Metabolite/drug efflux 2.A.7.3.X 3
YdfC; YcbK Metabolite/drug efflux 2.A.7.3.X 3
YdeD; YxxF Metabolite/drug efflux 2.A.7.3.X 3
YojE Metabolite/drug efflux 2.A.7.3.X 3

Gluconate:H+ symporter 2.A.8 GntP Gluconate uptake 2.A.8.1.1 1
(GntP) YojA Sugar acid uptake 2.A.8.1.X 2

2-Keto-3-deoxygluco-
nate transporter

(KdgT)

2.A.10 KdgT 2-Keto-3-deoxygluconate
uptake

2.A.10.1.1 1

Citrate-Mg2+:H+ –
citrate-Ca2+:H+

CitH
CitM

Citrate-Ca2+:H+ symport
Citrate-Mg2+:H+ symport

2.A.11.1.2
2.A.11.1.1

1
1

symporter (CitMHS) YraO; YxiQ 6 ? 2.A.11.1.X 3

Lactate permease (LctP) 2.A.14 LctP 5" Lactate uptake 2.A.14.1.1 2
YvfH 2 ? 2.A.14.X.X 3
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Table 1. Continued

Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

Betaine/carnitine/ 2.A.15 OpuD Glycine/betaine uptake 2.A.15.1.1 1
choline transporter
(BCCT)

Proton-dependent
oligopeptide

transporter (POT)

2.A.17 YclF 2 Di/tripeptide uptake 2.A.17.1.X 2

Ca2+:cation antiporter
(CaCA)

2.A.19 YfkE 2 Proton:calcium antiport 2.A.19.X.X 2

Inorganic phosphate 2.A.20 YkaB Phosphate uptake 2.A.20.1.X 2
transporter (PiT) CysP Sulfate uptake 2.A.20.1.X 1

Solute:sodium 2.A.21 OpuE Proline uptake 2.A.21.2.1 1
symporter (SSS) YcgO; YhjB;

YodF
Amino acid uptake 2.A.21.2.X 3

YwcA Pantothenate uptake 2.A.21.1.X 3

Neurotransmitter:
sodium symporter (NSS)

2.A.22 YhdH; YocR Metabolite uptake 2.A.22.4.X 3

Dicarboxylate/amino acid:
cation (Na+ or H+)
symporter
(DAACS)

2.A.23 GltP
GltT
YdbH
YhcL

2

40

Glutamate uptake
Glutamate uptake
Dicarboxylate uptake
Glutamate uptake

2.A.23.1.1
2.A.23.1.2
2.A.23.X.X
2.A.23.1.X

1
2
1
3

Citrate:cation symporter 2.A.24 YufR 3 L-malate:Na+ symport 2.A.24.2.3 1
(CCS) CimH (YxkJ) L-malate/citrate:H+ symport 2.A.24.2.4 1

Alanine or glycine: 2.A.25 AlsT 3" Alanine uptake 2.A.25.1.X 2
cation symporter

(AGCS)
YbgH; YflA;
YrbD

3
3"

Amino acid uptake 2.A.25.X.X 3

Branched-chain amino
acid:cation symporter
(LIVCS)

2.A.26 BraB

BrnQ

Branched-chain amino
acid uptake

Branched-chain amino
acid uptake

2.A.26.1.1

2.A.26.1.3

1

1

Bile acid:Na+ symporter
(BASS)

2.A.28 YocS Metabolite uptake 2.A.28.X.X 3

NhaC Na+:H+ antiporter
(NhaC)

2.A.35 YheL; YqkI 2"; 3 Na+:H+ antiport 2.A.35.1.X 2

Monovalent cation:
proton antiporter-1

(CPA1)

2.A.36 YvgP Na+:H+ antiport 2.A.36.3.X 2

Monovalent cation:
proton antiporter-2

(CPA2)

2.A.37 YhaU; YjbQ 3 Na+:H+ antiport 2.A.37.X.X 2

K+ transporter (Trk) 2.A.38 YkrM; YubG Potassium uptake 2.A.38.1.X 2

Nucleobase:cation 2.A.39 YwoE Uracil uptake 2.A.39.X.X 2
symporter-1 (NCS1) YxlA Purine uptake 2.A.39.X.X 2

Nucleobase:cation
symporter-2 (NCS2)

2.A.40 PbuX
PyrP
YunJ; YunK 2"

Xanthine uptake
Uracil uptake
Xanthine uptake

2.A.40.3.1
2.A.40.1.X
2.A.40.3.X

1
1
3

Concentrative nucleoside
transporter
(CNT)

2.A.41 NupC
YutK
YxjA

5

2"

Nucleoside uptake
Nucleoside uptake
Nucleoside uptake

2.A.41.1.2
2.A.41.X.X
2.A.41.1.X

1
2
2

Formate-nitrite 2.A.44 YrhG Formate uptake 2.A.44.1.X 2
transporter (FNT) YwcJ 6" Nitrate uptake 2.A.44.3.X 2

Arsenite-antimonite 2.A.45 YdfA Arsenite efflux 2.A.45.X.X 3
efflux (ArsB) YwrK 13 Arsenite efflux 2.A.45.1.X 2

Divalent anion:Na+

symporter (DASS)
2.A.47 YflS Dicarboxylate uptake 2.A.47.3.X 2

Ammonium transporter
(Amt)

2.A.49 NrgA Ammonium uptake 2.A.49.1.X 2

Chromate ion transporter
(CHR)

2.A.51 YwrA, YwrB 2" Chromate/sulfate transport 2.A.51.X.X 2
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Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

Sulfate permease(SulP) 2.A.53 YbaR; YvdB 3" Sulfate uptake 2.A.53.X.X 2

Metal ion transporter
(Nramp)

2.A.55 YdaR Manganese uptake 2.A.55.1.1 2

Phosphate:Na+

symporter (PNaS)
2.A.58 YqeW Phosphate uptake 2.A.58.X.X 2

Arsenical resistance-3
(ACR3)

2.A.59 YqcL 1011 Arsenite efflux 2.A.59.X.X 3

Monovalent cation
(K+ or Na+):proton
anti-porter-3 (CPA3)

2.A.63 MrpA, MrpB,
MrpC, MrpD,
MrpF, MrpG

K+/Na+:H+ antiport 2.A.63.1.X 1

Multi-antimicrobial 2.A.66 YoeA 3 Efflux 2.A.66.2.X 3
extrusion (MATE) YojI Drug efflux 2.A.66.1.X 2

YpnP 2" Efflux 2.A.66.2.X 3
YucE Drug efflux 2.A.66.1.X 3

Auxin efflux carrier
(AEC)

2.A.69 YwkB ? 2.A.69.X.X 3

L-Lysine exporter
(LysE)

2.A.75 YisU 2" Amino acid efflux 2.A.75.1.X 2

Resistance to
homoserine/threonine

(RhtB)

2.A.76 YrhP Amino acid efflux 2.A.76.X.X 2

Primary Transporters (3.A)
ATP binding cassette
(ABC)

3.A.1 AmyC(M),
AmyD(M),
MsmE(B)

2
10

Sugar uptake 3.A.1.X.X 2

AppD(A),
AppF(A),
AppC(M),
AppB(M),

5 Oligopeptide uptake 3.A.1.5.X 1

AppA(B)

AraP(M),
AraQ(M),

Sugar uptake 3.A.1.2.X 3

AraN(B) 41

CydC(AM),
CydD(AM)

18", 18" ? 3.A.1.X.X 2

DppD(A),
DppB(M),
DppC(M),
DppE(B) 30

Dipeptide uptake 3.A.1.5.2 1

EcsA(A),
EcsB(M)

? 3.A.1.X.X 3

ExpZ(A)

FeuB(M),
FeuC(M),
FeuA(B)

Iron uptake 3.A.1.14.X 2

FhuC(A),
FhuB(M),
FhuG(M),
FhuD(B)

Ferrichrome uptake 3.A.1.14.3 1

FtsE(A), FtsX(M) Cell division 3.A.1.X.X 3

GlnQ(A),
GlnP(M),
GlnM(M),
GlnH(B)

Polar amino acid uptake 3.A.1.3.2 2

HisP(A),
YtmL(M),
YtmM(M),
YtmK(B),
YtmJ(B)

Polar amino acid uptake 3.A.1.3.X 2
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Table 1. Continued

Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

LplB(M),
LplC(M),
LplA(B)

Sugar uptake 3.A.1.1.X 2

MsmX(A) 10 Sugar uptake 3.A.1.1.X 2

NatA(A),
NatB(M)

Sodium efflux 3.A.1.115.1 1

OppD(A),
OppF(A),
OppB(M),
OppC(M),
OppA(B) 2

Oligopeptide uptake 3.A.1.5.1 1

OpuAA(A),
OpuAB(M),
OpuAC(B)

3"
4"

Glycine/betaine uptake 3.A.1.12.2 1

OpuBA(A),
OpuBB(M),
OpuBD(M),
OpuBC(B) 2"

Choline uptake 3.A.1.12.3 1

OpuCA(A),
OpuCB(M),
OpuCD(M),
OpuCC(B)

Choline, carnitine,
glycine

betaine uptake

3.A.1.12.4 1

ProW(M),
ProZ(M)

Proline uptake 3.A.1.12.1 1

RbsA(A),
RbsC(M),
RbsD(M),
RbsB(B)

85
97
112
86

Ribose uptake 3.A.1.2.1 1

ResC(M) Cytochrome C biogenesis 3.A.1.X.X 1

SunT(AM) 3 Sublancin168 lantibiotic
efflux

3.A.1.112.5 1

TagH(A),
TagG(M)

Teichoic acid efflux 3.A.1.104.1 1

YbaE(A),
YbxA(A),
YbaF(M)

3"
3"
3"

? 3.A.1.X.X 3

YcbN(A) ? 3.A.1.X.X 3

YcdI(A),
YceA(M),
YcdH(B)

? 3.A.1.X.X 3

YckA(M),
YckB(B)

Polar amino acid uptake 3.A.1.3.X 2

YckI(A),
YckJ(M),
YckB(B)

Polar amino acid uptake 3.A.1.3.X 2

YclH(A),
YclI(M)

? 3.A.1.X.X 3

YclP(A),
YclO(M),
YclN(M),
YclQ(B)

Iron uptake 3.A.1.14.X 2

YdbA(B),
YdbB(M)

2 ? 3.A.1.X.X 3

YdbE(B) Dicarboxylate receptor 3.A.1.X.X 3

YdbJ(A),
YdbK(M)

? 3.A.1.X.X 3
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Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

YdiF(A)
YesP(M),
YesQ(M),
YesO(B)

Sugar uptake 3.A.1.1.X 2

YfhA(M) Iron(III) uptake 3.A.1.14.X 2

YfiB(AM),
YfiC(AM) 2

? 3.A.1.106.X 2

YfiL(A),
YfiM(M),
YfiN(M) 4

? 3.A.1.X.X 3

YfiZ(M),
YfhA(M),

YfiY(B)

Iron(III)-dicitrate uptake 3.A.1.14.X 2

YfmF(A),
YfmD(M),
YfmE(M),
YfmC(B)

Iron(III)-ferrichrome
uptake

3.A.1.14.X 2

YfmM(A) ? 3.A.1.X.X 3
YfmR(A) ? 3.A.1.X.X 3
YgaD(AM) ? 3.A.1.106.X 3

YgaL(A),
YgaM(M),
YgbA(B)

alkane sulfonate uptake 3.A.1.17.X 1

YhaQ(A) ? 3.A.1.X.X 3

YhcG(A),
YhcH(A),
YhcI(M),
YhcJ(B)

? 3.A.1.X.X 3

YheH(MA),
YheI(MA)

? 3.A.1.106.X 2

YhfQ(B) Iron(III) dicitrate uptake 3.A.1.14.X 3

YhjP(B) ? 3.A.1.X.X 3

YjkB(A) ? 3.A.1.X.X 3

YkfD(A) Oligopeptide uptake 3.A.1.5.X 3

YknY(A),
YknZ(M)

? 3.A.1.X.X 3

YkoD(A),
YkoC(M)

? 3.A.1.X.X 3

YkpA(A) ? 3.A.1.X.X 3

YlmA(A) ? 3.A.1.X.X 3
YolH(M) 3 ? 3.A.1.X.X 3

YqgJ(A),
YqgK(A),
YqgH(M),
YqgI(M),
YqgG(B)

2

2

Phosphate uptake 3.A.1.7.1 3

YqiZ(A),
YqiY(M),

Polar amino acid uptake 3.A.1.3.X 2

YqiX(B) 3"

YrrO(A) 2" ? 3.A.1.X.X 3

YtcP(M),
YteQ(M),
YtcQ(B)

16
Sugar uptake 3.A.1.1.X 2

YtgB(A),
YtgC(M),
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Table 1. Continued

Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

YtgD(M),
YtgA(B)

? 3.A.1.X.X 3

YthP(A) ? 3.A.1.X.X 3
YtlC(A),
YtlD(M)

Nitrate uptake 3.A.1.X.X 3

YtrB(A),
YtrC(M),
YtrD(M) 3"

? 3.A.1.X.X 3

YtrE(A), YtrF(M) ? 3.A.1.X.X 3
YtsC(A),
YtsD(M?) 3"

? 3.A.1.1.X 2

YufO(A),
YufQ(M),
YufP(M)

Sugar uptake 3.A.1.1.X 2

YurJ(A),
YurN(M),
YurM(M),
YurO(B)

Sugar uptake 3.A.1.X.X 3

YurY(A) ? 3.A.1.X.X 3

YusC(A),
YusB(M)

Sulfate uptake 3.A.1.X.X 3

YusV(A) ? 3.A.1.X.X 3

YvcC(MA) ? 3.A.1.106.X 2

YvcR(A),
YvcS(M?) 2

? 3.A.1.X.X 3

YvdI(M),
YvdH(M),
YvdG(B)

2
Sugar uptake 3.A.1.1.X 2

YvfM(M),
YvfL(M),
YvfK(B)

2
4

Sugar uptake 3.A.1.1.X 2

YvgM(M),
YvgL(B)

Molybdenum uptake 3.A.1.8.X 2

YvrA(A),
YvrB(M),
YvrC(B)

Heme uptake 3.A.1.14.X 2

YvrO(A),
YvrN(M)

? 3.A.1.X.X 3

YwhQ(A) ? 3.A.1.X.X 3
YwjA(AM) ? 3.A.1.106.X 3

YxdL(A),
YxdM(M?)

? 3.A.1.106.X 3

YxeB(M) 2 Ferrichrome uptake 3.A.1.14.X 3

YxeO(A),
YxeN(M),
YxeM(B)

4
5
3

Polar amino acid uptake 3.A.1.3.X 2

YxlF(A) ? 3.A.1.X.X 3
YybJ(A) ? 3.A.1.X.X 3
YydI(A) ? 3.A.1.X.X 3

H+ or Na+-translocating
F-type ATPase

(FATPase)

3.A.2 AtpA-I Proton efflux 3.A.2.1.1 1

P-type ATPase 3.A.3 YkvW Cadmium efflux 3.A.3.6.X 2
(PATPase) YloB Calcium efflux 3.A.3.2.X 2

YvgW Cadmium efflux 3.A.3.6.X 2
YvgX Copper efflux 3.A.3.5.X 2
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by this organism by lateral transfer from a Gram-
positive bacterium (Park and Saier, 1996).

MscL (TC #1.A.22). B. subtilis encodes a single
homologue of the mechanosensitive ion channel
(MscL) family. Although no functional data have been
published for this B. subtilis homologue, YwpC, recent
unpublished data suggests that it functions in the
export of osmolytes upon osmotic downshif t
(C. Boingiu and E. Bremer, personal communication).
The E. coli MscL, a homopentamer of 136 residue
monomers with 2 TMSs per polypeptide chain, trans-
ports ions with slight selectivity for cations over anions
(Sukharev, 1999) and has been shown to release small
proteins such as thioredoxin during osmotic downshift
(Ajouz et al., 1998). Although many bacteria exhibit

MscL homologues, no bacterium has yet been
shown to possess more than one MscL-encoding
gene. The phylogeny of these homologues follows
that of the source organism (Saier et al., 1999a). The
three-dimensional structure of the Mycobacterium
tuberculosis protein has been solved to 3.5å resolution
(Chang et al., 1998).

MscS (TC #1.A.23). B. subtilis encodes within its
genome three paralogues of the recently discovered
small conductance mechanosensitive ion channel
(MscS) family (Table 1). These proteins are YhdY
(371 aas), YkuT (267 aas), and YfkC (280 aas). These
three proteins are distant homologues of each other.
For example, YhdY exhibits 18% identity in 250
residues with YfkC and 17% identity in 250 residues

Family Family Protein(s)2 Glucose Repression Probable function Protein Evidence3

TC# (fold) TC#

Phosphotransferase System (4.A)
Glucose-glucoside (Glc) 4.A.1 BglP 46 b-glucoside uptake 4.A.1.2.X 2

MalP (GlvC) 4 Arbutin uptake 4.A.1.2.X 2
PtfB Arbutin uptake 4.A.1.2.X 1
PtsG 3" Glucose uptake 4.A.1.1.1 1
SacP 88 Sucrose uptake 4.A.1.2.1 1
TreB 37 Trehalose uptake 4.A.1.2.4 2
YbbF Sucrose uptake 4.A.1.2.1 2
GamP (YbfS) 3 Glucose uptake 4.A.1.1.X 2
NagP (YflF) N-acetylglucosamine

uptake
4.A.1.1.2 3

YpqE Glucose uptake 4.A.1.1.1 3
YyzE 103 Glucose uptake 4.A.1.1.1 1
SacX Regulates SacY

Fructose-mannitol (Fru) 4.A.2 FruA Fructose uptake 4.A.2.1.1 3
MtlA Mannitol uptake 4.A.2.1.2 1
YjdD 24 Fructose uptake 4.A.2.1.X 2

Lactose-N,N’-diacetyl-
chitobiose-b-gluco-
side (Lac)

4.A.3 LicC, LicB, LicA 79
40
18

Lichenan oligosaccharide
uptake

4.A.3.2.2 1

YdhO, YdhM,
YdhN

6, 8
11

Diacetylchitobiose uptake 4.A.3.2.1 2

YwbA Diacetylchitobiose uptake 4.A.3.2.X 2

Mannose-fructose-
sorbose (Man)

4.A.6 LevF, LevG,
LevE, LevD 5079, 8084

Fructose uptake 4.A.6.1.2 1

Enzyme I 8.A.7 PtsI (Enzyme I) Energy coupling 8.A.7 1
HPr 8.A.8 PtsH (HPr) Energy coupling 8.A.8 1

Unclassified (9.A)
Polysaccharide
transporter (PST)

9.A.1 YtgP; YvhB Polysaccharide efflux 9.A.1.X.X 2

Oxidase-dependent Fe2+

transporter (OFeT)
9.A.10 YwbL Iron uptake 9.A.10.X.X 2

YhaG tryptophan uptake
permease (YhaG)

9.A.15 YhaG Tryptophan uptake 9.A.15.1.1 1

Metal ion transporter
(MIT)

9.A.17 YfjQ; YqxL Mg2+ uptake 9.A.17.1.X 2

Mg2+ transporter-E
(MgtE)

9.A.19 YkoK 3 Mg2+ uptake 9.A.19.1.X 2

1 For more detailed information about the TC system, see our web site: (http://www-biology.ucsd.edu/~msaier/transport/) as well as Saier, 2000 (ref. 43).
2 Protein components of a single system are separated by commas, while distinct systems, when presented on a single line, are separated by semicolons.
3 Evidence: 1, certain, based on direct experimental data; 2, probable, based on close sequence similarity; 3, possible, based on distant sequence
similarities.
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with YkuT. While YhdY has six clear peaks of
hydrophobicity in its N-terminal half, possibly corre-
sponding to six TMSs, YkuT has four, lacking the first
two TMSs of YhdY, and YfkC has only three, lacking
the first three of those found in YhdY. These proteins
also exhibit C-terminal hydrophilic domains of about
150 residues that exhibit significant sequence similar-
ity with each other.

Recently, the three genes encoding these proteins
have been interrupted. The ykuT knockout mutant
proved to be defective for osmolyte release upon
osmotic downshift, but no phenotype was observed for
the other two homologues (C. Boingiu and E. Bremer,
personal communication). Thus, although the MscL
homologue, YwpC, and the MscS homologue, YkuT,
may both function in osmoregulation, the functions of
the other two MscS homologues have yet to be defined.

In accordance with the above described structural
properties of B. subtilis MscS family paralogues, the
MscS family is a group of topologically diverse,
functionally poorly characterized proteins exhibiting
homology in only restricted regions. Early electrophy-
siological studies with E. coli suggested the presence
of two distinguishable mechanosensitive ion channels,
one with large conductance (MscL; see above) and
one with small conductance (MscS; this family
(Martinac et al., 1987, 1990). Thus, application of a
ramp of negative pressure to a patch excised from an
E. coli giant spheroplast gave (1) a small conductance
(MscS; ~1nS in 400 mM salt) with a sustained open
state and (2) a large conductance (MscL; ~3nS) with
faster kinetics, activated at higher pressure. MscS was
reported to exhibit a weak anionic preference and a
voltage dependency, tending to open upon depolariza-
tion. Activation by membrane-intercalating amphi-
pathic compounds suggested that MscS channels are
sensitive to mechanical perturbations in the lipid
bilayer. It was suggested that MscS plays a role in
fast osmoregulatory responses.

It is not entirely clear what structural proteins
comprise the MscS channel functional equivalent.
Mutations in the genes encoding the KefA (AefA) and
YggB proteins of E. coli block the MscS mechanosen-
sitive channel activity. Thus, at least two components
of the MscS channel activity probably exist in E. coli.
The principal one is affected by knockouts of YggB
while the minor one is affected by knockouts of KefA. It
is probable that these two proteins are the actual
channel proteins, but reconstitution experiments with
the purified proteins have not yet been performed to
prove this possibility. These two channels are reported
to open in response to pressure changes during
osmotic downshift just below those that cause cell
disruption and death (Levina et al., 1999).

Homologues of YggB are found in Gram-negative,
Gram-positive and cyanobacteria, in archaea, in yeast
and in plants, but not in animals. One archaeon,
Haloferax volcanii, exhibits mechanosensitive chan-
nels similar in conductance to YggB of E. coli (Le Dain
et al., 1998). MscS family homologues vary in length
between 248 and 1120 amino acyl residues, but the
homologous region that is shared by most of them is

only 200-250 residues long. The topologies of these
proteins also differ drastically, varying between 2 and
12 TMSs. Only 2 TMSs, common to all of these proteins,
may comprise the channel (Booth and Louis, 1999).

Families of Secondary Active Transporters
Represented in B. subtilis

Bacillus subtilis encodes within its genome an esti-
mated 185 currently recognized secondary active
transporters in 42 families. They represent the majority
of transporters identified in this organism (Figure 1). Of
these carriers, 66 (36%) belong to the major facilitator
superfamily (MFS) (Pao et al., 1998; Saier et al.,
1999b), 23 (12.5%) belong to the drug/metabolite
transporter (DMT) superfamily (Jack et al., 2000b)
and 18 (10%) belong to the amino acid/polyamine/
organocation (APC) superfamily (Jack et al., 2000a).
Together, these three superfamilies include about 58%
of all secondary carriers encoded within the B. subtilis
genome although a total of 42 families of these
carriers are represented. The remaining 39 families
either have 1 paralogue (15 families), 2 paralogues (14
families), 3 paralogues (3 families), 4 paralogues (6
families), or 5 paralogues (1 family) in B. subtilis.
Within the drug/metabolite transporter (DMT) super-
family, the small multidrug resistance (SMR) family
includes 8 paralogues (Chung and Saier, 2001; Jack
et al., 2000b). Although 8 SMR family paralogues are
encoded within the B. subtilis genome, these may
comprise 4 heterooligomeric transport systems (see
the section on the DMT superfamily below).

MFS (TC #2.A.1)

The MFS is the largest superfamily of secondary
carriers found on Earth (Pao et al., 1998; Saier et al.,
1999b). Of the 66 MFS paralogues encoded within the
B. subtilis genome, direct empirical functional data are
available for only about a dozen. However, based
largely on phylogenetic data, we have provided predic-
tions for a majority of these proteins (see Table 1).

The functionally characterized B. subtilis members
of the MFS transport sugars (usually but not always
uptake), drugs (usually but not always efflux),
glycerol-3-phosphate (uptake), nitrite (uptake or
efflux), and nitrate (uptake or efflux). All are energy
coupled, probably functioning by H+ symport for uptake
and by H+ antiport for export. Phylogenetic results
suggest that in addition to the substrate specificities
cited above, MFS permeases of B. subtilis may
transport organic acids, cyanide, and various addi-
tional metabolites. Twenty-one of the MFS permeases
are predicted to export drugs and other hydrophobic or
amphipathic substances while fourteen may transport
sugars, sugar acids and their derivatives. One recently
characterized MFS permease of B. subtilis was shown
to take up glucose and mannose by a proton symport
mechanism (Paulsen et al., 1998c). This protein was
designated GlcP. Its synthesis appeared to depend
upon a functional PTS, suggesting a novel mechanism
of gene regulation (Paulsen et al., 1998c). Some of
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these MFS transporters probably export free sugars
using a proton-antiport mechanism (Saier, 2000d).
Transcription of 21 genes from this group was
significantly affected by the scoC mutation (Table 3).
Positive and negative transcriptional regulation was
observed in all phases of liquid culture.

All characterized MFS permeases have either 12
or 14 TMSs, and topological predictions suggest that
the same is true for most or all of the MFS homologues
that have been examined. We were therefore
surprised to find that one of the B. subtilis MFS
paralogues, YitZ, is of half size (168 aas) and exhibits
6 putative TMSs. MFS permeases are known to
consist of two sequence-related repeat units (see Pao
et al., 1998 for a summary of the evidence). BLAST
searches revealed that YitZ is distantly related to
recognized MFS drug exporters (nearly 20% identity).
Interestingly, it exhibits greater sequence identity with
the first halves of most MFS homologues than the
second halves. The functionally characterized protein
with the best BLAST score is the PmrA fluroquinolone
resistance efflux pump of Streptococcus pneumoniae
(Gill et al., 1999) (19% identity in 153 residues).
Interestingly, one homologue from the archaeon,
Pyrococcus abysii, PAB0913 (pirE75048) of 410 aas
showed a greater percent identity and BLAST score
with the second half than the first half (23% versus 21%
identity). These observations suggest that MFS per-
meases arose by intragenic duplication events more
than once during evolutionary history and show that
primordial-like 6 TMS ‘‘remnants’’ are present in at
least one currently living organism. Whether this
homologue, YitZ, was derived directly from the primor-
dial half sized sequence or resulted from deletion of a
duplicated domain in a full-sized MFS permease cannot
be ascertained. It will be interesting to determine if YitZ
is functional as a homodimer as is true for several
characterized 6 TMS secondary carriers such as the
members of the mitochondrial carrier (MC) family
(TC #2.A.29) (Kuan and Saier, 1993; Schroers et al.,
1998; Walker and Runswick, 1993).

Many observations (Saier, 2000a) clearly suggest
that secondary carriers of the MFS (and of many
other permease families as well) function more
efficiently as 12 TMS ‘‘fused’’ polypeptide chains
rather than as homodimeric 6 TMS structures. The
larger proteins were evidently selected for during
evolutionary history, thus accounting for the preva-
lence of such secondary active permease structural
types in nature.

We have found that the sequences of two putative
MFS permeases in B. subtilis are incorrect due to
frameshifting sequencing errors. First, YmfD and YmfE
(both indicated as ‘‘phage-related protein homologs’’)
appeared truncated based on a multiple alignment with
other MFS permeases. SubtiList indicated a space of
about 300 bps between the two encoding orfs. The
putative intergenic region translated into a sequence
that was homologous to the central portions of MFS
permeases. A single full-length MFS permease was
reconstructed from the DNA encompassing ymfD, the
putative intergenic region and ymfE. The full-length

protein proved to be most similar to YitG of B. subtilis.
We have designated this reconstituted protein YmfDE.
Second, the YuxJ protein reported in SubtiList exhibits
an artifactual N-terminal truncation of about 60
residues. The correct sequence was reconstituted
essentially as described above for YmfDE. Such
procedures have proven useful in identifying sequen-
cing errors and reconstructing native proteins. While
other examples could be cited, these suffice to
i l lustrate one important benefit result ing from
sequence comparisons.

Two Distant Constituents of the MFS:
GPH (TC #2.A.2) and POT (TC #2.A.17)

Two families represented in B. subtilis, the glycoside/
pentos ide/hexuron ide (GPH) fami ly , and the
proton-dependent oligopeptide transporter (POT)
family are believed to be distant family constituents of
the MFS (Pao et al., 1998; Saier et al., 1999b). The
three paralogues of the GPH family and the single
member of the POT family in B subtilis have not been
functionally characterized. However, all characterized
members of the GPH family transport glycosides
(Chaillou et al., 1998; Naderi and Saier, 1996;
Poolman et al., 1996), and most characterized mem-
bers of the POT family transport short peptides as their
primary substrates (Fang et al., 2000; Paulsen and
Skurray, 1994; Saier et al., 1999a; Zhou et al., 2000). It
is therefore probable that the specificities of these four
Bacillus proteins correspond to those usually observed
for the characterized members of these families
(glycosides versus di- or tri-peptides for GPH and
POT family members, respectively). The YnaJ protein
of the GPH family (Table 1) may transport xylosides as
its structural gene is in an operon with a xylosidase
(Galinier et al., 1999).

GPH family symporters catalyze uptake of glyco-
sides in symport with a monovalent cation (H+ or Na+).
Mutants of two groups of these symporters (the
melibiose permeases of enteric bacteria, and the
lactose permeases of Streptococcus thermophilus and
closely related bacteria) have been isolated in which
altered cation specificity is observed or in which sugar
transport is uncoupled from cation symport. The latter
mutations give rise to sugar uniport. Various mutant
proteins can use Na+, H+ or Li, Na+ or Li+, H+ or Li+, or
only H+ as the symported cation (Poolman et al., 1996).
All sequenced members of the family are from bacteria
except for the distantly related sucrose:H+ symporters
of plants (Naderi and Saier, 1996). These proteins are
generally about 500 aas in length, although the
Gram-positive bacterial lactose permeases are larger,
due a C-terminal hydrophilic domain that is involved in
regulation by the phosphotransferase system.

Proteins of the POT family (Paulsen and Skurray,
1994) (also called the PTR [peptide transport] family)
(Steiner et al., 1995) consist of proteins from animals,
plants, yeast, archaea and both Gram-negative and
Gram-positive bacteria. Several of these organisms
possess multiple POT family paralogues. The proteins
are of about 450–600 aas in length with the eukaryotic
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proteins in general being longer than the bacterial
proteins. They exhibit 12 putative or established TMSs.

While most members of the POT family catalyze
peptide transport, one is a nitrate permease, and one
can transport histidine as well as peptides (Tsay et al.,
1993; Zhou et al., 1998). Some of the peptide
transporters can also transport antibiotics. They func-
tion by proton symport, but the substrate:H+ stoichio-
metry is variable. For example, the high affinity rat
PepT2 carrier catalyzes uptake of 2 and 3H+ with
neutral and anionic dipeptides, respectively, while the
low affinity PepT1 carrier catalyzes uptake of one H+

per neutral peptide.
One member of the GPH family and the sole

member of the POT family are encoded by genes
affected by a scoC mutation. These genes are ynaJ
and yclF, respectively.

Transporters Catalyzing Uptake of Amino Acids
and Their Derivatives

About two dozen families of transport proteins partici-
pate in the uptake or efflux of amino acids (Saier,
2000c). One dozen of these families are represented in
B. subtilis. These families will be discussed here, and
the Bacillus members of these families will be
emphasized.

APC (TC #2.A.3). The amino acid/polyamine/
organocation (APC) superfamily has recently been
characterized in detail (Jack et al., 2000a). Although
substantially smaller than the MFS, this ubiquitous
superfamily includes ten current ly recognized
families. All functionally characterized members
exhibit specificity for amino acids and their derivatives.
They can possess 10, 12, or 14 TMSs per polypeptide
chain, but all of the bacterial transporters have
12 TMSs. Of the ten APC families, 7 are represented
in bacteria, and of these, five include members
encoded within the B. subtilis genome. Four of these
families are the AAT family (TC #2.A.3.1) with 11
B. subtilis paralogues, the APA family (TC #2.A.3.2)
with 3 distantly related B. subtilis paralogues, the CAT
family (TC #2.A.3.3) with two paralogues, and the ABT
family (TC #2.A.3.6) also with two B. subtilis para-
logues (see Table 1: Jack et al., 2000a). Of these APC
superfamily paralogues, the specific amino acid
transported has been experimentally verified for only
two proteins, GabP, a g-amino butyrate uptake
permease, and RocC, an arginine uptake permease.
The fifth family of the APC superfamily represented in
B. subtilis is the spore germination protein (SGP)
family.

B. subtilis encodes within its genome 5 para-
logues of the spore germination protein (SGP) family
(TC #2.A.3.9) of the APC superfamily (Jack et al.,
2000a). It has been postulated that these 10 TMS
proteins are amino acid receptors, which in the
presence of their substrate amino acids promote
spore germination. The loss of the last two TMSs
(Jack et al., 2000a) may block their transport func-
tion. We have recently cloned one of these B. subtilis
genes (GerKB [spP49940]) and expressed it in a

multi-copy plasmid (pBAD24) in E. coli. Attempts to
demonstrate increased rates of alanine or asparagine
uptake have so far been unsuccessful. (K. Trieu and
M.H. Saier Jr., unpublished results). Since these two
amino acids are good germinants in B. subtilis, a
receptor function is favored. Eight genes encoding
members of the APC superfamily are affected by the
scoC mutation (Table 3).

BCCT (TC #2.A.15). B. subtilis encodes a single
homologue of the betaine/carnitine/choline transporter
(BCCT) family, OpuD. Transcription is down-regulated
two-fold in stationary phase by the scoC mutation
(Table 3). The protein has been functionally character-
ized, and it catalyzes uptake of glycine betaine. Other
substrates include dimethylsulfonioacetate and
dimethylsulfoniopropionate (Kappes et al., 1996). This
and several other transporters in Bacilli function
primarily in osmoprotection. Other members of the
family, all from bacteria, catalyze uptake of a range
of organic quaternary amines. Several of these
secondary carriers serve as osmosensors as well as
transporters (Kempf and Bremer, 1998; Rübenhagen
et al., 2000).

SSS (TC # 2.A.21). The solute:sodium symporter
(SSS) family is functionally diverse, including mem-
bers that transport amino acids, sugars, vitamins,
nucleosides, inositols, urea, and inorganic anions
(Reizer et al., 1994). The unifying functional feature
of the members of this family is that all seem to
function by a Na+ symport mechanism. In bacteria,
sugars, amino acids and vitamins are substrates of
members of this family. PutP of E. coli transports
proline while Ppa of Pseudomonas putida transports
phenylalanine. One of the five SSS family paralogues
in B. subtilis, OpuE, is known to transport proline, and
three other paralogues show sufficient sequence
similarity to suggest a related function. The fifth
B. subtilis paralogue resembles PanF of E. coli, a
recognized pantothenate transporter. A eukaryotic
SSS family multi-vitamin transporter can accommo-
date pantothenate, biotin and lipoate, all anionic
vitamins (Prasad et al., 1998; Wang et al., 1999).
These transporters have variable predicted topologies,
exhibit ing 12-15 putat ive TMSs. Experimental
evidence for a 13 TMS topology for the E. coli PutP
protein has been presented (Jung et al., 1998). opuE
and one other B. subtilis gene in this superfamily are
affected by the genetic loss of scoC (Table 3).

NSS (TC #2.A.22). Two members of the neuro-
transmitter:sodium symporter (NSS family are encoded
within the B. subtilis genome. Although the family is
ubiquitous, being found in bacteria, archaea and
eukaryotes, only members from animals have been
functionally well characterized. The various carriers of
this large family transport a variety of neurotransmitters
including serotonin, noradrenaline, dopamine, g -amino
butyrate, proline, glycine and other amino acids, but
quaternary amines such as betaine, choline and
creatine and a variety of structually-related compounds
are also transported. While the Bacillus proteins are
likely to transport such compounds, their more precise
substrate specificities cannot be surmised.
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DAACS (TC #2.A.23). The large dicarboxylate/
amino acid:cation symporter (DAACS) family includes
four B. subtilis paralogues, one of which is known to
transport glutamate (Table 1). The other three para-
logues may transport a variety of dicarboxylates
including C4-Krebs cycle intermediates and glutamate
(Saier et al., 1999a). As some eukaryotic members of
this family are specific for neutral amino acids, this
represents another possibility.

AGCS (TC #2.A.25). The alanine/glycine:cation
symporter (AGCS) family (Reizer et al., 1994) has four
B. subtilis paralogues (Table 1), one of which, AlsT, is
known to transport alanine. Expression of three of
these genes is affected by the scoC mutation (Table
3). Other functionally characterized members of this
prokaryotic family transport just glycine or both
glycine and alanine (see http://www-biology.ucsd.
edu/~msaier/transport/).

LIVCS (TC #2.A.26). The two B. subtilis paralogues
of the branched chain amino acid:cation symporter
(LIVCS) family probably transports leucine, isolucine
and valine (Stucky et al., 1995; Tauch et al., 1998). No
other specificity is known for a member of this family.

YhaG (TC #9.A.15). Recently, a protein encoded
within the B. subtilis genome, YhaG, was shown to
influence sensitivity to the toxic tryptophan analogue,
5-fluorotryptophan (Sarsero et al., 2000). It probably
catalyzes uptake of tryptophan. Deletion of the yhaG
gene resulted in a 40-fold decrease in sensitivity to
5-fluorotryptophan and an appreciable decrease in the
rate of [14C]tryptophan uptake (Sarsero et al., 2000).
The protein has homologues in two partially se-
quenced clostridial species; otherwise no homologues
are found in the databases. It exhibits 6 (or possibly 7)
TMSs in a total of 172 amino acyl residues. Experi-
ments are currently underway to determine the mode
of transport and energy coupling mechanism of this
putative tryptophan permease.

Transporters Catalyzing Efflux of Amino Acids
and Their Derivatives

The auxin efflux carrier (AEC) family, the lysine
exporter (LysE) family and the resistance to
homoserine/threonine (RhtB) family are each repre-
sented in B. subtilis with just one member per family
(Table 1). None of these proteins is functionally
characterized. Additionally, a member of the DME
family within the DMT superfamily (Jack et al., 2001)
has been shown to efflux amines, probably cysteine
biosynthetic intermediates (Dassler et al., 2000). The
former families will be briefly mentioned here. The DMT
superfamily will be discussed in the section entitled
‘‘Efflux Pumps.’’

AEC (TC #2.A.69). Only plant members of the
ubiquitous AEC family are functionally characterized,
and these proteins catalyze polarized export of auxins
in a pmf-dependent process that promotes gravitrop-
ism (Gälweiler et al., 1998; Luschnig et al., 1998).
Since no bacterial members of the AEC family have
been functionally characterized, we can only guess

that these proteins may catalyze efflux of amino acids
and their derivatives.

LysE (TC #2.A.75) and RhtB (TC #2.A.76). The
LysE and RhtB families are members of a single
superfamily (Aleshin et al., 1999; Vrljic et al., 1999).
While LysE of C. glutamicum exports basic amino
acids (arginine, lysine and ornthine), RhtB of E. coli
exports neutral amino acids and their derivatives
(homoserine, threonine and serine) (Zakataeva et al.,
1999). The Bacillus homologues (Table 1) are
presumed to similarly catalyze amino acid efflux.

Transporters Specific for Nucleobases
and Nucleosides

NCS1 (TC #2.A.39) AND NCS2 (TC #2.A.40). The
NCS1 and NCS2 families are two ubiquitous families of
uptake transporters exhibiting overlapping specificities
for a variety of nucleobases, nucleobase derivatives,
nucleosides, and vitamins. Both are represented in
B. subtilis with 2 and 4 members, respectively. These
two families are probably distantly related to each
other although this fact cannot be established exclu-
sively on the basis of statistical comparisons of
their primary sequences. Phylogenetic trees for both
families have been published (Saier et al., 1999a). On
the basis of direct experimentation, two Bacillus
members of the NCS2 family are known to transport
xanthine and uracil, respectively, and based on
sequence comparisons, the substrate specificities of
the remaining four B. subtilis members of these two
families have been predicted (Table 1). However, it
should be pointed out that some members of these
families exhibit broad and varied specificities, while
others are highly specific. One yeast member of the
NCS1 family, Thi10, is a highly specific thiamin
(vitamin B1) uptake porter while an equally specific
member of the NCS2 family is an L-ascorbate (vitamin
C):Na+ symporter (Enjo et al., 1997; Tsukaguchi et al.,
1999). The biological significance of the uncharacter-
ized Bacillus paralogues of the NCS1 and NCS2
families may therefore extend beyond that expected
for families of nucleobase transporters.

CNT (TC #2.A.41). NupC, one of three concen-
trative nucleoside transporters encoded within the
B. subtilis genome, is specific for pyrimidine-contain-
ing nucleosides and functions by a proton symport
mechanism. Other functionally characterized members
of this ubiquitous family (Saier et al., 1999a,b), exhibit
varying degrees of specificity. None, however, is highly
specific for a single compound. Thus, broad specifi-
cities seem to be characteristic of the members of this
family.

Transporters Specific for Organic Anions

Eight families identified in Bacillus include members
that transport organic anions. These families are the
GntP, KdgT, CitMHS, LctP, DAACS, CCS, BASS, and
DASS families. Half of these families (GntP, CitMHS,
LctP, and DASS) belong to the recently defined ion
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transporter (IT) superfamily (Rabus et al., 1999).
Based primarily on motif analyses, they are believed
to be distantly related although this fact cannot be
established using rigorous statistical methods (Rabus
et al., 1999; Saier, 2000a). Each family will therefore
be considered separately.

GntP (TC #2.A.8). B. subtilis exhibits two mem-
bers of the gluconate porter (GntP) family, and one of
these two proteins, GntP of B. subtilis, is known to take
up gluconate. The other paralogue, YojA, is not
functionally characterized. Since GntP is encoded
within the gluconate catabolic operon, YojA may be
specific for another sugar acid or possibly be active
during an alternate developmental stage. E. coli has
seven paralogues of this family with overlapping
substrate specificities (Peekhaus et al., 1997).

KdgT (TC #2.A.10). A single member of the KdgT
family is found in B. subtilis. It is 40% identical to the
functionally characterized 2-keto-3-deoxygluconate
transporter, KdgT, from Erwinia chrysanthemi (Allen
et al., 1989). The Bacillus protein is therefore likely to
be an orthologue of the Erwinia protein, serving the
same function.

CitMHS (TC #2.A.11). The CitMHS family includes
two functionally characterized proteins from Bacillus
subtilis as well as two uncharacterized paralogues
from this organism (Table 1). The citrate:H+ symporter
(CitH) and the citrate-Mg2+:H+ symporter (CitM) are
60% identical, contain about 400 residues each and
exhibit 12 putative TMSs (Boorsma et al., 1996; Krom
et al., 2000). CitH can transport citrate coupled with
Ca2+, Ba2+, or Sr2+ while CitM can transport citrate
coupled with Mg2+, Ni2+, Mn2+, Co2+ or Zn2+ (Krom
et al., 2000). Each of these porters probably arose by
an internal gene duplication event from a precursor
polypeptide chain of half the size of the current
permeases as is true of many other secondary
carriers, and these two paralogues undoubtedly arose
by a relatively recent extragenic duplication event.
Homologues are found in other Gram-positive
bacteria, in Gram-negative bacteria and in archaea.
Synthesis of two of the members is affected by the
scoC mutation (Table 3).

LctP (TC #2.A.14). B. subtilis encodes two
paralogues of the LctP family, the LctP (YcgC) and
YufH proteins (Table 1). Homologues are found in
other Gram-positive bacteria as well as Gram-negative
bacteria and archaea. In E. coli, lactate and glycolate
porters are known to be members of the LctP family
(Nunez et al., 2000). The two Bacillus proteins could
provide these distinct functions. The genes encoding
both members of the LctP family are affected by the
scoC mutation (Table 3).

DAACS (TC #2.A.23). Four homologues of the
DAACS family (discussed above under amino acid
transporters) are encoded within the Bacillus genome.
One E. coli member of this family is known to transport
serine and threonine by a Na+ symport mechanism; a
second E. coli homologue transports glutamate and
aspartate by an H+ symport mechanism, and a third
bacterial homologue has recently been shown to
transport C4-dicarboxylates of the Krebs cycle (Asai

et al., 2000; Palacĺn et al., 1998; Slotbloom et al.,
1999). While one paralogue of the DAACS family in
B. subtilis catalyzes dicarboxylate uptake, and a
homologue in B. stearothermophilus catalyzes dicar-
boxylate amino acid uptake, the other B. subtilis
homologues are not functionally characterized. E. coli
has several dicarboxylate transporters that function
under different conditions, and the same may be true
for B. subtilis. Alternatively, some of these B. subtilis
proteins may transport amino acids.

Rabus et al. (1999) analyzed the B. subtilis
ydbEFGH gene cluster and noted that while YdbE is
an extracytoplasmic dicarboxylate-binding lipoprotein
receptor, homologous to those of the tripartite
TRAP-T-type dicarboxylate transporters, the other
two protein constituents of these types of transporters
were lacking. They noted that the YdbF/G protein pair
is homologous to sensor kinase-response regulator
pairs, and that YdbH encodes a DAACS family
dicarboxylate transporter homologue. They therefore
postulated that YdbE binds dicarboxylates and acti-
vates the YdbF sensor kinase to phosphorylate YdbG.
YdbG-phosphate was presumed to directly activate
transcription of the ydbH gene that encodes the
transporter. An extracellular induction mechanism
was therefore proposed (Rabus et al., 1999).

Asai et al. (2000) have recently demonstrated the
essence of this postulated mechanism. They showed
that the YdbF/G pair regulates expression of the ydbH
gene, probably using YdbE as an external sensor, thus
providing a highly sensitive and efficient mode of
regulation. Analysis of the ydbH promoter revealed a
direct repeat sequence required for activation of ydbH
gene expression as well as a catabolite responsive
element (CRE) which presumably renders the gene
subject to catabolite repression by the CcpA protein.
The transcriptome data are in agreement with the latter
analysis in that a 46-fold repression of the transcription
of ydbH in LB in the presence of glucose vs. LB without
glucose was observed (Moreno et al., 2000). Additional
data suggest that ScoC affects transcription of ydbH.
These observations exemplify the value of the bioinfor-
matic and genome wide transcriptome approaches as a
guide to conduct molecular genetic experimentation.

CCS (TC # 2.A.24). The citrate:cation symporter
(CCS) family has two members in B. subtilis. The YufR
protein has been shown to function as a malate:Na+

symporter while the YxkJ protein is an electroneutral
L-malate/citrate:H+ symporter (Krom et al., 2001).
Although L-citramalate is a competitive transport
inhibitor, this compound is not transported. Other
members of this family have been shown to catalyze
uptake of citrate, L-malate, lactate and/or citramalate.
Some have been known to be capable of catalyzing
substrate:substrate (citrate:lactate; malate:lactate)
antiport (Bandell et al., 1997, 1999; Bekal et al., 1998;
Kawai et al., 1997).YxkJ (renamed CimH) similarly
catalyzes citrate:malate antiport (Krom et al., 2001).

BASS (TC #2.A.28). YocS is the only B. subtilis
member of the bile acid:Na+ symporter (BASS) family.
Although the family is small, members are found
ubiquitously in bacteria, archaea and eukaryotes.
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The functionally characterized rat organic acid:Na+

symporter exclusively functions by Na+ symport for the
uptake of bile acids and other organic compounds
(Hagenbuch, 1997; Weinman et al., 1998). The speci-
ficities and mechanisms of the prokaryotic homologues
have not been investigated, but a proton symport
mechanism seems most likely for the uptake of organic
acids.

DASS (TC #2.A.47). Only one member, YflS, of the
divalent anion:Na+ symporter (DASS) family is encoded
within the B. subtilis genome (Table 1). Since members
of this ubiquitous family transport both inorganic anions
(sulfate; phosphate) and organic anions (di- and
tri-carboxylates of the Krebs cycle) as well as acidic
amino acids (glutamate and aspartate), it is not clear
what the specificity of the Bacillus homologue might be.
It is suggested that organic dicarboxylates may be
transported since this protein most closely resembles
the characterized a-ketoglutarate/malate translocator
of the spinach chloroplast envelope (Weber et al.,
1995).

Transporters Specific for Inorganic Anions

In addition to the MFS, the SSS and the DASS families
discussed above which include members that can
transport inorganic anions, there are six families
represented in B. subtilis that appear to be specific for
these anions. These will be discussed in this section.

PIT (TC #2.A.20). The inorganic phosphate trans-
porter (PIT) family was until recently believed to
include only members specific for inorganic phos-
phate. Functionally characterized proteins exhibiting
this specificity are derived from bacteria, fungi, yeast,
plants and animals, and homologues are present in
archaea (Saier et al., 1999a). The PIT family is
therefore ubiquitous.

As indicated in Table 1, B. subtilis has two PIT
family members. Recently one of these paralogues,
YlnA, was shown to be a sulfate:H+ symporter, and the
protein was therefore renamed SulP (Mansilla and de
Mendoza, 2000). The other B. subtilis paralogue is
presumably a phosphate:H+ symporter.

The members of the PIT family, all probably
exhibiting a 12 TMS topology, appear to have arisen
by an internal gene duplication event (Persson et al.,
1998, 1999). Surprisingly, however, it has been
argued that at least one of these proteins, Pho89 of
Saccharomyces cerevisiae, has two homologous
halves that are of differing topology (Persson et al.,
1998). If this is true, then homology of integral
membrane proteins may not necessarily imply
common structure (see Saier and Tseng, 1999 for
discussion of this possibility).

FNT (TC #2.A.44). The ubiquitous formate-nitrite
transporter (FNT) family is unusual in that some
members apparently catalyze substrate uptake while
others catalyze efflux. The phylogenetic tree for the
family reveals clustering according to function (Saier
et al., 1999a). Bacterial formate efflux pumps, asso-
ciated with pyruvate-formate lyase, comprise cluster I;
the bacterial and archaeal formate uptake permeases,

associated with formate dehydrogenase, comprise
cluster II; the putative nitrite uptake permeases of
bacteria comprise cluster III, and a single yeast
protein, a putative acetate:H+ symporter, alone forms
branch IV (Casal et al., 1996; Nolling and Reeve,
1997; Peakman et al., 1990; Saier et al., 1999a;
Suppmann and Sawers, 1994). The uptake permeases
presumably all function by H+ symport, but either anion
uniport or H+ antiport could provide an effective energy
coupling mechanism for the efflux pumps.

The two Bacillus FNT family paralogues may
transport formate and nitrite, respectively. Thus,
although YwcJ, the putative nitrite transporter, is
encoded in a monocistronic operon, YhrG, the putative
formate uptake permease, is encoded in an operon
together with a formate dehydrogenase homologue.

Inclusion of transporters for formate, acetate and
nitrite in a single family is not surprising when it is
considered that formate and acetate are structural
analogues, and that formate and nitrite (or nitrate) have
similar electronic structures. Moreover, bacterial for-
mate dehydrogenases are homologous to nitrate
reductases, which generate nitrite as the product of
nitrate reduction (Saier, 1987). Stereospecific active
sites recognizing structurally similar but chemically
dissimilar substrates have evidently dictated the
evolution of transporters and enzymes along common
pathways.

ArsB (TC #2.A.45). B. subtilis has two putative
arsenite efflux pumps, YwrK and YdfA. The former
protein resembles the functionally characterized
ArsB proteins of Staphylococcus aureus and E. coli
which catalyze efflux of arsenite and antimonite, but
because the latter protein is highly divergent in
sequence, no prediction with respect to its transport
substrate(s) has been made (Table 1).

The ArsB family is a constituent of the recently
characterized IT superfamily (Rabus et al., 1999).
ArsB proteins are unusual in being able to function
either as secondary transporters in the absence of an
ATP-hydrolyzing subunit (ArsA), or as primary active
pumps in the presence of an ArsA ATPase (Kuroda
et al., 1997; Rensing et al., 1999). No such ArsA
homologue is encoded within the B. subtilis genome.
It therefore seems likely that both YwtK and YdfA
function as secondary active carriers.

CHR (2.A.51). Homologues of the CHR family
have been identified in Pseudomonas aeruginosa,
Alcaligenes eutrophus, Vibrio cholerae, Bacillus
subtilis, cyanobacteria and archaea. The functionally
characterized chromate efflux pumps of P. aeruginosa
and A. eutrophus are plasmid-encoded (Alvarez et al.,
1999; Cervantes et al., 1990; Nies et al., 1990). They
are about 400 amino acyl residues long with 10
established TMSs. They arose by a tandem internal
gene duplication event from a putative 6 TMS
primordial precursor, but the first two TMSs in the
A. eutrophus ChrA protein have lost their hydrophobic
character and may be surface localized.

Synechococcus sp. PCC7942 bears an endogen-
ous, 50 Kb plasmid-encoded, sulfur-regulated CHR
homologue that apparently confers chromate sensitiv-
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ity (rather than chromate resistance) when grown
in media containing low concentrations of sulfate
(Nicholson and Laudenbach, 1995). This protein,
designated SrpC, may be a sulfate uptake permease
that can also transport chromate, but this possibility
has not been established.

CHR family homologues have been identified in
the sequenced genomes of Synechocystis and
Methanococcus jannaschii, but their functions are
unknown. ChrA proteins are undoubtedly secondary
carriers, which could function by chromate uniport, by
chromate:H+ antiport, or by chromate:anion antiport.
The precise energization mechanisms are not estab-
lished, but a pmf dependency has been demonstrated.

The two Bacillus CHR family homologues are
half-length proteins with six putative TMSs each.
Although the genes encoding these two proteins, ywrA
and ywrB, map adjacent to each other and apparently
comprise an operon, no evidence for a sequencing
error was forthcoming. The Bacillus genome evidently
encodes CHR family proteins that are dissimilar to
those found in other organisms. This conclusion was
confirmed by a phylogenetic analysis (Nies et al.,
1998) which showed that the two Bacillus paralogues
are more similar to each other than they are to either
the N-terminal halves or the C-terminal halves of other
CHR family members. Although the function(s) of
these homologues has (have) not been investigated,
a primary role in sulfate transport seems likely since
chromate is a sulfate analogue. YwrA and YwrB might
function together as a single heterodimeric transporter
or as two homodimeric transporters, one catalyzing
uptake, the other efflux of anions such as sulfate/
chromate. This last mentioned situation might be
analogous to that demonstrated for the two
sequence-similar, Cu+-specific, Ptype ATPase trans-
porters of Enterococcus hirae. These two ATPases are
encoded within a single operon. One of these proteins
catalyzes copper ion uptake; the other catalyzes Cu+

efflux (Odermatt et al., 1993). Such a device allows
tight control over the intracellular concentration of an
essential but potentially detrimental nutrient. In the
case of the two copper ATPases, their opposite
polarities and differing affinities allow maintenance of
essential but non-toxic levels of cytoplasmic Cu+.

SulP (TC #2.A.53). B. subtilis encodes two sulfate
porter (SulP) family paralogues. The functionally
characterized homologues from bacteria probably
function by H+ symport, but eukaryotic homologues
may function by either H+ or Na+ symport or by
SO4

=/anion (e.g. HCO3
! ) antiport. Regardless, all

homologues examined to date transport sulfate. The
substrate specificities and modes of action of the two
Bacillus paralogues have not been investigated, but it
seems reasonable that they will prove to be sulfate
uptake permeases, possibly high and low affinity
systems, as has been documented in Stylosanthes
hamata (Smith et al., 1995a,b).

The phylogenetic tree for the large and ubiquitous
SulP family reveals six clusters, three for prokaryotes
and three for eukaryotes. The plant, fungal and animal
proteins segregate into the three eukaryotic clusters in

accordance with the phylogenies of the organisms
even though a single organism may have multiple
paralogues (Saier et al., 1999a). Most of the bacterial
proteins, including the two B. subtilis paralogues, fall
into a fourth cluster. The fifth and sixth clusters
both include sequence divergent proteins from
Mycobacterium tuberculosis, and one of these clusters
also includes a distantly related protein from the
cyanobacterium Synechocystis. Since cyanobacteria
have repeatedly proven to have homologues of
transporters that more closely resemble those in
Gram-positive bacteria than those in Gram-negative
bacteria, it seems reasonable that the former two
groups of organisms may be more closely related in
spite of their differing cell envelope structures. The
functions of the two distant M. tuberculosis paralogues
cannot be surmised.

PNaS (TC #2.A.58). YqeW is the only Bacillus
subtilis homologue of the phosphate:Na+ symporter
(PNaS) family. Although no member of this family has
been characterized in bacteria, the animal porters
catalyze the symport of 3Na+ with one molecule of
inorganic phosphate (Collins and Ghishan, 1994; Levi
et al., 1996; Magagnin et al., 1993; Verri et al., 1995).
Both E. coli and B. subtilis might be expected to take
up phosphate via their PNaS family homologues via H+

rather than Na+ symport.
Acr3 (TC #2.A.59). A single Acr3 family protein,

the Acr3 arsenite efflux pump in the plasma membrane
of Saccharomyces cereviseae (Wysocki et al., 1997),
has been functionally characterized. Bacterial and
archaeal homologues, like the eukaryotic proteins,
exhibit 10 or 11 putative TMSs. The small but
ubiquitous Acr3 family is likely to include members
that transport other anions besides arsenicals. No
functional information is available for the B. subtilis
homologue YqcL (Table 1) or for any other prokaryotic
homologue.

Transporters Specific for Monovalent Cations

Five families of transporters include proteins known to
catalyze Na+/H+ antiport, and all of these families
include homologues in Gram-positive bacteria. These
families are NhaA (TC #2.A.33), NhaB (TC #2.A.34),
NhaC (TC #2.A.35), NhaD (TC #2.A.62) and NhaE (TC
#9.A.22). Several of these families may be distantly
related to each other as constituent families within
the ion transporter (IT) superfamily (Rabus et al., 1999).
NhaE has been characterized from Bacillus pseudofir-
mus OF4 and can exchange Na+ or K+ for H+ (Ito et al.,
1997; Ivey et al., 1991; Y. Wei, A.A. Guffanti, E.A. Cahill
and T.A. Krulwich, personal communication).

NhaC (TC #2.A.35). Only one of the five families
mentioned above, NhaC, is represented in B. subtilis,
and two NhaC family paralogues, YheL and YqkI, are
found (Table 1). YheL functions as a Na+/H+ antiporter,
playing a role in pH homeostasis at high pH and low
sodium concentration (Y. Wei, A.A. Guffanti, E.A.
Cahill and T.A. Krulwich, personal communication).
In contrast, YqkI apparently mediates exchange of Na+

and lactate for protonated malate (Wei et al., 2000).
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The ykqI gene is located in an operon with a
malolactate enzyme and appears to enhance growth
on malate at low proton motive force.

CPA1 (TC #2.A.36), and CPA2 (TC #2.A.37).
Three families of monovalent cation:proton antipor-
ters, CPA1, CPA2 and CPA3 (TC #2.A.63; see below)
include members that can function in the exchange of
H+, Na+ and K+ for each other, or of Na+ for H+ or of K+

for H+. All three families are represented in B. subtilis.
Thus, a single member each of the CPA1 and CPA3
families, and two members of the CPA2 family are
encoded on the B. subtilis chromosome.

Both the CPA1 and the CPA2 families are large
ubiquitous families that consist of single polytopic
(10–12 TMS) proteins of similar sizes, topologies and
functions. The two families probably are distantly
related to each other (based on limited sequence and
motif similarities) although homology between the two
families cannot be established based on statistical
sequence comparisons alone (Saier, 2000a). A
recently proposed topological model for CPA1 family
proteins suggests 12 TMSs plus a region between
TMSs 9 and 10 that dips into the membrane,
reminiscent of the structure established for K+

channels of the VIC family (Wakabayashi et al.,
2000). Moreover, two E. coli members of the CPA2
family, KefB and KefC, appear to be activatable for
channel opening in response to reactive electrophiles.
K+ efflux, promoting H+ influx, may provide a protective
mechanism against electrophile toxicity (Booth et al.,
1996; Fergusen et al., 1993, 1997; Stumpe et al.,
1996). As the CPA1 and CPA2 family homologues in
B. subtilis have not been characterized, it cannot be
assumed that the same mechanisms are operative for
similar physiological responses, but this is a reason-
able possibility. The activation of a carrier to allow a
channel - type transport mechanism has been
demonstrated for very few secondary transporters.

Phylogenetic analyses of the CPA1 family proteins
show clustering according to organism with the animal
proteins forming one diverse cluster, the plant and
yeast proteins together with one human protein
comprising a second, and the prokaryotic proteins
belonging to a third. The prokaryotic proteins of
the CPA2 family are diverse in sequence with the
Gram-pos i t i ve bac te r ia l , cyanobacter ia l and
archaeal proteins segregating from those derived
from Gram-negative bacteria (Saier et al., 1999a).

CPA3 (T.C.#2.A.63). The CPA3 family probably
consists of bacterial multicomponent K+:H+ and Na+:H+

antiporters. The best characterized such systems
are the PhaABCDEFG system of Rhizobium meliloti
that funct ions in pH adaptat ion and as a K+

efflux system (Putnoky et a l . , 1998) and the
MnhABCDEFG system of Staphylococcus aureus that
functions as a Na+ efflux system (Hiramatsu et al.,
1998). A homologous but only partially sequenced
system was earlier reported to catalyze Na+:H+ antiport
in an alkalophilic Bacillus strain (Hamamoto et al.,
1994). PhaA and PhaD are respectively homologous
to the ND5 and ND4 subunits of the H+-pumping
NADH:ubiquinone oxidoreductase type I, NDHI (TC

#3.D.1). The seven Pha proteins are of the following
sizes and exhibit the following putative numbers of
TMSs: A, 725 and 17; B, 257 and 5; C, 115 and 3; D, 547
and 13; E, 161 and 3; F, 92 and 3; G, 120 and 3. Thus, all
are predicted to be integral membrane proteins. Corre-
sponding values for the S. aureus Mnh system are: A,
801 and 18; B, 142 and 4; C, 113 and 3; D, 498 and 13; E,
159 and 4; F, 97 and 3; G, 118 and 3. In view of the
complexity of the system and the homology of some
CPA3 family subunits with NDH family protein constitu-
ents, a complicated energy coupling mechanism,
possibly involving a redox reaction, cannot be ruled
out. However, no evidence for such a mechanism is
currently available.

Homologues of the Pha system of R. meliloti and
the Mnh system of S. aureus are the MrpABCDEFG
proteins of Bacillus subtilis. In this system, the Mrp
proteins together are required for Na+H+ antiport
activity that confers Na+ and alkali resistance (Ito
et al., 1999; Kosono et al., 1998). MrpA may be the
actual Na+H+ antiporter, and the mrpA and mrpD gene
knockouts proved to be particularly sensitive to alka-
line pH (Ito et al., 2000). Although MrpA-dependent
ant ipor t apparent ly occurs by a secondary ,
pmf-dependent mechanism, activity depends on multi-
ple mrp gene products. This fact suggests that
features of energization, function and/or stability are
complex and unusual. Additionally, the Mrp system
has been shown to be required for the initiation of
sporulation (Kosono et al., 2000). Surprisingly,
another component of the operon, MrpF (equivalent
to PhaF of R. meliloti ) has been implicated in choline
and Na+ efflux (Ito et al., 1999, 2000). Thus, the
degree of functional complexity of the CPA3 family
antiporters is perplexing. The generalized reaction
proposed to be catalyzed by CPA3 family members is:
[K+ or Na+] (in) + H+ (out) Ð [K+ or Na+] (out) + H+ (in).

Trk (TC #2.A.38). Two Trk family paralogues,
YkrM and YubG, neither characterized, are present in
B. subtilis. All functionally characterized members of
the ubiquitous Trk family catalyze K+/H+ or K+/Na+

symport and provide the physiological function of K+

uptake (although some dissenting reports have
appeared). The phylogenetic tree for this family
generally reveals clustering according to the source
organisms (Saier et al., 1999a). However, the prokar-
yotic proteins fall into two clusters: (1) the single
component Gram-negative bacterial Trk proteins
and (2) the two component Gram-negative and
Gram-positive bacterial KtrAB systems. The charac-
terized KtrAB system of Vibrio alginolyticus consists of
a cytoplasmic NAD-binding subunit, KtrA, shared by
several other K+ transporters and channels, and an
integral membrane protein KtrB, similar in sequence to
the NtpJ protein of Enterococcus hirae (Murata et al.,
1996). While the characterized Trk systems appear to
catalyze K:H+ symport, the KtrAB systems thus far
characterized catalyze K+:Na+ symport. Both of the
Bacillus paralogues are essentially the same size (450
5 residues) and most closely resemble in sequence the
E. hirae and V. alginolyticus homologues (about 30%
identity between all 4 proteins). They exhibit only about
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20% identity with the E. coli TrkG protein. Thus, the
Bacillus proteins may be K+/Na+ symporters. The
yubG gene is adjacent to a gene encoding a KtrA
homologue, but no such homologue is encoded near
the ykrM gene.

Amt (TC #2.A.49). A single B. subtilis protein,
NrgA, is a member of the ammonium/ammonia
transporter family. All characterized members of this
large, ubiquitous family transport either NH3 or
NH4

þ, and some controversy exists both about the
mechanism of transport and the species transported.
Either NH3 uptake is catalyzed via an energy indepen-
dent uniport mechanism (Soupene et al., 1998), or
NH4

þ is taken up via a pmf-dependent mechanism
(Siewe et al., 1995). The phylogenetic tree for the Amt
family reveals that the B. subtilis homologue is about
equally distant from those from E. coli, C. glutamicium
and M. tuberculosis (Saier et al., 1999a). Eukaryotic
and archaeal homologues are far more distantly
related to these bacterial proteins than the latter are
to each other.

Recently, we have noted that the two halves of the
12 TMS Amt family proteins show motif similarity with
the 6 TMS urea/amide channel (UAC) family proteins
(N. Yang and M.H. Saier, Jr., unpublished results).
Since the latter proteins have been shown to function
as H+-gated channels for neutral substrates, the NH3

transport mechanism proposed by Soupene et al.
(1998) for AmtB of E. coli is favored. Perhaps Amt
family proteins function as NH3 channels rather than
as NH4

þ carriers.

Transporters Specific for Di-
and Trivalent Inorganic Cations

Seven families of transporters identified in B. subtilis
are concerned with the transport of di- and trivalent
inorganic cations, and six of these seven families are
exclusive for such ions. Of the seven families, four are
known to be secondary carriers, while three are poorly
defined from mechanistic standpoints. They are there-
fore given TC numbers in the 9 series (Saier, 2000a).
The Bacillus members of these families will be
emphasized in the discussion presented here.

CDF (TC #2.A.4). B. subtilis encodes four mem-
bers of the Cation Diffusion Facilitator (CDF) family.
Although these are not functionally characterized, all
currently known prokaryotic members of the family
catalyze efflux of heavy metals such as Cd2+, Co2+ and
Zn2+. Some, such as the CadD protein of Alcaligenes
eutrophus, export all three, while others, such as the
ZntA protein of Staphylococcus aureus, are believed to
export just Zn2+ and Co2+ (Nies and Silver, 1995;
Paulsen and Saier, 1997; Xiong and Jayaswal, 1998).
In eukaryotes, CDF family members can catalyze
either efflux of heavy metals across the plasma
membrane, uptake into mitochondria or uptake into
intracellular vesicles.

RND (TC #2.A.6). The RND superfamily includes
members known to export heavy metals as well as
various hydrophobic, amphipathic and hydrophilic
substances, including drugs, solvents, fatty acids,

lipids, etc. (Tseng et al., 1999). Proteins belonging to
just one phylogenetic family within this superfamily are
concerned with heavy metal efflux (HME), and mem-
bers of this family export Ni2+, Co2+, Cd2+, and Ag+

(Goldberg et al., 1999; Gupta et al., 1999). So far, no
such pump has been characterized in a Gram-positive
bacterium, and none of the four RND family members
in B. subtilis clusters with the HME family members.
The RND superfamily will therefore not be considered
further here but will be discussed in greater detail in
the section entitled ‘‘efflux pumps.’’

CaCA (TC #2.A.19). B subtilis exhibits a single
member of the Ca2+:cation antiporter (CaCA) family
(see Tables 1 and 3). All members of this ubiquitous
family catalyze Ca2+ efflux using either H+ or Na+

antiport as the energy coupling mechanism. In eukar-
yotes, Mn2+ may be able to replace Ca2+, and in one
system, Ca2+ may be symported with K+ (Eide, 1998;
Reeves, 1998). It seems likely that the Bacillus CaCA
protein is a Ca2+:H+ antiporter like those characterized
from other bacteria (Ivey et al., 1993).

Bacteria possess sequence divergent members of
the CaCA family, most of which have not been
characterized (Saier et al., 1999a). The Bacillus
member most closely resembles a Ca2+: H+ antiporter
from Synechocystis.

NRAMP (TC #2.A.55). Members of the NRAMP
family catalyze uptake of a variety of heavy metal
divalent cations using a proton symport mechanism
(Chen et al., 1999). The E. coli homologue, MntH, can
take up Mn2+, Fe2+, Cd2+, Co2+, Zn2+ and Ni2+ (Makui
et al., 2000). Because the Bacillus homologue, YdaR,
is 50% identical to the E. coli protein, it probably is an
orthologue exhibiting a similar broad specificity.

OFeT (TC #9.A.10). Oxidase-dependent Fe2+

transporters have been characterized only from yeast
(Askwith and Kaplan, 1997; De Silva et al., 1995), and
no bacterial homologue has yet been examined
functionally. The Bacillus OFeT protein, YwbL, might
therefore be an iron uptake system, but its sequence is
highly divergent from the yeast proteins, and, in fact,
the bacterial and eukaryotic proteins show significant
sequence similarity in only about one-quarter of their
polypeptide chains. Functional extrapolation may
therefore not be justified.

MIT (TC #9.A.17). The E. coli CorA protein
(Smith et al., 1993, 1998) and an archaeal homo-
logue, CorA from Methanococcus jannaschii (Smith
et al., 1998), are broad specificity divalent cation
transporters. Mg2+, Mn2+, Co2+, Ni2+ and Fe2+ appear
to be substrates. Two different yeast homologues
reportedly transport Mn2+ and Al3+, respectively.
Proteins of this large diverse family (Kehres et al.,
1998) exhibit topological characteristics that suggest
that they might be simple channels rather than
carriers, but the mode of transport has not yet been
established (Smith and Maguire, 1998). B. subtilis
possesses two members of the MIT family which are
likely to be transporters for Mg2+, Co2+ and other
divalent heavy metal ions.

MgtE (TC #9.A.19). The best characterized
members of the MgtE family are from Bacillus
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pseudofirmus OF4 (Smith et al., 1995) and Providen-
cia stuartii (Townsend et al., 1995). Both of these
proteins transport Mg2+ and Co2+, but the energy
coupling mechanism and reversibility of the transport
reaction have not been investigated. Homologues are
found in a wide variety of Gram-positive and Gram-
negative bacteria as well as archaea. The B. subtilis
protein is 40% identical to the B. pseudofirmus protein,
and consequently, these two proteins are expected to
exhibit the same or similar specificities.

Efflux Pumps

Bacillus subtilis encodes a large number of efflux
pumps responsible for the extrusion of drugs, meta-
bolites and a variety of natural products. Approxi-
mately 20% of its transporters are estimated to
function with outwardly directed polarity. The majority
of these transporters are currently thought to function
in the extrusion of drugs and other toxic substances,
but many may prove to export natural biosynthetic
products such as (1) agents of biological warfare, (2)
constituents of the cell envelope, (3) various metabo-
lites such as amino acids and their metabolic inter-
mediates, and (4) end products of metabolism. Export
may serve as a protective device against the accumu-
lation of exogenously and endogenously derived
compounds that at high concentration inhibit growth
or metabolic functions. Although efflux pumps provide
a new frontier for molecular studies, we are already in
a position to appreciate the functional and structural
diversity of these systems.

The major facilitator superfamily (MFS) and the
ATP-binding cassette (ABC) superfamily provide major
sources of efflux pumps. However, four additional
superfamilies are known to include members that
serve this function. These are the RND, DMT, MATE
and PST superfamilies. All of these families are
represented in B. subtilis. They will be the focus of
this section.

RND (TC #2.A.6). The RND superfamily has
recently been characterized and described (Tseng
et al., 1999). It consists of seven currently recog-
nized families, and members of three of these
families are represented in B. subtilis. One of the
Bacillus homologues is the SecDF protein that
functions as a non-essential constituent of the
SecY-dependent protein translocase for export of
secretory proteins as well as for insertion of poly-
topic proteins into the cell membrane. It may
facilitate the ‘‘plunge’’ mechanism whereby a portion
of the translocated polypeptide bound to SecA is
thrust into the SecYEG channel. Alternatively it may
catalyze release of the translocated polypeptide from
the periplasmic membrane surface (Matsumoto et al.,
2000). A second RND superfamily member, YerP, is
a distant homologue of the Hydrophobe/Ampliphile
Efflux-1 (HAE1) family. Almost all members of this
family are from Gram-negative bacteria. Character-
ized members of the HAE1 family export multiple
drugs, organic solvents, fatty acids, bile salts,
steroids, peptides, and homoserine lactones. The

latter two classes of compounds can serve as
extracellular signaling molecules (Pearson et al.,
1999).

Finally, two B. subtilis RND superfamily homo-
logues belong to the HAE2 family. Members of this
family derive exclusively from Gram-positive bacteria
(Tseng et al., 1999). Recently, one of these proteins
derived from Mycobacterium tuberculosis was sug-
gested to be a lipid exporter, translocating mycolic acid
derivatives to the outer membrane of this high G+C
Gram-positive bacterium (Cox et al., 1999). Although
Bacilli lack such an outer membrane, it is possible that
its two HAE2 family homologues function as lipid
flippases, catalyzing export from the inner leaflet of the
bilayer to the outer leaflet.

DMT (TC #2.A.7) . The recen t l y defined
Drug/Metabolite Transporter (DMT) Superfamily (Jack
et al., 2001) includes three families represented in
B. subtilis. These are the small multidrug resistance
(SMR) family (TC #2.A.7.1) with 8 paralogues, the
glucose/ribose porter (GRP) family (TC #2.A.7.5) with
1 member in B. subtilis, and the drug/metabolite
exporter (DME) family (TC #2.A.7.3) with 15 para-
logues in B. subtilis. The single putative sugar uptake
permease, YcxE, is 53% identical with the glucose
permease of Staphylococcus aureus and is therefore
likely to transport a sugar, perhaps glucose. We
suggest that all other Bacillus homologues of the
DMT superfamily are efflux pumps. Transcription of
four genes encoding members of this superfamily is
affected by scoC (Table 3).

Recently the eight B. subtilis paralogues of the
4TMS SMR family (Paulsen et al., 1996) were cloned
and overexpressed in E. coli (Chung and Saier,
2001). Most of these proteins did not exhibit a drug
resistance phenotype when expressed in the ab-
sence of any other homologue. However, when EbrA
and EbrB or YkkC and YkkD were expressed
together, a drug resistance phenotype was observed
(Chung and Saier, 2001; Jack et al., 2000b; Masao-
ka et al., 2000). Since the ebrA /ebrB pair of genes
and the ykkC/ykkD pair of genes are each encoded
within a single operon, it seemed likely that each
protein pair forms a heterooligomeric permease,
probably heterodimeric. Operon structural analyses
revealed the following: (1) In both the ykk and yvd
operons, the genes encoding the longer homologues
(YkkC and YvdS) precede those encoding the short-
er homologues (YkkD and YvdR). (2) In both
operons, the two genes overlap each other by one
nucleotide. (3) Strong internal promoters were iden-
tified within the first genes (ykkC and yvdS ) just
preceding the second genes, but no good promoter
was found preceding either of the first genes. Finally,
excellent Shine-Dalgarno sequences were identified
preceding the second genes in both operons but not
the first genes. These intriguing observations imply
an unusual mechanism of drug resistance, either
involving a heterodimeric pump or two proteins of
dissimilar function (e.g., one structural function and
one catalytic function). Further experiments will be
required to reveal the details of these processes.
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The DME family is a huge family with over 100
sequenced members (Jack et al., 2001). Fifteen para-
logues of this family are encoded within the Bacillus
subtilis genome (Table 1). However, no member of this
large family had, until recently, been functionally
characterized from any organism. In a recent publica-
tion, Dassler et al. (2000) showed that one E. coli
member of the DME family (erroneously considered to
be a member of the MFS), YdeD (spP31125, 299 aas),
functions in the efflux of metabolites in the cysteine
biosynthetic pathway. Overexpression of the ydeD
gene caused export of cysteine derivatives, perhaps 2-
methyl-2,4-thiolidine dicarboxylate and/or O-acetyl-L-
serine. Members of the DME family probably efflux a
variety of hydrophilic and hydrophobic substances.
Functional genomic approaches will be required to
establish the substrates of the 15 paralogues of the
DME family in B. subtilis.

MATE (TC #2.A.66). The recently identified MATE
family of (putative) drug efflux pumps appears to be
widespread in bacteria and eukaryotes (Brown et al.,
1999; Morita et al., 1998). Only one such system,
NorM, was or ig inal ly character ized in Vibr io
parahaemolyticus, but preliminary unpublished results
have identified an additional homologue in E. coli that
extrudes multiple drugs (Morita et al., 2000). Recently,
the V. parahaemolyticus NorM protein was shown to
be a drug:Na+ antiporter, the first of its kind to be
characterized (Morita et al., 2000). Another family
homologue in E. coli, the DNA-damage-inducible DinF
protein does not export drugs but instead appears to
export a substance derived from [3H]thymidine-labeled
DNA fol lowing DNA damage (M. Moreno and
M.H. Saier, Jr., unpublished results). Whether DinF is
the long-sought exporter of thymine dimers has yet to
be determined.

B. subtilis encodes four functionally uncharac-
terized members of the MATE family. It appears
likely that these proteins will all prove to be efflux
pumps, and that at least one of them will prove to
export multiple drugs. Another may function to
export small molecules derived from damaged
DNA. Functional studies will be required to test
these predictions.

PST (TC #9.A.1). B. subtilis has two members of
the polysaccharide transporter (PST) family, one of
which has recently been characterized. The yvhB
gene is located in an operon involved in teichuronic
acid synthesis, and mutation of yvhB blocks export
of teichuronic acid (Soldo et al., 1999). Teichuronic
acid is a non-phosphate containing anionic polymer,
which replaces teichoic acid in the cell wall under
conditions of phosphate stress. The other B. subtilis
PST protein may also be involved in export of a cell
wall polymer. Although the mechanism of energiza-
tion is not known for any of the many members of
this prokaryotic-specific family, a pmf-dependent
mechanism is postulated (Paulsen et al., 1997;
Vincent et al., 1999; Whitfield and Roberts, 1999).
Probable substrates of PST-type exporters in bacter-
ia include acetan, succinoglycan, lipopolysaccharides
or their precursors, and capsular polysaccharides.

Families of Primary Active Transporters

B. subtilis encodes within its genome two electron
flow driven proton pumps, one belonging to the
quinol:cytochrome c oxidoreductase (QCR) family
(TC #3.D.3), and the other to the cytochrome oxidase
(COX) family (TC #3.D.4). It also has an F-type
ATPase for the interconversion of electrochemical
and chemical energy. Besides these systems,
B. subtilis encodes about 67 ABC-type systems and
four P-type ATPases, all putative primary active
transporters. As observed for E. coli, the number of
estimated ABC permeases is similar to the number of
MFS secondary permeases. The two primary families
of primary active transport systems in B. subtilis will
be discussed here.

ABC (TC# 3.A.1). We identified 67 potential
ABC-type transport systems in B. subtilis, but this
number is uncertain as many of the genes encoding
homologues of multicomponent ABC-type permeases
are not together within operons encoding the other
requisite ABC protein constituents, and possibly for
this reason, several of the identified systems are not
complete. All in all, about 40 probable uptake systems
and somewhat more than half this number of putative
efflux systems may be encoded within the B. subtilis
genome (Table 1). Of the uptake systems, about a
dozen are predicted to be specific for various amino
acids while about 10 are specific for sugars (Saier,
2000a,d). Four probably transport peptides while only
one is predicted to take up dicarboxylates. As many as
ten may function for the purpose of scavenging iron.
Only four putative ABC-type drug efflux pumps, and
one system, possibly for exporting teichoic acids, were
identified. Four probable inorganic anion uptake
systems, one each for phosphate, sulfate, nitrate and
molybdate, were identified. Finally, a single ABC-type
putative Na+ export system is present. Remaining
systems were not sufficiently similar in sequence to
recognized transporters to allow even tentative
functional assignments.

Transcriptional data for selected genes encoding
ABC transport systems subject to catabolite repres-
sion or catabolite activation in B. subtilis are presented
in Table 2. In each case, genes within operons that
encode the protein constituents of known or putative
ABC transporters are listed, and their apparent levels
of transcriptional expression in wild-type cells (ST100)
plus and minus glucose (LB and LBG), as well as in a
chromosomal ccpA null mutant (ST101) plus and
minus glucose are recorded (Moreno et al., 2001).
While the apparent expression levels reflect the
efficiency of probe hybridization as well as the actual
gene expression levels, the ratios of these values
should reflect the magnitude of the glucose effect. The
operons are listed in four categories: (1) those that are
glucose repressed, but the gene encoding the extra-
cytoplasmic receptor (solute binding protein) is either
the only one repressed or is more strongly repressed
than the other genes within the operon (the dpp, opp,
amy, ara and yvf operons); (2) those that are glucose
repressed, and all genes in the operon are repressed
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to similar degrees (the rbs and yxe operons); (3)
those that are glucose activated, but only the
receptor-encoding gene is strongly activated (the yqi
operon), and (4) those that are glucose activated, and
all genes encoding constituents of the ABC transporter
are activated (the opuA and cyd operons). It seems
clear that in many systems, the genes encoding the
extracytoplasmic solute binding receptors are the
preferred targets of regulation.

All of the glucose effects reported proved to be
dependent on the CcpA transcription factor (Hueck
and Hillen, 1995; Stülke and Hillen, 1999). Other ABC
transporter-encoding operons proved not to be subject
to marked glucose effects and were therefore not
included in Table 2. Several points are worthy of note:
First, operons thought to encode two known peptide
transporters (Dpp and Opp) encode all probable
constituents of these systems and show the same
pattern of regulation, namely that the receptor (R)
genes are repressed more than the genes encoding
other constituents of these systems. Second, three
(putative) sugar-transporting systems (amy, ara, and
yvf ) exhibit the same pattern where the gene within the

operon that encodes the receptor is repressed far
more than the genes encoding the other constituents.
It should be noted, however, that none of these three
operons encodes an ATP hydrolyzing protein. In one
case, the amy operon, a distantly mapping gene,
msmX, encodes an ATP hydrolyzing protein that might
function with the amyCDE gene products. In the cases
of the ara and yvf operons, no such putative ATPase
subunit gene was identified within the B. subtilis
genome. It is possible that these gene products do
not couple transport to ATP hydrolysis. If this is the
case, a novel mode of transport mediated by ABC
family transport homologues would be implied. Third,
the ribose (Rbs) and putative amino acid (Yxe)
systems, encoded completely within their respective
operons, show the more expected behavior that all
genes within the operon are subject to comparable
degrees of catabolite repression. Fourth, in one
operon, the yqi operon, probably encoding an amino
acid transporter, only the receptor-encoding gene is
subject to glucose activation. Finally, in two operons,
(opuA and cyd), encoding a characterized glycine
betaine uptake transporter and a putative heme

Table 2. Glucose Regulation of ABC Transporter Gene Transcription in Bacillus subtilis.

Gene ST100 LB ST100 LBG ST101 LB ST101 LBG Proposed Substrate

Glucose Repressed – Only the Receptor is Substantially Repressed.
dppD (A) 13 11 10 9 dipeptides
dppB (M) 40 32 28 25
dppC (M) 55 68 67 72
dppE (R) 22 1 4 3
oppD (A) 49 31 21 17 oligopeptides
oppF (A) 41 25 22 19
oppB (M) 4 4 3 4
oppC (M) 125 102 98 116
oppA (R) 44 22 27 31
amyC (M) 19 15 16 12 maltose
amyD (M) 2 1 3 3
amyE (R) 9 1 6 8
msmX (A)] 202 20 123 132
araP (M) 4 4 4 4 arabinose
araQ (M) 11 9 8 6
araN (R) 3 0 2 3
yvfM (M) 13 9 18 15 sugars
yvfL (M) 25 12 31 32
yvfK (R) 60 16 89 90

Glucose Repressed – All Genes are Repressed.
rbsA (A) 1015 12 1336 1296 ribose
rbsC (M) 425 4 600 538
rbsD (M) 276 2 310 321
rbsB (R) 959 11 1457 1399
yxeO (A) 35 8 46 42 amino acids
yxeN (M) 19 4 19 17
yxeM (R) 21 6 25 23

Glucose Activated – Only the Receptor is Activated.
yqiZ (A) 6 9 6 7 amino acids
yqiY (M) 4 6 4 4
yqiX (R) 5 14 9 11

Glucose Activated – All Genes are Activated.
opuAA (A) 126 332 177 139 glycine betaine
opuAB (M) 87 252 149 146
opuAC (R) 703 914 715 630
cydC (AM) 4 64 4 2 heme
cydD (AM) 6 38 7 3
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Table 3. Induction ratios for transporters in isogenic wild type and scoC strains of B. subtilisa.

Typeb Genec Distance indexd Confidence indexe Observationf

VIC yugO 3.3 6.9 down stationary phase
MFS blt 1.6 54.7 up stationary phase

bmr 4.3 19.7 up throughout
iolF 4.9 152.2 down late log
lmrB 1.7 6.9 down early log, up To through sta-

tionary phase
ycbE 1.8 7.4 up late log through stationary phase
yddS 2.2 22.7 up late log and To
ydeR 4.4 5.0 up To
yfkF 4.5 14.2 up late log
yfmO 1.5 7.5 up early log, down To and stationary

phase
yfnC 2.8 11.4 up To and stationary phase
yhcA 2.3 56.7 up early log
yjmG 21.0 21.3 down in stationary phase
yncC 2.0 43.2 down log
yoaB 2.9 76.5 up stationary phase
yuxJ 1.8 4.8 up late log and To, down stationary

phase
ywfA 1.9 19.4 down throughout
ywfF 1.9 43.2 down throughout
ywoD 1.5 3.6 up log and stationary phase
ywtG 6.4 9.3 up late log through stationary phase
yxaM 2.6 169.6 up To and stationary phase
yxcC 7.6 26.9 up late log

GPH ynaJ 2.2 64.5 up To
APC aapA 1.9 4.7 down early log, up To and stationary

phase
gabP 1.8 92.2 up late log through stationary phase
hutM 18.6 69.1 upTo
rocC 3.9 47.6 up late log
rocE 17.4 1436.7 up late log
ybeC 1.5 80.5 up throughout
ybxG 3.2 25.4 up To, down stationary phase
yvsH 4.5 20.9 down early log

RND ydfJ 2.5 308.2 up late log through stationary phase
DMT ykkC 2.5 4.9 up late To through stationary phase

ywfM 2.2 23.5 up To and stationary phase
ydzE 4.1 14.0 down stationary phase
yoaV 2.4 353.6 upTo

CitMHS citM 4.9 33.8 down To
yraO 2.4 15.2 up throughout

LctP lctP 5.6 199.5 up in early log
yvfH 2.6 964.1 up To

BCCT opuD 1.7 89.5 down in stationary phase
POT yclF 3.1 66.7 down throughout
CaCA yfkE 2.0 6.6 up log and To, down stationary

phase
SSS opuE 2.7 93.6 up To and stationary phase

yhdH 10.3 109.1 up in log
DAACS gltP 4.3 30.9 up To and stationary phase

ydbH 16.1 334.5 down early log
CCS yxkJ 1.5 37.2 down To
AGCS alsT 2.0 64.0 down log andTo

yflA 3.2 8.0 up late log and To
yrbD 4.0 5.9 down stationary phase

BASS yocS 1.5 18.1 up To and stationary phase
NhaC yheL 6.6 72.6 down in early log
Trk ykrM 1.7 12.1 up in stationary phase
CNT nupC 2.1 120.9 up throughout

yutK 3.2 61.2 up late log and To
FNT ywcJ 2.3 4.9 up early log and stationary phase
Amt nrgA 1.5 6.5 up early log and To
CHR ywrB 3.4 9.7 up log and To
Nramp ydaR 2.0 546.3 up To and stationary phase
PNaS yqeW 4.3 10.0 down stationary phase
ACR3 yqcL 4.6 5.1 up To
MATE yoeA 2.6 23.7 up late log through stationary phase
ABC appF 1.4 859.9 down To and stationary phase
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Table 3 (Continued.)

Typeb Genec Distance indexd Confidence indexe Observationf

appC 1.8 48.5 down To and stationary phase
appB 2.4 647.6 down To and stationary phase
appA 1.3 3388.4 down To and stationary phase
appD 1.5 312.0 down To and stationary phase
cydC 8.2 6.7 up early log; down stationary phase
cydD 5.3 13.1 up early log; down stationary phase
expZ 1.6 56.4 up To and stationary phase
msmX 1.9 264.7 up late log through stationary phase
oppD 2.3 555.2 up early log, down late log and To
oppF 2.1 412.9 up early log, down late log and To
oppB 1.2 10.6 up early log, down late log and To
oppC 1.3 249.3 up early log, down late log and To
oppA 0.4 91.3 up early log, down late log and To
opuAA 1.9 153.1 up stationary phase
opuAB 4.9 278.4 up stationary phase
rbsA 1.8 354.9 down early log, up late log and To
rbsC 2.9 179.4 down early log, up late log and To
rbsD 1.9 89.9 down early log, up late log and To
rbsB 2.5 516.5 down early log, up late log and To
sunT 2.4 71.2 up log and To
tagH 2.1 128.8 up log and stationary phase
tagG 2.3 25.2 up log and stationary phase
yckA 1.6 15.3 down in early log
yckB 0.9 39.3 down in early log
yhjP 1.5 43.4 up throughout
yqiZ 4.2 255.7 up stationary phase
ytgA 3.1 1208.1 up stationary phase
ytgB 2.1 877.6 up stationary phase
ytgC 4.0 447.1 up stationary phase
ytgD 2.2 29.9 up log, down To, up stationary phase
ytrE 1.8 14.4 up log
ytrF 0.0 51.0 up log
yurJ 5.4 23.3 up To; opposite strand to yurM,N,O
yurN 0.0 73.3 not up, but in apparent yurM,N,O

operon
yurM 4.1 11.5 up To
yurO 42.7 67.5 up To
yvdI 2.9 133.8 up To and stationary phase
yvdH 3.7 427.8 up To and stationary phase
yvdG 3.5 837.1 up To and stationary phase
yydI 1.6 47.7 up throughout

P-ATPase yloB 24.1 83.4 down in stationary phase
yvgW 1.8 7.9 up log and To

PTS-Glc bglP 7.7 356.6 upTo
glvC 2.9 886.9 up To
sacP 8.3 85.3 upTo
ybfS 6.0 98.5 up in early log

PTS-Fru mtlA 4.9 93.2 up early log
yjdD 1.9 13.6 up early log

PTS-Lac licC 5.1 38.7 up To and stationary phase
licB 3.7 33.7 up To and stationary phase
licA 1.5 121.9 up To and stationary phase

MIT yqxL 6.8 8.6 up late log

a Data were obtained using Sigma-Genosys Bacillus subtilis Panorama membrane DNA arrays with [33P]-dATP labeled cDNA transcribed by random priming
of total RNA isolated in early exponential growth, late exponential growth, and stationary phase cultures of B. subtilis wild type (1168) or scoC (hpr) mutant
strains grown in Difco Nutrient Broth (16 g/L with added salts at 378C). Data are unpublished observations of Weyler, Sapolsky, Maile, Caldwell, and Ferrari.
b Family name abbreviation as in Table 1.
c Gene name as in Table 1.
d Distance index; this index was calculated by taking the square root of the sum of the squares of the expression intensity ratios, obtained by dividing each
background subtracted intensity by the mean value from the eight time points for each gene comparison. If the induction ratio or its reciprocal (for ratios less
than one) for corresponding time points fell below 1.5 the point was set to zero in the sum of the squares calculation. Genes with a distance index of less than
1.5, except when deemed part of an operon, were not included in the analysis.
e The confidence index was obtained by dividing background subtracted intensity by background from the point with highest intensity value for a given gene in
the time series. Genes with confidence indicies of less than 3, except when deemed part of an operon, were not included in the analysis.
f Each time point of the time series was examined for induction ratio; differences were noted only if the ratio (or its reciprocal) was greater than 1.5-fold.
Indicators, up and down, are relative to the wild type strain. Confidence is strengthened by the finding that the expression pattern is essentially the same for
genes assigned to putative operons. To equals the point of intersection for the lines drawn parallel to the growth curves for the logarithmic and stationary
phases when growth is plotted on a semilog graph.
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exporter, respectively, all genes within the operons are
subject to glucose activation. These observations
clearly suggest the existence of regulatory mechan-
isms not anticipated before the advent of whole
genome transcriptional analyses (Moreno et al., 2001).

Many ABC transporters show marked transcrip-
tional control by ScoC (Table 3). Whole transcriptome
comparison of the isogenic wild-type and scoC
deletion mutant strains are in agreement with and
extend recent data published for oppA-and appA-lacZ
promoter fusions (Koide et al., 2000). Also in agree-
ment with the published work, both five-gene operons
show virtually identical induction patterns for all genes
of each operon and a shift in time of induction between
oppABCDF and appABCDF operons. In the work of
Koide et al. (2000), there was about a two-fold
induction for both operons and a 30-minute shift to
earlier induction of the opp A-lac Z fusion relative to
app -lac Z fusion. Several additional operons showed
similar concordance of expression for individual genes
of affected operons (Table 3).

P-type ATPases (TC #3.A.3). Four P-type
ATPases are encoded within the B. subtilis genome.
Based on sequence similarity, two of these may be
multi-substrate heavy metal transporters catalyzing
efflux of Zn2+, Cd2+, Co2+, Ni2+ and/or Pb2+. One
probable copper (Cu+)-transporting ATPase (Rensing
et al., 2000) and one possible calcium-transporting
ATPase were also identified (Table 1). Phylogenetic
analyses of the P- type ATPases have been
published (Fagan and Saier, 1994; Palmgren and
Axelsen, 1998).

Group Translocators: The Sugar-Transporting
Phosphotransferase System (PTS)

Families of sugar transporting permeases have been
tabulated and discussed (Saier, 2000d), and structure/
function relationships of PTS permeases (also
known as Enzyme II complexes) have been reviewed
(Robillard and Broos, 1999). Table 1 lists the probable
sugar transporting PTS systems encoded within the
B. subtilis genome (Paulsen et al., 2000; Reizer et al.,
1999). PTS transporters, consisting of three protein
domains designated IIA, IIB and IIC (and in one case,
IID; Robillard and Broos, 1999), have been classified
into 6 phylogenetic families (Saier, 2000a,d). Of these,
four are represented in B. subtilis. By far the largest
representation is in the glucose (Glc) family (TC
#4.A.1) within which 10 putative B. subtilis permeases
are found. These systems probably transport glucose,
sucrose, trehalose, N-acetylglucosamine and a variety
of b-glucosides such as arbutin, salicin and cellobiose
(see Reizer et al., 1999 for a detailed discussion of
most of these systems as well as biochemical analyses
of some of them). Surprisingly, although 10 IIB/C Glc
family systems were identified, only 5 IIA proteins or
protein domains of the Glc family were found. This fact
suggests that in B. subtilis as in E. coli, some IIA
proteins function with multiple IIBC systems (Reizer
et al., 1999).

Three PTS permeases of the fructose (Fru) family
(TC #4.A.2) and three of the lactose (Lac) family
(TC #4.A.3) were identified (Paulsen et al., 2000). The
former systems may transport fructose and mannitol
while the latter systems probably transport lactose,
cellobiose and diacetylchitobiose. Finally, a single
member of the mannose (Man) family (TC #4.A.6)
was identified. This system preferentially phosphor-
ylates fructose in B. subtilis. It is interesting to note
that all of the genes encoding PTS permeases are
found on one side of the circular B. subtilis chromo-
some (J. Reizer and M.H. Saier, Jr., unpublished
observation). The basis for this surprising fact is
unknown.

Worthy of note is the large proportion of PTS
protein-encoding genes that are subject to glucose
repression (Table 1), and many of these genes are
affected by the scoC mutation (Table 3). In view of the
primary role of the PTS in the initiation of exogenous
carbon metabolism, these facts are in accordance with
expectation.

Concluding Remarks

Although only a small fraction of the recognized
B. subtilis transporters have been functionally char-
acterized, we were able to make rational functional
predictions for the vast majority of these proteins,
based on sequence comparisons.

While the relative proportions of transporter types
found in B. subtilis were similar to those identified in
E. coli (see Figure 2), the distributions of functional
types were significantly different (see Figure 3).
However, analysis of the B. subtilis genome revealed
novel types of transporters such as the half-sized
permease homologues of the MFS and CHR families
and the potentially heterodimeric drug efflux pumps of
the SMR family. Such proteins have only been
identified in this one organism.

Much work remains to provide functional data and
reveal the physiological significance of the many
transporters described in this chapter. Transcriptome
and proteome analyses, newly inspired physiological
experiments and database and modeling tools will
likely speed the discovery of connectivities of the
metabolite fluxes governed by transporters as well as
the regulatory and metabolic web that takes B. subtilis
from spore to vegetative cell and back to spore. We
hope that the predictions provided in this review will
serve as a useful guide over the next decade.
Additionally, novel transport mechanisms and per-
mease structural types are likely to be revealed.
Future studies on transport in B. subtilis are likely to
reveal features both unique to this genus and relevant
to all living organisms.
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structure of the transmembrane domain of the mannitol transporter
Enzyme II. J. Mol. Biol. 287: 845–851.

Kosono, S., Morotomi, S., Kitada, M., and Kudo, T. 1998. Analyses of
a Bacillus subtilis homologue of the Na+/H+ antiporter gene which is
important for pH homeostasis of alkaliphilic Bacillus sp. C-125.
Biochim. Biophys. Acta 1409: 171–175.

Kosono, S., Ohashi, Y., Kawamura, F., Kitada, M., and Kudo, T. 2000.
Function of a principal Na+/H+ antiporter, ShaA, is required for
initiation of sporulation in Bacillus subtilis. J. Bacteriol. 182: 898–904.

Krom, B.P., Warner, J.B., Konings, W.N., and Lolkema, J.S. 2000.
Complementary metal ion specificity of the metal-ci trate
transporters CitM AND CitH of Bacillus subtilis. J. Bacteriol. 182:
6374–6381.

Krom, B.P., Aardema, R., Warner, J.B., and Lolkema, J.S. 2001.
Bacillus subtilis YxkJ is a secondary transporter of the 2-hydro-
xycarboxylate transporter family that transports Lmalate and citrate.
J. Bacteriol., in press.

Kuan, J., and Saier, M.H., Jr. 1993. The mitochondrial carrier family of
transport proteins: sturctural, functional and evolutionary relation-
ships. Crit. Rev. Biochem. Mol. Biol. 28: 209–233.

Kuroda, M., Dey, S., Sanders, O.I., and Rosen, B.P. 1997. Alternate
energy coupling of ArsB, the membrane subunit of the Ars
anion-translocating ATPase. J. Biol. Chem. 272: 326–331.

Larsen, R.A., Thomas, M.G., and Postle, K. 1999. Protonmotive force,
ExbB and ligand-bound FePA drive conformational changes in TonB.
Mol. Microbiol. 31: 1809–1824.

Le Dain, A.C., Saint, N., Kloda, A., Ghazi, A., and Martinac, B. 1998.
Mechanosensitive ion channels of the archeon Haloferax volcanii. J.
Biol. Chem. 273: 12116–12119.

Levi, M., Kempson, S.A., Lötscher, M., Biber, J., and Murer, H. 1996.
Molecular regulation of renal phosphate transport. J. Memb. Biol.
154: 1–9.
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