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Chapter i

Introduction



Transport proteins
All living cells are surrounded by a cytoplasmic membrane that forms a

hydrophobic barrier between the cytoplasm and the exterior. This membrane
usually consists of a phospholipid bilayer with embedded proteins and is essential
for maintaining optimal internal conditions for metabolism and for energy
transduction. The hydrophobic nature of the membrane prevents hydrophilic
solutes to cross the membrane. Specific transport of solutes across the membrane is
catalyzed by designated transport proteins that are embedded in the membrane. The
importance of transport proteins is illustrated by the fact that a relatively large
number of genes encoded on chromosomes are predicted to code for transport
proteins, e.g. 6% on the genome of Saccharomyces cerevisiae (38) and around 10%
on the Escherichia coli genome (27).

Usually, transport across the membrane requires the input of metabolic
energy and transport proteins can be classified on the basis of their energy
requirements. In prokaryotes such as bacteria and archaea, four classes of transport
proteins can be distinguished; i Channels, which allow selective transport of
solutes down their concentration gradient usually without the need of metabolic
energy. ii Primary transporters, which are energized by hydrolysis of ATP, photon
absorption, electron flow, substrate decarboxylation, or methyl transfer. iii
Secondary transporters, which use the free energy stored in ion or solute
electrochemical gradients across the membrane. iv Group Translocation Systems,
which couple translocation to chemical modification of the substrate. Best known
are the bacterial phosphotransferase systems that use energy derived from the
hydrolysis of phosphoenolpyruvate (PEP) for translocation of sugars. The sugar is
phosphorylated during the transport process.

Solute transporters are most commonly found in two classes, primary
transporters more particularly the ATP Binding Cassette (ABC) superfamily, and
secondary transporters. ABC transporters derive the energy required for transport
from the hydrolyses of ATP. These proteins generally consist of multimeric
complexes containing nucleotide binding domains, integral membrane domains and
an extracellular binding protein. This class of proteins will not be discussed here.

Secondary transporters are widely distributed in life and are found in all
types of cells. Most secondary transporters consist of a single polypeptide, an
integral membrane protein with 11-15 transmembrane α-helices. In many bacteria,
secondary transporters are the most common class of transporters. In E. coli and
Bacillus subtilis, secondary transport proteins are 1.5 to three-fold more prevalent
than ABC transporters (27). Bacillus subtilis possesses a remarkably large number
of secondary transporters relative to other systems, 68% of all transport proteins
are of the secondary type (26).

Driving force of secondary transporters
Secondary transporters use the energy derived from ion gradients across

the membrane. The cytoplasmic membrane is almost impermeable to ions, which
allows for the generation of electrochemical gradients of protons or sodium ions
across the membrane that can be used to drive energy requiring processes such as
ATP synthesis, solute and ion transport, flagellar motion, etc. The electrochemical



gradients of H+ and Na+ are directed inward and exert a force on the ions, termed
the proton motive force (pmf) and sodium ion motive force (smf) (16). In aerobic
bacteria, metabolic energy is mainly generated by the primary transport systems of
the respiratory chain (electron transfer chain). These systems use the redox energy
from electron donors to translocate protons across the membrane. Phototrophic
bacteria can derive energy from light to generate electrochemical ion gradients (f.i.
proton extrusion mediated by bacteriorhodopsin). In fermentative bacteria, that
depend only on energy derived from substrate level phosphorylation, the
electrochemical gradients are generated by membrane bound ATPases that use the
energy derived from ATP hydrolyses to transport protons or sodium ions out of the
cell. More recently, secondary metabolic energy generating systems were identified
(reviewed in (17)). In these systems, secondary transport systems convert
electrochemical gradients of solutes into electrochemical energy of protons or
sodium ions.

Mode of energy coupling
The proton motive force consists of an electrical potential difference (∆Ψ)

and a chemical concentration difference (∆pH). The first component depends on
the distibution across the membrane of all charged solutes and is usually inside
negative relative to outside. The gradient of protons represents a pH difference
across the membrane (∆pH), which is alkaline inside relative to outside. Secondary
transporters can use either the ∆Ψ, the ∆pH, or both components of the pmf as
driving force of transport. In a similar fashion, other secondary transporters use an
electrochemical gradient of sodium ions as source of free energy.

The general reaction catalyzed by secondary transporters is the conversion
of the electrochemical gradients of H+ or Na+ into electrochemical gradients of
solutes (17). Three basic modes of energy coupling are recognized; uniport,
symport and antiport. Uniporters catalyze facilitated diffusion (Figure 1A), which
is the transport of a single molecular species down its electrochemical gradient.
The direction of transport is dictated by the direction of its electrochemical
gradient and, therefore, both uptake as efflux can be mediated by uniporters. In
case of uncharged solutes the internal solute concentration will never exceed the
external concentration. In case of a charged solute, the ∆Ψ will contribute to the
accumulation of the solute at either side of the membrane, depending on the charge
of the solute. Symporters transport two or more molecular species together in the
same direction in a tightly coupled process (Figure 1B). One of the transported
species is usually either a proton or a sodium ion, or both. The ions move down
their electrochemical gradients, which allows accumulation of the solute against its
electrochemical gradient. Symporters can accumulate solutes up to the level at
which the electrochemical gradient of the accumulated solute is equal but opposite
to the driving force supplied by the pmf or smf. Antiporters catalyze the transport
of a solute or ion into the cell tightly coupled to transport of another solute or ion
out of the cell, or vice versa (Figure 1C). Typical examples are the H+/Na+

antiporters that convert a pmf into a smf.



The mode of transport is not necessarily conserved within families, i.e. a
family of homologous proteins may contain symporters, uniporters and antiporters.
Some transporters can function both as symporters, using the energy of the pmf or
smf to accumulate a solute, or can function as exchangers usually by coupling the
secretion of a metabolic end-product to the accumulation of a metabolic precursor.

In all cases metabolic energy, stored in concentration gradients of solutes
across the membrane, is dissipated in order to accumulate a solute.

Figure 1. Three modes of secondary
transporters. Panel A represents uniport,
panel B symport and panel C antiport as
discussed in the text.

In fermentative bacteria, special secondary transporters have been
discovered that generate rather than consume metabolic energy. The general mode
of metabolic energy generation is as follows. Exchange of a divalent negatively
charged precursor and a monovalent negatively charged product results in the net
transport of negative charge to the inside of the cell; a ∆Ψ of physiological
orientation is generated. The cytoplasmic conversion of precursor into product
results in proton consumption and a ∆pH of physiological orientation is generated
(21). The intracellular accumulation of the product and the internal cytoplasmic
conversion of the precursor drives the uptake of the precursor. The resulting pmf is
often large enough to drive energy requiring processes such as ATP synthesis by
ATPases.

Structure of secondary transport proteins
To understand how secondary transporters use the energy of the

electrochemical ion gradients to drive transport of solutes against their
electrochemical gradient detailed information on the structure of the protein is
needed (15). Secondary transporters, like all proteins, are defined by a primary,
secondary, tertiary and quaternary structure (36). The primary structure is the
sequence of amino acids and the positions of disulfide bridges, if any, within the
polypeptide chain (Figure 2A). The secondary structure is the spatial arrangements
of amino acids in for example α-helices or β-strands (Figure 2B). The tertiary
structure is the 3-dimensional folding of the secondary structural elements (Figure
2C). Finally, the quaternary structure is defined as the oligomeric organization in
subunits (Figure 2D) (36).



Figure 2. The different levels of structural organization of membrane proteins. Panel A,
primary structure in which the circles represent individual amino acids. Panel B,
organization of primary structure in secondary structural elements. Boxes represent α-
helices. Panel C, tertiary structure, the folding of secondary structural elements. Panel D,
organization of tertiary structures in higher oligomeric structures. See text for more details.

Primary structures of secondary transporters are readily available since
they are defined by the DNA sequence of the gene encoding the protein. Many
complete genomes have been sequenced and an array of primary sequences is
available to the public. Alignments of amino acid sequences are used to determine
the phylogenetic relationship between proteins. Two proteins are homologous if a



significant similarity exists in the primary sequence indicating that these proteins
arose from a common ancestor (33). It is well established that homologous
membrane proteins have similar global structures (22). For secondary transporters,
about 80 families and superfamilies are currently distinguished based on
alignments of primary sequences (32).

Secondary transporters are believed to be largely α-helical. The number of
α-helices spanning the membrane and their position in the primary structure, as
well as the location of the loops relative to the membrane, e.g. cytoplasmic (inside)
or periplasmic (outside), is defined as the membrane topology. The membrane
topology can be predicted based on the pattern of alternating hydrophobic and
hydrophilic stretches of amino acids. An α-helix of about 20 amino acids with
average hydrophobic nature is required to span the hydrophobic membrane, while
the cytoplasmic and periplasmic loops have a more hydrophilic nature (19). Most
secondary transporters contain 11 to 15 α-helices that traverse the membrane in a
zigzag fashion, however smaller number of TMS's have been identified. The
secondary structure cannot be obtained with complete certainty merely from
bioinformatic data (8). Although very good predictions can be made on the basis of
hydropathy profiles, this predicted topology needs to be verified experimentally.
Topology studies on membrane proteins use various techniques, described
extensively elsewhere (39). Once the topology of one member of a protein family
has been determined, all other proteins within the family that share a similar
hydropathy profile most likely have the same secondary structure.

The tertiary structure of a protein is the organization of secondary structure
elements, in other words, the 3-dimensional structure of the protein. The best
method to date to elucidate the 3-dimensional structure of proteins is by X-ray
diffraction patterns of 3-D crystals of these proteins. An alternative method of
obtaining 3-dimensional structure information is by collecting electron diffraction
patterns of 2-dimensional crystals by cryo-electron microscopy. Soluble proteins
usually crystallize easily and many 3-dimensional structures are available, while
membrane proteins are notoriously difficult to crystallize (15). Crystals of only a
few membrane proteins have been obtained, three of which are secondary
transporters. The reported data is derived from 2-D crystals and the resolution is
between 4-7 Å (14, 37, 43). The results from these three reports confirm the idea
that secondary transporters consist of bundles of α-helices that traverse the
membrane. The resolution of the available data is not sufficient to be able to
identify individual α-helices, let alone position individual amino acid residues
within a 3-dimensional model.

The quaternary structure of secondary transporters is the organization of
single polypeptides into oligomeric structures. For membrane transport proteins
oligomeric states have been determined using an array of techniques (Reviewed in
(40). The importance of oligomerization is not completely clear. For some proteins
like NhaA, it has been suggested that oligomerization is important for regulation of
activity (12). A special case has been described for LacS of Streptococcus
thermophilus. LacS is a lactose transporter that is capable of proton motive force-
dependent lactose uptake as well as exchange of lactose for galactose (29) and is



present in the membrane as a dimer (10). Studies with heterodimers of active and
inactive mutants showed that pmf-dependent symport is catalyzed by the dimer,
while exchange is catalyzed by the monomer as functional unit (41). The
oligomeric state of some secondary transporters has been determined. Some were
found to be monomers, while others are present in the membrane as higher
oligomeric structures.

Biochemical analysis of tertiary structure
Since straightforward methods of tertiary structure determination are not

readily applicable to secondary transporters, most of the structural information for
this class of proteins is extracted with biochemical techniques. This is best
documented to date for the lactose permease, LacY of E. coli. For LacY all
individual amino acid residues have been substituted for cysteines, which yielded
information on the function of individual residues during transport (Reviewed in
(11)), as well as on the energy coupling mechanism (31) and tertiary structure. The
cysteine mutant library of LacY has been used in an array of techniques to create a
helix-packing model. These techniques include excimer fluorescence, engineered
divalent metal binding sites, chemical cleavage, electron paramagnetic resonance,
thiol cross-linking and others. These studies have yielded a treasure of information
on essential residues (11), water accessibility of residues (13), helix packing (15),
conformational changes upon substrate binding (44), mechanistic information (30)
and many other features. However, these studies are very elaborate and time
consuming and not always applicable to other secondary transporters.

Figure 3. General kinetic model for symporters. E represents the protein, S the substrate
and H a proton. The numbers indicate binding steps and the letters possible reorientation
steps. C represents the ES leak as described in the text. See text for further details.
Mechanism of transport

In order to analyze the mechanism by which a protein performs its tasks,
detailed 3-dimensional structural information is required. Mainly due to the lack of
3-dimensional structures of secondary transporters, it is largely unknown how



secondary transport proteins use the energy stored in electrochemical gradients to
actively accumulate solutes. Using cysteine-scanning mutagenesis of each residue
in LacY, a molecular mechanism of transport has been deduced (15, 31).
Protonation of the protein induces increased affinity of the solute binding site
(Figure 3, step 1). Subsequent binding of the solute (Figure 3, step 2) induces a
conformational change in which both the proton and the solute are translocated to
the other side of the membrane (Figure 3, step A). Release of the solute (Figure 3,
step 3) and the proton (Figure 3, step 4) on the inner side yields an unloaded
protein, which can undergo a conformational change and reorients both the
protonation site as the solute binding site to the other side of the membrane (Figure
3, step B). The protein is now ready for a new cycle of transport. Two points
require further explanation. Firstly, it has been shown that only the fully loaded or
fully unloaded protein can reorient, in other words, conformational change in the
protein can only occur when neither the proton nor the solute is bound to the
protein, or when both the proton and the solute are bound to the protein (Figure 3
step A and B). Mutants have been found that do not follow this rule. In these
mutants also the protein with only the solute bound can reorient (ES leak), or the
protonated protein can reorient (EH leak) without the substrate (Figure 3, step C)
(20). Secondly, for LacY it has been shown that the proton binds first followed by
lactose binding. This order of binding is not necessarily true for all secondary
transporters.

In conclusion, using various biochemical techniques some insight into the
position and role of specific residues in the protein can be obtained. Eventually this
may lead to the elucidation of the mechanism of secondary transporters.

Secondary transporters in environmental biotechnology
Heavy metals are toxic to living cells. The mode of action by which heavy

metals exert toxicity is amongst others the formation of a specific complexes with
proteins, resulting most commonly in enzyme inactivation (25). In addition,
replacement of essential elements like calcium and magnesium by heavy metals
can effect the stability of biomolecules resulting in genotoxicity and mutagenic
effects (23). Because of these toxic effects, heavy metals have to be removed from
sludge, wastewater streams or from contaminated soil before they reach the
environment.

Chemical removal of heavy metals from the environment is possible, but
biological removal is preferred for economic reason (23). The application of
microorganisms for the bioremediation of heavy metals has been a topic of
research for several decades. Microorganisms are used in processes like
bioleaching to mobilize the metal ions, and bioprecipitation, biosorption, and
bioaccumulation to remove the ions. The best known system to date for biological
leaching uses acidophilic microorganisms like Thiobacillus species that produce
sulfuric acid thereby lowering the pH of the environment and solubilizing the
metals. The low pH causes extensive corrosion of the equipment, which represents
an important drawback. Alternatively, heterotrophic leaching follows from the
production by microorganisms of chelating agents, like fumarate, oxalate, malate
and citrate (42). Many microorganisms, mostly fungi and bacteria, are capable of



producing these compounds from organic substituents in waste (9). The chelating
agents form complexes with heavy metals with high affinity and solubilize the
contaminant. These chelators, especially citrate, have been shown to offer great
potential as chelating agent for use in e.g. soil washing (28). Also, using the citrate
producing fungus Penicillium simplicissimum, Burgstaller and coworkers were able
to solubilize 80-90% of the zinc present in filter dust in a bioreactor (7). Besides
operating at more physiological pH values, bioleaching using chelators would
especially be advantageous when combined, in a next step, with bioaccumulation
to recover the metal ions from the leachate. In this sence the use of citrate again
may be advantageous since it has been demonstrated that a number of bacteria are
able to metabolize citrate in complex with divalent metal ions (6). The ability of
these bacteria to remove metal-citrate complexes from solution relies on the
presence of specific metal-citrate transporter proteins (6, 9).

Transport of citrate across the cytoplasmic membrane is an active process
mediated by a designated transporter protein. All known bacterial citrate
transporters are secondary transporters that use the energy stored in
electrochemical gradients of protons or sodium ions to drive uptake. Although
most studied citrate transport systems only recognize uncomplexed citrate, some
transporters are specific for metal-citrate complexes. It has been long known that in
B. subtilis citrate transport is dependent on the presence of divalent cations (3).
Two transporters, members of a distinct transporter family (4) mediate transport of
Me2+-citrate into the cell. The transporters, CitM and CitH, possess complementary
metal ion specificity; CitM transports complexes of citrate with Mg2+, Ni2+, Mn2+,
Co2+ and Zn2+ while CitH transports complexes of citrate with Ca2+, Sr2+ and Ba2+

(18). The former can potentially be used to remove the toxic Ni2+, Co2+, and Zn2+

ions from leachates.
A potential drawback of this application may be that increased

accumulation of Zn2+, Co2+ and Ni2+ increases toxicity and induces resistance
mechanisms. Several mechanisms are known to protect organisms against the toxic
effects of heavy metals, i.e. active efflux by primary or secondary transport
systems (reviewed in (25, 34), immobilization of the metal either by metal binding
proteins (reviewed in (24)) or formation of crystalline precipitates (e.g.
polyphosphate formation by Acinetobacter johnsonii (5)), and enzymatic
detoxification, usually involving redox chemistry. While immobilizing the metal
ions would be beneficial, active removal of the toxic ions from the cells would
seriously compromise the process of bioaccumulation.



Figure 4. Schematic representation
of a cell expressing CitM. CitM
functions as a motor for intracellular
metal accumulation, using the citrate
gradient as fuel. Me represents any
divalent metal ion recognized by
CitM. CO2, the end product of citrate
metabolism, will passively diffuse
out of the cell.

The project described in this thesis intended to study the application of
microorganisms capable of taking up Me-citrate complexes for removal of heavy
metals from aqueous solutions. The basic concept of this application is presented in
Figure 4. Citrate chelates divalent metal ions on the outside of the cell, and these
complexes are actively transported into the cell via CitM. Transport is driven by
the pmf as well as the citrate gradient across the membrane, which will be initially
high outside relative to inside. Transport of Me-citrate into the cell results in an
increase of the intracellular citrate concentration. Proton motive force dependent
accumulation of solutes will stop when thermodynamic equilibrium has been
reached and the force exerted by the citrate gradient is equal but opposite to the
force supplied by the pmf. However, since citrate is rapidly metabolized in the cell,
the concentration of citrate inside the cell will never be high enough to counteract
the pmf. In this way, the citrate gradient can be seen as the fuel of the motor CitM
to actively accumulate metal ions into the cell. The result is the accumulation of
only the divalent metal in the cell.

At the start of the project, two homologous secondary transporters of B.
subtilis were known that transported citrate. CitM transported citrate in complex
with Mg2+ and CitH was claimed to transport free citrate (4). The two transporters
are very similar, having 61% identical and an additional 17% similar amino acid
residues. The difference between binding and translocation of Mg2+-citrate by
CitM and free citrate by CitH had to be dictated by differences in the primary
structure of the two proteins. Since there were only few differences, it seemed
feasible to identify those responsible for the different solute specificities. Once
located, the solute binding site might be modified to alter specificity and selectivity
towards the metal ion complexed to citrate.

During the study described in chapter 2 it became apparent that
heterologous expression of CitM and CitH in E. coli was difficult. It was only
possible to express the genes from low copy vectors and the result was a relatively
low level of expression. In addition, both proteins did not readily accept an N-
terminal his-tag, which made it difficult to purify the proteins or perform
expression analysis by Western blotting, two almost essential prerequisites for
further molecular studies. In spite of these difficulties, we showed that CitH does



not transport free citrate, but only citrate complexed to Ca2+, Sr2+ or Ba2+. In fact,
CitM and CitH were shown to have complementary metal ion specificity; CitM
transports Mg2+, Mn2+, Zn2+, Co2+ and Ni2+ complexed to citrate.

In chapter 3 the metal accumulation due to CitM activity was determined.
Heavy metals exert toxic effects on B. subtilis, as indicated by reduced growth. In
the absence of CitM expression, the presence of citrate in the culture medium
reduced these toxic effects, indicating that citrate chelates these heavy metals,
rendering them unavailable to the cell. In the presence of CitM expression the
presence of citrate resulted in increased sensitivity to heavy metal ions. The effect
could be shown to be caused by enhanced accumulation of heavy metals in the cell.
Chapter 3 gives a ‘proof of principle’; it is possible to accumulate heavy metals via
citrate mediated transport. However, it was observed that cultures become resistant
against heavy metals complexed to citrate; mutations in CitM resulted in truncated
CitM proteins that were no longer functional.

The uptake of free citrate, that was observed in B. subtilis whole cells, may
be explained by the activity of at least one other transporter. To gain more insight
into all transport mechanisms that scavenge citrate from the culture medium, we
cloned and characterized CimH (chapter 4), a member of the 2HCT family (for
details on different transporter families see chapter 6). It was shown that this
protein transports citrate and L-malate in a ∆pH dependent manner and that L-
citramalate is a competitive inhibitor. No clear physiological function of CimH
could be assigned.

Previous studies on two other members of the 2HCT family, CitP and
MleP from Lc. mesenteroides and L. lactis respectively, had revealed that a stretch
of about 50 amino acids at the C-terminus was involved in high affinity substrate
binding (2). One specific conserved arginine, R425 in CitP, was shown to be
involved in binding of one of the carboxyl groups of citrate and malate (1). In
chapter 5, we describe the characterization of this residue which corresponds with
R432 in CimH, as well as several other conserved residues. Some similarities and
differences were observed between R425 of CitP and R432 of CimH, but also
some differences. It was further shown that residues in the conserved cytoplasmic
loop region are water accessible from the outside of the cell. This means that this
loop could form a re-entrant loop like structure similarly to that observed for the
glutamate transporter GltT of B. stearothermophilus (35).

In chapter 6 the results presented in this thesis are summarized. An
overview is given of all transporters present in B. subtilis that could be involved in
transport of di- and tricarboxylates found in the Tri Carboxylic Acid (TCA) cycle
(citric acid cycle or Krebs cycle). The individual proteins are discussed in the
context of the transporter family to which they belong. Characteristics of the
proteins, as well as regulation of expression and their physiological function are
discussed. Where possible physiological studies in B. subtilis performed in the
seventies and eighties of the last century are combined with functional
characterization of cloned genes and heterologously expressed proteins.
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Abstract
Citrate uptake in Bacillus subtilis is stimulated by a wide range of divalent

metal ions. The metal ions were separated into two groups based on the expression
pattern of the uptake system. The two groups correlated with the metal ion
specificity of two homologous B. subtilis secondary citrate transporters, CitM and
CitH, upon expression in Escherichia coli. CitM transported citrate in complex
with Mg2+, Ni2+, Mn2+, Co2+, and Zn2+ but not in complex with Ca2+, Ba2+, and Sr2+.
CitH transported citrate in complex with Ca2+, Ba2+, and Sr2+ but not in complex
with Mg2+, Ni2+, Mn2+, Co2+, and Zn2+. Both transporters did not transport free
citrate. Nevertheless, free citrate uptake could be demonstrated in B. subtilis,
indicating the expression of at least a third citrate transporter, whose identity is not
known. For both the CitM and CitH transporters it was demonstrated that the metal
ion promoted citrate uptake and, vice versa, that citrate promoted uptake of the
metal ion, indicating that the complex is the transported species. The results
indicate that CitM and CitH are secondary transporters that transport complexes of
divalent metal ions and citrate but with a complementary metal ion specificity. The
potential physiological function of the two transporters is discussed.



Introduction
Citrate is abundant in nature and a natural constituent of all living cells.

Most bacteria have transport systems in the cytoplasmic membrane that mediate the
uptake of citrate. Internalized citrate can be utilized as a carbon and energy source
under aerobic as well as under anaerobic conditions. Under aerobic conditions
citrate dissimilation occurs via the tricarboxylic acid cycle, while under anaerobic
conditions three different fermentative pathways have been described (reviewed in
reference (5)). All known bacterial citrate transporters are secondary transporters
that use the energy stored in electrochemical gradients of protons or sodium ions to
drive uptake. Mechanistically, the transporters couple the uptake of citrate to the
uptake of one or more protons or sodium ions (25, 26, 27). A special case are the
citrate transporters found in lactic acid bacteria that catalyze heterologous exchange
of citrate and lactate (precursor-product exchange) (2, 19). These transporters are
involved in secondary proton motive force generation by translocation of net
negative charge into the cell (18). A similar precursor-product exchange
mechanism has been proposed for CitT, a citrate transporter of Escherichia coli
that is induced under anaerobic conditions (22).

Citrate forms stable complexes with divalent metal ions. Most citrate
transporters are inhibited by the addition of divalent cations because they do not
recognize the metal-citrate complex (17, 25, 28). However, in strains of the genera
Pseudomonas, Klebsiella, Citrobacter, and Bacillus citrate transporters have
evolved that specifically recognize citrate in complex with a divalent metal ion (3,
11, 16). It is believed that these organisms take up complexed citrate because it is
available as such in their habitat.

To date, the best-studied system for metal-citrate transport is the Mg2+-
dependent citrate transporter CitM of Bacillus subtilis (4). CitM is a proton motive
force-driven secondary citrate transporter that is strictly dependent on the presence
of Mg2+. Regulation of expression of the transporter is under strict control of the
medium composition. Expression requires the presence of citrate in the medium
that activates a two-component signal transduction pathway (7, 32) and is under
control of catabolite repression by rapidly metabolized carbon sources like glucose,
inositol, and succinate (30). CitM belongs to a novel family of secondary
transporters that contains only six known members, three of which are found in B.
subtilis. One of these, termed CitH, was also shown to be a citrate transporter.
Since uptake of citrate catalyzed by CitH was inhibited by the presence of Mg2+ in
the assay buffer, it was reported to transport free citrate (4). The function of the
third B. subtilis homolog encoded by the yraO gene is unknown. Other
uncharacterized members of the family are found in Streptomyces coelicolor A3,
Campylobacter jejuni, and Neisseria meningitidis.

In this study we report on the metal ion specificity of the two homologous
B. subtilis citrate transporters CitM and CitH. The latter was erroneously reported
to be a transporter for free citrate. It is demonstrated that both transporters transport
citrate in complex with divalent metal ions but that the metal ion specificity is
complementary. CitM transports the complex of citrate with Mg2+, Ni2+, Co2+,
Mn2+, and Zn2+, and CitH transports the complex of citrate with Ca2+, Sr2+, and



Ba2+. These findings pose new questions about the physiological role of metal-
citrate transporters in bacteria.



Materials and Methods
Strains and growth conditions.

B. subtilis strain 168 was used as the wild-type strain. B. subtilis was
grown on C medium (1) in which ferric ammonium citrate was omitted. The C
medium was supplemented with 6 g of sodium succinate and 8 g of potassium
glutamate per liter (CSE-medium) and either 10 mM tri-sodium citrate (CSEC) or
10 mM glucose (CSEG) as an additional carbon source (30). Auxotrophic
requirements were added at a final concentration of 20 µg/ml. Overnight cultures of
B. subtilis grown on CSEC were used to inoculate 25 ml of either CSEG or CSEC,
yielding an optical density measured at 660 nm of 0.1, after which the cultures
were allowed to grow for 6 h under continuous shaking at 150 rpm and at 37°C. 

The B. subtilis CitM and CitH transporters were cloned and expressed in E.
coli DH5α. Cells were grown at 37°C in Luria-Bertani medium (20) with 50 µg of
carbenicillin per ml and 1 mM isopropylthiogalactopyranoside. An overnight
culture was used to inoculate 25 ml of fresh Luria-Bertani medium in 100-ml
flasks. Cells were grown at 37°C on a rotary shaker operated at 150 rpm. 

Construction of expression vectors.
Vector pET324 is a pTrc99A derivative containing an engineered NcoI site

(CCATGG) around the lacZ start codon (24). The multiple cloning site of the low-
copy vector pWSK29 (29) was replaced with the multiple cloning site of pET324
by digestion with PvuII, yielding vector pBK29.

Plasmid pWSKcitM contains the B. subtilis citM gene downstream of the
lac promoter on the low-copy vector pWSK29 and the original B. subtilis ribosome
binding site as described previously (4). The sequence XXGTGX, containing the
GTG start codon of citM, was mutated to CCATGG, thereby replacing the GTG
initiation codon with an ATG initiation codon and introducing a NcoI site around
the start codon. The NcoI sites in the citM sequence were removed by silent
mutations using PCR mutagenesis, after which the sequence was verified by
sequencing. The plasmid was digested with NcoI and XbaI, and the fragment
containing the citM gene was ligated into pBK29. In the resulting plasmid,
pBKCitM, the citM gene is cloned immediately behind the lacZ ribosome binding
site under control of the lac promoter.

Plasmid pWSKcitH contains the B. subtilis citH gene downstream of the
T7 promoter and the B. subtilis ribosome binding site (4). The multiple cloning site
of pWSKcitH was inverted using the BssHII restriction sites yielding plasmid
pWKScitH with the citH gene under control of the lac promoter and the original B.
subtilis ribosome binding site.

Transport assay.
The cells were harvested by centrifugation and washed once with cold 50

mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.5. Cells were
resuspended in the same buffer to yield an optical density at 660 nm of 10.
Transport activity was determined by the rapid filtration method (14). Briefly, cells
were diluted 10-fold in 50 mM PIPES, pH 6.5, and 100 µl samples were incubated
for 8 min at 30°C while being magnetically stirred. At time zero, [1,5-14C]citrate



(4.4 µM final concentration at 114 mCi/mmol) or L-[U-14C]proline (3.6 µM final
concentration at 260 mCi/mmol) was added. Radiolabeled 63NiCl2 was used at 12.5
µM and 45CaCl2 was used at a 24.7 µM final concentration. Routinely divalent
cations were present in the cell suspensions during the 8-min preincubation time.
Control experiments in which the metal ions were added together with the
radiolabeled citrate at the zero time point did not result in significant differences.
Uptake was stopped by the addition of 2 ml of ice-cold 0.1 M LiCl solution,
immediately followed by filtering through a 0.45-µm-pore-size nitrocellulose filter.
The filters were washed once with 2 ml of ice-cold 0.1 M LiCl, after which the
filters were submerged in scintillation fluid and the retained radioactivity was
counted in a liquid scintillation counter. Uptake at the zero time point was
estimated by adding the radiolabeled substrate to the cell suspension after the
addition of 2 ml of ice-cold LiCl, followed by immediate filtering. Experiments
were performed at least in triplicate, using cells of independent cultures. Shown are
typical uptake curves. Kinetic parameters were determined from the linear parts of
the uptake curves. Initial rates were measured in duplicate at the 10- and 20-s time
points using metal-citrate concentrations in the range of 4.4 µM to 1 mM. 

Speciation of the divalent cations in the transport buffer was calculated
using the MINTEQA2 program (11), with the exception of Co2+ and Sr2+, for
which the citrate binding constants were not available. All metal ions were added
as metal-Cl2 salts dissolved in Milli-Q purified water.



Results
Uptake of divalent metal-citrate complexes in Bacillus subtilis.

The Mg2+-dependent citrate transporter CitM of B. subtilis is induced by
the presence of citrate in the medium and repressed by the presence of glucose (30,
32). Consequently, B. subtilis cells grown in the presence of citrate readily took up
[14C]citrate in the presence of Mg2+, while cells grown in the presence of glucose
did not (Fig. 1A). When Mg2+ was omitted from the uptake experiment, very little
[14C]citrate uptake was observed in the cells grown on citrate (Fig. 1F), confirming
that the Mg2+-citrate complex is the substrate of CitM (4). In contrast, the uptake by
cells grown on glucose was inhibited by the presence of Mg2+, suggesting that the
Mg2+-citrate complex is not a substrate of the transport system expressed under
those conditions (compare Fig. 1A and F). The expression pattern of the uptake
activity was used to identify other divalent metal ions that induce citrate uptake via
the same transport system by replacing Mg2+ in the transport assay buffer with a
series of other divalent metal ions. The same pattern of citrate uptake in cells
grown in the presence of citrate and the inhibition of uptake in cells grown on
glucose was observed with Ni2+, Co2+, Mn2+, and Zn2+, suggesting that the
complexes of citrate with these metal ions are substrates of CitM (Fig. 1B to E).
The order of initial uptake rates (from greatest to least) was Mg2+, Mn2+, Ni2+, Co2+,
Zn2+. The divalent Ca2+, Sr2+, and Ba2+ ions resulted in citrate uptake, but the
pattern of expression was opposite. Cells grown in the presence of citrate showed
lower uptake activities in the presence of these metal ions than cells grown in the
presence of glucose (Fig. 1G to I). The highest uptake was observed with Ba2+,
while the uptakes in the presence of Ca2+ and Sr2+ were similar, as observed in the
absence of added metal ions. It should be noted that a concentration of 10 mM Ca2+

drives 98% of the citrate present in the assay in the Ca2+-citrate complex, indicating
that the complex is the substrate for the transport system. Remarkably, citrate
uptake in the absence of added divalent metal ions showed the same expression
pattern as that observed for the Ca2+-, Sr2+-, and Ba2+-citrate complexes (Fig. 1F to
I). In conclusion, free citrate and the complex of citrate with Ca2+, Sr2+, and Ba2+

were taken up by a different transport system(s) than citrate complexed to Mg2+,
Ni2+, Co2+, Mn2+, and Zn2+.



Figure 1. Uptake of [14C]-citrate by B. subtilis in the presence of different divalent
metal ions. The uptake of [14C]-citrate was measured in 50 mM PIPES, pH 6.5 in the
presence of 1 mM concentrations of Mg2+ (A), Ni2+ (B), Mn2+ (C), Co2+ (D) or Zn2+ (E),
without added metal ions (F), and in the presence of 10 mM concentrations of Ca2+ (G)
Ba2+ (H) or Sr2+ (I). B. subtilis 168 was grown in CSEC (●) or CSEG (○) medium.
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Uptake of free citrate in Bacillus subtilis.
The catalytic activity of B. subtilis CitH was characterized after expression

of the protein in E. coli, and it was concluded that CitH transports the free citrate
anion (4). In B. subtilis, uptake of free citrate was observed with cells grown in the
presence of glucose, and a lower activity was observed in growth medium
containing citrate (Fig. 1F). The same pattern of uptake activity was observed in
the presence of Ca2+, Ba2+, and Sr2+, which prompted us to reinvestigate the metal
ion dependence of CitH in E. coli. In the presence of increasing concentrations of
the chelator EGTA the uptake of citrate in E. coli cells expressing CitH decreased
to zero uptake at 1 mM concentration of the chelator (Fig. 2A). In a control
experiment, the same concentration of EGTA had no effect on L-[U-14C]proline
uptake by the cells, indicating no significant effect on the energy status of the cells
(Fig. 2B). Apparently, uptake of citrate catalyzed by CitH depends on the presence
of residual divalent metal ions in the assay, and it can be concluded that CitH is not
a transporter of free citrate.

Figure 2. Effect of EGTA on [14C]-citrate uptake in the absence of added metal ions.
A. Uptake of citrate by E. coli cells expressing CitH in 50 mM PIPES pH 6.5 (○) and in the
presence of 100 µM (∇ ) and 1 mM (□) EGTA. B. Uptake of [14C]-proline in the same cells
in the presence (∇ ) or absence (○) of 1 mM EGTA. C. Citrate uptake by B. subtilis 168 cells
grown in CSEG medium in the presence (∇ ) or absence (○) of 1 mM EGTA.

To investigate the presence of a transporter for free citrate, the same
experiments were repeated with B. subtilis. In contrast to what was observed for E.
coli expressing CitH, 1 mM EGTA decreased the uptake rate by a factor of about 2,
leaving a significant level of uptake (Fig. 2C). Therefore, part of the citrate uptake
activity observed in B. subtilis without the addition of divalent metal ions was due
to the presence of residual metal ions and in part was catalyzed by a transporter for
free citrate that, however, is not CitH. Addition of 10 mM Ca2+ in addition to 1
mM EGTA drives the free citrate in the Ca2+-citrate complex (98% complex
formation) and resulted in a slightly higher uptake activity, showing that Ca2+-
citrate is taken up by B. subtilis grown in the presence of glucose.
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Metal ion specificity of CitM and CitH.
The metal ion specificity of CitM and CitH was determined by expressing

the transporters in E. coli. Unlike most enterobacteria, E. coli does not express an
endogenous citrate transporter when grown aerobically (12). Accordingly, cells
harboring plasmid pWSK29 without the citM or citH inserts did not show any
citrate uptake in the presence or absence of divalent metal ions (Fig. 3A to H). E.
coli cells expressing CitM transported citrate in the presence of Mg2+, Ni2+, Mn2+,
Co2+, and Zn2+ but transported none or very little in the presence of Ca2+, Ba2+, and
Sr2+ (Fig. 3A to H). In contrast, E. coli cells expressing CitH took up citrate in the
presence of Ca2+, Ba2+, and Sr2+ and took up none or very little in the presence of
Ni2+, Mn2+, Co2+, and Zn2+ (Fig. 3B to H). Significant uptake was observed in the
presence of 1 mM Mg2+ (Fig. 3A). However, at this concentration, only 42.5% of
the citrate in the assay was in the complexed state.

Figure 3. Metal ion specificity of CitM and CitH. [14C]-citrate uptake in E. coli cells
harboring plasmid pWSK29 (■), expressing CitM (●), and expressing CitH (▼) in the
presence of 1 mM concentrations of Mg2+ (A), Ni2+ (B), Mn2+ (C), Co2+ (D), Zn2+ (E), and
10 mM concentrations of  Ca2+ (F), Ba2+ (G), and Sr2+ (H).

Increasing the concentration tenfold (70% complex formation) further
decreased the uptake activity (not shown) showing that the Mg2+-citrate complex is
not a substrate of CitH, consistent with what has been observed before (4). The
residual citrate uptake in the presence of 1 mM Mg2+ was due to the fraction of
citrate not complexed to Mg2+ (Fig. 2). In conclusion, within the series of divalent
metal ions tested, the citrate transporters CitM and CitH have complementary metal
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ion specificities. The metal ion specificity correlated with the expression patterns
obtained in B. subtilis, suggesting that both CitM and CitH were expressed but that
the expression of each is under different control.

The kinetic parameters for citrate uptake catalyzed by CitM and CitH in
the presence of the different divalent metal ions were estimated from the initial
rates of uptake in cells of E. coli expressing CitM and CitH. Both transporters had a
remarkably similar affinity for the complexes, with an affinity constant around 45
µM (Table 1). Larger differences were observed in the maximal uptake rates for
both transporters. The highest and lowest maximal rates catalyzed by CitM were
observed with Co2+ and Mn2+ (600 and 214 pmol/min mg of protein, respectively).
CitH had the highest activity with Ca2+ and three- to fivefold less so with Ba2+ and
Sr2+.

Table 1. Kinetic parameters of CitM and CitH for the uptake of Me2+-citrate complexes in
whole cells of E. coli.

Me2+ Transporter Km Vmax ionic radiusa

Me2+

(µM) (pmol/min.mg protein) (Å)
Mg2+ CitM 63 344 0.66
Co2+ CitM 35 661 0.72
Ni2+ CitM 43 460 0.69
Mn2+ CitM ndb 214 0.80
Zn2+ CitM 40 293 0.74
Ca2+ CitH 33 155 0.99
Sr2+ CitH 50 58 1.12
Ba2+ CitH 42 31 1.34

a Taken from (31)
b nd, not determined

Role of the metal ions.
The initial rate of citrate uptake catalyzed by CitM expressed in E. coli at

increasing Ni2+ concentration became saturated at a concentration of approximately
1 mM Ni2+ (Fig. 4A). Calculation of the fraction of citrate in the Ni2+ complexed
state in this concentration range using a formation constant of log K = 5.4 (8)
suggested that much more Ni2+ was needed to saturate the rate than would be
required to complex all citrate. The same, but less extreme, was observed for the
uptake of citrate catalyzed by CitH for the Ca2+-citrate complex (log K = 3.5). For
both transporters there is a clear dependence on the divalent metal ion, but the
relation does not seem to correlate with the formation of the metal-citrate complex.
This raises some doubt about whether the metal-citrate complex is the actual
species transported by the transporters or whether the metal ion is needed to
activate the transporter. To resolve the issue, citrate-dependent uptake of the
radiolabeled cations 63Ni2+ and 45Ca2+ was studied.

E. coli cells harboring plasmid pWSK29 without the citM or citH insert
took up 63Ni2+ at an initial rate of about 300 pmol/min mg of protein (Fig. 5A).



This endogenous uptake is most likely catalyzed by the CorA Mg2+ uptake system,
which has been reported to have affinity for other divalent metal ions as well
(reviewed in reference (23)). Addition of 100 µM citrate greatly reduced the
endogenous uptake by chelating the 63Ni2+ in the buffer. In the cells expressing
CitM the endogenous uptake of 63Ni2+ was somewhat lower, but, most importantly,
addition of citrate resulted in a strong stimulation of 63Ni2+ uptake (Fig. 5B).
Therefore, Ni2+ induces citrate uptake (Fig. 4A) and citrate induces Ni2+ uptake in
E. coli cells expressing CitM, showing that CitM transports the complex of Ni2+

and citrate. The endogenous uptake of Ni2+ in the cells and binding of Ni2+ to cell
material are likely to account for the discrepancy between the theoretical complex
formation of Ni2+-citrate and the Ni2+ dependence of the uptake rate observed in
figure 4A.

Figure 4. Relation between the initial rate of citrate uptake and the metal ion
concentration. The initial rate of uptake of citrate in E. coli cells expressing CitM (A) and
CitH (B) was measured at the indicated concentrations of Ni2+ (A) and Ca2+ (B). The dotted
lines indicates the calculated fraction of citrate in the Me-citrate complex using formation
constants of logK = 5.4 and 3.5 for Ni2+ (A) and Ca2+ (B), respectively.

Endogenous uptake of 45Ca2+ in E. coli cells harboring plasmid pWSK29
was low and may even reflect binding to cell wall constituents (Fig. 5C). In the
presence of citrate, the amount of 45Ca2+ retained by the cells was not significantly
different. Cells expressing CitH showed a significantly increased uptake of 45Ca2+

in the presence of 100 µM citrate (Fig. 5D). Clearly CitH catalyzes the transport of
the 45Ca2+-citrate complex.
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Figure 5. Uptake of radiolabeled
63Ni2+ and 45Ca2+. 63Ni2+ uptake was
measured in E. coli cells harboring
plasmid pWSK29 (A) and expressing
CitM (B) in the presence (∇ ) and
absence (○) of 100 µM citrate. 45Ca2+

uptake was measured in E. coli cells
harboring plasmid pWSK29 (C) and
expressing CitH (D) in the presence (∇ )
and in the absence (○) of the same
concentration of citrate.



Discussion
In the early 1980s, it was demonstrated that citrate uptake in B. subtilis was

stimulated by the presence of a wide range of divalent metal ions, but the
transporters responsible for the uptake activity were not known (3). Much later, a
secondary transporter, termed CitM, of B. subtilis was cloned in E. coli and shown
to transport citrate in the presence of Mg2+ but not in its absence (4). The present
study demonstrates that CitM transports citrate not only in complex with Mg2+ but
also with Mn2+, Ni2+, Zn2+, and Co2+, although it does not transport citrate in
complex with Ca2+, Ba2+, or Sr2+. A paralog of CitM, termed CitH, was also cloned
and characterized in E. coli. It was thought to transport free citrate since uptake was
observed without added metal ions and was inhibited by the addition of Mg2+ (4).
The conclusion was unfortunate, since it is now demonstrated that CitH transports
citrate in complex with Ca2+, Ba2+, and Sr2+ but not with Mg2+, Mn2+, Ni2+, Zn2+, or
Co2+. Therefore, both transporters are metal-citrate transporters with
complementary metal ion specificity. The uptake observed in E. coli cells
expressing CitH without adding metal ions was due to residual metal ions, most
likely Ca2+, present in the cell suspension that could effectively be scavenged with
EGTA. Both CitM and CitH do not transport the free citrate anion. Nevertheless,
citrate uptake in B. subtilis was observed in the presence of the chelator EGTA,
indicating that at least one additional citrate transporter is expressed in B. subtilis
that is specific for free citrate. Possible candidates are the product of open reading
frame yraO that is homologous to both CitM and CitH, and a protein encoded by
the yxkJ gene that is a member of the 2-hydroxycarboxylate transporter (2) family,
a family of citrate and malate transporters. Preliminary experiments have
demonstrated that the gene product of yxkJ indeed is a citrate transporter (13). At
any rate, B. subtilis seems to express a multitude of transporters for citrate but not
under the same control.

Expression of CitM in B. subtilis is under strict control of the medium
composition. The transporter is induced by citrate in the medium and is repressed
by other, more easily metabolized carbon sources (12, 30, 32). Such an expression
pattern suggests that CitM is the transporter responsible for growth on citrate as the
carbon and energy source that is only needed in the absence of better growth
substrates. The transporter would be specific for the metal-citrate complex because
citrate is present as such in the medium, but the physiological function would be
citrate uptake. Nevertheless, in the presence of other divalent metal ions, these will
also be taken up and will affect the usually delicate balance of the metal ions in the
cell. For example, Ni2+ is an essential cofactor for a number of enzymatic reactions
but becomes toxic at elevated intracellular concentrations. Therefore, bacterial cells
contain transporters that take up Ni2+ as well as transporters that expel the metal
ion to keep the intracellular concentration within certain limits (for a review, see
reference (6)). In specific medium compositions, the uptake of Ni2+ in complex
with citrate may be an important factor in the homeostasis of the metal ion.

The physiological role of CitH is not clear. Possibly, CitH functions under
those conditions where much of the citrate is complexed to f.i. Ca2+. Alternatively,
CitH activity might be relevant to the uptake of the Ca2+ ion rather than citrate.
Recently, the role of Ca2+ as a signaling ion in bacteria (21), and in particular in B.



subtilis (10), has become evident. Ca2+ is implicated in a number of bacterial
functions, including heat shock response, pathogenicity, differentiation, and cell
cycle. Ca2+ signalling requires a strict control of the intracellular concentration via
uptake and extrusion systems. A number of secondary calcium exchangers have
been identified in bacteria, which extrude Ca2+ from the cytosol driven by the
proton or sodium ion motive force. Uptake of Ca2+ is believed to be mediated by
channel activity or transporters that take up Ca2+ complexed to inorganic phosphate
or DNA. Possibly, CitH plays an important role in the Ca2+ signaling pathways as
well. Clearly, the physiological role of CitH needs further investigation.

CitM and CitH are homologous proteins that share 52% identical amino
acid residues and very similar hydropathy profiles, suggesting a similar three-
dimensional folding (4, 15). Both transporters transport citrate complexed to
divalent metal ions, but their metal ion specificities are complementary. They
specifically recognize the metal ion in the complex with citrate, which
demonstrates that complexes of citrate with Ca2+, Ba2+, and Sr2+ are different from
complexes with Mg2+, Mn2+, Ni2+, Zn2+, or Co2+. The differences between the two
groups are reflected by, most likely, subtle differences in the binding site of the
transporters. Within the two groups, the affinity of the transporters is more or less
the same (Table 1), indicating that the initial recognition is similar. In the
translocation step, the differences are more prominent, indicating that the actual
catalytic step is more sensitive to differences within a group of complexes.
Bidentate and tridentate complex formation has been suggested to be the basis of
biological recognition of complexes of citrate with different metal ions (11).
However, the series of metal ions used in this study are all expected to form
bidentate complexes with citrate. If so, the conformation of the citrate anion is
mainly determined by the size of the metal ion in the complex. In crystal structures
of metal ion citrate complexes, two major conformations were identified (9). The
backbone of the citrate molecule can form a linear molecule, or the backbone is
bent backwards. Some metal ions, like Co2+ or Ni2+, show up in both
conformations, while others are predominantly found in one of the two
conformations. Ca2+ complexes of citrate have the bent conformation, while Mg2+

and Mn2+ complexes have the linear conformation. Clearly, the group of metal ions
transported by CitM are the smaller cations, with a Pauling radius of less than 0.80
Å, while the ions transported by CitH have radii that are larger than 0.98 Å (Table
1). These conformations and radii follow from crystallographic studies, and their
relevance to the discrimination between the two groups of metal-citrate complexes
by CitM and CitH in solution remains to be established.
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Abstract
Bacillus subtilis possesses a secondary transporter CitM that is specific for

the complex of citrate and Mg2+ but is also capable of transporting citrate in
complex with the heavy metal ions Zn2+, Ni2+ and Co2+. We report on the impact of
CitM activity on the toxicity of the heavy metals Zn2+, Ni2+ and Co2 + in B. subtilis.
In a CitM deletion mutant or under conditions when CitM is not expressed, the
toxic effects of the metals were reduced by the presence of citrate in the medium.
In contrast, the presence of citrate dramatically enhanced toxicity when the Mg2+-
citrate transporter was present in the membrane. It is demonstrated that the
complex of Ni2+ and citrate is transported into the cell and that the uptake is
responsible for the enhanced toxicity. At toxic concentrations of the metal ions, the
cultures adapted by developing resistance against these ions. Resistant cells
isolated by exposure to one of the metal ions remained resistant after growth in the
absence of toxic metal ions, and were cross-resistant against the other two toxic
ions. Resistant strains were shown to contain point mutations in the citM gene,
which resulted in premature termination of translation.



Introduction
A limited number of bacteria of the genera Pseudomonas, Citrobacter,

Bacillus and Klebsiella have been described that transport metal-citrate complexes
across the cytoplasmic membrane into the cell (1, 3, 5, 10). The Mg2+-citrate
transporter CitM of Bacillus subtilis is the best studied example and accepts the
toxic heavy metal ions Zn2+, Ni2+ and Co2 + instead of Mg2+ in the metal-citrate
complex (7). Bacteria capable of taking up and metabolizing heavy metal ions
complexed to citrate have been implicated in preventing the mobilization of toxic
metals from waste dumps (5). Alternatively, these organisms may play a role in
bioremediation of heavy metal polluted sites by active accumulation of the toxic
ions after heterotrophic leaching with citrate (14, 18).

Transport of citrate across the cytoplasmic membrane is an active process
mediated by a designated transporter protein. All known bacterial citrate
transporters are secondary transporters that use the energy stored in
electrochemical gradients of protons or sodium ions to drive uptake. Most citrate
transporters recognize free citrate, but it has long been known that in B. subtilis
citrate transport is dependent on the presence of divalent cations (1). Two
transporters, members of a distinct transporter family (2) mediate transport of
Me2+-citrate into the cell. The transporters, CitM and CitH, have complementary
metal ion specificity; CitM transports complexes of citrate with Mg2+, Mn2+, Zn2+,
Ni2+, and Co2+ while CitH transports complexes of citrate with Ca2+, Sr2+ and Ba2+

(7). CitM is the transporter responsible for growth of B. subtilis on citrate as the
carbon and energy source. Expression of CitM is under strict control of the
medium composition (17). The transporter is induced by citrate via a two
component system (19) and repressed by rapidly metabolized substrates like the
sugars glucose, glycerol, and inositol, but also by succinate/glutamate. Disruption
of the ccpA gene, coding for a central component of the carbon catabolite
repression system (CCR), was shown to relieve the repression. The physiological
function of CitH is not known.

B. subtilis expressing CitM is potentially useful in the removal of Zn2+,
Ni2+, and Co2+ from wastewater e.g. obtained after heterotrophic leaching. Potential
drawback is increased toxicity of the heavy metal ions when the transporter is
active. Moreover, increased toxicity may induce resistance mechanisms that may
compromise the application. In this paper we evaluate the impact of CitM activity
on metal ion toxicity and the development of resistance in B. subtilis when Zn2+,
Ni2+, and Co2+ are present in the growth medium. It is demonstrated that CitM
dramatically enhances the toxicity of the metal ions in the presence of citrate, but
the cells rapidly adapt to the hostile environment by inactivation of the CitM
transporter.



Materials and Methods
Bacterial strains, media and growth conditions

The B. subtilis strains 168 (trpC2), CM010 (trpC2 ccpA::Tn917 spc
amyE::PcitM-lacZ; (17) and CITMd (trpC2 ∆citM ery; Prof. Sekiguchi, Shinshu
University, Japan) were routinely grown at 37ºC while shaking vigorously in flasks
containing Luria Bertani broth (LB) or LB supplemented with 10 mM citrate.
When appropriate, erythromycin, chloramphenicol and spectinomycin were added
at a final concentration of 0.3 µg/ml, 5 µg/ml and 100 µg/ml, respectively. Metals
were added as MeCl2 dissolved in Milli-Q and autoclaved. Citrate was added from
a 1 M stock solution of tri-sodium citrate pH 6.5, dissolved in Milli-Q that was
autoclaved separately. Cultures were inoculated with overnight cultures grown in
LB at a dilution of 1:100. Zn2+, Ni2+, and Co2+-resistant strains (MeR strains; see
below) were isolated as follows. LB medium supplemented with 10 mM citrate and
0.6 mM ZnCl2, 1 mM NiCl2, or 0.4 mM CoCl2, respectively, was inocculated with
a single colony from an LB plate containing strain CM010. After growth for 24 h,
the cells were plated on LB and single colonies were selected for further
experiments. Growth was monitored by measuring the optical density at 660 nm
(OD660) using a Hitachi U-1100 spectrophotometer. The growth rate was inferred
from the exponential part of the growth curve.

Uptake in whole cells
[1,5-14C]citrate (114 mCi/mmol) or 63NiCl2 (1 mCi/mg) (Amersham

Pharmacia Biotech) uptake were performed according to the rapid-filtration
method as described previously with minor modifications (8). Briefly, cells were
harvested by centrifugation and washed once with ice-cold 50 mM PIPES pH 6.5
after which they were resuspended to an OD660 of 10. Cells were diluted 10-fold in
50 mM PIPES pH 6.5 and 100 µl samples were incubated 8 min at 30°C while
stirring magnetically. At time zero, [1,5-14C]citrate or 63NiCl2 were added yielding
a final concentration of 4.4 µM and 12.5 µM, respectively. Uptake was stopped by
the addition of 2 ml ice-cold 0.1 M LiCl solution, immediately followed by
filtering through a 0.45 µm pore-size nitrocellulose filter. The filter was washed
once with 2 ml ice-cold 0.1 M LiCl, after which the filters were submerged in
scintillation fluid and the retained radioactivity was counted in a liquid scintillation
counter. The background was estimated by adding the radio labeled substrate to the
cell suspension after the addition of 2 ml ice-cold LiCl, followed by immediate
filtering.

β-galactosidase assay
B. subtilis strain CM010 contains the lacZ gene fused behind the promoter

region of CitM (PcitM-lacZ) integrated in the amyE locus of a CcpA deficient
strain (17). The β-galactosidase activity was measured by harvesting one ml of
culture by centrifugation for 5 min in an Eppendorf tabletop centrifuge operated at
14,000 rpm. Cell extracts were obtained by lysozyme treatment, and β-
galactosidase activity was determined using o-nitrophenyl-β-D-galactopyranoside
as the substrate as described previously (11).



Cloning of citM from MeR strains
Escherichia coli strain DH5α (Invitrogen) was used for cloning and

sequencing purposes and routinely grown in LB medium containing ampicillin at a
concentration of 100 µg/ml. Chromosomal DNA of three MeR strains was isolated
using a standard protocol. A 2.1 kb fragment containing the promoter region of
citM (PcitM) and the citM gene was amplified by PCR using Pwo DNA
polymerase for high fidelity amplification (Roche Molecular Biochemicals,
Mannheim Germany). The forward primer (5’-
CTCCAAGGAATTCCAGACGGTTGCATTGCC-3’) introduced an EcoRI site
(italic) and the backward primer (5’-
GCTCTAGATCATACGGAAATAGAGATCGCA-3’) introduced a XbaI site
(italic) downstream of the stop codon (17). The PCR fragment of 2.1 kb was
digested with EcoRI and XbaI and ligated into pBluescript SK+ (Stratagene, La
Jolla, USA) digested with the same enzymes. Subsequently, using a unique internal
NcoI site, two fragments of 0.8 and 1.3 kb were subcloned into pBluescript SK+

and pET302 (16), respectively, and sequenced (Baseclear, Leiden, The
Netherlands).



Results
The effect of citrate on metal ion toxicity in B. subtilis.

B. subtilis 168 was grown in LB containing increasing concentrations of
Zn2+, Ni2+ and Co2+ (Figure 1, ■). The growth rate started to decrease at a
concentration of 0.4 mM ZnCl2 and growth was abolished at 1 mM ZnCl2. The
effect of NiCl2 was less dramatic; the growth rate decreased at concentrations
higher than 1 mM and no growth was observed above 2.5 mM. CoCl2 appeared the
most toxic with a severe effect on the growth rate at a concentration as low as 0.6
mM CoCl2. Therefore, toxicity of the metal ions for growth of B. subtilis in LB
medium in the absence of citrate decreased in the order Co2+>Zn2+>Ni2+.

Figure 1. Growth rates of B. subtilis wt (●, ■) and a CitM deficient strain (▼) in LB
medium containing Zn2+ (A), Ni2+ (B) and Co2+ (C) in the presence (●, ▼) and absence (■)
of 10 mM citrate. Growth rates were indicated as the percentage of the growth rate in the
absence of added metal ions in the medium (1.2 - 1.5 h-1).

Addition of citrate to the growth medium may have two effects. One, it
will chelate divalent metal ions, thereby reducing the concentration of free ions,
and, second, it may induce expression of the Mg2+-citrate transporter CitM which
introduces an entrance pathway for the Me2+-citrate complex. To separate the two
effects, the toxicity of Zn2+, Ni2+ and Co2+ in the presence of citrate was first
investigated using a CitM deletion strain of B. subtilis (strain CITMd, a gift from
Prof. Sekiguchi, Shinshu University, Japan). Citrate protected B. subtilis CITMd
against the toxic effects of the three metal ions (Figure 1, ▼). Significant growth of
strain CITMd was observed at a concentrations of 1 mM ZnCl2 when the medium
was supplemented with 10 mM citrate, while no growth was observed of the wild
type strain at the same concentration in the absence of citrate. Similarly, while B.
subtilis 168 ceased to grow in the presence of NiCl2 and CoCl2 concentrations of
2.5 and 1 mM, respectively, significant growth of strain CITMd was observed in
the presence of citrate. At higher metal concentrations the growth rate of CITMd in
the presence of citrate was affected for all metals tested, most likely because the
citrate concentration was no longer sufficient to chelate all of the metal ions.

Surprisingly, the toxicity of Zn2+, Ni2+ and Co2+ in the presence of citrate
was not significantly different for wild type B. subtilis and the CitM deletion strain
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(Figure 1, ●). Control experiments demonstrated that CitM was not expressed
when grown in LB medium supplemented with citrate. The activity of CitM is
routinely measured by the uptake of 14C-citrate in the presence of Ni2+ after growth
of B. subtilis on minimal media (7, 17). The CitM deletion strain grown in minimal
media was completely devoid of 14C-citrate uptake activity in the presence of Ni2+

(not shown) and, similarly, wild type cells grown in LB medium did not show any
uptake of 14C-citrate (Figure 2A, ●).

Figure 2. Uptake of [1,5-14C]citrate and 63Ni2+ in resting cells. Uptake of [1,5-14C]citrate in
the presence of 1 mM
NiCl2 (A) and 63Ni2+ in
the presence of 100 µM
citrate (B) in the wild
type strain (●) and the
CcpA deficient strain
CM010 (▼) grown in LB
containing 10 mM citrate
was measured in 50 mM
PIPES buffer pH 6.5.

Toxicity of Me2+-citrate
in the CcpA deficient
strain CM010

B. subtilis
strain CM010 is deficient in CcpA, a central component in carbon catabolite
repression (CCR) in B. subtilis. Growth of the CM010 strain in LB medium
resulted in significant uptake of 14C-citrate in the presence of Ni2+, indicative of
functional expression of CitM (Figure 2A, ▼). Apparently, expression of CitM in
LB medium is repressed by the CCR system. To demonstrate that expression of
CitM under these conditions resulted in enhanced uptake of toxic metal ions,
uptake of 63Ni2+ was measured. While the wild type showed no uptake of 63Ni2+ in
the presence of citrate, the CcpA deficient strain revealed significant 63Ni2+ uptake
activity (Figure 2B).

In the absence of citrate, the toxicity of Zn2+, Co2+, and Ni2+ for the CcpA
deficient B. subtilis strain was similar as observed for the wild type strain (compare
Figures 3A and 1A, ■ for Zn2+). In contrast, in the presence of citrate, already low
concentrations of the toxic ions had a dramatic effect on the growth behavior of the
CcpA deficient strain. For instance, 0.2 mM ZnCl2 hardly effected growth in the
absence of citrate while in the presence of citrate the strain failed to grow for about
4 h after which growth resumed (Figure 3). At higher concentrations of ZnCl2 in
the growth medium, the lag time seemed to increase. Similar observations were
made for media containing Co2+ and Ni2+. Clearly, during the first hours of
incubation, the presence of citrate dramatically increased the toxicity of the metal
ions in case of the CcpA deficient strain, while the opposite was observed in case
of the CitM deficient strain and the wild-type strain. The enhanced toxic effects of
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the heavy metal ions in the CcpA deficient strain correlated with the presence of
CitM activity and enhanced uptake of Ni2+ in the cells (Figure 2).

Figure 3. Growth of the CcpA deficient strain CM010 in LB (A) and LB containing 10
mM citrate (B) and
concentrations of ZnCl2
of 0.0 (○), 0.2 (●), 0.4
(▼), 0.6 (■), 0.8 (♦ ), and
1.0 (▲) mM. In the
absence of added metal
ions, the growth rates in
the absence (A) and
presence of citrate (B)
were similar (1.3 h-1).

Development of Me2+

resistance
The recovery

of growth of the CcpA deficient strain CM010 in the presence of the toxic Me2+-
citrate complexes after a prolonged lag-time suggested the development of
increased resistance against the Me2+. Growth of the CM010 strain in the presence
of citrate and 0.6 mM Zn2+ resulted in a lag-phase of 6-7 h (Figure 3, ■). After 24 h
of growth, the culture reached a similar cell density as a culture with no Zn2+

added. The overnight culture grown in the presence of 0.6 mM Zn2+ was used to
inoculate LB containing 10 mM citrate in the absence and presence 0.6 mM Zn2+.
In the presence of Zn2+ the long lag-phase as observed on day one was absent, and
the growth rates in the two media were indistinguishable (not shown). Clearly, the
culture had adapted to the presence of Zn2+ in the medium by developing a higher
resistance against Zn2+. The same phenomenon was observed for Co2+ and Ni2+

when present at toxic levels in the growth medium.
Cells taken from cultures adapted to toxic levels of 0.6 mM Zn2+, 0.4 mM

Co2+, or 1 mM Ni2+ were plated on LB plates yielding single colonies (MeR strains
ZnR, CoR, and NiR, respectively). A single colony of each of the resistant strains
was grown for several generations in the absence of the metal ions after which the
cells were grown under the original toxic conditions. All three strains were still
resistant indicating that the resistance was stable. The three MeR strains were
tested for cross-resistance against the other metal ions. Overnight cultures of single
colonies were diluted 1:100 in fresh LB containing 10 mM citrate and 0.6 mM
ZnCl2, 1 mM NiCl2, or 0.4 mM CoCl2. In all cases, the lag-time observed for the
CM010 strain was absent (not shown). In conclusion, a strain with increased
resistance against one of the metal ions was also resistant against the two others.

Resistance mechanism
In the presence of citrate, strain CM010 showed 63Ni2+ uptake with an

initial rate of 1.6 nmol/min·mg protein (Figure 2B). In contrast, none of the MeR
strains showed any 63Ni2+ uptake activity. Apparently, the MeR strains had lost

Time (h)

0 1 2 3 4 5 6 7 8 9

O
D

66
0

0.01

0.1

1

10

Time (h)

0 1 2 3 4 5 6 7 8 9
0.01

0.1

1

10
A B



their ability to accumulate the toxic metal ions. Similarly, in the presence of NiCl2,
CM010 took up 14C-citrate with an initial rate of 0.2 nmol/min mg protein, while
the MeR strains did not take up 14C-citrate under the same conditions. The lack of
Ni2+-dependent citrate uptake and citrate-dependent Ni2+ uptake in the MeR strains
indicated the absence of active CitM in the cell membrane, which allowed the MeR
strains to grow in higher concentrations of Me2+ in the presence of citrate than the
parental CM010 strain.

Table 1. CitM promoter activities in MeR strains. β-galactosidase activity of B. subtilis
strains containing a PcitM-lacZ promoter fusion was measured after 7 h of growth in LB
medium in the presence or absence of 10 mM citrate.

Strain citrate in the medium LacZ activity (MU)
CM010 - 0.3

+ 26
ZnR + 21
CoR + 21
NiR + 20

The stability of the resistance of the MeR strains suggested that the lack of
CitM activity was due to the lack of synthesis of CitM in the cell which may be due
to mutations in the two-component sensory system CitST, in the promoter region,
or in the structural citM gene. Strain CM010 and, therefore, the MeR strains,
contain a fusion of the citM promoter region and the gene coding for β-
galactosidase lacZ integrated in the chromosome at a location distant from the citM
gene (PcitM-lacZ promoter fusion; (17)). The promoter fusion was used to test the
integrity of the two-component system. The β-galactosidase activity of CM010
cells grown in LB medium in the absence of citrate was very low, while growth in
the presence of citrate resulted in β-galactosidase activities of 26 Miller units
(Table 1). The MeR strains revealed β-galactosidase activities in the presence of
citrate similar as observed for the parental CM010 strain indicating a functional
CitST two-component system.

Subsequently, the citM promoter region in front of the citM gene as well as
the structural gene of CitM was amplified from two independent MeR strains using
PCR and the nucleotide sequence was determined. The promoter region of citM
contains the CitT binding site (19), the transcription start point, the Catabolite
Responsive Element (CRE-site) (17) and the ribosomal binding site; all elements
involved in the transcription of citM. Sequencing of the promoter region of the two
MeR strains revealed no mutations (not shown). Sequencing of the citM gene
revealed that in both cases a single point mutation had occurred. One strain
contained a C to A mutation in the TAC codon for Phe at position 349 resulting in
a TAA stop codon at that position. The other strain contained a G to T mutation in
the GAA codon for Glu at position 199 also resulting in a stop codon.



Conclusion and Discussion
One approach in the bioremediation of heavy metal polluted sites and

wastewater is the use of chelating agents (14). The use of citrate as the chelator
may be particularly interesting, since citrate, on the one hand, may be produced in
situ by specific microorganisms (e.g. (18)) while, on the other hand, some
microorganisms are capable of accumulating heavy metals complexed to citrate
(10). Combination of the two processes would result in a complete cycle of
bioremediation in which the toxic metal, in the first step, is mobilized from the
contaminated site by binding to citrate, and, in the second step, is recovered from
the leachate by bioaccumulation. B. subtilis expressing the Mg2+-citrate transporter
CitM could potentially be useful in the latter step as the transporter accepts the
toxic heavy metal ions Zn2+, Co2+, and Ni2+ instead of Mg2+ in the complex with
citrate (7). Potential drawback of the bioaccumulation of heavy metal ions may be
increased toxicity at relatively low concentrations.

Most microorganisms are protected against the toxic effects of heavy metal
ions by the addition of citrate to the growth medium. The metal ions are taken up
by transporters that are specific for the free metal ions and do not recognize the
Me-citrate complex. Also, while most microorganisms have transporters for citrate,
these transporters do not recognize the Me-citrate complex and transport only the
free citrate anion. A simple application of this is the use of citrate in microbial
growth media to complex metals, thereby reducing their toxicity (3). The protective
effect of citrate is demonstrated here for B. subtilis when CitM is not present in the
membrane (Figure 1). Clearly, protection by citrate is compromised when
transporters are present in the membrane that transport the complex of the toxic
metal ions and citrate. Then, the new entrance pathway for the metal ions into the
cell may even increase toxicity. It is demonstrated that the dramatically increased
sensitivity of B. subtilis to Zn2+, Co2+, and Ni2+ ions in the presence of citrate under
conditions when CitM was expressed (Figure 3) correlated with enhanced Ni2+-
citrate transport into the cell (Figure 2). Toxicity sets an upper limit to the
concentration of the toxic metal ions in the bioaccumulation process. Under the
conditions of the experiments presented in Figure 3 we observed more or less
normal growth of B. subtilis in the presence of concentrations of Zn2+, Co2+, and
Ni2+ of 100, 20, and 200 µM, respectively.

Toxic concentrations of the metal ions initially completely inhibited
growth of B. subtilis but after some time the cultures adapted to the presence of the
metal ions and, subsequently, showed the original growth behavior. The
development of resistance against heavy metal ions is a generally observed
phenomenon. Most commonly, the mechanism of resistance in prokaryotes is
efflux of the toxic metals by the action of P-type ATPases or secondary efflux
systems (12, 13). The genome of B. subtilis contains several ORF’s with similarity
to P-type ATPases and ORF’s for cation efflux systems belonging to the CDF
family of secondary transporters. Other less ubiquitous systems for metal resistance
involve the expression of metal binding proteins like metallothioneins and, specific
for mercury ions, chemical reduction to the metallic state (reviewed in (15)).
Analysis of the MeR strains of B. subtilis generated in this study showed that the
cultures had adapted to the toxic conditions by inactivation of the uptake system.



The cells contained point mutations in the structural gene coding for CitM that
introduced stop codons, resulting in premature termination of translation and,
consequently, truncated CitM molecules. The mechanism by which these point
mutations may occur could be either spontaneous or mediated by a specific
mechanism induced by the presence of the toxic ions. In the former mechanism, the
adaptation process would involve selection of those cells with random mutations in
the citM gene that inactivate the transporter. The observation that the time span
after which growth occurred was reproducible and metal ion concentration
dependent (Figure 3) suggests involvement of a more specific mechanism for the
introduction of the mutations. It is known that heavy metals are mutagenic by
replacing essential metals like Mg2+ or Ca2+ in biomolecules (9) and thus
influencing the function of these molecules. More research is required to resolve
this issue. At any rate, the development of resistance has the advantage that the
cells can cope with higher concentrations of the metal ions in the medium. In terms
of bioaccumulation, the resistance is only advantageous when the cells inactivate
the ions by binding to macromolecules which effectively increases the total
concentration of the toxic ions in the cells. Pumping out the metal ions or
preventing influx is unwanted for this purpose.

The results presented in this paper show that the activity of the Mg2+-citrate
transporter CitM promotes toxic metal ion accumulation in B. subtilis and increases
the toxicity of these metal ions. The system could potentially have an application
as part of a bioremediation system of sites polluted with heavy metals involving
citrate chelation followed by accumulation of the Me2+-citrate complex by B.
subtilis. However, metal ion concentrations should be low enough to prevent
inactivation the transporter. Overexpression of metal ion binding proteins like pea
or yeast metallothioneins has been demonstrated to increase the resistance of E.
coli against Ni2+ and Hg2+ ions (4, 6). Expression of these metal-binding proteins in
B. subtilis may enhance the resistance to heavy metals without compromising the
potential application. Alternatively, heterologous expression of CitM in a more
metal resistant host may be useful to enhance accumulation of the metal ions in the
biomass.
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Abstract
The genome of Bacillus subtilis contains two genes that code for

membrane proteins that belong to the 2-hydroxycarboxylate transporter family.
Here we report the functional characterization of one of the two, yxkJ, which codes
for a transporter protein named CimH. The gene was cloned and expressed in
Escherichia coli and complemented the citrate-negative phenotype of wild-type E.
coli and the malate-negative phenotype of the E. coli strain JRG4008, which is
defective in malate uptake. Subsequent uptake studies in whole cells expressing
CimH clearly demonstrated the citrate and malate transport activity of the protein.
Immunoblot analysis showed that CimH is a 40-kDa protein that is well expressed
in E. coli. Studies with right-side-out membrane vesicles demonstrated that CimH
is an electroneutral proton-solute symporter. No indications were found for the
involvement of Na+ ions in the transport process. Inhibition of the uptake catalyzed
by CimH by divalent metal ions, together with the lack of effect on transport by the
chelator EDTA, showed that CimH translocates the free citrate and malate anions.
Among a large set of substrates tested, only malate, citramalate, and citrate
competitively inhibited citrate transport catalyzed by CimH. The transporter is
strictly stereoselective, recognizing only the S enantiomers of malate and
citramalate. Remarkably, though citramalate binds to the transporter, it is not
translocated.



Introduction
Di- and tricarboxylate uptake in the gram-positive bacterium Bacillus

subtilis has not been studied extensively. The scarce reports stem from the 1970s
and early 1980s. Two uptake systems have been described for C4-dicarboxylates.
Willecke and Lange (36) reported a malate uptake system that was induced by
malate and responsible for growth on malate minimal medium. The second system
was less specific and was claimed to transport malate, succinate, and fumarate. It
was described in cells grown in yeast extract (15) and in the presence of citrate (14)
or was claimed to be expressed constitutively (9). The last study with membrane
vesicles showed that the transporter was of the secondary type. Similarly, it was
demonstrated that the uptake of the tricarboxylate citrate in B. subtilis was
catalyzed by a secondary transporter (8). Remarkably, uptake of citrate was
dependent on the availability of divalent metal ions (8, 26).

The publication of the complete genome sequence of B. subtilis (20)
provoked the molecular characterization of di- and tricarboxylate transport in the
organism. A screen using deletion strains identified an operon containing two open
reading frames (ydbE and ydbH) that was responsible for growth on fumarate and
succinate but not malate (1). The gene product YdbH is a homologue of the
dicarboxylate transporters (Dct) found in gram-negative bacteria. In the same
screen, no transporter for malate was identified. A malate transporter was identified
by heterologous expression of the yufR gene of B. subtilis in Escherichia coli (35).
The gene product, termed MaeN, catalyzed Na+-coupled malate transport, but
neither the physiological function nor the expression was studied in B. subtilis.
MaeN is a member of the 2-hydroxycarboxylate transporter (2HCT) family, which
contains secondary transporters for citrate and/or malate (see below). In the same
study, a second malate transporter with a more complicated mode of action was
described. YqkI catalyzes antiport of H+-malate against Na+-lactate. It was
proposed that the transporter plays a role in malate uptake and Na+-H+ exchange
under low-oxygen or low proton motive force (pmf) conditions (35).

For citrate, the situation is at least as complicated. Two secondary
transporters, CitM and CitH, have been studied in some detail. They were
characterized upon expression in E. coli (10) and shown to transport citrate in
complex with divalent metal ions, but with complementary specificity for the metal
ions (19). CitM transports citrate in complex with Mg2+, Mn2+, Ni2+, Co2+, and
Zn2+, while CitH transports citrate in complex with Ca2+, Sr2+, and Ba2+. CitM is
the transporter responsible for growth of B. subtilis on minimal medium containing
citrate as a sole carbon source. Its expression is subject to carbon catabolite
repression (34, 37). The physiological function of CitH is unknown. It was also
demonstrated that B. subtilis takes up the free citrate anion, however, neither CitM
nor CitH accounted for this activity (19). CitM and CitH are in a novel family of
secondary transporters that contains a third gene from B. subtilis, yraO, of
unknown function.

The 2HCT family mentioned above contains another potential transporter
for carboxylate uptake in B. subtilis coded by the open reading frame yxkJ. This
transporter, termed here CimH (for citrate, malate, H+ symporter), is the subject of
the present study. The 2HCT family contains transporters for malate and citrate,



some of which have been studied extensively. The family contains Na+ and H+

symporters (CitS of Klebsiella pneumoniae, MaeN of B. subtilis, and MaeP of
Streptococcus bovis (17, 23, 33, 35) but also citrate-lactate and malate-lactate
exchangers found in lactic acid bacteria (CitP of Leuconostoc mesenteroides and
MleP of Lactococcus lactis (2, 24). The last two transporters are involved in
secondary metabolic energy generation (22, 25, 27). Substrate specificity studies
revealed that the symporters in the family are very specific, transporting only
citrate or malate, while the exchangers catalyze a wide range of 2-
hydroxycarboxylates (2). Here we show that CimH of B. subtilis is a proton
symporter that transports both citrate and malate.



Experimental procedures
Strains and growth conditions.

The bacterial strains used in this study are listed in Table 1. E. coli strains
were routinely grown in flasks in Luria-Bertani broth (LB) at 37°C under
continuous shaking at 150 rpm. When appropriate, carbenicillin and spectinomycin
were added at final concentrations of 50 µg/ml. Expression of CimH from the
plasmid pETCimH (see below) was induced by adding 100 µM
isopropylthiogalactopyranoside (IPTG) when the optical density of the culture
measured at 660 nm was 0.6. The cells were harvested by centrifugation 1 h after
induction.

Table 1. Strains used in this study.
Strain Relevant Genotype Source/Ref.

B. subtilis 168 trpC2
E. coli DH5α ∆(argF-lac)U169 (φ80DlacZM15) recA Life Tech. Inc.
E. coli BL21(DE3) HsdS gal (∆clts857 ind 1 sam7 nin5

lacUV5-T7 gene 1)
Novagen

E. coli TOP10 (φ80DlacZM15) ∆lacX74 recA Invitrogen
E. coli SF100 F ∆lacX74 galE galK thi rpsL (strA)

∆phoA(PvuII) ∆ompT 
(7)

E. coli JRG4008 ΑΝ387 dctA::spc (12)

Complementation of the mal- phenotype of E. coli strain JRG4008 was
assayed on a minimal malate broth (11) supplemented with 0.1% LB. The medium
was inocculated with a single colony of JRG4008 carrying pET302 or pETCimH
from an LB plate and incubated for 14 h at 37°C with vigorous shaking.

Cloning of CimH.
The yxkJ gene was amplified from chromosomal DNA isolated from B.

subtilis 168 by PCR. The forward primer (5'-GGGAGGTTTTTCCATGG
GAGAGC-3') was centered around the beginning of the gene and contained an
NcoI site (italic) around the ATG start codon. The reverse primer (5'-
CGTTTGACGAAGATCTAGATTGCGGGGATCA-3') was centered around the
end of the gene and contained an XbaI site (italic) just downstream of the stop
codon. The PCR product was digested with NcoI and XbaI and ligated into the
vector pET302, a pTRC99 derivative (31) that was digested with the same two
restriction enzymes. The resulting plasmid, pETCimH, codes for CimH extended
with six histidines (His tag) at the N terminus. Expression is under the control of
the IPTG-inducible lac promoter. The nucleotide sequence of the insert was
checked by sequencing (Biomedical Technology Centre, Groningen, The
Netherlands), no unexpected mutations had occurred.

Immunoblot analysis.
Crude membranes were prepared by sonication of the cells followed by

removal of debris by centrifugation for 5 min in an Eppendorf tabletop centrifuge
operated at 6,000 rpm. Subsequently, the supernatant was centrifuged for 5 min at



14,000 rpm in an Eppendorf tabletop centrifuge to collect the membranes. The
protein concentrations in the samples were determined with the DC protein assay
kit (Bio-Rad Laboratories, Richmond, Calif.). Samples containing 10 µg of total
membrane protein were loaded onto a sodium dodecyl sulfate-12.5%
polyacrylamide gel. After sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, the proteins were transferred to polyvinylidene difluoride
membranes (Boehringer Mannheim) by semidry electroblotting. The blots were
analyzed using monoclonal antibodies directed against a six-His tag (Dianova,
Hamburg, Germany). The antibodies were visualized using the Western-light
chemiluminescence detection kit (Tropix, Bedford, Mass.).

Preparation of RSO membrane vesicles.
Right-side-out (RSO) membrane vesicles were prepared by the osmotic

lysis procedure as described previously (16). Membrane vesicles resuspended in 50
mM potassium phosphate (KPi) buffer (pH 6.1) were rapidly frozen in liquid
nitrogen and stored at -80°C. Protein concentrations were determined with the DC
protein assay kit.

Uptake in whole cells.
Citrate and malate uptake in whole cells was measured by rapid filtration

as described previously (21). Briefly, cells were harvested by centrifugation and
washed once with ice-cold 50 mM KPi (pH 6.1), after which they were
resuspended to an optical density measured at 660 nm of 10. The cells were diluted
10-fold in 50 mM KPi (pH 6.1), and 100-µl samples were incubated for 8 min at
30°C with magnetic stirring. At time zero, [1,5-14C]citrate (114 mCi/mmol) or L-
[1,4(2,3)-14C]malate (25 mCi/mmol) was added to yield final concentrations of 4.4
and 19.6 µM, respectively. Uptake was stopped by the addition of 2 ml of ice-cold
0.1 M LiCl solution immediately followed by filtering through a 0.45-µm-pore-size
nitrocellulose filter. The filter was washed once with 2 ml of ice-cold 0.1 M LiCl,
after which the filters were submerged in scintillation fluid and the retained
radioactivity was counted in a liquid scintillation counter. The background was
estimated by adding the radiolabeled substrate to the cell suspension after the
addition of 2 ml of ice-cold LiCl, immediately followed by filtering.

Uptake in RSO membranes.
Uptake in RSO vesicles was essentially performed like uptake in whole

cells with the following differences. Before the addition of the radiolabeled
substrates, the membranes (final protein concentration, 0.5 mg/ml) in 50 mM KPi
(pH 6.1) were incubated for 2 min at 30°C with 200 µM phenazine methosulfate
(PMS) and 10 mM potassium ascorbate under a flow of water-saturated air with
magnetic stirring. To determine the influence of Na+ on citrate transport,
membranes containing CimH of B. subtilis or CitS of K. pneumoniae were washed
four times in a special low-Na+ KPi buffer (pH 6.1, Merck, Darmstadt, Germany)
and resuspended to 0.5 mg of membrane protein/ml in the same buffer. Initial rates
of uptake were determined in duplicate from the uptake during the first 10 s. The



reported kinetic parameters are the averages of two or three independent
measurements.

Homologous and heterologous exchange.
RSO membrane vesicles were allowed to accumulate radiolabeled [1,5-

14C]citrate driven by the electron donor system ascorbate-PMS for 1 min as
described above. The pmf was dissipated by the addition of the uncoupler
carbonylcyanide p-trifluormethoxy-phenylhydrazone (FCCP, 10 µM). When
indicated, at the same time, citrate, L-malate, or L-citramalate was added to a final
concentration of 1 mM. The release of label from the membranes was followed
during 1 min by rapid filtration at various time points.

Transport driven by artificial gradients.
Artificial ion gradients across RSO membranes were imposed essentially

as described previously (30). Briefly, RSO vesicles were resuspended to a final
protein concentration of 5 mg/ml in a buffer containing 25 mM KPi (pH 6.1), 100
mM K-acetate, and 100 µM valinomycin. A pmf consisting of a pH gradient (∆pH)
and a membrane potential (∆Ψ) was generated by rapid 100-fold dilution of the
concentrated membranes in a buffer containing 25 mM sodium phosphate (NaPi)
(pH 6.1) and 100 mM NaCl. To generate a ∆pH alone, valinomycin was omitted
from the membrane suspension, and to generate a ∆Ψ alone, NaCl in the dilution
buffer was replaced with Na-acetate. The dilution buffer contained 4.5 µM
radiolabeled [1,5-14C]citrate, and the internal labeled substrate was measured after
10 and 15 s by rapid filtration as described above.



Results
The product of the open reading frame yxkJ on the genome of B. subtilis,

termed CimH, belongs to the 2HCT family. Members of the 2HCT family transport
citrate and/or malate (see the introduction).

E. coli does not grow on citrate under aerobic conditions because it lacks
an uptake system for citrate (18). E. coli strain DH5α was transformed with
pETCimH, harboring the yxkJ gene of B. subtilis under the control of the trc
promoter, and plated on Simmons citrate agar. The cells grew as large colonies
surrounded by blue halos, indicative of citrate metabolism. DH5α, or DH5α 
transformed with the vector alone, showed poor growth (not shown), strongly
suggesting that the insert was responsible for the Cit+ phenotype.

E. coli strain JRG4008 is defective in dctA, a gene coding for a malate
transporter, and is unable to grow on malate as the sole carbon source under
aerobic conditions (12). When JRG4008 was grown in Christensen indicator broth
containing malate (11), the color of the culture changed only slightly, while growth
of the wild-type E. coli strain DH5α in the same medium shifted the color to
purple. The low residual malate metabolism in JRG4008 is probably due to low-
level expression of one of the other malate transport systems (13). JRG4008
expressing the yxkJ gene product CimH showed the same color change that was
observed with the wild-type DH5α strain, indicating an improved malate uptake
capacity (not shown).

The complementation of E. coli DH5α for growth on citrate and of strain
JRG4008 for growth on malate suggests that CimH, the product of the B. subtilis
yxkJ gene, transports both citrate and malate.

Transport activity and expression of CimH.
Citrate and malate transport activity in E. coli catalyzed by CimH was

measured in whole cells using radiolabeled substrates. The lack of citrate uptake in
wild-type E. coli is well documented in the literature (10, 18, 19, 32). E. coli DH5α
carrying the empty plasmid pET302 did not transport [1,5-14C]citrate, while DH5α
expressing CimH showed a low but significant uptake (Fig. 1A). A number of
other E. coli strains, including JRG4008, BL21(DE3), SF100, and TOP10
transformed with the pETCimH plasmid, were also tested for citrate uptake with
much better results (Fig. 1A). The expression levels of CimH in the cells were
analyzed by Western blotting using an antibody directed against the N-terminal His
tag (Fig. 1C). A clear band running with an apparent molecular mass of 40 kDa
was observed in cells expressing CimH. In line with the observed uptake activities,
expression was very low in DH5α.



Figure 1. Citrate and malate uptake in whole cells expressing CimH. (A) Uptake of
[1,5-14C]-citrate was measured in whole cells of E. coli strain JRG4008 carrying the empty
plasmid pET302 (• ) and strains JRG4008 (▼) DH5α (○), BL21(DE3) (□), TOP10 (◊) and
SF100 (∇ ) expressing CimH. (B) Malate transport activity was measured in whole cells of
E. coli JRG4008 carrying the empty pET302 vector (●) or expressing CimH (▼). (C)
Expression levels of CimH in the cells used for the uptake experiments shown in panel A.
The immunoblot of membrane extracts of strains JRG4008 carrying plasmid pET302 (lane
1), and JRG4008 (lane 2), DH5α (lane 3), BL21(DE3) (lane 3), TOP10 (lane 4) and SF100
(lane 5) expressing CimH were analysed using antibodies directed against the N-terminal
His-tag. Molecular mass markers are indicated on the right.

A low level of L-[1,4(2,3)-14C]malate accumulation was observed in the
dctA-deficient strain JRG4008, which was in agreement with the low level of
malate metabolism on Christensen medium observed for this strain (Fig. 1B).
Expression of CimH in JRG4008 resulted in a rate of uptake of L-[1,4(2,3)-
14C]malate that was four to five times faster. The initial rate of uptake of malate in
the same batch of JRG4008 cells expressing CimH was about twice the initial rate
of uptake of citrate (compare Fig. 1A and B). Kinetic analysis of malate transport
in whole cells is hampered by the residual uptake activity in the JRG4008 strain
and by the increasing pmf across the cell membrane in the presence of L-malate, as
evidenced by the stimulation of L-[U-14C]proline uptake in the presence of L-
malate (not shown). Therefore, the kinetics of citrate and malate transport
catalyzed by CimH was analyzed in RSO membrane vesicles (see below).

Mode of energy coupling.
RSO membrane vesicles were prepared from E. coli TOP10 cells

expressing CimH. Upon the generation of a pmf by the artificial electron donor
system ascorbate-PMS, the vesicles took up citrate at an initial rate of 3 nmol/min
mg. In the absence of the electron donor system, or in the presence of the
uncoupler FCCP, no uptake was observed (Fig. 2A). Similar results were obtained
for malate transport in RSO membrane vesicles prepared from the malate-negative
strain JRG4008 expressing CimH, which took up malate at a rate of 1.2 nmol/min
mg in the presence of ascorbate-PMS (Fig. 2B). Importantly, in contrast to what
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was observed in whole cells (Fig. 1B), no background malate uptake activity was
observed in membrane vesicles prepared from the host cells. Probably, binding-
protein-dependent systems are involved in the background activity. It was
consistently observed that in membrane vesicles the rate of malate transport was
lower than the rate of citrate transport, in contrast to the results in whole cells. We
have no explanation for this phenomenon.
Figure 2. Citrate and malate uptake catalysed by CimH in RSO membranes. [1,5-14C]-

citrate uptake was measured in
RSO vesicles prepared from E.
coli TOP10 expressing CimH
(A) and L-[1,4(2,3)14C]-malate
uptake was measured in RSO
vesicles prepared from E. coli
JRG4008 expressing CimH (B).
Membranes were either not
energised (○), energised with
Asc/PMS to generate a pmf (∇ ),
or the pmf was dissipated with
10 µM FCCP (□).

The pmf consists of a
∆pH and the ∆Ψ. The contribution of ∆pH and ∆Ψ to the driving force on citrate
transport catalyzed by CimH was investigated by applying artificial gradients (30).
Dilution of membrane vesicles equilibrated with 100 mM potassium acetate 100-
fold in a buffer without potassium acetate and in the presence of the potassium
ionophore valinomycin results in a pmf consisting of both ∆pH and ∆Ψ generated
by the diffusion of K+ ions and undissociated acetic acid across the membrane. The
result was a rapid uptake of citrate into the lumen of the vesicles (Fig. 3). When the
membranes were diluted in the absence of valinomycin, where only a ∆pH
develops, uptake of citrate was even higher. In contrast, dilution in a buffer
containing 100 mM sodium acetate, where only a ∆Ψ is imposed across the
membrane, does not result in detectable uptake of citrate. The experiments suggest
that CimH is an electroneutral proton symporter. The number of protons
transported is equal to the valence of the transported anions.
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Figure 3. Citrate uptake driven by artificial
gradients. Artificial gradients were imposed across
the membrane of RSO membranes prepared from E.
coli TOP10 expressing CimH as described in the
Methods section. [1,5-14C]-citrate uptake was
measured at pH 6.0 in the presence of both the ∆pH
and ∆Ψ component (○), only the pH gradient (∇ ), and
only the membrane potential ∆Ψ (□).

Cation specificity of CimH.
The 2HCT family of secondary transporters contains transporters that use

H+ as well as Na+ as the coupling ion. For instance, citrate transport by CitS of K.
pneumoniae is strictly coupled to transport of Na+ (21, 32), while the exchangers
CitP and MleP from lactic acid bacteria cotransport protons. Vesicles of E. coli
TOP10 expressing CimH were prepared in low-Na+ potassium phosphate buffer.
Uptake of citrate by the vesicles with and without added NaCl revealed no
influence of Na+ (Fig. 4A), indicating that sodium ions are not required for activity.
In a control experiment, E. coli vesicles containing CitS of K. pneumoniae
resuspended in the same buffer showed citrate uptake only in the presence of NaCl
(Fig. 4B).

Figure 4. Cation dependency of the activity of CimH. (A, B) The effect of a Na+ on the
citrate transport activity of CimH and CitSkp of K. pneumoniae. RSO membranes prepared
from E. coli expressing CimH (A) and CitSkp (B) were washed 4 times in low-Na+ KPi
buffer. [1,5-14C]-citrate transport was measured in the absence (○) and presence of 1 mM
(∇ ) and 10 mM (□) NaCl. (C) The effect of divalent cations on citrate transport by CimH.
[1,5-14C]-Citrate transport was measured in RSO vesicles prepared from E. coli TOP10
containing CimH in the absence (∆) or presence (◊) of 1 mM EDTA, and in the presence of
10 mM MgCl2 (○), 10 mM CaCl2 (∇ ), and 1 mM NiCl2 (□).
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The effect of divalent metal ions on citrate transport by CimH was tested in
membrane vesicles. Ca2+ and Mg2+ were added at 10 mM concentration, which
resulted in clear inhibition of citrate transport (Fig. 4C). The presence of 1 mM
Ni2+ resulted in almost complete abolition of citrate uptake. The different degrees
of inhibition are caused by differences in complexation efficiency of the Ca2+,
Mg2+, and Ni2+ ions (19). The addition of the chelator EDTA (1 mM) had no
significant effect on citrate uptake (Fig. 4C), indicating that the free citrate anion is
the preferred substrate for CimH.

Substrate specificity.
A range of carboxylates was tested for the ability to competitively inhibit

citrate transport catalyzed by CimH in RSO membranes. At 1 mM concentrations,
propionate, succinate, fumarate, and tricarbalate showed no inhibition. A similar
result was observed for the 2-oxo-carboxylates, α-ketoglutarate and pyruvate. Of
the 2-hydroxy-carboxylates, lactate, glycolate, citramalate, malate, and citrate, only
citramalate caused significant inhibition, in addition to citrate and malate (not
shown).

The exchangers CitPlcm and MlePll in the 2HCT family are strictly
stereoselective for the S enantiomers of dicarboxylates (4). A 1 mM concentration
of the S enantiomers of malate and citramalate inhibited citrate uptake by CimH by
60 and 90%, respectively (Fig. 5). The R enantiomers did not result in significant
inhibition even at a five-times-higher concentration, indicating that CimH is also
stereoselective.

Figure 5. Competitive inhibition of citrate transport in
RSO vesicles. Initial rates of [1,5-14C]-citrate uptake were
determined in the presence of 1 mM concentrations of the
competing substrates. The bars represent the initial rates
of uptake in the absence and presence of competing
substrates. Indicated are the averages and standard
deviations (error bars) of two independent experiments.

The inhibition assay does not discriminate between a substrate that is
transported and a substrate that only binds to the transporter. The ability of CimH
to transport L-citramalate was determined by heterologous exchange (2). RSO
membranes containing CimH were allowed to accumulate [1,5-14C]citrate for 1
min driven by the artificial electron donor system ascorbate-PMS (Fig. 2). Addition
of the uncoupler FCCP (time zero (Fig. 6)) resulted in a slow release of the label
from the membranes during the first minute. Addition of 1 mM citrate or S-malate
together with FCCP resulted in a much faster release of label, indicative of
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homologous citrate-citrate and heterologous citrate-S-malate exchange catalyzed
by CimH, respectively. However, addition of S-citramalate at a concentration of 1
mM, which resulted in 90% inhibition of pmf-dependent citrate uptake (Fig. 5),
together with the uncoupler FCCP did not increase the rate of release of label.
Apparently, S-citramalate binds to CimH, but is not or is very poorly translocated.

Figure 6. Homologous and heterologous exchange
catalysed by CimH. RSO membranes prepared from
E. coli TOP10 expressing CimH were energised with
Asc/PMS and allowed to accumulate [1,5-14C]-citrate
for 1 min at t=0 10 µM FCCP was added alone (○), or
together with 1 mM concentrations of citrate (∇ ), L-
malate (◊) and L-citramalate (□). Indicated is the
fraction of label retained in the membranes relative to
the zero time point.

Table 2. Kinetic parameters of CimH for uptake activity in RSO membrane vesicles
Substrate Km (µM) KI

a (µM) Vmax (nmol/min.mg protein)
Citrate 12 ± 2 37 ± 5
S-Citramalate 100 ± 20 -b

S-Malate 1500 ± 100 167 ± 20c

a Inhibition constant for the inhibition of citrate uptake
b no significant turnover was observed
c calculated using the inhibitor constant and the rate of uptake of L-malate at 19.8 µM
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Kinetic parameters.
The kinetic parameters of CimH were determined in RSO membrane

vesicles in 50 mM KPi (pH 6.1) and at 30°C. The data are summarized in Table 2.
CimH catalyzes citrate transport with a Km of 10 µM and a maximal rate of
transport of 37 nmol/min mg of protein. Because of the lower transport rates for
malate, it was difficult to measure the Km for malate accurately. Rather, the affinity
of CimH for S-malate was inferred from the inhibition of citrate uptake by
unlabeled S-malate. The affinity for S-malate was 2 orders of magnitude lower than
that observed for citrate (Ki = 1.5 mM). On the other hand, the maximal rate of
transport was fourfold higher (167 nmol/min mg). The affinity of CimH for S-
citramalate was likewise determined from the inhibition of citrate uptake and was
between the affinities for citrate and S-malate (Ki = 100 µM).



Discussion
The molecular basis of di- and tricarboxylate uptake in B. subtilis is poorly

understood. Three genes involved in C4-dicarboxylate transport have been
identified. A mutant strain defective in the ydbH gene showed a clear growth defect
on the dicarboxylates fumarate and succinate but not malate, suggesting that the
gene product is involved in the uptake of these substrates (1). YdbH is a member of
the glutamate transporter family that contains a cluster of C4-dicarboxylate
transporter proteins (29). The YdbH protein was not further characterized. yufR of
B. subtilis was expressed in E. coli and shown to be a sodium-dependent malate
transporter (35). The gene product, termed MaeN, is a member of the 2HCT
family, which contains both citrate and malate transporters (2). The third gene,
yqkI, codes for a transporter that combines Na+-H+ antiporter activity and malate-
lactate antiporter activity (35). The transporter is homologous to other Na+-H+

antiporters in the NhaC family (28). The roles of the last two gene products in the
physiology of B. subtilis are unclear. Two genes products, CitM and CitH, have
been shown to be involved in the uptake of the tricarboxylate citrate in complex
with divalent metal ions.

In this study, we characterized another transporter involved in carboxylate
uptake in B. subtilis. CimH, the product of the yxkJ gene, is a member of the 2HCT
family. CimH is a pmf-driven secondary transporter for citrate and malate.
Transport catalyzed by CimH appears to be electroneutral, i.e., driven by the ∆pH
across the membrane. Furthermore, the Na+ ion motive force is not involved, and
citrate is transported in its free ionic form. The apparent affinity of CimH for
citrate is 2 orders of magnitude higher than for malate (10 µM and 1.5 mM,
respectively). On the other hand, the maximal rate of transport was fourfold higher
for L-malate than for citrate (167 and 37 nmol/min mg protein, respectively).
Therefore, CimH is a high-affinity, low-capacity citrate transporter and a low-
affinity, high-capacity L-malate transporter that could be involved in the uptake of
both substrates under physiological conditions.

In the 2HCT family, two groups of transporters can be discriminated, with
distinct physiological functions. One group consists of the "classical" secondary
transporters involved in the uptake of substrates, a process that consumes metabolic
energy. The second group consists of exchangers that are involved in the
generation of metabolic energy by a secondary mechanism (22). The transporters
in the latter group, CitP and MleP, catalyze the uptake of a divalent anion, citrate
and malate, respectively, coupled to the excretion of monovalent lactate, which is a
metabolic end product in lactic acid bacteria. Electrogenic exchange of the divalent
precursor and the monovalent product in combination with scalar proton
consumption in the cytoplasmic conversion of precursor into product result in the
generation of a pmf (22). The exchangers have three characteristics that distinguish
them from the other transporters in the family: (i) exchange is catalyzed much
faster than unidirectional transport (4), (ii) an inverse membrane potential drives
unidirectional transport (25), and (iii) a wide range of 2-hydroxycarboxylates is
transported (2). The characteristics of CimH classify the transporter as a
"traditional" one functioning in the uptake of citrate and/or malate. CimH catalyzes
exchange faster than efflux (Fig. 6), but the rate is still much lower than that



observed for CitP and MleP. Attempts to drive citrate uptake catalyzed by an SCN-

diffusion potential failed (not shown). Finally, though CimH transports both citrate
and malate, it fails to translocate one of the monocarboxylic 2-
hydroxycarboxylates, such as lactate, which is essential for precursor-product
exchange.

The 2HCT family contains transporters with very strict substrate
specificities (e.g., CitS) as well as transporters with very broad substrate
specificities (the exchangers). Substrate specificity and mutational studies have
resulted in a model for the binding site of the transporter in the latter group (3, 5,
6). In the model, two interactions between protein and substrate are essential for
binding: one with the hydroxyl and one with the carboxylate group of the 2-
hydroxycarboxylate motif present in all substrates. A third interaction with a
"second" carboxylate group is responsible for high-affinity binding of di- and
tricarboxylates and determines the preference of the transporter for the S
enantiomers of the substrates. The residue involved in this interaction in CitP is
Arg425. Mutation of this residue to Cys resulted in a dramatic loss of affinity for S-
malate, while the affinity for the monocarboxylate 2-hydroxyisobutyrate increased
somewhat (5). As observed for the exchangers, CimH translocates only 2-
hydroxycarboxylates, indicating that interactions with the hydroxyl and the
carboxyl group are essential. CimH is strictly stereospecific and interacts only with
the S enantiomers of malate and citramalate. The Arg residue responsible for the
interaction in CitP is conserved in the family and corresponds to Arg432 in CimH.
The data suggest, as may be expected for homologous proteins, that the global
structure of the binding site in CitP and CimH is the same. Nevertheless, there are
important differences. In CitP, the interaction of the Arg residue with the second
carboxylate is not essential, while it is in CimH. CimH does not accept substrates
that lack the second carboxylate, i.e., monocarboxylates and the R enantiomers of
dicarboxylates. In the future, we plan to study this modulation of substrate
specificity within one family of transporters by mutational studies.
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Abstract
CimH of Bacillus subtilis is a secondary transporter for citrate and malate

that belongs to the 2-hydroxycarboxylate transporter (2HCT) family. Conserved
residues R143, R420, and Q428, located in putative cytoplasmic loops and R432,
located at the cytoplasmic end of the C-terminal transmembrane segment XI were
mutated to Cys to identify residues involved in binding of the 2-
hydroxycarboxylate motif present in the substrates. Replacement of R143, R420
and Q428 with Cys did not affect the kinetic parameters of the transporter
significantly, while replacement of R432 with Cys dramatically reduced transport
activity. Conservative replacement of the latter residue with Lys revealed a 10-fold
drop in affinity for citrate relative to wild-type, and positioning of a positive charge
at position 432 by reacting mutant R432C with the thiol reactive reagent MTSEA
increased the activity 2-fold. In line with previous results obtained with the
homologous transporter CitP of Leuconostoc mesenteroides (Bandell, M. and
Lolkema, J.S. (2000) J.Biol.Chem. 275(50):39130-39136), it is concluded that
R432 in CimH interacts with one of the carboxylate groups of the substrates. 

Labeling of R420C and Q428C, but not R143C, with thiol reactive
reagents inhibited citrate transport activity. Surprisingly, R420C, Q428C were
accessible to the membrane impermeable, negatively charged MTSES reagent from
the external site of the membrane in a substrate sensitive manner. It is suggested
that the access pathway to the binding site from the outside is optimized for
negatively charged substrates. The cytoplasmic loop containing residues R420 and
Q428 is either partly protruding to the outside, possibly in a reentrant loop-like
structure, or, alternatively, a water filled substrate translocation pathway extents to
the substrate binding site located at the cytoplasm-membrane interface.



Introduction
The 2-hydroxycarboxylate transporter (2HCT) family consists of

transporters for L-malate and citrate, some of which have been studied extensively.
The family contains Na+- and H+-symporters (CitS of Klebsiella pneumoniae,
MaeN and CimH of Bacillus subtilis and MaeP of Streptococcus bovis (11, 13, 23,
27), but also citrate/lactate and malate/lactate exchangers found in lactic acid
bacteria (CitP of Leuconostoc mesenteroides and MleP of Lactococcus lactis (1,
17)). The latter transporters are involved in proton motive force generation under
physiological conditions (15, 18, 19). Substrate specificity studies revealed that the
symporters in the family are very specific transporting only citrate and malate,
while the exchangers catalyze a wide range of 2-hydroxycarboxylates (1). The
transporters of the 2HCT family are believed to traverse the cytoplasmic membrane
11 times (25, 26) with the N-terminus and the C-terminus localized inside and
outside the cell, respectively (Figure 1).

Figure 1. Model of membrane topology of CimH. The positions of residues of interest in
CimH are pointed-out. Conserved residues are shaded grey. The inset shows the 2HCT
motif and L-malate and the position of different R groups.

Members of the 2HCT family recognize specifically substrates that contain
the 2-hydroxycarboxylate motif (Figure 1, inset) indicating essential interactions
between sites on the proteins and the hydroxyl and carboxylate groups of the
substrates. The difference between the symporters and the exchangers in the family
is in their tolerance towards the RS and RR groups of the substrates, named after the
S- and R-enantiomers of chiral 2-hydroxycarboxylates (2). The symporters are
strictly stereoselective and accept only CH2COOH at RS and H (in malate) or
CH2COOH (in citrate) at RR (2, 13). In contrast, the exchangers accept groups



differing in size and charge which allows them to translocate both monovalent
monocarboxylates (lactate) and divalent di/tricarboxylates (malate/citrate) which is
essential for their physiological function of generating a membrane potential. The
high tolerance of the exchangers to the R groups of the substrates has allowed the
identification of the C-terminal transmembrane segment XI (TMS XI) and the
preceding cytoplasmic loop, a region that is particularly well conserved in the
family, as part of the substrate binding site by analyzing chimeric transport proteins
(4). More particularly, R425 (CitP numbering) located at the cytoplasmic side of
TMS XI was shown to interact directly with the carboxylate at the RS position
resulting in high affinity binding of di/tricarboxylates (3). The essential interactions
of the proteins with the hydroxyl and carboxylate of the 2-hydroxycarboxylate
motif of the substrates have not been identified. These interactions are likely to be
mediated by residues that are conserved within all members of the 2HCT family.

We have previously described the cloning and characterization of CimH in
the 2HCT family encoded by the ORF designated yxkJ in the B. subtilis genome
sequencing project (13, 14). CimH is a symporter that transports citrate and L-
malate, while it binds but does not transport L-citramalate. Therefore, CimH
recognizes 2-hydroxycarboxylates with a carboxylate at the RS position,
suggesting, in addition to essential interactions with the 2HCT motif, an essential
role for R432 (the equivalent of R425 of CitP) in substrate recognition and
transport. We set out to identify residues involved in the essential interactions with
the substrates of CimH. Besides R432, the conserved residues R143 located at the
cytoplasmic end of TMS IV (see Figure 1), Q428 located one turn of a helix away
from R432, and R420 located in the conserved cytoplasmic loop preceding TMS
XI were selected for mutagenesis. R432 is shown to play a similar role as R425 in
CitP, but, surprisingly, the conserved residues R143, R420 and Q428 could be
mutated to cysteine without loss of activity and, therefore, are not directly involved
in the transport mechanism. Nevertheless, R420 and Q428 are clearly in the region
that is relevant for activity since labeling with thiol reactive reagents inhibited
citrate transport activity of the R420C and Q428C mutants, but not of R143C.
Surprisingly, R420C, Q428C and R432C were all accessible from the periplasmic
site of the membrane by membrane impermeable thiol reactive reagents. The
conserved part of the cytoplasmic loop in front of TMS XI containing R420 and
Q428 is either partly protruding to the outside possibly in a reentrant loop-like
structure, or, alternatively, a water filled substrate translocation pathway extends
all the way down to the substrate binding site located at the cytoplasm-membrane
interface.



Materials and Methods
Strains and Growth Conditions

Escherichia coli strain TOP10 harboring the expression plasmid pETCimH
that contains the gene coding for CimH with a N-terminal His6-tag (13) was
routinely grown in flasks in Luria Bertani Broth (LB) at 37 ºC under continuous
shaking at 150 rpm. Ampicillin was added at a final concentration of 50 µg/ml.
Expression of CimH was induced for 1.5 hr by adding 100 µM
isopropylthiogalactopyranoside (IPTG) when the optical density measured at 660
nm (OD660) of the culture was 0.6.

Construction of Site Directed mutants of CimH
Site-directed mutants of CimH were prepared by a two-step PCR method

using Pwo DNA polymerase for high fidelity amplification (Roche Molecular
Biochemicals, Mannheim Germany). Overlapping primers containing the desired
mutation were used to prepare short PCR fragments with either pETCimH or
pETC-less as template DNA. These PCR fragments were purified from a agarose
gel using the Qiagen gel extraction kit, and used as primer in the second PCR step.
The PCR products of the expected size (1300 bps) were purified from gel and
digested with NcoI and XbaI, ligated into pET302 digested with the same enzymes
and subsequently transformed to E. coli DH5α. Transformants were selected for
ampicillin resistance on LB agar plates. All mutants were sequenced (Baseclear,
Leiden The Netherlands) to confirm the presence of the desired and absence of any
undesired mutations.

Preparation of Right-Side-Out Membrane Vesicles
Right-side-out membrane vesicles (RSO) were prepared by the osmotic

lysis procedure, as described previously (8). Membrane vesicles resuspended in 50
mM potassium phosphate (KPi) buffer pH 6.1 were rapidly frozen in liquid
nitrogen and stored at –80 ºC. Total membrane protein concentrations were
determined using the DC Protein Assay Kit (Bio-Rad Laboratories, USA).

Preparation of Inside-Out Membrane Vesicles
After induction, cells were cooled on ice and harvested by centrifugation at

10,000 x g for 10 min. The cell pellet was washed once with 10 mM Tris-HCl pH 8
buffer and resuspended in a small volume 50 mM KPi pH 7.0. Inside-out (ISO)
membrane vesicles were prepared by passing the cell suspension twice through a
French Pressure Cell operated at 13 KPsi. Cell debris and whole cells were
removed by a centrifugation at 8,000 rpm for 10 min at 4ºC in a Beckman SS34
rotor. Membranes were collected by ultracentrifugation for 20 min at 80,000 rpm at
4ºC in a Beckman TLA 100.4 rotor. After washing once with 50 mM KPi pH 7.0
the ISO vesicles were again pelleted by centrifugation for 20 min at 80,000 rpm in
a Beckman TLA 100.4 rotor and resuspended in 50 mM KPi pH 7.0. ISO vesicles
were rapidly frozen in liquid nitrogen and stored at –80ºC.



Partial purification using Ni-NTA affinity chromatography
ISO membranes were thawed at room temperature and solubilized in 3

volumes 50 mM KPi pH 8 buffer containing 10% glycerol, 1 % aminoxid W35,
100 mM NaCl and 10 mM imidazol pH 8 for 30 min while one ice. Non-
solubilized particles were removed by centrifugation at 4ºC for 5 min in an
Eppendorf Tabletop centrifuge operated at 13,000 rpm. Ni2+-NTA columns were
prepared according to the instructions of the manufacturer. CimH was allowed to
bind for 1 hr at 4ºC after which the column was washed once with 5 volumes wash
I buffer, essentially the same as the solubilization buffer but containing 0.1 %
aminoxid. The column was washed once with 10 volumes wash II buffer,
essentially the same as wash I buffer, but containing 20 mM imidazol and eluted
for 30 min at 4ºC with 2 volumes elution buffer, wash I buffer but pH 7 and
containing 200 mM imidazol pH 7. The protein was stored at –20ºC. Purification
of all mutants was equally successful as purification of wild-type CimH. In all
cases the protein running at a molecular weight of 48 kDa was the most abundant
protein band on a silver- or Coomassie Brilliant Blue (CBB) stained SDS-PAGE
(Sodiumdodecylsulphate Polyacrylamide Gel Electrophoresis) gel.

Immunoblot Analysis
After SDS-PAGE the proteins were transferred to poly(vinylidene

difluoride) (PVDF) membranes (Boehringer Mannheim) using semi dry
electroblotting. The blots were analyzed using monoclonal antibodies directed
against a His6-tag (Dianova, Hamburg, Germany). Antibodies were visualized
using the Western-light chemiluminescence detection kit (Tropix, Bedford, MA).
Expression levels were estimated by determining the fluorescence intensity of each
band corrected for the area as determined using Sigma Scan 2.0 (Jandell
Scientific).

Citrate Uptake in RSO Membranes
Uptake assay in RSO vesicles were performed as described before (13).

Before the addition of [1,5-14C]-citrate (114 mCi/mmol, Amersham Pharmacia,
Roosendaal, The Netherlands), the RSO membranes (final membrane protein
concentration of 0.5 mg/ml) in 50 mM KPi pH 6.1 were incubated for 2 min at 30
ºC with 200 µM phenazine methosulfate (PMS) and 10 mM potassium ascorbate
under a flow of water-saturated air while stirring magnetically. The kinetic
constants were derived from initial rates of uptake determined from the uptake
during the first 10 seconds in duplicate.

Labeling of cysteines
Cysteines were labeled with thiol reactive reagents in RSO in 50 mM KPi

pH 6.1 at room temperature or ISO vesicles in 50 mM KPi pH 7.0 at 37ºC. After
the desired labeling times the reaction was quenched with an excess dithiothreitol
(DTT, 5 mM unless stated otherwise). When applicable, tri-sodium citrate was
added to 1 mM final concentration 5 min prior to labeling, after which RSO
membranes were washed three times in 50 mM KPi pH 6.1 and diluted to 0.5 mg
membrane protein/ml and used for uptake experiments. RSO membranes incubated



without substrate were treated the same and used as a control for efficient substrate
removal. No influence of residual substrate could be found indicating that the
washing was sufficient.

Partially purified protein was labeled with 250 µM fluorescein-5-
maleimide (F-5-M) in 50 mM KPi pH 7.0 and when indicated preceded by labeling
with 1 mM N-ethylmaleimide (NEM) for 15 min at room temperature. After
addition of 5 x SDS sample buffer the protein was run on a 12% SDS-PAGE gel.
The gel was rinsed once with demi water and analyzed on a Lumi-Imager F1
(Roche) by irradiation with UV light using a filter at 520 nM. All samples
containing F-5-M were kept out of bright light until the gel was exposed. After UV
irradiation the gel was CBB stained to compare the used protein levels.

Materials
Na (2-sulfonatoethyl) methanethiosulfonate (MTSES), 2-(trimethylammonium)-
ethyl methanethiosulfonate bromide (MTSET) and 2-ethylammonium methane-
thiosulfonate hydrobromide (MTSEA) were purchased from Anatrace Inc. (Ohio,
USA). NEM was purchased from Sigma-Aldrich BV (Zwijdrecht, The
Netherlands) and F-5-M was purchased from Molecular Probes Europe BV
(Leiden, The Netherlands).



Results
Construction of C-less CimH.

CimH contains two cysteine residues at positions 231 and 402. C231 is
located in the middle of TMS VI and C402 is located the cytoplasmic loop between
TMS X and TMS XI (Figure 1). Two single cysteine mutants, C231S and C402S,
and the C-less mutant (C231S-C402S) were constructed. The two single cysteine
mutants and the C-less mutant were expressed to similar levels as the wild-type as
shown by Western blotting using an antibody directed against the His-tag (Figure
2, inset). Uptake activity in right-side-out (RSO) membrane vesicles using [1,5-
14C]-citrate as the substrate indicated that all mutants showed 14C-citrate transport
activity (Figure 2). Corrected for expression levels, the C231S, C402S and C-less
mutants showed initial uptake rates of 75, 55 and 52 % relative to wild-type,
respectively.

Figure 2. Citrate uptake activity of CimH and
cysteine mutants. Activity determined by 14C-
citrate uptake in RSO vesicles expressing CimH (●),
C231S (▼), C402S (■) or C-less (♦). The insert
shows expression levels as determined by Western-
blotting.

Treatment of RSO membrane vesicles containing CimH, or one of the
mutants, with 5 mM of the membrane permeable thiol reagent N-ethylmaleimide
(NEM) for 15 min did not result in any inhibition of 14C-citrate uptake (data not
shown). The following procedure was followed to show whether or not the cysteine
residues were actually labeled with NEM. CimH and the C231S, C402S and C-less
mutants were partially purified by Ni2+-NTA affinity chromatography and treated
in the detergent solubilized state with the fluorescent label fluorescein-5-maleimide
(F-5-M). As expected the C-less mutant did not label, while CimH was readily
labeled with F-5-M (Figure 3A). Labeling of CimH could be completely prevented
by prior incubation of the solubilized protein with 1 mM NEM for 5 minutes
(Figure 3A).
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Figure 3 A. Accessibility of endogenous
cysteines to thiol reactive reagents in
solubilized state. Labeling of cysteines in
wildtype CimH (lanes 1 and 2), C231S (lanes 3
and 4), C402S (lanes 5 and 6) and C-less (lanes
7 and 8) with F-5-M in solubilized state with or
without prior incubation with NEM (upper
panel). Total protein levels are visualized after
staining with CBB (lower panel).

Figure 3B. Accessibility of endogenous
cysteines to thiol reactive reagents in
membrane embedded state. ISO
vesicles expressing C231S were
incubated with (+) or without (-) NEM
prior to solubilizing and purification of
the protein. NEM labeling was visualized
by labeling with F-5-M (upper panel).
Total protein levels are visualized after
staining with CBB (lower panel).

Treatment of the two single cysteine mutants with F-5-M after purification
resulted in labeling of C231S, but not of C402S. Apparently, the labeling of the
wild type reflects labeling of C402 and not of C231. Similar to wild type CimH,
pretreatment of solubilized C231S with NEM prevented labeling with F-5-M, but
when the mutant was treated with NEM prior to purification, i.e. while the protein
was still embedded in the membrane, labeling with F-5-M after purification was
not prevented (Figure 3B).

In conclusion, the C-less version of CimH is functional, indicating that the
two cysteine residues present in CimH are not essential for citrate transport
activity. Furthermore, the two cysteine residues in the wild type protein are not
accessible to NEM when the protein is embedded in the membrane.

Construction and Activity of the R143C, R420C, Q428C, R432C and R432K
Mutants

Mutants R143C, R420C, Q428C, R432C and R432K were constructed in
both the wild-type and the C-less genetic background. Unexpectedly, R420C in the
C-less genetic background was not expressed to levels detectable by Western
blotting and uptake studies using RSO vesicles showed no 14C-citrate uptake
activity (not shown). All other mutants were expressed to similar levels in the wild-
type and C-less background (see Figure 4, inset).



Figure 4. Effect of thiol reactive reagents on
citrate uptake activity of  cysteine mutants. 14C-
citrate uptake activity of different mutants in RSO
vesicles relative to wild-type. Activity was
measured with (black bars) or without (white bars)
prior incubation with NEM. The inset shows
expression levels as determined after Western
blotting.

Uptake activities of the R143C, R420C and Q428C mutants in RSO
membrane vesicles with 14C-citrate as the substrate were comparable to wild-type
(Figure 4). Kinetic analysis indicated that the affinity and maximal rates of uptake
of these mutants for the substrates citrate, L-citramalate and L-malate were not
dramatically changed (Table 1). Apparently, residues R143, R420 and Q428 do not
play an important role in the catalytic activity of CimH.

Table 1. Kinetic constants of CimH and cysteine mutants. Values for cysteine mutants
are estimates based on Lineweaver-Burk plots of one or two individual experiments.

Mutant Kinetic constants
citrate L-malate L-citramalate

Vmax Km (µM) Vmax KI (mM) KI (µM)
wildtype 37 10 3.3 1.5 100
R143C 50 10 3.3 1 100
R420C 36 14 1.3 1 55
Q428C 33 12.5 3.3 2 35
R432K 31 300 nd nd nd

nd: not determined.

In contrast, replacement of R432 with Cys resulted in the loss of significant
citrate uptake activity (but see below), while the conservative replacement with
Lys severely reduced the activity to about 5 % of the wild type (Figure 4). Kinetic
analysis showed that the affinity constant Km of the R432K mutant for citrate was
around 300 µM which is one order of magnitude higher than observed for the wild
type. The maximal rate of transport Vmax was not significantly altered compared to
the wild-type (Table 1). It follows that the arginine residues at position 432 in the
symporter CimH and the equivalent position 425 in the citrate/lactate exchanger
CitP are involved in high affinity binding of di/tricarboxylates in both transporters.
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Reactivity R143C, R420C, Q428C and R432C with NEM.
Inside-out (ISO) membrane vesicles containing the single Cys-mutants

R143C, Q428C and R432C mutants (C-less background) were treated with NEM,
followed by purification and labeling with F-5-M to assay for the accessibility of
the cysteine residues in the mutants (Figure 5). Mutant R420C was omitted from
these experiments since it does not express in the C-less background. All three
mutants readily labeled with F-5-M in the solubilized state and, in contrast to the
C231S mutant, labeling was prevented by pretreatment of the ISO membranes with
NEM. The cysteine residues at positions 143, 428 and 432 were labeled with NEM
when CimH was embedded in the membrane.

Figure 5. Accessibility of cysteines to thiol reactive reagents. ISO vesicles expressing
R143C (lanes 1 and 2), Q428C (lanes 3 and 4) and R432C (lanes 5 and 6) were incubated
in the absence (-) or presence (+) of NEM prior to solubilizing and purification of the
protein. Reaction with NEM was assessed by F-5-M labeling (upper panel). Total protein
levels are visualized after staining the gel with CBB (lower panel).

Treatment of RSO membranes containing R143C with NEM had no effect
on the citrate uptake activity (Figure 4). A small but significant inhibition was
observed for mutant R420C (wild type background), showing that the cysteine
residue at position 420 is accessible to NEM. The most severe effect of NEM
labeling was observed for the Q428C mutant that was almost completely
inactivated. The different effects on the R420C and Q428C mutants were due to
different kinetics of labeling (Figure 6). The Q428C mutant labeled with NEM
with a half time of about 3-4 min, while, under identical conditions, the R420C
mutant retained about 50% residual activity after 15 minutes of treatment.
Prolonged incubation of the R420C eventually completely inhibited citrate
transport (data not shown).



Figure 6. Kinetics of NEM labeling. RSO
vesicles expressing CimH (●), R420C (■) or
Q428C (▲) were incubated for increasing
periods of time with NEM afterwhich 14C-
citrate uptake activity was determined.
Remaining activities were derived from the
initial uptake rates and are indicated relative
to unlabeled activities.

It is concluded that labeling of a cysteine at position 143 in CimH leaves
the activity of the protein unaltered, while labeling of cysteines at positions 420
and 428 completely inhibit the protein. The reactivity of the cysteine residue in
R420C was significantly lower than observed for the cysteine in Q428C.
Furthermore, the cysteine in the inactive mutant R432C was shown to be accessible
to NEM.

Reactivation of R432C with MTS reagents.
The methanethiosulfonate (MTS) derivatives MTSEA, MTSET and

MTSES represent a set of thiol reactive reagents that differ in size and charge of
the groups attached to the reactive MTS moiety. They react with cysteine residues
on proteins to form disulfides thereby introducing a positive (MTSEA, MTSET) or
negative (MTSES) charge on the protein at the site of the cysteine residue (10),
(21). RSO vesicles containing the inactive R432C mutant were incubated for 15
min with 1 mM of each of the three reagents (Figure 7). A very low uptake activity
of about 0.5 % of the wild-type activity was observed in the untreated membranes
suggesting that the R432C is not completely inactive. When R432C was treated
with MTSES (negative), the initial uptake rate was decreased by a factor of two.
The positively charged MTSET had no effect, but treatment with MTSEA, which
is less bulky than MTSET, resulted in an increase of activity of about a factor of 2
(Figure 7). Since the uptake activities in these experiments were very low, the
uptake of citrate was measured in triplicate at t=30 s for the different conditions.
The results (Figure 7, inset) justified the conclusion that the positive charge of
MTSEA linked to the cysteine introduced at position 432 reactivated the mutant,
while the negative charge of MTSES further lowered the activity. The activation of
the R432C mutant by the MTSEA reagent  is in line with the activity observed for
the R432K mutant and suggest that a positive charge at position 432 improves
substrate binding.
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Figure 7. Reactivation of
R432C with thiol reactive
reagents. Relative 14C-citrate
uptake activity of untreated
(●) vesicles or after treatment
with MTSET (■), MTSES (▼)
and MTSEA (♦). Initial
uptake rates were determined
in three individual
experiments, mean values and
standard deviations are shown
in the inset.

Accessibility of R420C and
Q428C

Depending on their variable group, MTS reagents are either membrane
permeable (MTSEA) or impermeable (MTSES, MTSET). The accessibility of the
cysteine residues at positions 420 and 428 in the C-terminal cytoplasmic loop for
the different reagents was investigated in RSO membrane vesicles. Both the wild
type CimH protein and the R143C mutant were not inhibited by treatment with any
of the MTS reagents (not shown). The R420C mutant in the wild type background
showed severe inhibition when treated with MTSES and MTSEA, but not with
MTSET (Figure 8). The effect of MTSES (impermeable) was more pronounced
than the effect of MTSEA (permeable). Similarly, the single-Cys mutant Q428C
was inhibited by both MTSES and MTSEA and not by MTSET (Figure 8). For
both mutants a rapid labeling of the protein with MTSET was observed after
purification in the detergent solubilized state (not shown). It should be noted that in
these experiments the MTS reagent were used at the same concentration of 1 mM,
while the reactivity of the reagents decreases in the order of
MTSET>MTSEA>MTSES (10). The results suggest that the cysteine residues of
both R420C and Q428C are accessible in RSO membranes to the membrane
impermeable MTSES reagent.
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Figure 8. Protection by citrate against thiol reactive reagents. Effect of different thiol
reactive reagents on the initial rates of 14C-citrate uptake of R420C (left panel) and Q428C
(right panel) expressing vesicles relative to untreated vesicles. Labeling was assessed in the
absence (black bars) or presence (white bars) of citrate. 

The inactivation of mutants R420C and Q428C by the thiol reactive
reagents NEM, MTSEA and MTSES was studied in the presence of substrate
(Figure 8). Labeling of R420C with the reagents was completely prevented by the
presence of 1 mM of citrate during the treatment. In case of R428C, MTSES
labeling was largely prevented in the presence of the same concentration of citrate,
but labeling with NEM and MTSEA, both of which are membrane permeable, was
not influenced. The results indicate that in the presence of citrate, R420C is no
longer accessible from either side of the membrane while in the case of Q428C
substrate blocks the accessibility from the outside, but not from the inside.
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Discussion
Members of the 2HCT family recognize substrates that contain a 2-

hydroxycarboxylate motif. Binding of the substrates is mediated by essential
interactions between sites on the protein and the hydroxyl and carboxylate groups
of the motif. The hydroxyl group was speculated to form hydrogen bonds with the
protein (1), while the carboxylate is likely to recognized via electrostatic
interactions in combination with hydrogen bonding. In search for the sites on the
proteins that interact with the 2-hydroxycarboxylate motif, we mutated four
conserved residues in CimH of B. subtilis, R143, R420, Q428 and R432, that are
positively charged and/or capable of forming hydrogen bonds. Mutation of R143,
R420 and Q428 to Cys did not affect the kinetic parameters of the transporter,
indicating that none of these residues are essential for transport activity.
Substitution of R432 for a cysteine residue greatly reduced citrate transport
activity, which was in line with previous results obtained for the same mutation of
R425, the corresponding residue of R432 in CitP of Lc. mesenteroides. R425 in
CitP was shown to be responsible for the non-essential interaction with the
carboxylate group at the RS position in di/tricarboxylates (see below; (3)). The
results for the R143 and R420 mutations were unexpected since the two arginine
residues are the only conserved positive charges in the 2HCT family, which to date
contains 10 different proteins. Possibly, electrostatic interactions are not involved
in the binding of the carboxylate group of the 2-hydroxycarboxylate motif, or the
group interacts with residues that are not conserved within the 2HCT family.

The 2HCT family contains H+ or Na+ symporters and exchangers that
couple the uptake of the substrate to the exit of a structurally related metabolic end
product of the substrate. CitP of Lc. mesenteroides belongs to the latter group and
exchanges citrate for L-lactate. The affinity of CitP for the tricarboxylate citrate is
three orders of magnitude higher than for the monocarboxylate lactate. It was
demonstrated that R425 of CitP is responsible for the high affinity binding of
citrate by interacting directly with the carboxylate at the RS position (Figure 1),
which is absent in L-lactate (3). R425 of CitP is conserved throughout the 2HCT
family and corresponds to R432 of CimH, which belongs to the symporters in the
family. CimH only transports substrates containing a carboxylate group at the RS
position, i.e. citrate, L-malate and L-citramalate, and it was anticipated that the
interaction of R432 of CimH with the substrates would be more critical than is the
case of R425 of CitP (13). Nevertheless, the properties of the R432 mutants of
CimH suggest a similar role in substrate binding. In both transporters, replacement
of the arginine residue with Cys reduced transport activity by two orders of
magnitude. The conservative arginine-to-lysine mutation resulted in a lowering of
the affinity for the substrate by one order of magnitude. Remarkably, the maximal
rate of the R432K mutant of CimH was unchanged, while the R425K mutant of
CitP showed a strongly reduced maximal rate. It should be noted that the kinetic
modes were different, unidirectional uptake and exchange, for CimH and CitP
respectively. Positioning of a positive charge at the cysteine residues in the
arginine-to-cysteine mutants of the transporters via labeling with MTSEA
enhanced transport activity two-fold and 48-fold for CimH and CitP, respectively.
In contrast, introducing a negative charge by labeling with MTSES reduced



transport two-fold in both transporters. Apparently, the interaction between the
conserved arginine and the carboxylate group at the RS position of the substrates is
not responsible for the lack of binding of L-lactate by CimH. The most prominent
difference between R432 in CimH and R425 in CitP is the accessibility of the
residue from the outside of the cell. Using membrane permeable and impermeable
thiol reagents it was shown that R425 in CitP was not accessible from the outside
(3), while in this study it is concluded that R432 in CimH is accessible from the
outside (see below). This difference may reflect the different physiological
functions of symport and exchange of the transporters in the family.

Wild type CimH and the single-Cys mutants were treated with thiol
reactive reagents both in the detergent solubilized state and in the membrane
embedded state. Three different labeling behaviors were observed. i. Cysteine
residues at positions 143, 420, 428 and 432 were readily labeled both in the
detergent solubilized and in the membrane embedded state, indicating that the
residues are exposed to the aqueous phase in both states. ii. The cysteine at position
231, located in the middle of TMS VI, was not labeled with F-5-M in either state.
F-5-M is believed to react with thiols in a hydrophilic environment, but has also
been reported to be able to penetrate into lipophilic environments and react with
cysteine residues within a detergent micel (7), (28). The complete lack of reactivity
with C231 suggests that this position is buried in the protein structure. iii. The
cysteine at position 402 is readily labeled when solubilized in detergent but not
when embedded in the membrane. The latter observation is in agreement with data
obtained for CitS of K. pneumoniae that show that the cysteine residue at the
corresponding position was not accessible to the thiol reagents 4-acetamido-4’-
maleimidylstilbene-2,2’-disulfonic acid (AmdiS) and 3-(N-maleimido-propinyl)
biocytin (MBP) in everted membrane vesicles, or in whole cells (24). Possibly, the
transporters are present in a higher oligomeric state in the membrane (6, 20), in
which the cysteine at position 402 (CimH numbering) is shielded. While
solubilized in detergent the oligomeric state may be lost, thereby exposing C402 to
the water phase. Alternatively, local conformational changes or increased
flexibility upon solubilization may be responsible for the observed labeling in
detergent solubilized state.

Cysteine residues at positions 420 and 428 in a cytoplasmic loop of CimH
reacted with the membrane impermeable MTSES reagent in RSO membrane
vesicles, indicating that the residues are accessible through the protein from the
exterior side of the membrane. The access pathway is likely to be the substrate
translocation pathway since, i. positions 420 and 428 are close to R432 that
interacts directly with the substrate, ii. labeling of the cysteines at positions 420
and 428 resulted in an inactive transporter, and, iii. substrate binding protected
against inactivation. The membrane permeable thiol reagent NEM reacted
considerably faster with Q428C than with R420C. NEM was found to react much
faster with water accessible cysteines than with cysteines in the lipid phase (12),
suggesting that R420C is only poorly accessible from the water phase.
Surprisingly, membrane impermeable MTSES, which is believed to react only
from the water phase, reacted faster with R420C than NEM. Moreover, at the same
concentrations, MTSES reacted faster with R420C than the positively charged



MTS derivatives MTSEA and MTSET, the latter of which was not reactive at all.
The difference is not caused by different reactivities as MTSES is about 4 times
less reactive than MTSEA and 10 times less than MTSET (10). It is tempting to
explain the different labeling kinetics by assuming that the entrance pathway for
the substrate from the outside in CimH would be optimized for negatively charged
substrates like citrate and malate. The translocation pathway would favor
negatively charged MTSES over the positively charged MTSEA and MTSET, and
neutral NEM to penetrate to R420C. Possibly, membrane permeable MTSEA and
NEM react with R420C (and Q428C) from the inside, which would explain why
membrane impermeable MTSET does not react at all. Interestingly, molecular
modeling studies have shown that MTSES and citrate have very similar molecular
volumes and it was suggested that negatively charged MTSES may be a substrate
analogue (9).

Figure 9. Model for the membrane topology between
TMS X and TMS XI in CimH. The putative location of the
substrate relative to the residues substituted with cysteine is
indicated in grey.

Labeling of the R420C mutant was prevented by the presence of substrate,
irrespective of the nature of the thiol reactive reagent, suggesting that R420 is close
to the substrate in the three dimensional structure of CimH (Figure 9). In contrast,
substrate protected the Q428C mutant against labeling by membrane impermeable
MTSES and not against membrane permeable MTSEA and NEM, suggesting that
the substrate blocks the access pathway to C428 from the outside and not from the
inside (Figure 9).

Similar results were obtained for residues in a cytoplasmic loop of two
related glutamate transporters, GltT of B. stearothermophilus and GLT-1 found in
the central nervous system (5), (22). It was concluded that the cytoplasmic loop in
part traverses the membrane and forms a reentrant loop-like structure as commonly
observed in channels (16). Possibly, the cytoplasmic loop between transmembrane
segments X and XI in the transporters of the 2HCT family is folded in a similar
structure. A more systematic Cys-scanning of this region in CimH is necessary to
confirm this hypothesis.
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Transport of TCA cycle intermediates in Bacillus subtilis
Di- and tricarboxylates found as intermediates in the Tri Carboxylic Acid

(TCA) cycle (Citric Acid Cycle, or Krebs cycle) can be metabolized by many
bacteria and serve as carbon and energy source. Under aerobic conditions the
substrates are oxidized to CO2 and H2O. Under anaerobic conditions multiple
pathways exist. The C4-dicarboxylic acids fumarate and L-malate, that is
dehydrated to fumarate by fumarase, serve as energy source through fumarate
respiration. This respiration leads to the generation of a proton motive force (pmf)
which drives the synthesis of ATP by F0F1-ATPases (for review see (14, 20)).
Succinate produced during fumarate respiration is exchanged for external fumarate
without cost of metabolic energy. The tricarboxylate citrate can also be used under
anaerobic conditions in different mechanisms as described extensively for
enterobacteria (reviewed in (8)). In all cases, citrate is converted to oxaloacetate by
citrate lyase. Bacteria that lack this enzyme, as is the case for Bacillus subtilis, do
not grow anaerobically on citrate. After the conversion of citrate to oxaloacetate
several pathways are possible. In Escherichia coli, oxaloacetate is converted to
malate and subsequently to fumarate by malate dehydrogenase and fumarase,
respectively. Fumarate is used as described above in fumarate respiration. A co-
substrate like glucose is required to supply the reducing equivalents. In Klebsiella
pneumoniae, no co-substrate is needed. Oxaloacetate is converted to pyruvate and
formate by oxaloacetate decarboxylase. This membrane embedded enzyme
functions as a Na+ pump, and conserves part of the free energy (estimated 0.3 mol
ATP/mol citrate) derived from citrate fermentation in the form of a sodium ion
gradient. This gradient can be used by secondary transporters, f.i. Na+ dependent
transport of citrate in K. pneumoniae, or can be converted into a pmf by the action
of Na+/H+ antiporters. Pyruvate is converted first to acetyl-CoA, which is
subsequently converted to acetylphosphate and finally to acetate, a process which
yields one mol ATP/mol citrate (8).

Lactic acid bacteria use fermentative pathways to metabolize the di- and
tricarboxylates malate and citrate. In Lactococcus lactis malate is exchanged for its
decarboxylation product lactate by a specialized transporter (MleP, see 2HCT
family below) which leads to the formation of a membrane potential of
physiological polarity. Furthermore, during the decarboxylation step a cytoplasmic
proton is consumed which results in a pH gradient over the cell membrane. Taken
together this malolactic fermentation results in a pmf that is large enough to drive
ATP synthesis via the F0F1-ATPase (2). In a more complex manner, citrate is
metabolized in Leuconostoc mesenteroides in a citrolactic fermentation (26).
Similar as in malolactic fermentation, divalent citrate is exchanged for monovalent
lactate (by CitP, see 2HCT family below). The pathway in the cytosol converting
citrate into lactate requires three different enzymes and is coupled to glucose
metabolism (25, 26).

For all metabolic pathways described above it is essential that the di- and
tricarboxylates are transported across the cytoplasmic membrane. All known and
putative transporters of di- and tricarboxylates are secondary transporters; they
derive energy from the chemiosmotic gradient of protons or sodium ions to
accumulate the substrate against a concentration gradient.



Di- and tricarboxylate uptake in B. subtilis has been studied in the
seventies and early eighties of the last century. For C4-dicarboxylates two uptake
systems were described. One is an L-malate uptake system that is induced by L-
malate in the medium. It was reported to be responsible for growth on L-malate as
sole carbon and energy source (45). The second system is less specific and claimed
to transport L-malate, succinate and fumarate. It was found in cells grown on yeast
extract (10), in the presence of citrate (9), or expressed constitutively (6). The latter
study in membrane vesicles showed that the transporter was of the secondary type.
Similarly, it was demonstrated that the uptake of the tricarboxylate citrate in B.
subtilis is catalyzed by a secondary transporter (5). Remarkably, uptake of citrate
was dependent on the availability of divalent metal ions (5, 28). Taken together
these reports offer no information on the identity of the transporters that are
responsible for the uptake of these solutes. The availability of molecular and
biochemical techniques greatly facilitated the identification and characterization of
the proteins involved in di- and tricarboxylate transport in B. subtilis. In addition,
the complete genome sequence of B. subtilis (23) yielded valuable information
about all the transport capabilities of this bacterium (35).

In this chapter an overview is given of the di- and tricarboxylate
transporters found in B. subtilis. The protein families to which these transporters
belong, and, if available, the data on functional properties, regulation of
transcription and physiological function of the individual proteins are discussed.

MeCit family
The MeCit family currently consists of 12 homologous proteins that are

found exclusively in bacteria. Some are found in typical pathogenic bacteria, like
Staphylococcus aureus and Neisseria meningitidis, others in typical soil bacteria
like Streptomyces coelicolor or B. subtilis. Until now, only proton-coupled
symporters have been found, but only two members of the family have been
functionally characterized (see below). The hydropathy profiles of members of the
family indicate 11 to 12 hydrophobic regions, indicating 11 to 12 putative
transmembrane segments (TMSs). The membrane topology of the family has not
been determined experimentally. Based on the only two characterized members of
this family, CitM and CitH of B. subtilis, the transporters in the family transport
tricarboxylates in complex with divalent cations. B. subtilis contains in total three
proteins that belong to the MeCit family, CitM, CitH and YraO, the latter of which
has not been characterized.

Characterization
CitM and CitH, designated YflN and YxiQ in the Subtilist database,

respectively, and YraO of B. subtilis share 52 to 61% identical residues and,
additionally, 18 to 25% similar residues. CitM and CitH have been successfully
cloned and functionally expressed in E. coli (7, 22). However, functional
expression of yraO in E. coli hase failed sofar (Krom et al. unpublished results).
Using Right-Side-Out (RSO) membrane vesicles, CitM and CitH were shown to be
secondary transporters that are driven by the transmembrane pH gradient, ∆pH, and



by the membrane potential, ∆Ψ, inside negative (7). This observation indicates that
at least one net positive charge is transported into the cell.

At first, CitH was identified as a transporter for free citrate (7). However, a
more recent study has shown that CitH is a Ca2+-citrate transporter that can also
accept Ba2+ and Sr2+ complexed to citrate but not free citrate (22). The apparent
affinities (Kapp) for the different complexes are very similar, ranging from 33 to 50
µM. In contrast, the maximal rates of transport were at least 3 fold higher for Ca2+

then for Sr2+ or Ba2+. It was shown that Ca2+ is co-transported into the cell.
CitM has been shown to transport Mg2+-citrate, but also Mn2+, Co2+, Ni2+

and Zn2+-citrate. The Kapp’s of the cloned transporter for each complex were again
very similar ranging from 35 to 63 µM and are in line with the Kapp of 40 µM
measured in B. subtilis vesicles for Mg-citrate (5). The maximal rate of transport
ranged from 214 to 661 pmol/mg protein·min for Mn2+ and Co2+, respectively (22).
It has been shown that the divalent cation is transported into the cell, i.e. the
complex of metal and citrate is the transported species. Besides complexes of
citrate with divalent metal ions, CitM transports also isocitrate in complex with
divalent metal ions (Warner et al., unpublished results).

In conclusion, both CitM and CitH transport a metal-citrate complex, but
with complementary metal specificity. It is possible that the two transporters
distinguish metal-citrate complexes on basis of the ionic radii. CitH transports
bulky ions with ionic radii greater than 0.98 Å (22). Since transport by both
proteins was shown to be electrogenic and the Me-citrate complex is monovalent
anionic, at least two protons are co-transported with the Me-citrate complex.

Regulation of expression
The expression of citH was studied with the LacZ-fusion approach, with

the promoter of citH fused upstream of the gene for β-galactosidase (lacZ). Growth
of this strain on plates in the presence of many different di- and tricarboxylates did
not result in any clear induction. However, after a prolonged incubation up to three
days, some expression was observed. Either CitH is constitutively expressed at a
very low level, or induction of expression is growth phase dependent. The first
option is most likely since low citrate transport activity in the presence of Ca2+,
Sr2+ and Ba2+ has been observed in B. subtilis in the exponential growth phase (22).
On the other hand, a DNA array study using 24 two-component regulatory systems
detected on the genome of B. subtilis indicated that the YufLM sensor kinase-
response regulator pair is involved in CitH induction (19). Interestingly, many
genes induced via YufLM are members of the ComK regulon involved in
competence (19). The observed late expression of CitH could indicate that CitH
expression is induced just before or during the development of competence.

The regulation of expression of citM has been studied extensively. CitM
expression requires the presence of Mg2+ and citrate or isocitrate in the medium
(42, 46). Using the citM promoter fused to lacZ it was shown that Mg2+-citrate is
by far the best inducer of expression. Ni 2+, Zn2+ and Co2+ citrate were also capable
of induction, albeit to lower levels (Krom et al. unpublished results).



Figure 1. Schematic overview of the DNA region that contains the citM gene. Arrows
indicate confirmed or putative promoter regions, while terminators of transcription are
indicated by loop structures.

The induction is mediated by a classical two-component signal
transduction system, consisting of the sensor, CitS encoded by yflR, and the
response regulator, CitT encoded by yflQ, both of which are located upstream of
citM (Figure 1). CitT is the DNA binding transcriptional regulator and has been
shown to bind to two regions in the promoter region of citM (46). The induction by
citrate is overruled by the presence of carbon sources that are easier to metabolize,
like glucose, glycerol and inositol (42). Also the combination of succinate and
glutamate and some component(s) in Luria Bertani broth were shown to repress
CitM expression (Warner et al. unpublished results). Repression is mediated by the
classical Carbon Catabolite Repression system as has been shown for numerous
other proteins in B. subtilis (12). A functional Catabolite Responsive Element
(CRE) is located within the promoter region of CitM (27, 42, 46).

The third member of the MeCit family in B. subtilis, encoded by yraO
gene, could not be shown to be expressed under any of many conditions tested
using the LacZ promoter fusion approach (Krom et al., unpublished results). Either
this gene is expressed under very special conditions, or the gene is cryptic.

Physiological Function
B. subtilis grown in continuous cultures with glucose as sole carbon source

results in acid production caused by overflow of the TCA-cycle, and consequently,
rapid acidification of the medium which inhibits growth (11). Co-metabolism of
glucose and citrate resulted in lower acid production and a higher growth yield due
to a better coordination between glycolysis and the TCA cycle. It has been
proposed that elevated levels of Ca2+ in the cell result in inhibition of pyruvate
kinase activity, thus slowing down glycolysis. A specific Ca2+-citrate transporter is
reported to be responsible for this elevated level of Ca2+ in the cell. If this were
indeed the case, CitH may very well be this Ca2+-citrate uptake system.

CitM is the transporter involved in the growth of B. subtilis on citrate and
isocitrate as sole carbon source (Warner et al. unpublished results, (46)). This was
shown by using a CitM deletion strain. It also follows from the fact that CitM
expression is induced by both carbon sources in the medium. Additionally, the
catabolite repression exerted on CitM expression further confirms this role in the
uptake of a carbon and energy source. The effect of CitM expression in the
presence of citrate complexed to toxic heavy metals like Ni2+, Zn2+ and Co2+, on the
growth of B. subtilis was studied (Krom, Huttinga, Warner and Lolkema, submitted
for publication). It was shown that CitM activity in the presence of citrate
complexed to toxic heavy metals dramatically increased the toxic effects of these
metals. The fact that CitM expression is induced best by Mg2+-citrate if compared
to Ni2+, Zn2+ and Co2+-citrate complexes, as well as the toxic effects in the presence



of these heavy metal-citrate complexes, indicate that Mg2+-citrate is most likely the
natural substrate for CitM.

Bergsma and Konings studied Me2+ dependent citrate uptake in membrane
vesicles prepared form citrate induced B. subtilis cells (5). At that time it was not
recognized that citrate transport in B. subtilis could be mediated by at least three
different transporter proteins. Most of the data reported by Bergsma and Konings is
in line with the data found with the cloned system, f.i. the affinities of CitM for
Mg-citrate are in the same range. The observed metal dependence is best explained
by expression of both CitM and CitH at the same time. In the mentioned study the
authors used a different B. subtilis strain, B. subtilis W23, which might explain the
prominent presence of CitH that was not observed in our studies using B. subtilis
168 (22).

DctA family
Several families of secondary transporters that transport C4-dicarboxylates

can be distinguished. In bacteria, four families are specific for C4-dicarboxylates,
the DctA family, members of which are expressed under aerobic conditions, and
three Dcu families, DcuA, DcuB and DcuC, members of which are expressed
under anoxic or anaerobic conditions. No homologues of either one of the Dcu
families were identified in the genome of B. subtilis, while one homologue of the
DctA family was found, and, erroneously, designated DctP (1). The DctA family is
actually a subfamily of the large dicarboxylate/aminoacid:cation symporter
(DAACS (14, 34)) family of transporters found in bacteria, archaea and
eukaryotes. The bacterial DctA subfamily homologues share at least 40% identical
residues (36) and are found in Gram-positive and Gram-negative aerobic or
facultative anaerobic bacteria. All members use either H+ or Na+ as coupling ion
and are around 450 amino acids in length (for a recent review see (14)). For
Rhizobium meliloti DctA a 12 TMS model has been reported using the LacZ fusion
method (15). Members of the glutamate transporter subfamily of the DAACS
family share between 27% and 40% amino acid sequence identity with members of
the DctA family. These proteins contain 8 TMSs and two reentrant loop-like
structures that resemble the pore-loop structures found in ion channels (37, 38).
Because of the high identity between GltT and the DctA subfamily and a very
similar hydropathy profile, a similar membrane topology most likely applies to
members of the DctA subfamily. For symbiotic Rhizobium strains, for which the
host provides malate and other C4-dicarboxylates, DctA transporters are essential.
DctA transporters of Gram-positive bacteria have not been characterized in great
detail

Characterization
To date no cloning and functional characterization of DctP has been

reported. Also no uptake experiments in whole cells using one of the deletion
strains have been described. However, some characteristics of DctP can be deduced
from a study with membrane vesicles of B. subtilis (6). Transport of L-malate,
fumarate and succinate in these membrane vesicles is sensitive to uncouplers. The



substrate specificity show an apparent affinity for L-malate of 13.5 µM, for
fumarate of 7.5 µM and for succinate of 4.3 µM. It should be noted that the results
are based on studies in a very undefined system in which it is unclear whether
additional C4-dicarboxylate transporters are present.

Regulation of expression

Figure 2. Schematic overview of the DNA region that contains the dct operon. Arrows
indicate the direction of transcription, terminators of transcription are indicated by loop
structures.

Expression of dctP can be found in minimal medium in the presence of a
small amount of yeast extract. A functional CRE sequence located in the promoter
region of dctP has been identified (27) indicating that expression is under control
of carbon catabolite repression by f.i. glucose. Interestingly induction is also
prevented by the addition of L-malate in the growth medium while this is one of
the substrates of the transporter (1). It is remarkable to see that the substrates
succinate and fumarate do not induce transcription of the transporter above levels
found when B. subtilis is grown on minimal medium with a small amount of yeast
extract. Possibly the amount of inducer in yeast extract is high enough to yield
maximal expression levels. Induction of expression is regulated via a two-
component sensor system, DctS and DctR, encoded by the ydbFG genes (Figure 2)
and requires the periplasmic binding protein DctB. DctB, a homologue of the
binding protein of the binding protein dependent secondary transporter family (or
TRAP family), is essential for induction of the operon. It was postulated that this
binding protein binds the substrate with high affinity and activates the two-
component system (1, 32).

DctP is required for growth of B. subtilis on fumarate and succinate, but
not on L-malate. The auxotrophic phenotypes for succinate and fumarate, suc- and
fum-, respectively, were also obtained using a binding protein deletion (dctB-)
strain. However, this binding protein is not involved in a transport process.
Expression from an inducible promoter of the transporter, DctP, alone could
complement the fum-/suc- phenotypes of B. subtilis strain dctB- (1).

Physiological Function
DctP is likely the C4-dicarboxylate transporter that is expressed in cells

grown on yeast extract (6, 9, 10, 45). Interestingly in one of these studies a
dicarboxylate binding protein has been identified, purified and characterized (18).
This binding protein has an apparent molecular mass of 41 kDa and can be
extracted from membrane vesicles with detergents indicating a membrane anchor.
The purified binding protein was shown to bind L-malate. However, the role of this



protein in the transport of L-malate in vesicles of B. subtilis is unclear. The
predicted molecular mass of DctB is 40 kDa and the protein has a very
hydrophobic N-terminus indicative of a putative TMS. It is possible that DctB is
the C4-dicarboxylate binding protein described previously (18).

2HCT family
The 2-hydroxycarboxylate transporter (2HCT) family currently consists of

17 members. They are found solely in bacteria and some members of the 2HCT
family have been studied extensively. The family contains Na+- and H+-symporters
(CitS of K. pneumoniae, MaeN and CimH of B. subtilis and MaeP of Streptococcus
bovis (17, 39, 44), but also citrate/lactate and malate/lactate exchangers found in
lactic acid bacteria (CitP of Lc. mesenteroides and MleP of L. lactis (2, 25)). The
latter transporters are involved in secondary metabolic energy generation under
physiological conditions, (citrolactic and malolactic fermentation respectively (24,
26, 30)). Substrate specificity studies revealed that the symporters in the family are
very specific for only citrate or L-malate, while the exchangers catalyze transport
of a wide range of 2-hydroxycarboxylates (2).

Detailed studies have been performed on several members of the 2-HCT
family. CitS has 12 hydrophobic regions in the amino acid sequence, but only 11
span the membrane (40, 41). Studies on the exchangers CitP of L. mesenteroides
and MleP of L. lactis revealed that the last cytoplasmic loop and the C-terminal
TMS are involved in substrate specificity (4). A conserved arginine within the last
TMS was shown to be involved in substrate binding (Krom and Lolkema,
submitted for publication, (3)). Two conserved residues that are close to this
arginine are located in a cytoplasmic loop, which is accessible from the outside. It
is proposed that this cytoplasmic loop forms a pore-loop structure (Krom and
Lolkema, submitted for publication). Two members of the 2HCT family, MaeN
and CimH, are found in B. subtilis and have been functionally characterized to
different extents.

Characterization
MaeN, designated YufR in the Subtilist database, shows the highest

identity to MaeP of S. bovis, a H+ dependent L-malate transporter (17). MaeN was
cloned and functionally expressed in E. coli (44) and was shown to code for a Na+

coupled L-malate transporter. E. coli cells deficient in malate transport could be
complemented for transport of L-malate by MaeN expression. The cells were
unable to grow on minimal medium containing fumarate, succinate or citrate,
indicating that these di- and tricarboxylates are not substrates of MaeN (44).

CimH, designated YxkJ in the Subtilist database, has been cloned and
functionally expressed in E. coli (21). E. coli cells deficient either in malate or
citrate transport could be complemented by expression of CimH, indicating that
both citrate and L-malate are substrates of this transporter. CimH is capable of
citrate and L-malate symport in membrane vesicles, while L-citramalate binds to
the protein but is not transported. Kinetic analysis revealed a high Kapp for citrate,
but a low Vmax, while the Kapp for L-malate is low, but the Vmax high. CimH is
therefor a high affinity low capacity citrate transporter and a low affinity high



capacity L-malate transporter. Citrate is transported in the free anionic state, in
contrast to two other citrate transporters of B. subtilis (see MeCit family) that
require divalent cations for transport. Like most 2-HCT members, CimH is highly
stereoselective, recognizing the S-, but not the R-enantiomers of malate and
citramalate. The driving force for transport has been shown to be the ∆pH
component of the pmf and the ∆Ψ appears to be not involved. This indicates that
transport is electroneutral. At pH 6, the conditions of the experiments, divalent
citrate and malate are the most prevalent anionic species, which suggests that two
protons are co-transported.

Regulation of expression

Figure 3. Schematic overview of the DNA region that contains maeN. Arrows indicate the
direction of transcription, putative terminators of transcription are indicated by loop
structures.

A preliminary study on the expression pattern of maeN has indicated that
expression is induced by L-malate in the medium (1). A two component sensor
system has not been linked to the induction of MaeN expression, although the
yufLM genes are located close to maeN on the chromosome (Figure 3). Based on
amino acid sequence identity the sensor, YufL, is clustered in the CitA family of
sensors for C4-dicarboxylates (14) together with the C4-carboxylate sensors DcuS
of E. coli (35% identical residues), and citrate sensors CitS (31% identical
residues) and CitA (25% identical residues) of B. subtilis and K. pneumoniae,
respectively (16, 46). Remarkably, a DNA array study did not identify maeN as a
potential target for YufL regulation (19). Although MaeN is most likely the
transporter induced by, and responsible for growth of B. subtilis on L-malate (9,
10, 45) some observations remain unexplained. Firstly, none of 24 two component
regulatory systems analyzed could be linked to induction of MaeN expression.
Secondly, the reported induction by L-malate in the medium was subject to carbon
catabolite repression (10), but no typical CRE sequence can be found in the maeN
promoter region (27).

To study the expression of cimH, the promoter of cimH was fused
upstream of the gene for β-galactosidase in the previously mentioned LacZ-fusion
approach. Cultures on plates supplemented with di- or tricarboxylates did not show
induction of expression. However, as observed for citH (see MeCit family),
prolonged incubation of the plates resulted in LacZ activity irrespective of the
carbon source used. Either cimH expression is growth phase dependent, or is
expressed at a very low constitutive level. This last option seems likely since
transport of anionic citrate in the presence of EDTA was observed in B. subtilis in
the exponential growth phase (22). The promoter of cimH contains a functional
CRE sequence suggesting that expression is subject to Carbon Catabolite



Repression (27). Interestingly, a DNA sequence can be identified in the promoter
region of both citH, of the MeCit family, and cimH of the 2HCT family, which is
located at exactly the same position before the translation starting point (Figure 4).
Another two genes in B. subtilis share the same sequence at exactly the same
position; dctB, the C4-dicarboxylate periplasmic binding protein involved in
induction of dctP (see DctA subfamily), and mleA, encoding the malolactic enzyme
found in the mle operon (see NhaC family below). This identical region in the
promoters of these four genes involved in carboxylate transport and metabolism
could indicate that these genes are regulated in a similar fashion.

Figure 4. Alignment of 50 bp of the promoter region upstream of the ATG start codon
(indicated with an arrow) of four ORF's involved in carboxylate transport and metabolism
in B. subtilis. Alignment was prepared using the ClustalX program. Conserved nucleotides
are marked with a star.

Physiological Function
The 2HCT family contains proteins that function as symporters or that can

function as precursor/product exchangers. The latter are involved in the generation
of metabolic energy in lactic acid bacteria, (24, 26, 30). MaeN and CimH probably
function as L-malate and citrate/L-malate symporters, respectively, under
physiological conditions (21, 44). The observation that CimH is a high affinity low
capacity citrate transporter and a low affinity high capacity L-malate transporter is
remarkable. This could mean that the physiological function of CimH is two-fold.
It could be a citrate transporter under conditions where the other citrate
transporters, CitM and CitH (see MeCit family) are not sufficient because citrate
concentrations are too low. It is known that microorganisms contain often both
high and low affinity transporters for the same substrate and that these are
differentially expressed dependent on the external concentration of the substrate
(f.i. the iron transporters of Candida albicans, (33)). In a similar way, CimH could
function as a L-malate transporter when higher concentrations of L-malate are
present, while MaeN is present under conditions of low L-malate concentrations.
These hypotheses remain to be tested.

NhaC family
In general, the function of Na+/H+ antiporters is believed to lie in regulation

of internal pH in circumstances of alkaline external pH as well as in Na+

homeostasis. In addition Na+/H+ antiporters have a role in Na+ resistance (29). In B.
subtilis only members of the NhaC family are present (35).

The NhaC family of Na+/H+ antiporters is relatively small and found in
Gram positive and Gram negative bacteria and in archaea. Two members have



been characterized (13, 44). The proteins are around 460 amino acids long and
contain 12 putative TMSs. B. subtilis contains two proteins that are member of this
family (35), YheL that functions as a genuine Na+/H+ antiporter (and is not further
discussed here), and MleN, that couples Na+/H+ exchange to the exchange of
malate and lactate (44).

Characterization
MleN, designated YqkI in the Subtilist database, was cloned and

functionally expressed in E. coli. Everted membrane vesicles expressing MleN
showed that Na+-lactate uptake was strictly dependent on the presence of
intravesicular L-malate. This exchange in everted membrane vesicles was ∆pH
dependent, indicating that exchange involves movement of one or more protons.
Furthermore, MleN catalyzed electroneutral exchange, between malate (outside)
and lactate (inside). It was concluded that MleN catalyzes most likely 2H+-malate2-

/Na+-lactate- exchange.

Regulation of Expression
No information is available on the regulation of expression of mleN.

Mostly based on the proposed physiological function (see below), it was suggested
that mleN expression would be induced under low pmf conditions. Interestingly,
the gene mleA, in the same operon as mleN (Figure 5) contains the same DNA
sequence in the promoter region as found for citH of the MeCit family and cimH of
the 2HCT family (Figure 4). This suggests a similar regulation of expression for
these genes.



Physiological function

Figure 5. Schematic representation of the DNA region that contains the mle operon. The
arrow indicates the direction of transcription. A putative terminator of transcription is
indicated with a loop structure.

MleN is found in an operon with ORF mleA (Figure 5). MleA is predicted
to be a malolactic enzyme that converts malate directly into lactate and CO2. The
following novel malolactic fermentation pathway was proposed. H2-malate enters
the cell via malate-lactate antiport catalyzed by MleN and is converted into lactate
and CO2 by MleA. The conversion of cytoplasmic malate to lactate requires the
consumption of a cytoplasmic proton. Lactate- is exchanged together with one Na+

for external H2-malate in an electroneutral transport step. The net entry of one
proton (two enter with malate and one is consumed by the decarboxylation step)
result in acidification of the cytoplasm. The process results furthermore in
extrusion of one Na+ that might be important for maintaining the Na+ homeostasis
of the cell. It is proposed that B. subtilis uses this pathway as an alternative Na+/H+

antiport mechanism in Na+ resistance under conditions of low pmf (44). It has been
shown that B. subtilis grown on malate under conditions of low pmf requires MleN
activity for growth. Until now, this is the first and only report of coupling of Na+

efflux to product-precursor exchange.

Miscellaneous transporters
The genome of B. subtilis (23) contains many proteins with unknown

functions. Based on homology to proteins with known function, putative
transporters of di- and tricarboxylates may be assigned. Only one additional
transporter was identified that could potentially be involved in growth of B. subtilis
on di- and tricarboxylates. Two other ORF’s are annotated in the Subtilist database
as putative α-ketoglutarate transporters, but are probably not.

YflS is located close to the citM gene (see Figure 1) on the genome of B.
subtilis. The product of this gene belongs to the ubiquitous family of divalent
anion:Na+ symporters (DASS (35)) and all members are around 450 amino acids in
size. They contain 12 hydrophobic regions indicative of 12 putative TMSs (31).
Members of this family transport inorganic anions, like sulphate and phosphate, but
also organic anions like di- and tricarboxylates and acidic amino acids. The product
of yflS is homologous to CitT, the citrate-succinate antiporter of E. coli that is
expressed under anaerobic condition (31). CitT is located in an operon involved in
the metabolism of citrate under anaerobic condition similar to the operon for
anaerobic citrate metabolism in K. pneumoniae. In the latter case, CitS, belonging
to the 2HCT family is the citrate transport protein. Genes for anaerobic citrate



metabolism, like citrate lyase that converts citrate into oxaloacetate (8), and
oxaloacetate decarboxylase involved in Na+ pumping in K. pneumoniae, are not
present in the genome of B. subtilis. This means that B. subtilis is probably not
capable of anaerobic growth on citrate which makes it unlikely that YflS is
involved in citrate-succinate antiport as is CitT of E. coli. YflS has the highest
identity with SOT1 found in chloroplasts of Spinacia oleraceae (35% identity to
CitT, 53% to SOT1). SOT1 has been extensively characterized (43) and was shown
to import α-ketoglutarate in exchange for stromal malate. Besides malate also
succinate, fumarate and α-ketoglutarate could be used as counter ions. Possibly
YflS transports one of the substrates.

Two gene products, YoaB and CsbX, are homologous proteins that have
been annotated in the Subtilist database (http://genolist.pasteur.fr/SubtiList/) to
transport α-ketoglutarate. However, no sequence homology can be found with
known α-ketoglutarate transporters e.g. KgtP of E. coli. Homology searches using
BLAST show that the proteins are more homologous to the ribitol transporter,
RbtT of E. coli and K. pneumoniae and arabinitol transporter DalT of K.
pneumoniae. We therefor conclude that both CsbX and YoaB are most likely not
involved in transport of di- or tricarboxylates in B. subtilis.

Conclusion
Transport of TCA intermediates in B. subtilis is catalyzed by both proton

and sodium dependent secondary transporters. A variety of protein families are
involved and overlapping substrate specificities between several transporters has
been found (Table 1). Multiple transport systems thus could be involved in growth
on a certain substrate as sole carbon and energy source. No known or putative
transport system for oxaloacetate, cis-aconitate and α-ketoglutarate could be
identified in the genome sequence of B. subtilis (23).

Table 1. Transporters (possibly) involved in transport of TCA intermediates in B. subtilis.
TCA intermediate Confirmed transporter Possible transporter
citrate CitM, CitH and CimH YraO and YflS
cis-aconitate - -
isocitrate CitM CitH and YraO
α-ketoglutarate - -
succinate DctP YflS
fumarate DctP YflS
malate MaeN, MleN, DctP and CimH YflS
oxaloacetate - -

In conclusion, DctP probably mediates the observed transport of all three
C4-dicarboxylates, while the L-malate induced system probably represents MeaN
activity. The C4-dicarboxylate binding protein (18), most likely DctB, is involved
in regulation of expression of DctP but not in the transport process. For citrate the
Me2+ mediated uptake is mediated by two transporters CitM and CitH of the MeCit
family, while the uptake of free citrate is mediated by CimH.
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Samenvatting

Levende cellen zijn omgeven door een membraan dat de inhoud van de cel
(het cytoplasma) afschermt van de buitenwereld. Dit membraan, cytoplasma-
membraan genoemd, vervult verscheidene functies waarvan energie-overdracht een
zeer belangrijke is. Energie-overdracht in membranen vindt plaats door het
aanleggen van concentratieverschillen (gradiënten) van ionen over het membraan.
Een veel voorkomende gradiënt is het verschil in concentratie van protonen tussen
de compartimenten aan weerszijden van het membraan. De cel kan op
verschillende manieren deze protonen-gradiënt aanleggen. Energie vrijgekomen uit
de verbranding van suikers of opgenomen uit licht wordt door gespecialiseerde
systemen gebruikt om protonen de cel uit te pompen. Hierdoor komen er aan de
buitenkant van de cel veel meer protonen dan aan de binnenkant. Door deze
ongelijke verdeling van protonen ontstaat een ladinggradiënt (protonen zijn positief
geladen) en een concentratiegradiënt. Deze gradiënten oefenen een naar binnen
gerichte kracht uit op de protonen. Deze kracht wordt de proton drijvende kracht
(proton motive force, pmf) genoemd. De pmf is de drijvende kracht voor veel
energieafhankelijke processen en kan onder andere gebruikt worden om
voedingsstoffen op te nemen en op te hopen in de cel, en om afvalstoffen uit te
scheiden.

Figuur 1. Schematische voorstelling van het cytoplasmamembraan met een
transporteiwit. De kopgroepen van de fosfolipiden zijn weergegeven als rondjes terwijl de
twee staartgroepen weergegeven zijn als lijntjes. De verdeling in hydrofiele en hydrofobe
gebieden van het membraan is aan de rechterkant aangegeven. In dit geval is opname door
het transporteiwit van één enkele stof aangegeven.



transporteiwitten bezit die citroenzuur kunnen opnemen. De opname van
citroenzuur door de cellen van E. coli geeft de activiteit van het B. subtilis eiwit
weer. Op deze manier is voor zowel CitM als CitH aangetoond dat het
transporteiwit inderdaad het complex van citroenzuur met het metaal opneemt
(Hoofdstuk 2). Omdat toepassing van genetisch gemodificeerde bacteriën (nog)
niet maatschappelijk geaccepteerd is, is het belangrijk om te onderzoeken of de in
de natuur veel voorkomende bacterie B. subtilis ook het metaalgebonden
citroenzuur opneemt in de cel en het metaal ophoopt. Onderzoek heeft aangetoond
dat dit inderdaad het geval is, CitM activiteit in B. subtilis resulteert inderdaad tot
ophoping van metalen in de cel (Hoofdstuk 3). Echter omdat de zware metalen
giftig zijn hebben de bacteriën er zelf ook last van. De bacteriën beschermen
zichzelf tegen de ophoping van deze zware metalen door het CitM eiwit uit te
schakelen.

Het derde transporteiwit dat onderzocht is, CimH, herkent het vrije
citroenzuur (Hoofdstuk 4) en niet het complex van metaal met citroenzuur zoals
CitM en CitH. CimH transporteert naast citroenzuur ook appelzuur (L-malaat).
Activiteit van CimH kan dus mogelijk een probleem opleveren in een eventuele
toepassing van B. subtilis om zware metalen uit het milieu te verwijderen. Door
opname van niet metaal gebonden citroenzuur blijft minder citroenzuur
beschikbaar voor het binden van het metaal. Echter, uit onderzoek blijkt dat CimH
niet aanwezig is als CitM wel aanwezig is in B. subtilis. De omstandigheden
kunnen bij een toepassing zo worden gekozen dat het eiwit CimH niet aanwezig is.

Een belangrijke vraag in het onderzoek van transporteiwitten is hoe
secundaire transporters de pmf kunnen gebruiken om wateroplosbare stoffen op te
hopen. Een belangrijke eerste stap voor beantwoording van deze vraag is om na te
gaan hoe het eiwit eruit ziet. Gedetailleerde informatie over de structuur van een
eiwit kan verkregen worden met behulp van biochemische technieken. Een veel
gebruikte en succesvolle techniek is gebaseerd op het plaatsen van het aminozuur
cysteïne op gedefinieerde plaatsen in het eiwit. Door gebruik te maken van stoffen
die specifiek met deze cysteïne reageren, kan allerlei informatie verkregen worden,
bijvoorbeeld of de cysteïne in een gebied ligt dat toegankelijk is voor water, of juist
niet. Ook kan worden nagegaan of de cysteïne ten opzichte van het membraan zich
binnen of buiten de cel bevindt. Verder is het mogelijk om door twee cysteïnes in
te brengen de afstand tussen deze twee aminozuren te bepalen.

CimH behoort tot een groep transporteiwitten waarvan in ons laboratorium
een groot aantal uitvoerig bestudeerd is. De structuur en functie van CimH is in dit
verder onderzocht. Middels het plaatsen van cysteïnes op specifieke plaatsen in het
eiwit is de functie van enkele aminozuren en een deel van de structuur van het
eiwit opgehelderd (Hoofdstuk 5). Een deel van een lus die twee transmembraan
segmenten van CimH met elkaar verbindt en die in het cytoplasma is gelegen
toegankelijk is vanaf de buitenkant. Het moet dus zo zijn dat deze lus óf zelf naar
buiten komt, óf dat er een watergevulde toegangsweg is (zie Figuur 2). Verdere
studie van dit gedeelte van het eiwit moet uitwijzen wat de juiste structuur is.



Het cytoplasmamembraan bestaat uit (fosfo)lipiden en eiwitten. De
fosfolipiden zijn opgebouwd uit een kopgroep, die wateroplosbaar is (hydrofiel),
en een staartgroep, die niet wateroplosbaar is (hydrofoob). Door deze opbouw
vormen de lipiden van nature een dubbele laag, de kopstukken zijn naar de
waterfase gericht terwijl de staartstukken naar elkaar zijn gericht (zie Figuur 1). In
de ruimte tussen de kopstukken bevindt zich geen water. Stoffen die oplossen in
water kunnen deze lipide dubbellaag niet passeren. Om toch wateroplosbare stoffen
van buiten naar binnen, of andersom, te kunnen transporteren, bevinden zich
transporteiwitten in het membraan die gespecialiseerd zijn in de opname of
uitscheiding van één of enkele substraten. Eiwitten zijn moleculen die uit ketens
van aminozuren bestaan. Veel eiwitten worden enzymen genoemd en fungeren als
de werkpaarden van de cel. Nagenoeg alle processen in de cel komen tot stand door
specifieke eiwitten, dus ook het transport van wateroplosbare stoffen door het
cytoplasmamembraan. Deze eiwitten, transporteiwitten genoemd, liggen in het
membraan ingebed (Figuur 1). Transporteiwitten zijn feitelijk enzymen die één of
meerdere stoffen van de ene kant van het membraan naar de andere kant
transporteren. Een grote groep van transporteiwitten gebruikt de pmf als drijvende
kracht. Deze groep, de secundaire transporters, is onderwerp van het onderzoek dat
in dit proefschrift gepresenteerd wordt.

In dit onderzoek is nagegaan of de activiteit van transporteiwitten kan
worden gebruikt om zware metalen uit het milieu te verwijderen. Twee transporters
van de in de grond levende bacterie Bacillus subtilis, CitM en CitH genoemd,
herkennen citroenzuur alleen als dat gebonden is aan een metaalion. CitM herkent
specifiek citroenzuur als dat gebonden is aan magnesium, mangaan, nikkel, kobalt
en zink, terwijl CitH complexen van citroenzuur met calcium, barium en strontium
herkent (Hoofdstuk 2). CitM is interessant om milieubiotechnologische redenen.
Nikkel, zink en kobalt zijn giftige zware metalen die zo min mogelijk in het milieu
vrij mogen komen. Daarom is onderzocht of CitM gebruikt kan worden om zware
metalen uit afvalwater te verwijderen. De gedachte is dat door toevoeging van
citroenzuur aan afvalwater complexen ontstaan tussen het citroenzuur en de zware
metalen. Deze complexen kunnen worden opgenomen door bacteriën die het CitM-
of CitH-eiwit bevatten. Doordat citroenzuur in de cel wordt afgebroken, maar het
metaal niet, kan het metaal worden opgehoopt in de bacterie. Door deze
milieubiotechnologische toepassing zou dus voorkomen kunnen worden dat zware
metalen in het milieu terechtkomen.

Informatie omtrent de functie van eiwitten kan voornamelijk worden
verkregen met moleculair biologische technieken, o.a. genetische manipulatie. Het
gen voor het gewenste eiwit kan in een bacterie ingebracht worden, en vervolgens
kan de bacterie aangezet worden om het eiwit te produceren. De eigenschappen
van deze gemodificeerde bacteriën kunnen vergeleken worden met die van niet
gemodificeerde bacteriën. Het verschil wordt bepaald door de functie van het eiwit.
In dit proefschrift is gebruik gemaakt van deze techniek om de functie te
bestuderen van een drietal citroenzuur (citraat) transporterende secundaire
transporters. De eiwitten zijn afkomstig van een grond-bacterie, B. subtilis. De
darmbacterie Escherichia coli is gebruikt om deze transporteiwitten te
karakteriseren. Deze bacterie was gekozen als gastheer omdat, E. coli zelf geen



Figuur 2. Schematische voorstelling van de laatste cytoplasmatische lus van CimH. De
cirkels geven de posities aan waar een cysteïne geplaatst is, C geeft het C-terminale einde
van het eiwit weer. Links staat de lus afgebeeld die naar buiten steekt. Rechts staat de lus
afgebeeld die toegankelijk is via een watergevulde doorgang in het eiwit.

Een inventarisatie van alle in B. subtilis voorkomende transporteiwitten die
citroenzuur of daaraan gerelateerde stoffen kunnen transporteren, laat duidelijk
zien dat B. subtilis een zeer veelzijdig organisme is (Hoofdstuk 6). Waarschijnlijk
doordat deze bacterie in de grond leeft, waar het een verscheidenheid aan
omstandigheden tegenkomt, heeft het relatief veel transporteiwitten voor
verschillende, aan citroenzuur gerelateerde, stoffen. Een groot aantal van deze
transporteiwitten is bestudeerd en het blijkt dat er zelfs verschillende
transporteiwitten zijn voor dezelfde voedingsstoffen. B. subtilis heeft dus
voldoende mogelijkheden om gebruik te maken van alle mogelijke voedingsstoffen
in de natuurlijke omgeving.



Summary

Living cells are surrounded by a membrane that shields the content of the
cell (the cytoplasm) from the outside. This membrane, the cytoplasmic membrane,
has several functions, of which energy transduction is a very important one. Energy
transduction occurs via the formation of concentration gradients of ions across the
membrane which can be created and maintained by several energy requiring
systems. For example, energy derived from sugar metabolism or from light can be
used by specialized systems to pump protons out the cell. This results in a lower
concentration of protons inside of the cell relative to outside. Because protons are
positively charged this difference in proton concentration results also in a
difference in charge (negative inside relative to outside). These gradients exert an
inward directed force on the protons located at the outside. The force is termed the
proton motive force (pmf). Energy stored in the pmf can be used for several energy
requiring processes one of which is transport of solutes across the cytoplasmic
membrane.

Figure 1. Schematic representation of the cytoplasmic membrane with an embedded
transport protein. The headgroups of the phospholipids are indicated by circles while the
tailgroups are drawn as lines. The separation between hydrophobic and hydrophilic regions
of the system is indicated on the right-hand side of the figure. In this case, inward directed
transport of a single solute is shown.

The cytoplasmic membrane consists of proteins and (phospho)lipids. The
phospholipids have headgroups that are soluble in water (hydrophilic), and usually
two tailgroups that are not (hydrophobic). Because of these characteristics,
phospholipids assemble into a bilayer in which the headgroups are directed
outward, to the waterphase, while the tails are directed towards each other (Figure
1). In the space between the headgroups no water is present and solutes that are
soluble in water have great difficulty passing the membrane. To transport water-



soluble substrates across the membrane, cells contain specialized transporter
proteins. Proteins consist of a chain of amino acids. Many proteins are enzymes
that perform work in the cell. All processes in the living cell are catalyzed by
specialized proteins, as is the case for the transport of water-soluble substances
across the cytoplasmic membrane. Transport proteins are embedded in the
membrane (Figure 1), and catalyze the transport of a solute from one side of the
membrane to the other.

One group of transport proteins is the secondary transporters that use the
pmf to drive transport. This group of proteins is the subject of the research
presented in this thesis. The objective was to investigate the application of
secondary citrate transporters to remove heavy metals from aqueous solutions. Two
secondary citrate transporters of the soil bacterium Bacillus subtilis, CitM and
CitH, recognize citrate only when it is complexed to divalent metals. CitM
recognizes citrate bound to magnesium, manganese, cobalt, nickel and zinc, while
CitH recognizes citrate bound to calcium, barium and strontium (Chapter 2). CitM
activity is interesting for biotechnological reasons. The heavy metals nickel, zinc
and cobalt are toxic and should not be released in the environment. It was
investigated whether CitM activity could be used to remove these heavy metals.
The idea was to bind the heavy metals in solution to citrate and accumulate these
complexes in bacterial cells. Citrate will than be metabolized within the cell so that
the metal will accumulate.

Functional characterization of proteins is usually achieved with molecular
biological techniques such as genetic manipulation. The gene encoding a protein of
interest can be placed in a bacterial cell and subsequently induced to produce the
protein. By comparing the properties of cells producing the protein with non-
producing cells information can be obtained about the function of the protein. In
this thesis we used this technique to elucidate the function of three citrate transport
proteins. The genes encoding these proteins are taken from B. subtilis and placed in
Escherichia coli. Escherichia coli was used as a host because this bacterium does
not possess a citrate transporter of its own. Thus, the accumulation of citrate in E.
coli represents the activity of the B. subtilis protein. Accordingly, it was shown that
CitM and CitH of B. subtilis catalyze the transport of citrate in complex with
divalent metals, and that the entire complex is transported into the cell (Chapter 2).
Because the application of genetically modified organisms is not generally
accepted, the application of naturally occurring B. subtilis to remove the metals
was investigated. It was shown that the activity of CitM in B. subtilis does indeed
result in increased accumulation of heavy metals in the cell (Chapter 3). However,
since heavy metals are toxic, they kill the bacterium. To protect itself, the
bacterium changed CitM in such a way that the protein is no longer active and
metal is no longer accumulated.

The third citrate transport protein that was studied, CimH, that recognizes
free citrate, but not citrate in complex with metals like CitM and CitH (Chapter 4).
Besides citrate also L-malate is recognized and transported by CimH. The activity
of CimH could potentially interfere with a possible application of CitM or CitH
because transport of free citrate could lower the citrate concentration and thus the



amount of metals that is complexed and accumulated. Fortunately, it was shown
that CimH is not present when CitM is in B. subtilis.

An important question within the research field of secondary transporters,
is how these proteins use the pmf to drive transport of a solute across the
membrane. To answer this question it is important to get besides functional also
structural information on the transport proteins. Detailed structural information of
proteins can be obtained using biochemical approaches. A very powerful and
widely used method is the insertion of single cysteine residues at defined positions
within the protein. Using chemicals that specifically react with these cysteine
residues, information on the position and surroundings of the cysteine can be
obtained. Questions can be answered such as: is the residue in contact with water?;
Is the residue located on the inside or outside of the cell?; Is the residue that has
been replaced by the cysteine important for the function of the protein?; Insertion
of two cysteines at different positions in the protein allows determination of the
distance between these two positions.

CimH belongs to a group of proteins, of which many have been studied in
our laboratory. We investigated the structure of CimH by placing single cysteine
residues in defined places within the protein. We have elucidated the function of
one residue and part of the structure of the protein. A cytoplasmic (internal) loop of
the protein is accessible form the exterior of the cell. Either this loop protrudes to
the outside, or a water filled pathway exists that contains these residues (Figure 2).
Further study on this loop will show which of the two models is correct.

Figure 2. Two models representing the structure of the last cytoplasmic loop of CimH.
Circles indicate the positions that have been replaced by cysteine residues, C indicates the
C-terminus of the protein. The model on the left-hand side shows the loop protruding to the
outside. On the right-hand side the loop is depicted as part of a water filled pathway within
the protein.

An overview of all transport protein for citrate or citrate related compounds
in B. subtilis clearly shows that B. subtilis is a versatile organism. Possibly because
B. subtilis lives in the soil, where it might endure various conditions, the bacterium
possesses an array of transport proteins for citrate or citrate related compounds.
Many of these proteins have been studied and it appears that different transport
proteins catalyze transport of the same compounds. Bacillus subtilis is thus able to
utilize an array of transport proteins to accumulate the different substrates that it
might encounter under different conditions.
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