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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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