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Het is onwaarschijnlijk dat de lage intracellulaire mangaan
concentratie in de door Hao et al. (1999) geconstrueerde
Lactobacillusplantarum mutant het gevolg is van uitschakeling van
hetmntAgenalleen.
Hao, Z., H.R. Reiske and D.B. Wilson. 1999. Characterization of cadmium uptake
in Lactobacillus plantarum and isolation of cadmium and manganese uptake
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De bijdrage van chemische stappen in bioconversies van
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4.

Het onschuldige imago van kruiden voor culinaire en therapeutische
doeleinden is bedrieglijk bij excessief gebruik of gebrek aan
taxonomischekennis.
Craig, J. 1999. Health-promoting properties of common herbs. Am. J. Clin. Nutr.
70:491-499.

5.

De poging van Schrezenmeir en De Vrese (2001) om een definitie
voor probiotica te formuleren, is gedoemd te mislukken als deze
wetenschappers lactobacillen niettotdebacterienrekenen.
Schrezenmeir, J., and M. de Vrese. 2001. Probiotics, prebiotics, and synbiotics approaching adefinition.Am.J.Clin. Nutr. 73 (suppl): 361S-364S.
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Chapter 1.
General Introduction and Outline

Chapter1

General Introduction
Benzaldehyde
Benzaldehyde is an aromatic flavor compound that is responsible for the
taste and odor that istypical for bitter almonds. Inquantity, benzaldehyde
follows vanillin in application in the flavor and fragrance industries (Welsh
ef a/., 1989). The difference in price of a natural compound and its
chemically synthesized counterpart can be considerable, for example
synthetic benzaldehyde is selling at U.S. $ 2-2.6 kg"1 whereas the natural
bitter oil of almonds costs U.S. $ 290-400 kg"1 (Clark, 1995). The world
usage of benzaldehyde in 1994was approximately 13,000 Mtons ofwhich
100Mtonswasof naturalorigin (Clark, 1995).The major synthetic routeto
produce benzaldehyde presently proceeds via the direct oxidation of
toluene using cobalt as catalyst. This process was initially designed to
produce benzoic acid but the byproduct benzaldehyde was found to be
worth morethanthe main product (Clark, 1995).
The difference in price of natural versus chemically synthesized
benzaldehyde, combined with the increasing consumers demand for so
calledgreenflavors,which havea healthy image, hasdirectedthe interest
of flavor and fragrance industries to flavors that can be labeled natural.
Natural benzaldehyde is present as a cyanogenic glycoside (called
amygdalin) in the pit meat of fruits from the Prunus family (including
cherries, plums, abricots and nectarines) and can be liberated from these
sources by extraction. However, hydrocyanic acid is an undesirable, toxic
byproduct of the extraction of benzaldehyde from these sources. An
alternative way to produce natural benzaldehyde without the risk of
formation of this toxic byproduct, can be the exploitation of microorganisms astoolforthe production of benzaldehyde.
Microbial production of benzaldehyde
The amino acid phenylalanine can be used as precursor for conversion to
aromatic flavor compounds such as benzaldehyde, phenylethanol and
phenylacetate. This process isaided bya plentiful cheapsupplyof natural
phenylalanine, which has become available as an intermediate of the
synthesis of the high-intensity sweetener aspartame (Krings and Berger,
1998). Several pathways have been proposed for the conversion of
phenylalanine to various aromatic flavor compounds (Figure 1).
Phenylalanine isinitially degraded to either cinnamicacid or phenylpyruvic
acid. The pathway leading to cinnamic acid is catalyzed by a
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phenylalanine-ammonia-lyase (PAL) while the phenylpyruvic acid can be
produced by the action of an aminotransferase, dehydrogenase (Oshima
et al., 1991;Hummel ef al., 1984) or phenylalanine oxidase (FernandezLafuente et al., 1998; Braun et al., 1992; Koyama, 1982). In general, the
PAL-catalyzed degradation of phenylalanine is predominantly found in
fungi (Jensen ef al., 1994; Kawabe and Morita, 1994; Lapadatescu et al.,
2000) whereas bacterial conversion is initiated by the activity of an
aminotransferase (Yvonefal.,1997;Caseyand Dobb,1992).
Benzaldehyde production in culture medium supplemented with
phenylalanine has been demonstrated for thewhite-rot fungi Ischnoderma
benzoinum (see route 1 in Figure 1; Fabre ef al., 1996; Krings ef al.,
1996), Polyporustuberaster (Kawabe and Morita, 1994),Phanerochaete
chrysosporium(see route 2 in Figure 1;Jensen ef al., 1994),Bjerkandera
adusta (see route 3 in Figure 1; Lapadatescu ef al., 1999),Dichomitus
squalens(Gallois ef al., 1990). Only afew reports on bacterial production
of this flavour compound are available. A Pseudomonas putida strain
(ATCC 55012)was isolated from asoil sample inenrichment experiments
for growth on phenylalanine and mandelate. This strain was reported to
catabolize phenylalanine through phenylpyruvic acid, phenylacetaldehyde
and phenylacetate. Phenylacetate is subsequently converted to
mandelate, phenylglyoxylate and finally benzaldehyde. The exploitation of
this pathway for the production of benzaldehyde has been patented (see
route 6 in Figure 1;Geusz andAnderson, 1992).The genes encoding the
mandelate dehydrogenase and benzoylformate decarboxylase, the
enzymes involved in the conversion of mandelate to benzaldehyde in
Pseudomonasputida (ATCC 12633), have been cloned (see route 5 in
Figure 1; Tsou ef al., 1989,1990). A combined method, using microbial
conversion of phenylalanine to phenylpyruvic acidfollowed byan oxidation
step to the aldehyde using a mild base treatment, has been reported to
result in high yields of benzaldehyde (Casey and Dobb, 1992). A major
drawback is that the pathogenic strain Proteus vulgariswas used for the
formationof phenylpyruvic acid.
Phenylalanine degradation bylactic acid bacteria
Enzymatic degradation of amino acids in cheese and in other fermented
foods isbelievedtogenerate compounds importantforthedevelopment of
flavor. Degradation products of phenylalanine, including benzaldehyde,
have been found in several different types of cheese (Bosset and Gauch,
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1993; Molimard and Spinnler, 1996) and may have resulted from the
pathway presented inFigure2.
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Figure 1. Overview of the pathways described in literature for the degradation of phenylalanine to
various aromatic flavor compounds. The numbers refer to the following references: 1. Ischnoderma
benzoinum (Krings et al., 1996); 2. Phanerochaete chrysosporium (Jensen ef al., 1994); 3.
Bjerkandera adusta (Lapadatescu et al., 2000); 4. Pseudomas sp. (Hilton and Cain, 1990); 5.
Pseudomonas putida ATCC 12633 (Tsou ef al., 1990). 6. Pseudomonas putida ATCC 55012 (Geusz
andAnderson, 1992).

In addition, benzaldehyde was among the volatile metabolites formed by
lactic acid bacteria (LAB) of the genera Lactobacillus, Pediococcusand
Leuconostoc(Tracey and Britz, 1989). Over the last years, the pathways
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for amino acid degradation by LAB involved in the production of cheese
have received increasing attention as illustrated by a variety of studies on
conversion of methionine (Alting et al., 1995; Bruinenberg ef al., 1997;
Fernandez efal., 2000),aromatic amino acids (Yvon etal.,1997; Rijnenef
al., 1999; Gummalla and Broadbent, 2001) and branched chain amino
acids (Yvon efal.,1998). InLactococcuslactis,amajor species incheese
starter cultures, degradation of phenylalanine is strictly dependend on the
aromatic aminotransferase (AraT)(Rijnen et al., 1999). Besides
phenylpyruvic acid, other degradation products of phenylalanine such as
phenylacetate and phenyllactate (see Figure 2) are resulting from the
conversionof thisaminoacid (Yvonera/., 1997).
extracellular

intracellular

->• oligopeptides
endo
peptidases
- > di/tripeptides
amino
peptidases

- > phenylalanine

- • phenylpyruvic
aminotransferase a c ' d

phenyllactate

membrane

Figure 2. Possible pathway for the formation of phenylalanine-derived flavor compounds by LAB
when grown on milk; the extracellular oligopeptides, di-and tripeptides and amino acids are either
present in milk orformedfrom casein by proteolytic enzymes.
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Outlineofthisthesis
The aim of the research described inthis thesis wastwo-fold. Initially, the
bioconversion of phenylalanine to the flavor compound benzaldehyde was
investigated in Lactobacillusplantarum and in several other LAB. The
findingthat manganese ionswere involved inbenzaldehyde formation in L
plantarumledto the second aspect of this thesis: i.e. the investigation of
manganesetransport systems inthis bacteriumand inotherLAB.
InChapter 2,an overview is given of manganese uptake systems in
bacteria. The current knowledge on the genes encoding these transport
systems and their regulatory mechanisms are discussed. In Chapter 3,
the conversion of phenylalanine to the flavor compound benzaldehyde in
L.plantarumisreported.Theresultsdescribed inthischapter demonstrate
that the conversion involves both an enzyme-catalyzed step and a
chemical oxidation step. Manganese ions present at high levels in L.
plantarum, and several other LAB belonging to the generaLactobacillus
and Leuconostoc, catalyze the conversion of phenylpyruvic acid to
benzaldehyde. These results are described in Chapter 4. Chapter 5,
describes the study on manganese transport systems present in L.
plantarum. Three transport systems, that are induced upon manganese
starvation, were identified and the transcription of their genes was
characterized and compared to that instrains carrying mutations inoneor
two of these genes. In Chapter 6, the knockout of a fourth manganese
transport system is described and the phenotype of the mutant strain is
discussed. The main findings of this thesis on the role of manganese
uptake for L.plantarumingeneral,and on theformation of benzaldehyde,
are discussed in conjunction with the opportunities for further research in
Chapter7.
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Bacterial uptake systemsfor manganese

Introduction
Bacteria rely on various metal ions as trace elements in biological
functions. These elements can be classified as micronutrients and include
iron, copper, manganese, zinc, nickel, magnesium, and cobalt. Some of
these metal ions are transition metals with incompletely filled d-orbitals,
that are incorporated in various redox enzymes. Among the trace
elements, iron is the most abundant element in micro-organisms and is
accumulated in most bacteria inconcentrations of 10to 50-fold above the
level of other trace metals (Archibald, 1986). However, exceptions can be
found among most lactic acid bacteria (LAB) belonging to the genera
Lactobacillus and Leuconostoc. These require high amounts of
intracellular manganese (millimolar levels intracellular) and show limited
requirements for iron (Archibald and Fridovich, 1981;Archibald, 1983).For
these LAB, the culture medium contains relatively high levels of
manganese (several hundred micromolar) for optimum growth, compared
to other micro-organisms. Interestingly, the natural habitat of these
species is decomposing plant material, that contains high amounts of
manganese and littleavailable iron.The highintracellular manganese level
at the expense of iron is a likely adaption to the natural environment but
theapparent independence ofironmayalsohaveanadvantage overother
micro-organisms in low iron environments. An intriguing aspect is how the
large amount of manganese enters the cell. Recent findings have thrown
more light on the bacterial transport systems involved in manganese
uptake and both onthe genes encoding these systems and the regulatory
proteins involved in their expression (see also a recent review by
Jakubovics and Jenkinson, 2001). In this Chapter, an overview will be
given about the bacterial transport systems for manganese that are
identified untill now and recent advances that have been made in
understanding the regulatory systems that are involved. Finally,the role of
manganese on host-bacteria interaction andthe perspectives ofthis metal
ionanditstransport systemsarediscussed.

Physiologicalfunctionsof manganese
In biological systems, manganese can exist in the oxidation states Mn2+,
Mn3+, and Mn4+ However, the Mn2+ form is the most abundant one. Mn2+
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cannot donate and accept electrons in many of the reactions that involve
only small free energy changes, these are generally catalyzed by iron
(Archibald, 1986).The conversion of ferrous (Fe2+) and ferric (Fe3+)forms
of iron has a standard reduction potential o f - 0.771 V and occurs already
under mild conditions (Chang, 1981). However, the Mn2+/Mn3+ standard
redox potential is -1.51 V and Mn2+ is therefore only oxidized by highly
energetic compounds such as superoxide (02~). The toxicity of Mn2+ to
cells is relatively low. For example, for Escherichia coli the minimal
inhibitory concentration (MIC)for Mn2+ is20mMcomparedtoca. 1mMfor
several other transition metal ions like Co2+, Ni2+, Cu2+ and Zn2+ (Nies,
1999).
The physiological functions of Mn2+ can be classified in Mndependend enzyme activities and in biological activities that depend on
Mn2+. The reported enzymes that require Mn2+ are numerous and are
represented in most ofthe enzyme categories, including oxidoreductases,
transferases, hydrolases, lyases, ligases and isomerases (see Archibald,
1986 for an overview). Only a few examples of a role for Mn in cell
functioningwill begiven below.
Several enzymes involved in sugar catabolism are known to require
Mn2+ as a cofactor. In lactic acid bacteria (LAB), pyruvate is converted to
lactate by the action of the Mn-cofactored lactate dehydrogenase (LDH).
The presence of Mninthisenzymewasfoundtocontroltheaffinity ofLDH
for fructose 1,6-diphosphate (FDP) in various strains of the genera
Lactobacillus(Holland and Pritchard, 1975; Hensel era/., 1977). Lactate
is also resulting from the conversion of malic acid during the malolactic
fermentation performed by several LAB (Lonvaud-Funel, 1999). The
malolactic enzyme responsible for this conversion depends on Mn2+ as a
cofactor. Inaddition,association with Mn2+ has been demonstrated forthe
glycolytic enzyme phosphoglycerate mutase in several Gram-positive
endospore-forming bacteria (Chander efa/., 1998)and inE.coli(Fraseret
a/., 1999). Mn2+ can replace Mg2+ in a variety of both structural and
catalytic roles. Forexample, inenolase,aglycolytic enzymethat catalyzes
the dehydration of 2-phosphoglycerate resulting in phosphoenolpyruvate,
the natural cofactor Mg2+, can be substituted by Mn2+ (Zhang ef a/., 1994;
Vinarov and Nowak, 1999). Biosynthesis of polysaccharides in various
organisms probably isdependend on Mn2+sinceaconserved motifcanbe
found among different families of glycosyl transferases (Wiggins and
Munro, 1998; Busch ef a/., 1998) that has affinity for Mn2+ (Zhang ef a/.,
2001).

Bacterial uptake systemsfor manganese

In oxygenic photosynthetic organisms, such as cyanobacteria but
also in algae and green plants, Mn2+ is required in redox reactions in the
photosystem II by mediating electron transfer from water (Debus, 1992).
This light-induced oxidation of water results in the evolution of oxygen. In
addition, Mn2+ is a highly important element in the protection against
damage induced by toxic oxygen derivatives such as 02~, H 2 0 2 and -OH.
In the cytoplasm of cells of bacteria, plants and animals, the enzymes
superoxide dismutase (SOD; Fridovich, 1995) and mangani-catalase
(Whittaker et al., 1999) require Mn to protect DNA and protein from
oxidation by reactive oxygen species. Macrophages generate reactive
oxygen intermediates to attack virulent bacteria within the phagosome
during infection (Tsolis et al., 1995). In this process, Mn-SOD affects
virulence of bacteria by serving as defense mechanism. The SOD
enzyme acts as a dimer and contains generally one atom of Mn per
subunit, although Fe, Cu/Zn and Ni-cofactored forms of SOD exist
(Fridovich, 1995; Kim etal., 1998, Benov etal., 1994). SOD catalyzes the
dismutation of 02~to H 2 0 2 and 0 2 . The hydrogen peroxide formed in this
reaction, isgenerally degraded towater bycatalase or peroxidase activity.
The Mn-isoform of SOD is widespread in prokaryotes and is present in
almost all mitochondria and chloroplasts (Archibald, 1986).Lactobacillus
plantarum and several other LAB of the genera Lactobacillus and
Leuconostoc are unique because these bacteria lack SOD but still are
relatively oxygen tolerant (Archibald and Fridovich, 1981). Intracellular
Mn2+ concentrations of over 30 mM can be present in L.plantarum. This
amount of Mn2+ is quite extraordinary for micro-organisms and was found
to have an important function in protection of the cell by scavenging of
toxic oxygen species, such as the superoxide radical anion (0 2 ). The
intracellularly accumulated Mn2+ thereby replaces the function of SOD
which is present in most other oxygen-tolerant micro-organisms. The
precise mechanism of the non-enzymic scavenging of 0 2 " is not
understood but this mechanism requires mM levels of Mn2+ compared to
\M levelsascofactor inSOD.

Transportsystemsfor manganese
There is a considerable amount of information on iron (see Braun ef al,
1998 and references therein) and magnesium uptake systems (Smith and
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Maguire, 1995; Hmiel et al., 1989; Smith et al., 1993b) in Salmonella
typhimurium and E. coli, both at the biochemical and the genetic level.
However, the information on Mn2+ uptake systems in micro-organisms has
only expanded significantly over the past 5 years. Transport studies in
Salmonellatyphimurium (Snavely et al., 1989; Smith et al., 1998) and E.
coli(Smith efal.,1998) revealedthat Mn2+ mayenterthe cell viathe CorA
system, which is the dominant transporter for magnesium in these
species.
Table 1: Overview of genes encoding ABC-type and Nramp transport systems for Mn 2t based
on genome blast searches or by experimental data. Genes potentially encoding homologs to
CitM {B.subtilis), and PitAand B(£. coli) are shown
Species

ABC-type

Nramp

PitA

CitM

affinity

L. plantarum

L lactis
B. subtilis

high

high

low

low

mtsCBA

mntH1, mntH2, mntH3

NP

NP

mtsBCA

ykjB, ytjB

NP

mntABCD

mntH

1 (ykaB)

SOD

Genome

containing

status

no

complete

NP

yes

complete

CitM

yes

complete

S. mutans

sloABC

1

NP

1

yes

unfinished

S. pneumoniae

psaBCA

NP

NP

NP

yes

complete

S. gordonii

scaCBA

1

NP

NP

yes

unfinished

S. pyogenes

mtsABC

NP

NP

NP

yes

complete

E.coli
S. epidermis
S. typhimurium
Y.pestis

NP

mntH

pitA, pitB

NP

yes

complete

sitABC

1

1

NP

yes

unfinished

sitBCDA

mntH

1

NP

yes

unfinished

yfeBCDA

1

1

NP

yes

unfinished

Blast searches were performed atthe NCBIsite:
(http://www.ncbi.nlm.nih.gov/Microb_blast/unfinishedgenome.html)
Genes for which experimental data are available are indicated in bold: mntABCD and mntH (Que and
Helmann, 2000), sloABC (Kitten et al.,2000),psaBCA (Dintilhac et al., 1998), scaCBA (Kolenbrander
et al., 1998), sitABC (Cockayne et al., 1998), yfeBCDA (Bearden and Perry, 1999), citM (Krom etal.,
2000, pitA and pitB (van Veen et al., 1994a,b), mntH in E. coli and S. typhimurium (Kehres et al.,
2000).When available, gene names are given; if not, the number of homologs present are shown. NP
indicates that no homolog is present in the genome sequence. However, several genome sequence
projects are not completed.

However, recent findings show the presence of additional, but highly
selective, Mn2+ transport systems in these species (Kehres et al., 2000;
Makui et al., 2000). Moreover, a number of genes encoding high-affinity
uptake systems for Mn2+ in both Gram-positive and -negative bacteria
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have been identified.Thegene products can beclassified inthree families
oftransport systems;the ATP-binding cassette (ABC) transporters,the Ptype ATPases, and natural resistance-associated macrophage proteins
(Nramp) (Table 1). Besides these systems, Mn2+ may enter the cell via a
metal-citrate transporter such as CitM in Bacillus subtilis (Krom ef a/.,
2000) orvia the phosphate-inorganic transport (Pit) systems, as has been
shown in E. coli and Acinetobacter johnsonii (van Veen ef a/.,
1994a;1994b). Besides B. subtilis,only Streptococcusmutansappears to
harbor a CitM system (Table 1). Expression of CitM in B. subtilis is
induced by citrate and repressed by the presence of more easily
metabolizable carbon sources (Warner ef a/., 2000). This suggests that
this transporter is only used in the absence of better growth substrates,
and is not primarily involved in supplying the cell with metal ions. This
system will therefore not be discussed here. Both in E. coli and A.
johnsonii, the Pit-system mediates the proton motif force-dependent
uptake of metal phosphate (Van Veen ef a/., 1994a; 1994b). Transport
assays demonstrated that Pi-uptake was dependent on the presence of
divalent cations including Mn2+. A Blast search for several available
bacterial genome sequences reveals that homologs of the Pit system are
present in several of the gram-positive and -negative bacteria of Table 1.
However, in LAB and streptococcal species this system cannot contribute
to Mn2+ uptake since these bacteria lack a Pit transporter (Table 1).
Although it is likely that this system may have impact on the Mn2+
homeostasis in some bacteria, we will only focuss on the high-affinity
Mn2+-uptakesystems.
ABC-typetransportsystem.
TheATP-binding cassette (ABC) superfamily oftransporters is capable of
transporting a wide variety of substrates. However, each transporter is
relatively specific for a given compound. Compounds that can be
transported bythesesystems include:aminoacids,sugars,inorganic ions,
polysaccharides, peptides and even proteins (Higgins, 1992, 2001). Both
uptake and export of substrates are covered by ABC transporters, but a
single system that can pump in both directions has sofar not been
identified. The various genome sequencing projects revealed that ABC
transporters are widely distributed in bacteria. In Escherichia coli and
Bacillussubtilis,57 and 78 ABC transporters were identified, respectively
(Quentin ef a/., 1999; Linton and Higgins, 1998). Members of this
transporter family can be recognized bythe highly conserved ATP-binding
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domains, which are involved in ATP hydrolysis and generate the energy
necessary to transport the substrate against a concentration gradient. A
typical ABC transporter generally contains two highly hydrophobic
transmembrane domains (HMP), that usually span the membrane five or
six times per domain (Figure 1) resulting in a total of 10 or 12
transmembrane segments per transporter (Saurin ef a/., 1994). However,
the two transmembrane and/or the ATP-binding domains may be fused
into a single polypeptide. The HMP are believed to form the pore for
selective passage of the substrate. Two ATP-binding domains are
localized at the cytoplasmic side of the membrane and may be anchored
tothe membraneviaasingletransmembrane helix (TarnandSaier, 1993).
solutebindingprotein

extracellular

transmembrane
domains
cytoplasm

ATP-binding
domain

ATP

ADP +P:

Figure 1. Structural modelofatypical uptakeABCtransporter ofaGram-positive bacterium.Thetwo
transmembrane domains and the two ATP-binding domains are represented here as separate
polypeptides, although they can be fused as a single, large polypeptide in some cases. The two
hydrophobic membrane domains are depicted here to span the membrane six times per domain.
However, the number of segments can vary. The solute-binding protein in Gram-positive bacteria is
usuallyanchoredtothecellmembraneviaaN-terminallipidlinkage.ThecrystalstructureofthePsaA
proteinof S.pneumoniae (Lawrence eta/., 1998)revealsthatthesolute-binding protein isembedded
inthecellsurfaceaspresentedhere.ModifiedafterHiggens(1992).

Furthermore, all bacterial ABC transporters that mediate solute uptake
contain an extracytoplasmic solute-binding protein (SBP). In Gramnegative bacteria,this protein is located inthe periplasm,while the SBP is
extracellular and bound to membrane via an N-terminal lipid anchor in
Gram-positive bacteria (Tarn and Saier, 1993). These binding proteins
confer specifity and a high degree of affinity to the transport system
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(Figure 1). However, in many bacterial exporters and in all eukaryotic
systems, the extracytoplasmic solute-binding protein is absent (Fath and
Kolter, 1993;Higgins,2001).
The first molecular identification of a Mn2+ transporter was in the
Gram-negative cyanobacterium Synechocystis 6803 (Bartsevich and
Pakrasi, 1995). Insearchof photosynthesis-deficient mutants ofthisstrain,
three structural genes (mntCBA) encoding an ABC-type transporter
complex were identified. A mutation in mntA, encoding the ATP-binding
domain of the transporter complex, resulted in reduced growth and low
oxygenevolution activity.Another mutant,carrying adeletion inmntC, was
severly affected in growth in Mn2+-deficient medium. Moreover, transport
assays demonstrated a drastic reduction in Mn2+ uptake in the cells of a
mntCmutant, revealing a roleforthis system in Mn2+transport (Bartsevich
and Pakrasi, 1996). In Gram-positive organisms, ABC-type transport
systems for Mn2+ were initially found in adhesion studies of streptococcal
species. Streptococci have been studied extensively because of their
ability to cause life-threatening diseases to humans upon colonization ofa
variety of human epithelial cell surfaces. In search of factors affecting
streptococcal adhesion, a gene (psaA) encoding a surface protein, was
cloned. The psa>A-encoded protein was initially believed to be an adhesin
belonging to the Lral (lipoprotein receptor antigen I) protein family
(Sampson et al., 1994). Studies by Dintilhac ef al. (1997a,b) suggested
that PsaA inStreptococcuspneumoniaewas partofaMn2+ uptake system
belonging totheABC-family oftransporters. Inactivation ofthepsaAgene,
encoding the SBP in this strain, resulted in reduced growth in medium
containing less than 0.3 |oM Mn2+. Besides, an effect on growth, Mn2+
affected the competence in this strain, as transformation of psaA mutant
cells was completely abolished in the low- Mn2+ medium (Dintilhac ef al.,
1997a). Similar binding-proteins can be found in at least nine additional
species of the genus Streptococcus(see review by Claverys, 2001) This
group of solute-binding proteins does not fit into any of the eight clusters
thatwere defined previously (Tarn and Saier, 1993). Hence a new cluster,
Cluster 9, has been proposed (Dintilhac et al., 1997b) that mediates the
transport of metal ions. Studies in S. gordonii and V. pestis have now
provided more evidence that binding-proteins can be part of high-affinity
Mn2+ transporters. Inactivation of scaC (ATP-binding protein) and sca>4
(SBP) in S. gordonii revealed a role of this complex in metal transport.
Mutants deficient in these genes showed not only impaired growth of the
cells, but also reduced uptake of Mn2+ in media containing <0.5 |j.MMn2+.
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A similar system in Y.pestis (the yfe locus) was shown to be involved in
uptake of both Fe3+ and Mn2+isotopes. Mutation of theyfe genes resulted
inreducedtransportof55Fe3+ and^Mn 2 * (Bearden and Perry, 1999).
Although the Mn2+-uptake studies in S. gordoniiand in Y.pestis and
the phenotypes of scaA and psaA mutants in S. gordonii and S.
pneumoniae, respectively, clearly show a function of the corresponding
ABC transporters in Mn2+ uptake, the nature of the metal ion bound
remains to be elucidated. The X-ray crystal structure of PsaA has been
determined and revealed that the metal binding site was probably
occupied by Zn2+ as attemps to model the metal ion as Mn2+ failed
(Lawrence et al., 1998). In S. pyogenes, the substrate-binding protein
MtsA (Janulczyk, 1999) shares over 70% sequence identity (amino acid)
with PsaA, including perfect conservation of the His67, His139, Glu205,
andAsp280 in PsaAthat are modelledasmetal binding ligands (Lawrence
et al., 1998). MtsA was expressed as a GST-fusion protein and used for
molecular interaction studies using metal radioisotopes. Although the
homologytotheScaA and PsaAcounterparts was high, nointeractionwith
Mn2+ was observed using proton-induced X-ray emission analysis but
interactionwithZn2+, Fe3+and Fe2+wasdemonstrated forthe S. pyogenes
homologue (Janulczyk et al., 1998). In conclusion, the different
experimental data are not in agreement with respect to the specificity of
the substrate-binding protein for Mn2+. However, we have to take into
account that the heterologously produced protein in the latter two studies
may display an altered metal-binding profile. Moreover, it is at present not
known what form of Mn2+ is transported. In L plantarum,the presence of
several organic acids, including citrate, stimulates Mn2+ uptake in Mn2+
starved cells suggesting that this metal ion may be transported as a
complex (Archibaldand Duong,1984).
P-typeATPase.
The P-type ATPase superfamily comprises a large family of ATP-driven
pumps involved intransport of cations across the membrane.Their known
cation specifies include Ca2+, Na2+, K+, H+, Cd2+, Cu2+ and Mg2+ ions
(Fagan and Saier, 1994).Thisfamily oftransporters is represented inproand eukaryotes. Based on several criteria, such as ion specificity,
evolutionary origin, and number of membrane-spanning segments, the
ATPase superfamily can be divided into five families, each of which may
be divided into two or more subfamilies (Palmgren and Axelsen, 1998).
Several characteristic features are shared among all P-type ATPases.
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They contain a single catalytic subunit of 70-200 kDa that is inhibited by
micromolar concentrations of vanadate. Two cytoplasmic loops can be
distinguished with the first cytoplasmic loop containing the phosphoaspartyl-phosphatase domain including the conserved tetrapeptide TGES
(Solioz and Vulpe, 1996). The second cytoplasmic loop contains a
conserved aspartyl kinase domain harboring the conserved DKTGT
sequence (Moller et al.,1996). Phosphorylation and dephosphorylation at
the aspartate residue of the DKTGT motif during the catalytic cycle
mediates cationtransport.
EXTRACELLULAR

CYTOPLASM

N

^[CXXC]„

METAL-BINDING DOMAIN

PHOSPHATASE
DOMAIN
ASPARTYLKINASE
DOMAIN
ATP-BINDINGDOMAIN

Figure 2.

Generalized structure of the membrane topoloy and key features of a heavy-metal

transporting ATPase. The motifs conserved among all cation-transporting ATPases are the TGES
motif (phosphatase domain); the phosphorylation site DKTGT; the GDGxNDxP domain for ATPbinding. The CPx (cysteine-proline sequence) believed to be involved in ion transduction,
distinguishes heavy-metal transporting ATPases from other cation-transporting ATPases;. Inaddition,
heavy-metal transporting ATPases contain N-terminally located repeats involved in metal-binding. The
most apparent feature isthe repeat of the CxxC motif (one upto six repeats). However, this motif may
also be replaced by methionine and histidine-rich motifs as found for CopB of E. hirae. Modified after
Solioz andVulpe (1996)

All known P-typeATPases contain a conserved proline residu located 43
amino acid residues N-terminalofthis motif. This proline residu is located
in the middle of a predicted transmembrane segment and is proposed to
function iniontranslocation.
A distinction can be made between heavy metal and other cation
transporting ATPases. Heavy metal-transporting ATPases (see Figure 2)
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generally contain 6-8 putative transmembrane segments, while other
cation-transporting ATPases contain only one pair of membrane-spanning
segments, located C-terminal to the ATP-binding domain (Lutsenko and
Kaplan, 1995). Another distinctive feature isthe presence of a conserved
intramembraneous CPC, CPH or CPS motif. It has therefore been
proposed to designate these heavy metal-transporting ATPases CPx-type
ATPases (Solioz and Vulpe, 1996). One to six copies of a conserved
repeat present in the amino terminus are thought to function as metalbinding motifs and are unique for CPx-type ATPases. The most apparent
motif istwo cysteine residues arranged as CxxC (Solioz andVulpe, 1996).
However, N-terminalsequences rich inmethionine and histidinecouldalso
serve as metal-binding domains, as reported for instance in Enterococcus
hirae (Odermatt ef a/., 1993). Initially, CPx-type ATPases for heavy metal
ions appeared to be restricted to bacterial resistance mechanisms, such
as the CadA-catalyzed cadmium transport in Staphylococus aureus
(Nucifora ef a/., 1989). However, a P-typetransport system forthe uptake
of copper was later discovered in Enterococcus hirae (Odermatt ef a/.,
1993) and for magnesium in Salmonella typhimurium (Snavely ef a/.,
1989). The topology of the CPx-type ATPases in S. typhimurium and
Helicobacter pylori have experimentally been determined (Smith ef a/.,
1993a;Melchersetal., 1996)(see Figure2).
Although, cadmium efflux is known to be mediated by P-type
ATPases in Staphylococcus aureus (Nucifora ef a/.,1989; Silver ef a/.,
1989), Lactococcuslactis (Liu ef a/., 1997)and in Listeria monocytogenes
(Lebrun ef a/., 1994), cadmium import by such a system has sofar only
been demonstrated for the MntA protein of Lactobacillus plantarumATCC
14917 (Hao ef a/., 1999b). Expression of the mntA gene in E. coil
conferred increased Cd2+ sensitivity and increased Cd2+ uptake in these
cells. For several Gram-positive organisms it has been demonstrated that
Cd2+ uptake occurs via Mn2+ transport systems (Archibald and Duong,
1984;Laddaga etal., 1985; Tynecka etal., 1981). Uptakeofthe cadmium
isotope is therefore considered to be mediated by a Mn2+ transport
system. However, itisnotconclusively shownthat MntAtransports Mn2+in
L. plantarum and its identification as a Mn2+ transporter is based on
overexpression of mntA in E. coli.In addition, it can not be excluded that
MntA has affinity for additional ions besides Cd2+ and Mn2+, analogous to
the P-typeATPase MgtB in Salmonellatyphimurium which shows notonly
affinity for Mg2+ but also for other divalent metals, including Mn2+ (Snavely
etal., 1989).
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The MntA protein of L. plantarum seems to be atypical for a heavy
metaltransportingATPase.Theproteincontainstheconservedfeaturesof
P-type ATPases such as the ion transduction domain, the conserved
proline residu located 43 amino acids upstream of the DKTGT motif, and
the GDGxNDxP domain for ATP binding. However, the protein lacks the
N-terminal CxxC motif and the CPx motif (the conserved proline is not
flanked by cysteine) typical for heavy metal binding (Solioz and Vulpe,
1996). Furthermore, its predicted single transmembrane segment before
the first cytoplasmic domain is different from the consensus topology
(Solioz and Vulpe, 1996). The atypical features of MntA cannot be
explained bythe import function ofthis transporter since CopA ofE. hirae,
which serves afunction in copper import inthis species, does contain the
CPC and CxxC motifs (Odermatt et al., 1993). Moreover, the hydropathy
profile of CopA predicts the topology to be according to the consensus
topologyforCPx-typeATPases.
Antibodies raised against MntA from L plantarumATCC 14017 and
ATCC 8014 showed production of MntA in these strains upon Mn2+
starvation (Hao et al., 1999b). In a mutant strain of L plantarum ATCC
8014, MntA production was indeed abolished and the intracellular Mn2+
level in the mutant was reduced to below 1%of the level in the parental
strain (Hao etal.,1999b). However,this studysuffers fromthefactthatthe
mutant was constructed by chemical mutagenesis. It istherefore possible
that in addition to the mntA gene, additional genes that control Mn2+
homeostasis have been affected, for example genes encoding other
transporters or regulatory elements. In fact, recent data show that a
defined mutation of mntAin L.plantarumdoes not significantly reducethe
intracellular Mn2+ level, nor affects growth under Mn2+ starvation (Nierop
Grootefa/., 2001).
Nramptransportsystems.
Natural resistance-associated macrophage proteins (Nramp) have initially
been characterized in mammalian species and were found to control
natural resistance towards pathogens such as Salmonellatyphimurium,
Mycobacterium tuberculosis and Leishmania donovani(Cellier etal.,1996;
Gruenheid et al., 1995,1997, Vidal et al., 1995b). They are also required
for intestinal iron uptake (Fleming ef al., 1997, 1998).At least two copies
of closely related genes (nrampl and nramp2) have been identified on
separate chromosomes in both mice and humans (Gruenheid era/., 1995;
Vidal ef al., 1995a). Both proteins are highly hydrophobic, containing 12
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predicted transmembrane (TM) domains (see Figure 3), and are
extensively glycosylated in the extracellular loop; the mouse Nramp2 for
example isglycosylated to over40%ofthe mass (Gruenheid efa/., 1999).
The predicted fourth cytoplasmic loop contains a consensus sequence
motif that is also present in a number of prokaryotic (Kerpola and Ames,
1992) and eukaryotic (Bairoch, 1993) membrane-associated transport
proteins. Evidence accumulates that mammalian Nramp proteins are
divalent cationtransporters ofbroadspecificity (Gunshin efal.,1997).
GLYCOSYLATION SITE

extracellular

cytoplasm

OOH
Figure 3. Structural model of the arrangement of Nramp proteins in the membrane. The fourth
intracellular loopcontainstheconsensustransportmotif(CTM)thatwasfoundinseveralbacterialand
eukaryotic Nramptransporters.Thepredictedglycosylatedextracellular loopbetweentransmembrane
segment8and9aredepicted.
ModifiedafterGunshinetal.(1997)

Bacterial Nramp homologueswere recently reportedfor B.subtilis, S.
typhimuriumand E. coli to function as high-affinity transporters for Mn2+
(Que and Helmann, 2000; Kehres ef al., 2000; Makui ef al., 2000; Patzer
and Hantke, 2001). Expression of the Nramp-encoding genes (mntH) in
these bacteria was regulated by Mn2+. InS. typhimuriumand E.coli,Mn2+
is imported with apparent Km values of 100 nMand 1uMrespectively and
a transport velocity, for cells overexpressing mntH, of 2 nmol Mn2+ per
OD6oo unit of cells.min"1 for both strains (Kehres ef al., 2000). The
maximum rate oftransport ofthe mntHoverexpressing cellswas threefold
increased relative to the wild-type cells. These MntH transporters are
highly selective for Mn2+; the divalent transition metal ions Ni2+, Cu2+ and
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Zn2+, inhibit Mn2+ uptake only when present at a 1000-fold excess. Fe2+
was only aweak inhibitor of Mn2+ uptake by MntHat pH7and because of
its relatively high Km-value (25-50nM versus 0.1 ^M for Mn2+) at
physiological pH, the extracellular Fe2+ concentration required for
significant inhibition would not be physiologically relevant (Kehres ef al.,
2000). The transport velocity of Mn2+ by this system is sensitive to pH,
being higher at decreasing pH (Kehres et al., 2000) in agreement with a
proton-gradient driven transport. Deletion of the mntHgene in B.subtilis
resulted in an increase in Mn2+ concentration required for optimum growth
compared to the wildtype, suggesting that in B. subtilis, MntH is an
important uptake system for this metal at low Mn2+ concentrations (Que
and Helmann,2000).
The role of Nramps in bacteria is not yet established. Inactivation of
MntH in B. subtilis resulted in increased sensitivity to H202, suggesting a
role in stress response to reactive oxygen (Que and Helmann,2000).The
upregulation of the Nramp transporters in S. typhimuriumand E. coli in
response to H2O2 also supports a role in oxidative stress. In analogy,
putative promoter control regions matching the consensus binding site for
Fur (a metalloregulatory protein that binds in response to Fe2+ and Mn2+
replete conditions) and OxyR (H202-activated transcriptional activator), as
well as an inverted repeat homologous to the one found for thesitABCD
operon, encoding an iron transport system in S. typhimurium(Zhou etal.,
1999) were present in E. coli mntH (Kehres ef al., 2000). These findings
suggest that regulation of mntHexpression involves a complex network of
various regulators, and suggests an important role of MntH under various
stressconditions.

RoleofMn2+inhost-bacteria interaction andinvirulence
Evidence is accumulating that Mn2+ homeostasis effects virulence and
adhesion properties of bacteria. A role of of the Lral family of metalbinding proteins in virulence of bacteria has been demonstrated in
experimental animal models for FimA (S.parasanguis,Burnette-Curley ef
al., 1995), PsaA (S. pneumoniae, Berry and Paton, 1996), SloC (S.
mutans,Kitten etal.,2000), EfaA (E. faecalis,Singh ef al., 1998) and Yfe
(Y. pestis, Bearden and Perry, 1999). Although the Lral proteins were
initially believed to be directly involved in virulence as adhesins, recent
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findings point towards a more complex role of these proteins. Adherence
studies show decreased binding capacity of psaA mutants of S.
pneumoniae to type II pneumocytes (Berry and Paton, 1996) and yfeAB
mutants of Y. pestis displayed a 100-fold increase in LD50 from a
subcutaneous route of infection in mice (Bearden et al.,1999). However,
mutation of scbAin S. crista,encoding a SBP highly homologous to PsaA
(79% identity attheamino acid level),did notalterthefibrin bindingofthis
species (Correia ef a/., 1996). Moreover, addition of Mn2+ to various
mutants that were affected in the psa locus in S. pneumoniae, failed to
correct the mutant phenotypes, such as defective adhesion and reduced
natural transformation efficiency (Novak ef al., 1998). A direct role in
adhesion is also not likely for SitC, a Lral homolog in S. epidermis,since
its limited exposure on the cell surface does not favor the idea of a direct
involvement ofthis protein inadhesion (Cockayne etal.,1998).Inaddition,
a strong argument against a direct role of PsaA in adhesion comes from
its crystal structure, which suggests that PsaA is simply too small to
protrude through the cell wall and its surrounding polysaccharide capsule.
Consequently, PsaA would be embedded in, rather than exposed on the
cell surface. A direct role of PsaA in adhesion is therefore not likely
(Lawrence ef al., 1998). It has been suggested that Mn2+ import by the
Psa transporter is only one element of a complex signalling pathway,
affecting cellular functions such as adhesion, lysis, transformation and
virulence (Novak efal.,1998).
A role of Nramp transporters in protection against virulent bacteria
has been established for mammalian species, where these transporters
were found to control natural resistance towards pathogens such as S.
typhimurium, M. tuberculosis and L. donovani (Cellier ef al., 1996;
Gruenheid etal.,1995,1997,Vidal efal.,1995b). Inmice, mutations inthe
nrampl gene, either spontaneous (Malo ef al., 1994) or experimentally
induced (Vidal etal., 1995b), resulted in decreased resistance to infection
with Mycobacterium, Leishmania and Salmonella. In addition, human
nrampl polymorphisms can be associated with the infectious diseases
leprosis andtuberculosis incertain populations (Abel ef al., 1998; Bellamy
ef al., 1998). Transport studies in Xenopus oocytes have demonstrated
that nrampl codes for a proton-coupled high-affinity transporter that
besides Fe2+, mediatesthe influx of Mn2+, Zn2+, Co2+, Cd2+, Cu2+, Ni2+and
Pb2+ ions (Gunshin ef al., 1997). A function of Nrampl in Mn2+ transport
has recently been demonstrated for mice-derived phagosomes using a
divalent-cation sensing probe (Jabado ef al., 2000). This study
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demonstrated that Nrampl functions as a pH-dependent transporter that
can extrude Mn2+, but likely also other divalent cations, from the
intraphagosomal space. The mechanism whereby Nrampl contributes to
the antimicrobial activity of macrophages in relation to metal transport is
still poorly understood.The resultsofJabado efal.(2000)support aroleof
Nrampl in the defense against infection by the extrusion of divalent
cations from the phagosomal space, thereby creating a shortage of
essential cofactors required by the pathogen for protection against the
reactive oxygen species produced bythe host. Other studies suggest that
Nrampl transport divalent cations, especially Fe2+, into rather than out of
the phagosome (Zwilling ef al., 1999; Kuhn ef al., 1999) and thereby
generatetoxicoxygenspeciesviathe Fentonreaction.
The role of bacterial Nramp transporters in virulence is less well
documented. Macrophages use Mn2+ and other metal ions both for the
synthesis oftoxic oxygen radicals, including H2O2 and O2",andas cofactor
in enzymes for self-protection. On the other hand, Mn2+ is required in
bacteria as cofactor in an antioxidant defense against these oxygen
radicals, either produced by the bacterial metabolism or by the host in
response to invasion of the pathogen. In this scenario, competition
between host and pathogen is centered around Mn2+. The upregulation of
Nramp-encoding genes in S. typhimuriumand E.coli(Kehres et al.,2000)
upon H2O2exposure may also suggest that these transporters play a role
in protection against toxic oxygen species generated by macrophages,
and thereby affect virulence. Indeed, inactivation of mntH in S.
typhimuriumreduces virulence in a mouse model (Kehres et al., 2000).
However, the invasion efficiency or survival of the mutant strain in a
macrophage cell linewas notaltered,indicatingthat additionalfactors,and
probably also Mn2+transporters,areinvolved.

Regulation of manganese uptake
For several micro-organisms, genetic and biochemical evidence has been
published that at least two systems are present for Mn2+ uptake
(Kolenbrander ef al., 1998; Dintilhac ef al., 1997; Que ef al., 2000).
Although the individual role ofthe different uptake systems is notvery well
understood, and probably affects multiple cellular processes, it is
conceivable that some form of regulation must be present in the cells to
coordinate the uptake of Mn2+ by these systems. It has been shown for
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some transporters that they are inducible by Mn2+ (Hao ef a/., 1999;
Jakubovics ef a/., 2000). However, only limited information exists on the
regulator(s) that could be involved in control of these systems. Only
recently, several studies have been reported that indicate the involvement
ofametalloregulatory proteininthe uptakeofMn2+.
Metalloregulatory proteins control gene expression by the reversible
interaction with specific metal ions (O'Halloran ef a/., 1993). Two of the
best-characterized representatives of the metalloregulatory protein family
are the transcriptional repressors of iron-regulated promoters in E. coli
(Fur; ferric uptake repressor) and in Corynebacteriumdiphtheriae(DtxR,
diphtheria toxin repressor) (Tao ef a/., 1994Touati efa/., 1995, Escolar ef
a/., 1999; Schmitt ef a/., 1992, Braun ef a/., 1998). DtxR, the irondependent toxin repressor encoded bythe genome of C.diphtheriae, was
identified over two decades ago (Murphy ef a/., 1974). In response to the
availability of iron, DtxR negatively controls at the transcriptional level the
production of the diphtheria toxin inthis bacterium. More recent studies in
this and other species, point towards a broader physiological role of this
type of repressor protein besides toxin-regulation. For example, a role of
DtxR-like proteins has been demonstrated in 1.siderophore biosynthesis
in C.diphtheriae(Tai ef a/., 1990), Mycobacteriumsmegmatis(Dussurget
ef a/., 1996) and Streptomyces pilosus (Gunter ef a/., 1993); 2. control of
expression of iron-uptake genes in C. diphtheriae (Pohl ef a/., 1999); 3.
regulation of transcription of the heme oxygenase gene in C.diphtheriae
(Schmitt, 1997); and 4. regulation of expression of oxidative-stress
response genes in M. smegmatis(Dussurget ef a/., 1996).Although DtxR
regulates gene expression in response to iron in vivo,it is not known yet
what determines the iron-specifity of the regulator since in vitro
experiments show activation of DNA-binding by several different divalent
cations (Schmitt and Holms, 1993; Tao and Murphy, 1992; Pohl ef a/.,
1999).
Recent studies have shown that proteins homologous to the DtxR
protein can be found in Bacillus subtilis (Que ef a/., 2000), Treponema
pallidum (Posey ef a/., 1999), S. gordonii(Jakubovics ef a/., 2000) andE.
coli (Patzer and Hantke, 2001). Unlike DtxR, these are active as a Mn2+complex.Although the homology ofthese proteins to DtxR isonly26-28%
(amino acid identity), most ligands for metal binding are conserved. ScaR
(S. gordonii)and MntR (£. coli)act as repressors when intracellular levels
of Mn2+ rise(seeFigure4).
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Binding of the Mn2+-regulator complex to the promoter of the ABC
transporter operon in S. gordonii or the Nramp transporter in E. coli
preventstranscription.
A. Bacillus subtilis
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Figure 4. Schematic presentation of the various binding sites recognized by DtxR homologues that
are involved in regulation of Mn2+ transport. In 8. subtilis (A), MntR acts as a Mn2*-dependent
repressor of mntH under Mn2+ replete conditions and activates mntABCD under Mn2+ limitation. TroR
from T.pallidum (B) functions as a Mn2* dependent repressor on the troABCD operon by binding to
the depicted region of dyad symmetry and thereby overlaps the -10 promoter region. In S. gordonii,
the scaCBA operon is negatively regulated by ScaR (C) under Mn2+-replete conditions. ScaR binds to
a regionofdyad symmetry andthereby overlaps boththe-10 and-35 promoter regions.

Under Mn2+-limiting conditions, the regulator is present as an apoprotein
and the repression is relieved. DNA-binding studies with purified TroR
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from Treponema pallidum (Posey et al., 1999) suggest a mechanism
similartoScaRwherebytheTroR-Mn2+complex blockstranscription ofthe
fro-operon encoding an ABC transporter. However, a role of this
mechanism in Mn2+ homestasis has still to be demonstrated in vivo. A
DtxR homologue in B. subtilis, MntR, acts as a bifunctional protein by
regulating the transcription of at least two transporters in response to the
availability of Mn2+ (see Figure4).Transcriptional fusionsofthe regulatory
region of mntHto the promoterless lacZ revealed that expression of this
transporter is repressed by Mn2+ in the presence of a functional mntR
gene. In contrast to the repressor function observed for mntHexpression,
MntR acts as an activator of the mntABCD operon (encoding a Mn2+specificABCtransporter) under low Mn2+conditions inB.subtilis(Queand
Helmann, 2000). A mntR mutant strain lost control of Mn2+ uptake and
displayed increased sensitivity to both Mn2+ and Cd2+ supporting a role of
MntRinrepressionof Mn2+uptake(Queand Helmann,2000).Suppression
ofthe increased Cd2+/Mn2+ sensitivity was obtained byasecond mutation,
inthe mntHlocus,encoding a homologue ofthe Nrampfamily of transport
proteins. Interestingly, mutation of MntA of the ABC transporter also
resulted in increased sensitivity to elevated Mn2+ levels, presumably
because mutation of mntA leads to upregulation of MntH. Strikingly, the
DtxR homologue of Staphylococcus epidermis(SirR; Hill etal., 1998)acts
as a Fe2+ or Mn2+-complex. SirR binds to a control region that resembles
the typical DtxR consensus sequence, suggesting that SirR represents an
intermediate between the iron-sensing DtxR-like proteins and the Mn2+sensing homologues (Que and Helmann, 2000). DtxR-like proteins
represent a rapidly expanding family of bacterial metalloregulatory
proteins. Additonal members of this family can be found in the genomic
sequence projects of S. pneumoniae (PsaR), S. pyogenes (MtsR), E.
faecalis (EfaR) and S. mutans (SloR; Kitten et al., 2000). A function of
these proteins inmetal ionhomeostasis remainsto bedemonstrated.
In contrast to ScaR (Jakubovics et al., 2000), the Mn2+-sensing
metalloregulatory proteins in MntR in E. coli (Patzer and Hantke, 2001),
TroRfromT. pallidum(Posey etal., 1999)and MntR from B.subtilis(Que
and Helmann, 2000) lack the C-terminal SH3-like domain of DtxR. The
determination of the various cis-acting elements of Mn2+-sensing DtxRhomologues reveals that these, apart from SirR (S. epidermis), do not
matchthe DtxR consensus recognition site.The putativetarget sequences
recognized by TroR and MntR of T.pallidumand B. subtilis, respectively,
show significant sequence similarity to each other, but do not match the
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interrupted palindromic consensus sequence recognized by DtxR. A
difference in DNA recognition sites between MntR and DtxR is also
suggested by the low sequence conservation in the HTH domain of the
two proteins (Que and Hellmann, 2000). DNasel footprint analysis of the
scaCpromoter inS.gordoniirevealedthatbindingofScaRoccurs ata46bpregiondirectly upstreamofthetranscription startsite.The region bound
by ScaR contains an interrupted palindromic sequence element
overlapping the -35 promoter signature and, in addition, an imperfect
palindromic sequence at the -10 region.The significance of the presence
of these two palindromic elements in the scaC promoter region is at
present not clear. The control region for the ScaR regulator shows no
significant similarity to either the sequences recognized by MntR (8.
subtilis), TroR, MntR (E. coli) nor the DtxR consensus sequence
(Jakubovics ef a/.,2000). However, the two palindromic elements are well
conserved within the control regions of several metal ABC transporters in
streptococcal species, suggesting a similar binding mechanism in this
genus.
It is not yet known whether the Mn2+-sensing DtxR proteins have
global effects on transcription. In C. diphtheriae, at least 8 genes
containing the consensus binding site are regulated by DtxR (Lee ef a/.,
1997; Schmitt, 1997;Schmitt ef a/., 1997;Schmitt and Holmes, 1994;Tao
ef a/., 1994;Tai ef a/., 1990).The genes encoding DtxR-like proteins inT.
pallidum, S. mutans are found to cluster with genes encoding ABC
transporters, however, distinct chromosomal locations for these genes
were found in S. gordonii, B. subtilis and S. epidermis.This may reflect
thatthese metalloregulatory proteins are notstrictly relatedto regulation of
the ABC transport system only. Indeed, bifunctional regulation has been
demonstrated for B.subtilis(Queand Helmann,2000)andthedetectionof
multiple Sir-boxes in S.aureus(Hill efa/., 1998)indicatesthat SirR maybe
a pleiotropic regulator of gene expression. Future research should reveal
whether the Mn2+-sensing metalloregulatory proteins in bacteria serve
multiple regulatoryfunctions.

Perspectivesofmanganesetransportsystems
,2+
The analysis of both the recently discovered Mn transport
systems and
the proteins involved in regulation ofthe expression ofthese transporters,
provideconsiderably more insight inthe mechanisms availablefor bacteria
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to import this essential metal from the environment. However, the rapid
developments indicate that still a large number of aspects remains to be
elucidated. At present, three different transport systems have been
reported for high-affinity uptake of Mn2+ in bacteria. Surprisingly, all Mn2+
transporters cloned to date appear to be high-affinity transport systems,
inducible under Mn2+- limiting conditions. Although uptake studies in L.
plantarum(Hao ef a/., 1999a) refertothe presence of alow-affinity uptake
system for Mn2+ in these species, the gene(s) involved have not been
reported. Evidence for the presence of morethanonetransporter for Mn2+
has been presented for S. gordonii (Kolenbrander ef a/., 1998) and S.
pneumoniae (Dintilhac et at., 1997a). Strains carrying mutations in the
genes encoding Mn2+ transporters were still able to grow, indicating thata
second transporter is active. This transporter could be the same as the
recently identified Nramp homologues in B. subtilis and E. coli (Que and
Helmann, 2000; Makui ef a/., 2000) that transport Mn2+ in symport with
protons. Indeed, the reduced Mn2+-uptake in sea mutants of S.gordonii
was proton-motive force dependent (Kolenbrander ef a/., 1998).
Furthermore, growth experiments with these mutants suggest the
presence of a third transporter that can handle both Zn2+ and Mn2+. This
might be the Adc-transporter (ABC transporter) characterized in S.
pneumoniae(Dintilhac efa/., 1997).
For B. subtilis, genetic and biochemical evidence has been
presented that both anABC-type and a Nramp system are present inthis
bacterium (Queand Helmann,2000).The ability of adouble-mutant strain
to grow in the presence of micromolar levels of Mn2+ suggested the
presence of a third transport system that could handle Mn2+ in B.subtilis.
Other transporters present in B. subtilis that might transport Mn2+ in this
mutant are CitM andthe Pit system (Table 1). However, the low-affinity of
the CitM and the Pit system are not likely to fulfill Mn2+ requirements in
Mn2+ limitedmedium.
Of particular interest is L plantarum that harbors unusually high
levels of Mn2+ intracellularly (Archibald and Fridovich, 1981). Because this
species lacks SOD to detoxify oxygen derivatives, it is of extreme
importance for this organism to keep intracellular Mn2+ levels high.
Therefore, a highly efficient system for Mn2+ uptake that is tightly
controlled can be expected for this bacterium.A P-typeATPase (MntA) is
sofar the only uptake system reported for L.plantarumthat is believed to
transport Mn2+ (Hao efa/., 1999b)and at present, Mn2+import byaP-type
ATPase has only been demonstrated for this species. Differences in
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transport kineticsfor Mn2+ uptake in Mn2+-starvedand Mn2+-sufficient cells
of L plantarum point towards the presence of at least two transport
systems (Hao et a/., 1999a). Recent studies on L. plantarum have
revealed that, in addition to the mntA gene, three more systems are
induced under Mn2+ starvation and probably transport Mn2+ (Nierop Groot
era/.,2001).
Data on the regulation of Mn2+ transport systems has become
available only very recently and will probably expand the coming years.
DtxR homologues acting as a Mn-complex have been discovered in
several species and with the increasing number of complete genome
sequences, more homologues will become available. Experiments that
show a function of these homologues in Mn2+-homeostasis have been
performed only for S. gordonii (Jakubovics ef a/., 2000) and B. subtilis
(Que and Helmann, 2000). Differences inthe regulatory protein itself, and
in their recognition sequences, suggest that the mode of action of these
regulators may be different. Interestingly, a DtxR homologue is present in
the L. plantarum genome. Further studies are necessary to unravel the
Mn2+ regulation in bacteria.Withthe development of DNA micro-array and
efficient proteomicstechnologies, powerfultools have become available to
study the role of this metalloregulatory protein on a global level and to
identify otherfactors influencingtheexpressionof Mn2+-transporters.
The increasing number of publications on Mn2+ uptake systems in
bacteria may reflect the awareness of the potential applications of this
knowledge in several fields. Since Mn2+ transport systems show high
affinity for the toxic metal cadmium, bacterial high-affinity uptake systems
for Mn2+, especially from L plantarum, may be explored in the
bioremediationofcadmiumfrom heavy-metal contaminated environments.
E. coli strains have been engineerd for Hg2+ or Ni2+ bioaccumulation by
introducing merT and merP (Chen and Wilson, 1997) or the nixA gene
from Helicobacter pylori (Krishnaswamy and Wilson, 2000) and by
simultaneously overexpressing ametallothionein.Asimilar approach using
a high-affinity Mn2+ uptakesystem may beusefullforthe bioremediation of
Cd2+-contaminatedenvironments.
The recentfindingthat Mn2+transportsystemsarepartofasignalling
pathway affecting adhesion and virulence of streptococci, pneumococci
andenterococci, has resulted ina large contribution from the medicalfield
to the current knowledge on Mn2+-transport systems and their regulation.
Based on the role of Mn2+ in adhesion, this metal ion may also be an
important factor determining the host-microbe interactions in the
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gastrointestinal (Gl) tract. In this respect, it would be interesting to study
the role of Mn2+inadhesion or colonization properties of L plantarumand
other lactobacilli that are known inhabitants of the human Gl-tract
(Adlerberth ef al., 1996;Granato ef al., 1999)and are assumed to have a
beneficial effect onthe host (Salminenefal.,1998). Inaddition,knowledge
of the systems involved in Mn2+-homeostasis of virulent bacteria can be
important in the development of antimicrobial drugs. The critical role of
metal iontransport systems invirulence raises the possibility that blocking
transporter functions may beaneffective target inpreventing or controlling
streptococcal orenterococcal infections.
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Abstract
The production of benzaldehyde from phenylalanine has been studied in
various microorganisms, and several metabolic pathways have been
proposed in the literature for the formation of this aromatic flavor
compound. In this study, we describe benzaldehyde formation from
phenylalanine by using a cell extract of Lactobacillus plantarum.
Phenylalanine was initially converted to phenylpyruvic acid by an
aminotransferase in the cell extract, and the keto-acid was further
transformed to benzaldehyde. However, control experiments with boiled
cell extract revealed that the subsequent conversion of phenylpyruvic acid
was a chemical oxidation step. Itwas observed that several cations could
replace the extract in the conversion of phenylpyruvic acid to
benzaldehyde. Addition of Cu2+ ions to phenylpyruvic acid not only
resulted in the formation of benzaldehyde, but also in the generation of
phenylacetic acid, mandelic acid and phenylglyoxylic acid. These
compounds have been considered intermediates in the biological
conversion of phenylalanine. The chemical conversion step of
phenylpyruvic acid was dependent on temperature, pH, cation and on the
presenceofoxygen.

Published in Applied and Environmental Microbiology 64: 3009-3013
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Introduction
The increasing consumer preference for products of natural origin has
directed research towards the exploitation of microbial biosynthetic
pathways to produce natural flavors. Natural aromatic compounds
represent avery large market intheflavor industry including benzaldehyde
andvanillin. Inquantity, benzaldehyde is,after vanillin,the most important
of these compounds (Welsh et al., 1989). The natural benzaldehyde
market in 1995 was about 100 Mtons/year and is growing every year at
about 5% (Clark, 1995). Natural benzaldehyde is found as a glycoside
(amygdalin) in the pit of almonds and cherries and can be released by
enzymatic hydrolysis. A drawback is that toxic by-products such as
hydrocyanic acidmay beformed.
Microbial production of benzaldehyde from phenylalanine offers an
attractive alternative way to produce benzaldehyde which can be labeled
'natural'. Benzaldehyde formation in medium supplemented with
phenylalanine has been reported for cultures of Ischnoderma benzoinum
(Fabre et al., 1996; Krings et al., 1996), Polyporus tuberaster (Kawabe
and Morita, 1994) and Phanerochaete chrysosporium (Jensen et al.,
1994). Immobilization of the white-rot fungus Bjerkanderaadusta resulted
in an increased production of benzaldehyde in a medium containing Lphenylalanine (Lapadatescu et al., 1997). Among bacteria, benzaldehyde
formation has been reported for a strain of Pseudomonasputida. In this
strain, benzaldehyde was formed as a metabolic intermediate in the
mandelic acid pathway during degradation of mandelic acid (Tsou ef al.,
1990). Several metabolic pathways have been proposed in the literature
fortheformation ofbenzaldehyde from phenylalanine.
Benzaldehyde was found inthe volatile fractions of several cheeses,
and may contribute to the flavor of these products (Bosset and Gauch,
1993; Molinard and Spinnler, 1996). Additionally, benzaldehyde was
formed inacomplex mediumwhen inoculatedwithseveraldifferent strains
of lactic acid bacteria (Imhof et al., 1995; Tracey and Britz, 1989).
However, there is no information about the contribution of lactic acid
bacteriatotheproductionofbenzaldehyde.
In this study, we investigated whether a lactic acid bacterium was
able to produce benzaldehyde using phenylalanine as a substrate.
Incubation of a cell extract of Lactobacillusplantarumwith phenylalanine
revealed that benzaldehyde was indeed formed. More detailed studies of
the mechanism involved revealed that benzaldehyde formation was
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initiated by an aminotransferase, resulting in phenylpyruvic acid. The keto
acid formed was subsequently subject to a chemical reaction leading to
benzaldehyde. The chemical conversion of phenylpyruvic acid was
demonstrated undervarious mildconditions.

Materialsandmethods
Chemicals
Phenylalanine, phenylpyruvic acid, oketoglutaric acid, pyridoxal 5'phosphate (PLP), lysozyme, benzaldehyde, phenylglyoxylic acid and
phenylethanol were obtained from Sigma Chemical Co. (St. Louis, Mo.).
Phenylacetic acid, trans-cinnamic acid and mandelic acid were purchased
from Acros Chimica (Geel, Belgium) and benzoic acid was obtained from
Merck(Darmstadt,Germany).
Strain, growth medium and preparation ofcell-free extract
Lactobacillus plantarum URL-LcL1 (Unilever Research Laboratory,
Vlaardingen, The Netherlands) was used in this study. The organism was
routinely maintained in 10%sterile litmus milk (Difco)andstoredat -80°C
until use. L. plantarum was cultured overnight at 30°C in MRS broth
(Merck). The cells were harvested (16,000 x g, 15min, 4 °C) andwashed
twice in 50 mM sodium phosphate buffer (pH 7.0). The cells were
resuspended in 50 mM triethanolamine buffer (pH 7.0) containing 20%
sucrose and 0.4 mg/ml of lysozyme. After incubation for 30 min at 30°C,
the suspension was centrifuged (12,000 x g, 30 min, 4°C) and
resuspended in 50 mM potassium phosphate buffer (pH 7.0) containing
0.1 mM PLP.The cells were disrupted by sonication for 5 periods of 30 s
on ice. Cell debris was removed by centrifugation (20,000 x g, 30 min,
4°C) to give a crude cell-free extract. The protein concentration inthe cell
extractwas determined bythe method of Lowry (1951),with bovine serum
albumin asthestandard.
Phenylalanine catabolism bycellextract
Thecell extract of L plantarumwas incubatedwith phenylalanine insterile
sealed bottles which were agitated at 37°C. The reaction mixture and the
cell extract were sterilized by passing them through a sterile filter (0.2 urn
pore-size, Schleicher & Schuell, Dassel, Germany). Aliquots of 1ml were
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withdrawn at various times to analyze the reaction products by highperformance liquid chromatography (HPLC). The reaction mixture
contained 8 mM substrate, 2 ml of cell extract of L plantarum and 0.02
mM PLP in 8 ml of 50 mM Tris-HCI (pH 8.0). For incubations with
phenylalanine as a substrate, 8 mM of a-ketoglutaric acid was added to
the reaction mixture. In control samples, the cell extractwas boiledfor 10
min.
Chemical conversion of phenylpyruvicacidtobenzaldehyde
The reaction mixture for chemical conversion of phenylpyruvic acid to
benzaldehyde contained 8 mM phenylpyruvic acid in 50 mM Tris-HCI (pH
8.0). Sealed bottles were filled with reaction mixture and CuS0 4 • 5H2O
was added from a stock solution in 50 mM Tris-HCI (pH 8.0) to a final
concentration of 350 ^M. Incubationswere performed at either 37°,30° or
25°C.
The effect of metal ions on the chemical conversion of phenylpyruvic
acid was studied with stock solutions of Fe2(S04)3 • 5H 2 0, FeS04 •
7H 2 0, MnSC-4• H 2 0, Mn(lll)acetate dihydrate, ZnS0 4 • 7H 2 0, MgS04 •
7H 2 0andCuS0 4• 5H 2 0 inTris-HCI(pH8.0).The reaction mixtureswere
incubated at37°Candsamplesweretakenafter 6hofincubation.
The effect of pHonthe chemical conversion of phenylpyruvic acid to
benzaldehyde wasstudied using 50 mMsodium phosphate buffer (pH6.0,
7.0 and 8.0) and 50 mM Tris-HCI buffer (pH 8.0 and 9.0). All incubation
wereperformed at37°C inthepresence of350uMCuS0 4• 5H 2 0.
HPLC analysis
Samples ofthe reaction mixtureweredilutedtoappropriate concentrations
with 50 mM Tris-HCI (pH 8.0). each diluted sample (900 uJ)was mixed
with 100 u) of 6 N HCI, and the supernatant fluid obtained after
centrifugation for 5minwasanalyzedfor reaction products.Analyses were
performed with a Hewlett-Packard (Waldbronn, Germany) HPLC
Chemstation (Pascal series) equipped with an HP 1050 pumping system.
Reaction products were separated onto a Chromspher5 C18 column
(Chrompack,BergenopZoom,The Netherlands) usingsolventA (0.115%
trifluoroacetic acid) and solvent B (0.1 % trifluoroacetic acid, 60%
acetonitrile) and detected by an HP 1040 M-series II diode array detector.
The productswere separated by usingthefollowing linear gradient (0.5ml
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min"1,30°C): 25% Bat 0 minto65% Bat21minfollowed by equilibration
under initial conditions for 6 min. Detection was by UV at 260 nm for
benzaldehyde, 280 nm for phenylpyruvic acid, and 216 nm for
phenylacetic acid, mandelic acid and benzoic acid. Concentrations were
calculatedfromstandard curvesofthe purecompounds.
GC-MS analysis
For gas chromatography-mass spectrometry (GC-MS) analysis, the
reaction mixture was mixed with 10% (vol/vol) of 6 N HCI. The acidified
reaction mixture was then extracted with ethylacetate. The extract
obtained was usedfor analysis onan HP5973A quadrupole MScoupledto
an HP6980 gas chromatograph equipped with a fused silica capillary
column (HP-5MS, 30 m by 0.25 mm inside diameter, film thickness: 0.25
um). The following operating conditions were used: injector temperature
220°C; temperature program: 70-250°C at 7 min"1, hold 10 min; injection
volume: 1.0nl; splitratio 1:50;flow rateofcarrier gas (helium),1.0ml
min"1.Electron impactmassspectrawereobtained at70eV.
Figure 1. The formation over time of
phenylpyruvic

acid

benzaldehyde

(•)
(A)

and
from

phenylalanine during Incubation of a
cell

extract

of

L

plantarum.

Incubations were performed at 37°C
in a reaction mixture containing cell
extract (8.6 mg of protein), 8 mM
phenylalanine, 0.02 mM PLP and 8
mM a-ketoglutaric acid in 50 mM Tris
buffer (pH 8.0). Small amounts of
phenylacetic acid, mandelic acid and
phenylglyoxylic acid were detected at
concentrations of0.05 mM, 0.02 mM
and0.02 mM, respectively, after 14h
of incubation.

52

Conversionofphenylalaninetobenzaldehyde

Results
Incubationofcellextract ofL. plantarumwith phenylalanine
Incubation of the cell extract of L. plantarum with phenylalanine in the
presence of bothoc-ketoglutaricacid and PLPresulted inthe production of
two compounds. The HPLC chromatogram showed two UV-absorbing
peaks with the retention times of phenylpyruvic acid and benzaldehyde,
respectively. The identity ofthe compounds was confirmed by GC-MS for
benzaldehyde and bycomparison ofthe UVspectrumwiththat ofthe pure
compoundforphenylpyruvicacid.
Figure 1 shows the formation of phenylpyruvic acid and of
benzaldehyde over time. Neither phenylpyruvic acid nor benzaldehyde
was formed if a-ketoglutaric acid or PLP were omitted from the reaction
mixture or if boiled cell extract was used. Phenylpyruvic acid reached a
maximum concentration after 5.5 h, but the benzaldehyde concentration
increased continuously up to 0.36 mM benzaldehyde after 14 h of
incubation.
Pathwayof phenylalanine degradation
The incubation of cell extract with phenylalanine described above
suggested that an aminotransferase is involved in the initial formation of
phenylpyruvic acid, which is then converted into benzaldehyde. However,
information on the subsequent conversion of phenylpyruvic acid to
benzaldehyde was lacking.Therefore, both phenylpyruvic acidandseveral
other compounds (proposed in the literature as intermediates in the
degradation pathway of phenylalanine) were tested as the substrate for
benzaldehyde production bythe cell extract ofL plantarum.Phenylpyruvic
acid was converted by the cell extract and resulted in the production of
benzaldehyde at a rate six times higher than that with phenylalanine
(Figure 2). Neither phenylethanol, phenylacetic acid, mandelic acid,
phenylglyoxylic acid norcinnamic acidwasasubstratefortheformationof
benzaldehyde by the cell extract. These results strongly suggested that
phenylpyruvic acid is an intermediate in the pathway leading from
phenylalanineto benzaldehyde.
Conversion ofphenylpyruvic acid
More detailed studies of the conversion of phenylpyruvic acid by the cell
extract were performed. Surprisingly, it was observed that the rates of
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benzaldehyde formation were similar in incubations containing either cell
extractor boiledcellextract.
Figure 2. Benzaldehyde formation

1.8

by a cell extract of L plantarum
using

phenylalanine

phenylpyruvic
substrate.

acid

(•)

Incubations

(•)

or

as a
were

performed at 37°C in 50 mM Tris
buffer pH 8.0 containing 8 mM
phenylalanine or phenylpyruvic acid,
cell extract (11.0 mg of protein), and
0.02 mM PLP. oc-Ketoglutaric acid (8
mM) was added to the mixture
containing phenylalanine.

However, no benzaldehyde formation from phenylpyruvic acid was
observed when the incubation systems containing either normal or boiled
extract were flushed with nitrogen gas to create anoxic conditions. These
observations suggested that a chemical oxidation reaction rather than an
enzymatic step is involved in the conversion of phenylpyruvic acid to
benzaldehyde. However, phenylpyruvic acid was not degraded if either
boiled or untreated cell extract was omitted from the reaction mixture,
suggesting that a component of the cell extract was essential for the
conversion of phenylpyruvic acid into benzaldehyde. Several components
present in the extract were tested, and it was observed that several
cations could replace cell extract in the conversion of phenylpyruvic acid.
Initially, the effects of Cu2+ ions on the conversion of phenylpyruvic acid
were studied. Figure 3demonstrates the conversion of phenylpyruvic acid
into benzaldehyde inthe presence of 350 ufvl CuS0 4 at 37, 30 and25°C.
The conversion of phenylpyruvic acid to benzaldehyde was temperature
dependent. Decreasing the incubation temperature to 30°C or 25°C
reduced the amount of phenylpyruvic acid converted after 8 h of
incubation.
At 37°C, the conversion of phenylpyruvic acid was completed after 6
h of incubation, yielding 5.0 mM benzaldehyde, which corresponded to
63%conversionto benzaldehyde onamolarbasis.
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Besides benzaldehyde, the substrate was converted to phenylacetic acid
(13% [Fig.4C]),and mandelicacid (5.6%) andphenylglyoxylicacid (5.3%)
(results not shown). The identity of these compounds was confirmed by
GC-MS (phenylacetic acid) and by UV-spectra (mandelic acid and
phenylglyoxylic acid).
Figure 3. Chemical conversion of
phenylpyruvic acid (A) to benzaldehyde
(B)over time. Incubations were performed
in a reaction mixture containing 8 mM
phenylpyruvic acid in 50 mM Tris buffer,
pH 8.0, inthe presence of 350 \M CuS0 4
at 37 (O), 30 ( • ) and 25°C ( • ) . Cell
extract was omitted from the reaction
mixture.
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Benzoic acid was only found in trace amounts and could not account for
the missing 13%of phenylpyruvic acid.Addition of CuS0 4 to phenylacetic
acid, mandelic acid or phenylglyoxylic acid did not result in either
benzaldehyde formation ordegradation ofthesecompounds.
Effectof pHonthe chemicalformation of benzaldehyde
Figure 4 shows the effect of pH on the chemical conversion of
phenylpyruvic acid to benzaldehyde. At 37°C in the presence of CuS04,
the highest conversion rate was obtained using a Tris buffer of pH 8.0.
Eitheranincrease oradecrease inpHofthe reaction mixture resulted ina
lower rate of phenylpyruvic acid conversion.After 8 hof incubation, 100%
and 89% of the initial 8 mM of phenylpyruvic acid was converted in Tris
buffer at pHs 8.0 and pH 9.0, respectively, while percentages of 65, 51
and 9 were obtained in phosphate buffer at pHs 8.0, 7.0 and 6.0,
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respectively. However, increasing the pH resulted in a higher rate for
phenylacetic acidformation.

Figure 4. Chemical conversion of
phenylpyruvic acid (A) and formation of
benzaldehyde (B) and phenylacetic acid
(C). Incubations were performed at
37°C inthe presence of 350 |iM CuS0 4 ,
in 50 mM Tris buffer, pH 8.0 (Q)and pH
9.0 (A) or in 50 mM phosphate buffer,
pH 8.0 (O), pH 7.0 ( • ) and pH 6.0 (•).
Cell extract was omitted from the
reaction mixture.
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Effectofmetalionsonthechemicalformationof benzaldehyde
Apart from Cu2+ ions, Fe3+, Fe2+, Mn2+ and Mn3+ ions also catalyzed the
conversion of phenylpyruvic acid to benzaldehyde at different rates (Table 1).
2+
Fe catalyzed the conversion more effectively than Fe . Due
to its poor
,3+
solubility, Mn was only tested at 10 uM and showed a slightly lower
conversion of the substrate than did Mn2+ at this concentration. Mg2+ and Zn2+
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ions had no effect on the conversion of phenylpyruvic acid. The effect of Cu2+
was concentration dependent, and benzaldehyde formation was completely
inhibited in the presence of the metal ion chelator EDTA or in the absence of
oxygen.
Table 1.Benzaldehyde formation from phenylpyruvic acid inthe presence ofdifferent metal ions
Addition to reaction mixture3

< 0.001

no addition
350 uM Cu

2+

100uMCu 2+
50 nMCu 2+

4.19
2.13
1.03

100(Jv1Cu2*+ 200uM EDTA

< 0.001

100(iMCu2+flushedwith N2gas

< 0.001

2

100nMFe *

0.22

100nMFe 3+

1.88

100nMMn

2+

10 |xMMn2+

a

Benzaldehyde produced (mM)

1.57
0.55

10 nMMn 3+

0.38

100nMZn 2+

< 0.001

350nM Mg2+

< 0.001

Each reaction mixture contained 8 mM phenylpyruvic acid in 50 mMTris buffer, pH8.0.

Incubations were performed at 37°C. Inallcases, S0 4 2 "was the counterion ofthe metal ionadded.

Discussion
The production of benzaldehyde from phenylalanine has been studied in
various microorganisms. Fungi were investigated in most studies, but we
have studied the production of benzaldehyde from phenylalanine by lactic
acid bacteria because these organisms are important in the generation of
flavor indairy products.
Benzaldehyde was formed from phenylpyruvic acid, which
accumulated from phenylalanine. Keto acids can be formed from amino
acids b*yvarious enzymes including amino acid oxidases (Brearley ef a/.,
1994; Hemme et al., 1982; Lee and Chu, 1996), aminotransferases
(Hemme efal.,1982; Lee efal.,1985)and dehydrogenases (Asano efal.,
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1987; Hemme et al., 1982; de Boer et al., 1989). In L. plantarum, a
transaminase reaction, which depended on a-ketoglutaric acid as an
amino group acceptor and on the cofactor PLP,was active. In lactic acid
bacteria, very little is known about degradation of amino acids. Only
recently, aminotransferases acting on several aromatic and branchedchain amino acids were purified and characterized from Lactococcus
strains (Engels era/., 1987;Yvonetal., 1997).
Various research groups have worked on the biotechnological
production of benzaldehyde from phenylalanine, and several metabolic
pathways for benzaldehyde formation have been postulated. Krings etal.
(1996) suggested that phenylalanine degradation is initiated by a
deaminationstep leadingto phenylpyruvic acid inthefungus /. benzoinum.
In the next steps, phenylpyruvic acid was converted by decarboxylation,
oxidation and hydroxylation reactions. Intermediates suggested in this
pathway include phenylacetaldehyde, phenylacetic acid, mandelic acid,
and phenylglyoxylic acid. Benzaldehyde inturn could either beoxidized to
benzoicacidorreducedtobenzylalcohol.
Another pathway proposed for benzaldehyde formation involves the
enzyme phenylalanine-ammonia-lyase, resulting in cinnamic acid as an
intermediate, as described for several fungi (Jensen era/., 1994; Kawabe
and Morita, 1994). Benzaldehyde formation through 2-phenylethanol was
suggested by Fabre et al. (1996). However, intermediary molecules
derivedfrom phenylalanine consumption were notdetected.
In our study, none of the intermediates in the conversion of
phenylpyruvic acidto benzaldehyde suggested bythe above cited authors
was converted by a cell extract of L. plantarum. However, it was
demonstrated that phenylpyruvic acid was converted to benzaldehyde in
the presence of boiled cell extract, indicating that the conversion of
phenylpyruvic acid in the system under study involves a chemical rather
than an enzymatic step. A strong support for this conclusion is the
observation that the addition of Cu2+, Fe3+, Fe2+, Mn2+ or Mn3+ ions to
phenylpyruvic acid catalyzed theformation of benzaldehyde under aerobic
conditions in the absence of cell extract. Benzaldehyde formation in the
presence of either untreated or boiled cell extract maytherefore bedue to
the introduction of metal ionswiththe extract.
The results of the present study throw new light on the biological
conversion of phenylalanine to benzaldehyde. Incubation of phenylpyruvic
acid in the presence of catalyzing metal ions resulted not only in the
formation of benzaldehyde but also inthe generation of phenylacetic acid,
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mandelic acid and phenylglyoxylic acid. These compounds were
considered by Krings etal.(1996) to be intermediates inthe route leading
to benzaldehyde. These compounds did not seem to be involved in the
chemical pathway leading to benzaldehyde, since no degradation of the
separate compounds was observed in the presence of Cu2+. They rather
seemtoderivefrom phenylpyruvic acidthrough adifferent reaction.
The role of the chemical conversion of phenylpyruvic acid to
benzaldehyde in phenylalanine degradation pathways has received no
attention in literature. Nevertheless, oxidation of phenylpyruvic acid to
benzaldehyde andoxalic acid has been reported by Pitt (1962) asearly as
1962. Heobserved that itwas notthe ketoacid itself butthe enoltautomer
of the compound that was oxidized. The presence of bivalent metal ions
canaccelerate thistautomerization reaction (Biicher and Kirberger, 1952).
Based onthe results ofthe present study,a proposed enzymatic-chemical
pathway for benzaldehyde formation from phenylalanine is presented in
Figure5.
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Figure 5. Proposed mechanism for benzaldehyde formation from phenylalanine by both enzymatic
andchemical steps.
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Phenylpyruvic acid is formed enzymatically from phenylalanine and is an
unstable compound. The presence of catalyzing metal ions or alkaline
conditions can enhance the enol tautomer of the keto acid, which is
chemically converted to benzaldehyde, phenylacetic acid, mandelic acid
andphenylglyoxylic acid inthe presenceofoxygen.
Benzaldehyde may be further oxidized to benzoic acid, although in our
study only trace amounts ofthis compound were detected. More recently,
Casey and Dobb (1992) converted microbially produced phenylpyruvic
acid to benzaldehyde by heating the fermentation broth containing
phenylpyruvic acid to 90°C at pH 9.5. The results of the present study
show that in the presence of catalyzing metal ions, the conversion of
phenylpyruvic acidtobenzaldehyde canoccur under farmilderconditions.
The phosphate buffer may bindthe metal ions inthe reaction mixand
thereby reduce the availability of the metal ion. This can cause the
difference between benzaldehyde formation at pH8.0 in phosphate buffer
and that in Tris buffer. The reduced conversion rate of phenylpyruvic acid
tobenzaldehyde atpH9.0comparedwiththat pH8.0 inTrisbuffer maybe
explained by a dual effect ofthe pHon the chemical conversion rate.The
formation of the enol tautomer is induced by alkaline conditions (Pitt,
1962). This effect may be opposed by the reduced solubility of metal ions
underalkaline conditions. Itcan bespeculated that the effect of pHonthe
chemical conversion of phenylpyruvic acid is a combination of these two
effects.
Amino acid degradation is believed to be important for flavor
development incheese.Straight-out chemical reactionsarenot believedto
play a major role inthe production of cheese flavor but rather seemto be
enhanced by enzymes (Urbach, 1995). In this study, benzaldehyde
formation was initiated by an aminotransferase present in the cell extract
of L plantarum.Aminotransferases from lactic acid bacteria have shown
activity under cheese-ripening conditions (Engels etal., 1997;Yvon etal.,
1997),butthe lowoxygenconcentration,low ripeningtemperature andlow
pH in cheese do not favor the chemical conversion of phenylpyruvic acid
to benzaldehyde. However, considering the long time involved in cheese
ripening,this mechanism maystill makeasignificantcontribution.
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Abstract
We examined the involvement of Mn2+ in the conversion of phenylalanine
to benzaldehyde in cell extracts of lactic acid bacteria. Experiments
performed with Lactobacillus plantarum demonstrated Mn2+, present at
high levels in this strain, is involved in benzaldehyde formation by
catalyzing the conversion of phenylpyruvic acid. Experiments performed
with various lactic acid bacterial strains belonging to different genera
revealed that benzaldehyde formation in a strain was related to a high
Mn2+ level.

Published in Applied and Environmental Microbiology 64: 3009-3013
(1999).
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Degradation of amino acids by lactic acid bacteria (LAB) is important
for the generation of flavor compounds during cheese ripening. We
previously describedthatthe conversion of phenylalanine to benzaldehyde
in cell extracts of Lactobacillus plantarum (Nierop Groot and de Bont,
1998)differs from the pathways described for fungi and for Pseudomonas
putida (Fabre etal.,1996,Jensen etal.,1994, Kawabe and Morita, 1994,
Krings ef al., 1996, Lapadatescu et al., 1997, Simmonds and Robinson,
1998). In L plantarum,the conversion of phenylalanine to benzaldehyde
involves both an enzymatic step and a chemical reaction. In the cell
extract of this strain, phenylalanine is initially converted to phenylpyruvic
acid by the action of an aminotransferase. Inthe presence of oxygen,the
keto acid is then oxidized to benzaldehyde in a non-enzymatic reaction.
We demonstrated that this oxidation step depended on one or more
unidentified, heat-stable components fromthe cell extract. However, inthe
absence of cell extract, phenylpyruvic acid was easily converted to
benzaldehyde under mild conditions after addition of several metal ions,
suggesting that this chemical step, may bedue to the presence of one or
more metal ionsinthe cellextract.
Metal ions are involved in several functions in the metabolism of
LAB, e.g as the catalytic centers of enzymes (for a review, see Boyaval
(1989)). The so-called micronutrients, which are usually present at very
low concentrations in microorganisms, include the metal ions manganese
(Mn), iron (Fe), cobalt (Co) and copper (Cu) (Archibald and Fridovich,
1981). However, in several LAB, including L plantarum, the intracellular
level of Mn2+ is extremely high compared to the level of other metal ions
(Archibald, 1986). This makes Mn2+ a possible candidate for the
component in the cell extract involved in the chemical conversion of
phenylpyruvic acid. The reported biological effects of Mn2+ are numerous
and include structuring and activation of enzymes, detoxification of
chemicals harmful to the bacterial cell, and stabilization of subcellular
entities (Raccach, 1985).Besides contributingtothe biologicalfunctions of
Mn2+ described above, Mn2+ can be used by L plantarum for a different
purpose. Archibald and Fridovich (1981) demonstrated that L plantarum
can accumulate Mn2+ to high intracellular levels as a defense mechanism
against oxygen toxicity. This strain lacks the enzyme superoxide
dismutase, which is present in most aerobic and oxygen-tolerant
microorganisms. Inthe presentwork,we studiedthe role of manganese in
flavor production not only in L. plantarum, but also in a number of other
LAB.
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Addition ofmetalionstodialyzed cell extracts
In our previous report, we demonstrated that several metal ions can
catalyze the conversion of phenylpyruvic acid to benzaldehyde in the
absence of cell extract. However, the availability ofthe metal ions may be
reduced inacellextract-containing system dueto bindingofthe metalions
to components present inthe cellextract. Totest the catalyzing properties
of the metal ions in the presence of cell extract, we compared the
formation of benzaldehyde in bothdialyzed and undialyzed extracts andin
,2+
.2+.
,2+,
dialyzed extractstowhicheitherCu ,Mn ,Fe orCo wasadded
Figure
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containing 8 mM phenylalanine, 8 mM
a-ketoglutaric acid, and 0.02 mM
pyridoxal 5'-phosphate. A total of
1.70 mg of protein was present in the
reaction mixture. In all cases, S0 4 2 "
was the counterion of the metal ion
added. The values represent the
averages of duplicate incubations and
generally varied from the mean by no
morethan 10%.

The metal ions were added to a final concentration of 350 \M from filtersterilized stock solutions ofeither FeS0 4• 7H 2 0, MnS04• H 2 0, CUSCM •
5H20 orCoSCv 7H 2 0. Preparation ofthecellextractfrom MRS(Merck)grown cells of L. plantarum LcL1 and incubation of the extracts with
phenylalanine was performed as described previously (Nierop Groot and
de Bont, 1998). Dialysis of the cell extract was performed overnight at 4
°C against 50 mM potassium phosphate buffer (pH 7.0) containing 0.02
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mM pyridoxal 5'-phosphate. Cell extracts were stored at -20 °C for not
morethan 1week untilfurther use.Figure 1showsthat inkeepingwithour
previous report, phenylpyruvic acid and benzaldehyde were formed upon
incubation with phenylalanine in the undialyzed extract. However, no
benzaldehyde was formed in the dialyzed extract; instead, phenylpyruvic
acid accumulated in the cell extract over time. Addition of either Fe2+,
Mn2+, Co2+ or Cu2+ to the dialyzed extracts restored the conversion of
phenylpyruvic acid to benzaldehyde, although the rate of benzaldehyde
formation was depended on the metal ion that was added to the extract.
Besides benzaldehyde and phenylpyruvic acid,small amounts of mandelic
acid (0.16 and 0.12 mM), phenylglyoxylic acid (0.05 and 0.07 mM) and
phenylacetic acid (0.1 mM and 0.05 mM) were formed in the undialyzed
cell extract and in the Mn2+-supplemented cell extract, respectively. We
previously observed that in the absence of cell extract, the conversion of
phenylpyruvic decreased inthe order Cu2+ > Mn2+ > Fe2+. However, inthe
presence ofdialyzed cell extract, benzaldehyde formationfalls intheorder
Mn2+ > Fe2+ >Cu2+.Thiseffect may beexplained bythestability constants
for complex formation of the metal ions with various ligands. These
constants follow the order Mn2+ < Fe2+ < Co2+ < Cu2+ (Sigel and
McCormick, 1970,Vallee andColeman,1964).
Analysis ofthe metals ionsinthe extract
We analyzed the level of Mn, Fe, Cu and Co in both the undialyzed and
the dialyzed cell extracts of the MRS-grown L. plantarum LcL1 by
inductivity-coupled plasma mass spectrometry (ICP-MS). These analyses
were performed at the Department of Soil Science and Plant Nutrition of
the Wageningen University (The Netherlands).The MRS medium usedfor
cultivation of L.plantarumLcL1contained Mnat 144|xMasdetermined by
ICP-MS. Manganese was present in the undialyzed extract at 8.8 ug/mg
proteinwhichwas extremely highcompared tothe levelof Fe,Cu,andCo
in the same extract. The difference in concentration of these metals was
over afactor 80. Ifwe assume that the specific internal volume is 3ul/mg
protein as reported for L.plantarum(Glaasker etal.,1998),then it can be
calculated that the intracellular Mn2+ concentration is as high as 53 mM.
This indicatesthat, considering the Mn2+ concentration inthe medium,this
metal must have been transported by an active uptake system. The
dialyzed extract contained only 0.05 ug of Mn/mg protein while the
concentrations of the other metal ions tested were even lower. The
amount of Mn present in the undialyzed cell extract of L plantarum LcL1
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accounts for afinal concentration of 54 u.Minthe reaction mixture. For Fe
and Cu, this value is below 1 uM, and Co is present in the nanomolar
range. Therefore, the latter metal ions are not very likely to have a
significant contribution to the benzaldehyde formation in the extract
comparedtothat of Mn2+.
Since Mn2+ seems to be important in benzaldehyde formation, we
used a chemically defined medium (Kets et al., 1994) for cultivation of L.
plantarum LcL1 to study the role of this metal ion in more detail. In this
medium,the concentration of Mn2+ could bevariedwhile the concentration
of Co2+, Fe2+ and Cu2+ was kept at 0.8, 7.5 and 0.01 uM respectively.
Erlenmeyer flasks of 500 ml containing 150 ml medium, supplemented
with either 10, 25, 200, 300 or 500 uM of MnS04, were inoculated with
cellsgrownovernight inmediumcontainingthesameconcentrations. Cells
were cultured overnight at 30 °C, and cell extracts were prepared as
described previously (Nierop Grootandde Bont, 1998).
Table 1: Effect of Mn 2t concentration in the medium on the amount of benzaldehyde and
phenylpyruvic acid formed in cell extracts of L plantarum LcLland the Mn2+ content of these
extracts3.
Mn2+ in medium
(UM)

Benzaldehyde3
(nmol/mg protein)

10
25
200
300
500

67
241
683
766
767

Cone. inextract"
Phenylpyruvic acid
(nmol/mg protein)
1,836
391
<300
<300
<300

Mn' +
((jg/mg protein)
1.3
2.4
14.5
11.1
9.6

a

Cells were grown overnight in chemically defined medium (Kets et al., 1994) containing
Mn 2 S0 4 at different concentrations. Incubations were performed as described in the legend to
Figure 1. Each value represents the mean of duplicate measurements and varied from the
mean by no morethan 15%.

The protein concentration of the cell extracts were determined by the
Bradford method (Bradford, 1976) with bovine serum albumin as a
standard. The amount of benzaldehyde formed inthe cell extract after 4 h
of incubation with phenylalanine increased with increasing levels of Mn2+
in the culture medium, up to a concentration of 200 uM (Table 1).
Similarly, the Mn2+ content of the cell extracts increased with increasing
levels of Mn2+ in the culture medium, up to a concentration of 200 u.M.In
the extracts of cells grown in medium containing 10uM or 25uM of Mn2+,
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phenylpyruvic acidaccumulated inthe mediumdueto alimited conversion
of the keto acid to benzaldehyde. In keeping with this finding, these
extracts contained lowlevelsof Mn2+.
Inhibition oftheaminotransferase by manganese
We observed that in the undialyzed cell extract, the amounts of
phenylpyruvic acid and the metabolites formed from this compound
together accounted for only 59% of the phenylpyruvic acid formed in the
dialyzedextract. Inthe Mn2+-supplementedcellextract,the proportionwas
only29%.Wethereforetestedtosee ifeither benzaldehyde or Mn2+ hada
negative effect on the activity of the aminotransferase. Addition of up to
0.5 mM benzaldehyde to a dialyzed cell extract of L. plantarum NC8
showed nodecrease intheformation of phenylpyruvic acid bythe enzyme
(results not shown). In order to demonstrate an effect of Mn2+ on the
aminotransferase activity, we had to determine the formation of glutamic
acid, instead of the formation of phenylpyruvic acid, over time. Glutamic
acid is the transaminated product of cc-ketoglutaric acid that arises when
phenylalanine isconvertedtophenylpyruvic acid.
Figure 2: The formation of glutamic

1200

acid over time in a dialyzed cell
extract of L plantarum NC8 without
the addition of M n 2 + ( • ) and in the
presence of either 25 uM (•), 100
MM (A), or 350 uM (O) Mn2+.
Incubations were performed under
the conditions described in the
legend to Figure 1. The values
represent the average of duplicate
incubations and varied from the
means by no more than 10per cent.
Cells were grown in MRS medium.
Atotal of 5.56 mgof protein was
present inthe reaction mixture.

Since Mn2+ ions catalyze the conversion of phenylpyruvic acid, it was not
possible to study the effect of this metal ion by measuring the amount of
phenylpyruvic acidformed.Glutamic acidconcentrations were determined
by the method of Kunte et al. (1993) with a Chromspher5 C18 column
(Chrompack, Bergen op Zoom, The Netherlands). Figure 2 demonstrates
that addition of Mn2+ to a dialyzed cell extract of L plantarumNC8 indeed

69

Chapter 4

reduces the amount of glutamic acid formed by the aminotransferase. In
the dialyzed extracts supplemented with either 25, 100 or 350 uJvl Mn2+,
theamount ofglutamic acidformed after 8 hof incubationwas reduced by
25,30and 50%,respectively, comparedtotheamount inthe manganesefree extract. The inhibition of the aminotransferase by Mn2+ reduces the
yield in the Mn2+-containing extracts compared to the dialyzed extract.
Therewas no reduction inyieldforthe Co2+, Fe2+ and Cu2+ supplemented
extracts.
Table 2: Amounts of benzaldehyde and phenylpyruvic acid formed in dialyzed or undialyzed cell
extracts of LAB andthe Mn2+ contents ofthese extracts

Strain'

L plantarum LcL1
L.plantarum NC8
L. casei ssp. casei DSM20011
Leuc.paramesent. DSM 20288
Leuc.lactis DSM 20192
L helveticus ATCC 15009b
L.fermentumATCC 9338
L lactis ssp.lactis NIZO C17
L lactis ssp.lactis NCDO 712
L lactis ssp.lactis NIZO B26
L.lactis ssp.lactis NIZO B27

Cone,in extract3
Phenylpyruvic acid
(nmol/mg of protein)

Benzaldehyde
(nmol/mgof
protein),
undialyzed

undialyzed

908
582
1,196
1,266
<30
217
170
<30
74
<30
<30

<300
<300
<300
<300
<300
<300
<300
3188
8036
10274
6221

dialyzed

2,283
4,167
3,570
8,424
<300
1,697
849
4,239
8,344
12,254
6,974

Mn~
(ug/mgof
protein),
undialyzed

11.10
12.63
26.10
5.28
7.54
0.43
6.27
0.74
1.19
0.29
0.33

a

Measured after 8 hof incubation,exceptfor strains LcL1, B26and B27;these valueswere obtained
after 7 hof incubation.
b

L helveticus was grown in MRS broth.
Strains were obtained from American Type Culture Collection, Rockville, Md. (ATTC); Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany (DSM); National
0

Collection of Dairy Organisms, Reading, UK (NCDO); NIZO Food Research, Ede, The Netherlands
(NIZO); Unilever Research Laboratory, Vlaardingen, The Netherlands (for LcL1); Laboratoire de
Genetique Moleculaire, Universite Catholique de Louvain,Louvain-la-Neuve, Belgium (for NC8).

Benzaldehydeformation incellextracts ofother LAB
We examined whether the relation between benzaldehyde formation and
Mn2+ accumulation was restricted to L plantarum or whether it could be
observed for other LAB strains. Therefore, cell extracts of strains
belonging to several different genera were tested for benzaldehyde
formation from phenylalanine. For this experiment, cells were grown in
chemically defined medium containing 300 uM of MnSCU and 10 g of
glucose per liter. The Lactobacillusand Leuconostocstrains and L.lactis
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B26 and B27were grown inthe medium described elsewhere (Kets efa/.,
1994). The other Lactococcus strains were cultured in the medium
described by Poolman and Konings (1988). All strains were grown at 30
°C, except for L. helveticus and L. fermentum; these strains were
incubated at37°C.Table2showsthat benzaldehydewasformed notonly
in L.plantarumextracts, butwas also inthe extracts of several otherLAB.
Benzaldehyde-forming strains were distributed among the genera
Lactobacillus and Leuconostoc. Benzaldehyde formation by a strain
correlated with high levels of Mn2+ in the extract. Leuconostoclactis and
Lactobacillus fermentum wereexceptions, showing high Mn2+contents but
very poor benzaldehyde formation. In these strains, phenylpyruvic acid
generation is limiting due to either low or no activity of the
aminotransferase towards phenylalanine. Only minor amounts of
benzaldehyde were formed in extracts of the four Lactococcus lactis
strains. Since the production of phenylpyruvic acid in these extracts was
high,the limited benzaldehyde formation can be attributed tothe low level
of Mn2+ in these extracts compared to the benzaldehyde-forming strains.
Besides Mn, the levels of Co, Fe and Cu in all the extracts were
determined.Thesevalueswere below0.02,0.09 and0.1 |ig/mg proteinfor
Co, FeandCu,respectively.
The work reported by Archibald and Fridovich (1981) showed that
manganese accumulation in LAB provide the cells with a defense
mechanism against the toxic effects of oxygen. In the present study, we
clearly demonstrate that accumulation of Mn2+ has a surprising additional
effect. We showedthat in LABthat convert phenylalanine to phenylpyruvic
acid, benzaldehyde is formed when these strains contain a large Mn2+
pool. The difference between the intracellular Mn2+ concentration and the
concentration in the medium suggest that those strains must have a
system for active uptake of Mn2+. Therefore, benzaldehyde formation in
LAB by the mechanism we described previously (Nierop Groot and de
Bont, 1998), seems to be related to the presence of an active uptake
system for Mn2+ in the strain. An interesting perspective of these results
could be obtained by transferring the Mn2+ uptake system from L.
plantaruminto the more widely used Lactococcuslactis,thereby directing
phenylpyruvic acidgeneration inthisstraintowards benzaldehyde.
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Abstract
Manganese serves an important function in Lactobacillus plantarum in
protection against oxidative stress and this bacterium can import Mn2+ up
to millimolar levels intracellular^. Our knowledge onthetransport systems
that can potentially accomplish Mn2+ uptake inL plantarumisverylimited.
The results described in this study show, that in addition to the recently
described P-type ATPase, L plantarum contains at least three more
transport systems that are induced upon Mn2+ starvation. One of these
systems (MtsCBA) belongs to the ABC-type transporter family for metal
uptake, a group that is rapidly expanding. The mtsCBAgenes have been
cloned both from L plantarum and L. casei, and both gene clusters
appeared to be highly similar. Inaddition totheABCtransporter genes, L
plantarumharbors three genes encoding proteins belonging to the natural
resistance-associated macrophage proteins (Nramp). The transcription of
two of these genes (mntH1 and mntH2) and the mtsCBA genes were
induced upon Mn2+ starvation, suggesting a rol inthe uptake ofthis metal
ion.Strainswere constructedthat carryadeletion ineither mtsA,encoding
the substrate-binding protein of the ABC-transporter, or in mntH2.
Inactivation of either the individual or both transporters did not result inan
obvious mutant phenotype under the conditions tested. Nevertheless,
transcriptional analysis revealedthat the mtsCBAoperonwas upregulated
in the mntH2 mutant strain. Vice versa, in a mtsA mutant strain, a slight
increase in mntH2transcript levels was detected. This suggest that in L
plantarum cross regulation occurs between MtsCBA and MntH2
transporters. No effect on mntH1expression was observed in the mutant
strains, and combined with the fact that growth of a mtsA-mntH2double
mutant was not affected, it can be assumed that additional transporters
are involved in Mn2+ homeostasis. Results in this study indicate that
regulation of Mn2+ homeostasis in L plantarum is very efficient and
possibly involves moretransportersthanhavebeenidentifiedtodate.
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Introduction
Bacteria depend on efficient uptake systems to extract essential trace
metals from the environment. The Mn2+ ion isan importanttrace metalfor
most bacteria, either as cofactor in the catalytic centre of enzymes or in
manganese-dependent biological activities in a number of metabolic
functions. Previous measurements of Mn2+ in lactic acid bacteria (LAB)
revealed that the level of this metal ion is high in Lactobacillus plantarum
and Lactobacilluscasei,compared to other LAB (Archibald and Fridovich,
1981a,b; Nierop Groot and de Bont, 1999).The physiological role of Mn2+,
and the uptake of this metal ion, has been well documented for L.
plantarum (Archibald and Fridovich, 1981b; Archibald and Duong, 1984).
In this species, superoxide dismutase (SOD) activity is lacking and
therefore, Mn2+ is of extreme importance to tolerate oxygen stress. The
high level of Mn2+ inthecellsactsasascavenger oftoxic oxygenspecies,
especially OYand requires the presence of efficient Mn2+ uptake systems.
The millimolar level of intracellular Mn2+ thereby replace the function of
SOD which contains micromolar levels of Mn2+ as cofactor in most
oxygen-tolerant micro-organisms.
While ample evidence for the presence of an active Mn2+ uptake
system in L. plantarum has been provided (Archibald and Duong, 1984),
only recently a gene encoding a high-affinity uptake system in L.
plantarumwith affinity for Mn2+was reported (Hao efa/., 1999).Thisgene
encodes a P-type ATPase (MntA), involved in Cd2+- and Mn2+-uptake.
Expression of the mntA gene in Escherichia coli conferred increased
sensitivity for Cd2+ and increased Cd2+-uptake on these cells (Hao ef a/.,
1999). Although synthesis of MntA was demonstrated to be increased
upon Mn2+ starvation in L. plantarum, the role of MntA in this bacterium
remains to be determined and requires the analysis of a L. plantarum
mntAdeletionstrain.
Recently, it was demonstrated that Mn2+ uptake is mediated by an
ATP-binding cassette (ABC) family of transporters in Synechocystis
(Bartsevich and Pakrasi, 1995) and several Gram-positive bacteria
(Dintilhac ef a/., 1997; Kolenbrander ef a/., 1998; Bearden ef a/., 1999).
The cell-surface lipoprotein ofthese transporters belongs tothe lipoprotein
receptor antigen I (Lral) family that was initially believed to be directly
involved invirulence as adhesin (Sampson ef a/., 1994). However, similar
proteins in Streptococcus pneumoniae (PsaA) and S. gordonii (ScaA)
werefoundtoconstitutetheextracytoplasmicsubstrate recognition subunit
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of anABC transporter for Mn2+ (Dintilhac ef a/., 1997;Kolenbrander efal.,
1998) and mutation of the scaA gene resulted in decreased Mn2+-uptake
and impaired growthof S.gordoniiinmedia containing low concentrations
of Mn2+. Additonally, S.pneumoniaepsaA mutant cells showed increased
requirements for Mn2+, suggesting a role of this gene in Mn2+ import.
Similar binding-proteins have been described in at least nine additional
species of Streptococcus (see review by Claverys, 2001). Of these
extracytoplasmic binding-proteins, a role in Fe2+ and/or Mn2+ uptake has
been confirmed for S. epidermis (Cockayne et ai, 1998),Enterococcus
faecalis (Lowe ef a/., 1995) and S. mutans (Spatafora et al., 2001). In
addition, ABC-transporters can have specifity for multiple metal ions as
was reported for S. pyogenes (Janulczyk ef al., 1999). A function of the
lipoprotein of the ABC-transporter complex in virulence has been
demonstrated experimentally in animal models for S. parasanguis(FimA,
Burnette-Curley ef al., 1995), S. pneumoniae (PsaA, Berry and Paton,
1996), S. mutans (SloC, Kitten ef al., 2000) and Enterococcusfeacalis
(EfaA,Singhefa/.,1998).
Recently, a third type of transporter was reported to be involved in
Mn uptake in bacteria. Homologues of the mammalian Nramp (natural
resistance-associated macrophage protein) transporters were identified in
Bacillus subtilis (Que and Hellmann, 2000), Salmonella typhimurium
(Kehres ef al., 2000) and Escherichia coli (Makui ef al., 2000), that
conferred high-affinity uptake of Mn2+. The Nramp proteins were initially
characterized in mammalian species as divalent metal transporters that
confer the ability to control invasion of pathogens on macrophages and
other monocytes (see Govoni and Gros, 1998 for a review). At least two
copies of closely related genes(nrampl andnrampT) have been identified
on seperate chromosomes in both mice and humans. Studies inXenopus
oocytes have demonstrated that Nramp2 is a pH-dependent high-affinity
Fe2+ uptake systemwith broadsubstrate specifity including Mn2+, Zn2+ and
Co2+ and Cd2+ (Gunshin ef al., 1997). A function of the mammalian
Nrampl protein in Mn2+-transport has recently been demonstrated using
mice-derived phagosomes (Jabado ef al., 2000). Interestingly, the
bacterial Nramp homologues show a high degree of similarity to the
mammalian proteins. Cloning, regulatory and biochemical studies of the
enterobacterial (Kehres ef al., 2000) and the B. subtilis (Que and
Helmann, 2000) nramp genes demonstrated, that they encode protonstimulated, highly selective Mn2+ transporters that play a role in bacterial
response to reactive oxygen species (Kehres ef al., 2000). It has been
2+
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suggested that, in analogy to L plantarum,these transporters supply the
cells with aditional, non-enzymic protection against oxidative stress
(Kehresefa/.,2000).
Considering the importance for L. plantarum to maintain the
intracellular concentration of Mn2+atmillimolar levels,ahighly efficient and
tightly controlled system,to fulfill this requirement isexpected.At present,
information onthe types oftransporters for Mn2+, andthe genes encoding
these systems in L plantarum is very limited. In this study, we present
data on the presence of three transport systems in L.plantarumthat are
induced by Mn2+ starvation. Relative expression levels of mntH1 and
mntH2 (both encoding Nramp-type transporters) and mtsCBA (encoding
an ABC-type transporter) have been studied both in wild type and in
mutantsthatareaffected inoneortwoofthetransportsystemsdescribed.

Materialsandmethods
Bacterial strainsandculturing conditions
Strains, plasmids and oligonucleotides used in this study are listed in
Table 1aand 1b.L.plantarumand L.caseiwere grown in MRS broth (De
Man, Rogosa and Sharpes, Oxoid), or when mentioned in the results
section ina chemically defined medium (CDM,Kets ef a/., 1994). L.lactis
was cultured without aeration at 30 °C in M17 broth (Merck, Darmstadt,
Germany) supplemented with 0.5 % (wt/vol) glucose. E. colistrains were
grown with aeration at 37 °C in Tryptone Yeast (TY) medium (Sambrook
ef a/., 1989). Antibiotics were added to the medium when appropiate, at
the following concentrations: erythromycin (Em) 10 ug/ml (L plantarum)
and250 ug/ml(£. coli);lincomycin(Lm)20ng/ml(L plantarum);ampicillin
(Am) 100 ng/ml (£. coli); kanamycin (Km) 50 ng/ml (E. coli);
chloramphenicol (Cm)5ng/ml(L lactis).
DNAisolation,manipulations andsequence analysis
Chromosomal DNA of L. plantarum and L. casei was prepared as
described previously (Bernard ef a/., 1991). A JetStar column (Genomed
GmbH, Bad Oberhausen, Germany) was usedfor large scale isolations of
E. coli plasmid DNA following the instructions of the manufacturer.
Isolation of small-scale plasmid DNA of E. coli and standard recombinant
DNA techniques were performed as described by Sambrook ef al.(1989).
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L.plantarumwas transformed by electroporation as described byAukrust
and Blom (1992) and E. coli cells were transformed by the CaCI2
procedure (Sambrook et al., 1989). PCR amplifications were carried out
with an automated thermal cycler (Perkin-Elmer, Nieuwekerk a/d Ijssel,
The Netherlands) using either Taq DNA polymerase or Pwo polymerase
(Gibco/BRL Life Technologies, The Netherlands). DNA was isolated from
agarose gels by using a QIAEX II gel extraction kit (Pharmacia Biotech,
Uppsala, Sweden). A non-radioactive dioxygenin DNA labelling and
detection kit (Roche Diagnostics Nederland BV,Almere, The Netherlands)
was used to label and detect probes for Southern blotting or colony
hybridization. For hybridization and detection during Southern blotting,the
instructions of the manufacturer were followed. Nucleotide sequences of
DNA were analysed with an ALFred automatic DNA sequencer
(Pharmacia Biotech) using Cy5-labeled primers and the AutoRead
sequencing kit (Pharmacia Biotech).
Cloning ofmtsCBA from L.caseiand L.plantarum
For the cloning of the mtsCBA genes of L plantarum and L. casei,
degenerate primers were designed on basis of conserved protein
sequences derivedfrom multiple alignment of members ofthe Lral protein
family; ScaA (Streptococcus gordonii, ace. no. P42364), FimA (S.
parasanguis, M26130), PsaA (S. pneumoniae, U53509), ScbA (S.crista,
U46542) and EfaA (Enterococcus faecalis,U03756). Primers LPSBP2 and
LPSBPR4 (see Table 1b) were based on the conserved amino acid
sequences NLETGGNAW and DSYYSMM(K/N), respectively. Primers
LCSBP1 and LCSBPR4 (Table 1b) were based on the amino acid
stretches DPHEYEPLPE and EG(C/A)FKYFS of MtsA respectively. The
degenerate primers were applied in PCR reactions using the following
conditions:2 minat 94°C,followed by 35cyclesof 1minat 94°C, 1min
at 42°C,2 or 3 minutes at 72 °C and a 1final incubation of 10 min at 72
°C. PCR amplifications using the primers LPSBP2 and LPSBPR4 andL.
plantarum chromosomal DNA as a template, yielded a 620 bp fragment
(PCR1), while the primers LCSBP1 and LCSBPR4 and L casei
chromosomal DNA resulted in 440 bp fragment (PCR2). Both products
were cloned in pGEM-T (purchased from Promega Biotech, Roosendaal,
The Netherlands) and the resulting plasmids were designated pGEMTPCR1 and pGEM-TPCR2, respectively. Both cloned fragments were
sequenced and appeared to encompass an internal fragment of a gene
encoding aputativesubstrate-binding protein(SBP).
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Table 1a.Bacterial strains and plasmids used inthis study
Strains and
plasmids
Strains
E.coli

Relevant characteristic

Sambrookefa/., 1989
Hannahan,1983

TG1
DH5a
L plantarum

NC8
WCFS1
WCFS1Amfs/\
WCFS1A/w?fH2
L casei subsp. casei
DSM20011
L.lactis NZ9000
Plasmids
pGEM-T
pCRblunt
pGEM-TPCR1
pGEM-TPCR2
pUC18ERY
pNZ8020
pMN027
pMN011
pMN038
pMN061
pMTL 22P
pTZ19R
pMN070
pMN071

References

silage isolate,plasmid free

WCFS1 derivative,AmtsA
WCFS1 derivative, AmntH2

Aukrust and Blom,
1992
WCFS collection
This study
This study
DSM

MG1363pep/v :.nisRK

Kuipersefa/., 1998

PCR cloning vector,Amp
cloningvector for blunt PCRfragments, KmR
pGEM-T containing a 620 bp PCRfragment of
mtsAL. plantarum
pGEM-T containing a440 bp PCRfragment of
mtsA ofL casei
AmpR, EryR
expression vector carrying the nisA promoter,
CmR
pNZ8020 derivative, CmR, harboring mtsCBA
from L. casei
pUC18ERY derivative,AmpR, EryR,knock out
construct mtsA
pUC18ERY derivative,AmpR, EryR,harboring a
649 bpfragment of mntH2
pMN038 derivative,AmpR. EryR, knock out
construct mntH2

Promega
Promega
This study

AmpK
pMTL 22P derivative containing a2kbHindi11
fragment of L.casei
pTZ19R derivative containing a2.2 kb EcoRIKpn\fragment of L casei

This study
Kranenburg etal., 1997
De Ruyterefa/., 1996b
This study
This study
This study
This study
Chambers etat.,1988
Pharmacia
This study
This study

Chapter 5

Table 1b. Oligonucleotides used inthis study
Oligonucleotides
Sequence
(5' - 3 ' )
LPSBP2
AAY YTN GAR CAN GGIGGIAAY GSN TGG1
LPSBPR4
NTT CAT CAT ISWRTA RTA NVW RTC
LCSBP1
GAY CCI CAY GARTAY GAR CCIYTN CCN GA
LCSBPR4
WRA ART AYTTIR RNS MNC CYTC
LCSBPF1
TGAAGCCGATGTTGTCTTCCACAATGG
LCSBPR1
ACCGCTGGCGTTCCGGAATATCAAGG
LPATPF3
TGGGCCTATAATTCGGTTGTG
LPATPR3
CGAGCCATCACCAACAATTAC
LPATPF4
ATGACGACGACGGTCGTGTTAG
LPATPR4
CCGCAAAAACATCGTGGTCAAAG
LPATPF6
TCAGCCATGGAAACGAAATTAATTGCAC
LPATPR6
ACTGTCTAGACAACCGAATTATAGGCC
LPMNTH1F
GCATTACTTTCTGTGATCCTG
LPMNTH1R
CATTGTACAAGTCAACGAACC
LPMNTH2AF
CATGCTAATGTCTGTCATCTTG
LPMNTH2AR
CATAAAGACCGAAGAATGAAGG
LPMNTH2BF
AATATCTAGACAGCAACTTGCTGCAGC
LPMNTH2BR
AAAAGTCGACGCTGTCAACATAAATAGCG
LCABCF
CGTACTGCAGGGTCACCCTAAAAATTGGAGGC
LCABCR
GCGCTCTAGAGTTCAAACGAGCGTCTTGGTGC
16SP1
GCGGCGTGCCTAATACATGC
16SP2
ATCTACGCATTTCACCGCTAC
LPABCSEQ
CTGTATGCCACGGTGAGG
LPH1SEQ
TCTTAGCGTGATCCTTCG
LPH2SEQ
GGAACCTCGATGGTACCG
The codes used for the mixed bases are as follows: Y= C+T; N= A+C+G+T; R= A+G; M=
A+C; S= C+G;W=A+T;V=A+C+G; l= deoxyinosine.

The homology ofthe corresponding amino acid sequences with ScaA and
PsaAwas high;52and 56%identity, respectively.
In order to clone the expected three genes from L. casei, a 352 bp
PCR fragment (primers LCSBPF1 and LCSBPR1) of mtsAwas used as
probe in Southern hybridization. A 2 kb H/ndlll and a 2.3 kb EcoRI-Kpnl
fragment of chromosomal DNA of L casei hybridized with this probe. On
basis of these results, enriched H/ndlll and EcoRI-Kpnl digested L casei
chromosomal libraries were constructed in either pMTL 23P (H/ndlll
digested) or pTZ19R (EcoRI-Kpnl digested) and transformed to E. coli.
Clones harboring the correct inserts were selected by colony hybridization
usingthemtsAinternalfragment asprobe.Twoclones,containingeithera
2 kb insert (covering mtsB,mtsC and the 5'-region of mtsA) or a 2.3 kb
insert (containing mtsB and mtsA) were selected and were designated
pMN070 and pMN071, respectively. The inserts of these constructs were
sequenced on both strands.The L.p/anfaram-derived DNA sequencewas
usedtoscreentheLactobacillusplantarumGenome Projectdatabase.
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Construction ofmtsAandmntH2mutants
In order to inactivate the mtsAand mntH2genes in L.plantarumWCFS1
by double cross-over recombination, we used the vector pUC18ERY that
can not replicate in this strain. For a deletion in mtsA, two fragments
flanking the region to be deleted were amplified by PCR. Using primers
LPATPF3 and LPATPR3, a860 bpfragment was obtained downstream of
the 3'-end of the coding region of mtsA (fragment B, see Figure 1).
Primers LPATPF4 and LPATPR4 generated a 822 bp PCR fragment that
contained 355 bpofthe 5' -end ofmtsAand467 bpofthe 3'-end ofmtsB
(fragment A, see Figure 1). Both fragments were cloned in pGEM-T,
checked by DNA sequencing, and reisolated as a A/col-SacI fragment
(fragmentA)orasaA/col-Sa/lfragment (fragmentB).
0.5 kb
•

•

FragmentB
FragmentA

-4

N

>Rs*wy- :^>i

mstC "

mtsB

"

• • ->?
mtsA

U

' -23kcal

deletion inmtsA
Figure 1. Organization of the mtsCBA genes encoding an ABC-type transporter in Lactobacillus
plantarum. The genes mtsC, mtsB and mtsA in L. plantarum encode an ATP-binding protein, a
hydrophobic membrane protein and an extracytoplasmic substrate-binding protein, respectively. The
small arrow indicates the transcription start and the terminator is represented by a hairpin structure
(AG=-23 kcal/mol) The location of fragment A and B, amplified by PCR to make the knock-out
construct pMN011, are indicated above the L.plantarum gene organization

Cloningofthesetwofragments upstreamofandintheopposite orientation
to the ery gene of pUC18ERY resulted in pMN011. This construct was
introduced in L plantarumby electroporation and cellswere subsequently
cultured in MRS medium containing Em and Lm. The replicon of this
plasmid is not functional in L plantarum and Em (EmR) and Lm (LmR)
resistance can only result from integration of the plasmid in the
chromosome. Several EmR/l_mR integrants were selected and were
analysed by Southern hybridization. A single colony was selected and
cultured without selective pressure to obtain an Ems phenotype resulting
from the second cross-over excission. After 100 generations, three
candidate mutants (Ems) were obtained and Southern analysis confirmed
thattwostrains harboredthedeletedversion ofmtsA(data notshown).
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The mntH2gene was inactivated by deleting 617 bp of the gene at
the 3'-end using the double cross-over recombination strategy described
above. This 617 bp deletion in mntH2 results in loss of the conserved
consensus transport motif (Kerppola and Ames, 1992) present in the
fourth predicted intracellular loop between the transmembrane-associated
segments (TM) TM8 and TM9. A 649 bp fragment, located at the 5' -end
of mntH2 was amplified using primers LPMNTH2AF/LPMNTH2AR
(fragment 1)and cloned in pCRblunt. The resulting plasmid was digested
with Sac\-Xba\and the insert was cloned in pUC18ERY yielding pMN038.
A second 714 bp fragment (fragment 2) located downstream of the
stopcodon
of
mntH2
was
amplified
using
primers
LPMNTH2BF/LPMNTH2BR and cloned in similarly digested pMN038
usingthe Sa/IandXba\ sitesthat were introduced inthe primer sequence.
The resulting plasmid was designated pMN061. In order to obtainmntH2
mutants, plasmid pMN061 was introduced in both the L. plantarum
parental and the AmtsAstrain by electroporation. Selection was made for
EmR/LmR colonies resulting from the first cross-over event. Single crossover mutants in both strains were subsequently grown without selection
pressure for approx. 140 generations to obtain the double cross-over
mutants with a 617 bp deletion in mntH2. The deletion in this gene was
confirmed bySouthern analysis (data notshown).
Overexpression ofmtsCBAinL.lactis
The nisine-inducible vector pNZ8020 (De Ruyter et a/., 1996a) was used
to overexpress the mtsCBAgenes from L.caseiin L.lactis.Using primers
LCABCF and LCABCR, the mtsCBAgenes were amplified from L.casei
chromosomal DNA. The resulting fragment was digested with Pst\ and
Xba\ (sites introduced in the primers are underlined) and cloned in
pNZ8020,digested with the same restriction enzymes. This construct was
designated pMN027 and was introduced in L lactis NZ9000 by
electroporation. Upon addition of different concentrations of nisin, the
MtsCBA proteins could be overproduced aswas confirmed by SDS-PAGE
(data notshown).
RNAisolation,Northern blotting and primer extension
Overnight-grown cells of L.plantaruminCDM (containing 300 \\M MnSCU)
werewashed inCDMwithout Mn2+ and diluted 1:100 inCDMwith variable
MnS04 concentrations (1.5 up to 300 |iM) and incubated overnight at 37
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°C. One ml of these cultures were used to inoculate 50 ml of CDM with
thesame MnS04concentration.Cellswereharvested atanOD600 ofabout
0.4-0.5 and RNA was isolated by the Macaloid methode described by
Kuipers efa/. (1993)withthefollowing adaption.Priortothe cell disruption
step,the resuspended cellswere incubatedwith lysozymefor 5minonice
to increase RNA yield. RNA was seperated on a 1% formaldehydemorpholine-propanesulfonic acid (MOPS) agarose gel, blotted and
hybridized as described previously (Van Rooijen and DeVos, 1990). Blots
were probed with PCR-derived fragments of mtsA(primers LPATPF6 and
LPATPR6), mntH2 (LPMNTH2AF and LPMNTH2AR) or mntH1
(LPMNTH1F and LPMNTH1R). For hybridization, probes were
radiolabeled with [cc-32P]dATP by nick translation. Quantification of the
transcripts in Northern blotting was performed using the Dynamics
Phosphor Imaging System (Molecular Dynamics, Rochester, NY).
Correction of individual values was performed by correlation of the signal
to the amount of 16S rRNA, as determined by hybridization with a 700 bp
probeobtained byPCRusingthe 16SP1and 16SP2 primers (Table 1).
For primer extension, 20 ng of oligonucleotides were annealed to 15
Hg of RNA according to the method described by Kuipers et al. (1993).
The synthetic oligonucleotides, LPABCSEQ, LPH1SEQ and LPH2SEQ,
complementary to the 5' sequence of mtsC, mntH1 and mntH2,
respectively, aregiven inTablelb.
Analysis ofintracellular manganese levels
To analyze the effect of mtsCBAoverexpression on the intracellular Mn2+
content ofL lactiscells,the nisine-controlled expressionsystemwasused
(De Ruyter efal.,1996b;Kuipers efal.,1998).L lactiscellswere grown in
M17 medium supplemented with 200 |xMMnS04 and 1% glucose (wt/vol)
to an optical density at 600 nm of about 0.5, and then divided into 3
cultures to which either 1 ng/ml, 2.5 ng/ml or no nisine was added. The
cultures were harvested four hours after addition of nisine, and washed 3
times with 50 mM potassium phosphate buffer. The resulting pellet was
suspended in Millipore water, and cellswere mechanically disrupted inthe
presence of zirconium beads in a FastPrep FP120 (Savant Instruments,
Inc. USA). Cell drebris was removed by centrifugation and the remaining
supernatant was used for Mn analysis. Analysis of Mnwas performed by
inductivity-coupled plasma atomic emmisionspectrometry (ICP-AES). The
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protein content of the cell extract was determined by the method of
Bradford (1976).
DNAanddeduced protein analysis
Computer analysis of DNA sequences and the deduced amino acid
sequences was performed using the program Clone (version 4.0; Clone
Manager). The EMBL/Genbank and ClustalW were used to search for
aminoacidsequence similarities.
Nucleotidesequenceaccession numbers
The GenBank accession numbers for the given sequences in this paper
areasfollows:AF416708(mtsCBA from L plantarumWCFS1);AF416709
(mntH1from L plantarumWCFS1); AF416710 (mntH2from L plantarum
WCFS1). The mtsCBAsequence from L caseisubsp. casei DSM20011
has beensubmittedtothe GenBank.

Results
Sequence analysis of mtsCBA of L. plantarum WCFS1 and L.casei
DSM20011
Previous measurements ofthe manganese contents of lactic acid bacteria
(LAB) revealed that this metal was present at high levels in both L.
plantarum and L. casei, compared to several other LAB belonging to
various genera (Nierop Groot and de Bont, 1999). Therefore, we were
interested incloning the genes involved in Mn2+ uptakefrom bothbacteria.
Several reports have been published on the presence of ABC-type
transporters in Streptococcussp.that are involved in Mn2+ uptake. Highly
conserved amino acid sequences of these Mn2+ transporters, and several
homologuesthereof, were usedtofind similar systems inL.plantarumand
L.casei.
An internalfragment ofthemtsAgeneofL plantarumNC8,encoding
the putative substrate binding protein (SBP) of the ABC transporter was
used to screen the Lactobacillus plantarum WCFS1 Genome Project
database at the time it became available for up-and downstream regions.
The L caseigenes were cloned as described inthe Material and methods
section. Based on homology, the mtsCBA genes in L. plantarum and L.
casei potentially encode an ATP-binding protein (MtsC), a hydrophobic
membrane protein (MtsB) and a substrate-binding protein (MtsA),
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respectively (Figure 1). The amino acid sequences of the MtsC proteins
includethetwo consensus binding sitesforATP,theWalker AandWalker
B motifs (Walker ef a/., 1982). The first nucleotide binding site starting at
amino acid 34 (GPNGAGKST) is conform the Walker A consensus
sequence (GxxGxGKST), while the Walker B motif (the consensus is
hhhhDEPT, where h is any hydrophobic amino acid) can be found
between amino acids 155 and 162 (IIILDEPF for L plantarum and
IIIMDEPF for L. casei).MtsB is highly hydrophobic with 7 and 8 potential
transmembrane helixes for L. plantarum and L casei, respectively, as
predicted by the TopPred II program (Claros and Von Heijne, 1994).
Although an N-terminalsignalsequenceforsecretion can berecognized in
MtsA of both Lactobacillus strains, in contrast to the other substratebinding proteins in Gram-positives, the prolipoprotein cleavage site
L(S,A)(A,G)C(S,G) (Sutcliffe and Russel, 1995)was not present.
Table 2: Percentage identity ofthe proteins encoded bythe mtsgene cluster inL plantarum with ABC
transporters inother bacteria
Species
L. casei'

MtsC
MtsC (73%)

homology to mtsgene product
MtsB
MtsB (77%)

MtsA
MtsA (66%)

substrate*

S. gordonii2

ScaC (45%)

ScaB (55%)

ScaA (47%)

Mn 2 t

S. pneumoniae

PsaB (43%)

PsaC (47%)

PsaA (50%)

Mn2+

S. epidermis 4

SitA (38%)

SitB (49%)

SitC (44%)

Fe2+ (Mn2+)

L. lactis5

MtsB (46%)

MtsC (54%)

MtsA (49%)

?

B. subtilisB

MntB (44%)

MntA (25%)

Mn2+

Synechocystis7

MntA (35%)

MntC (29%)

Mn 2+

S.typhimurium 8

SitB (33%)

SitA (31%)

?

S. pyogenes9

MtsB (45%)

MtsA (50%)

Z n 2 \ Fe3+, Cu2+

V.pestis 10

YfeB (38%)

YfeA (30%)

Fe3+, Mn 2+

S. mutans11

SloA (45%)

SloC (50%)

Fe3*

?

3

MntC (34%) and MntD (35%)
MntB (34%)
SitD (37%) and SitC (33%)*
MtsC (55%)
YfeD(37%) andYfeC (34%)*
SloB (55%)

Genbank accession numbers: 1.this study. 2. P42364, P42361, P42360. 3. AF055088 4. X99127. 5.
AE006363. 6. 034385, 035024, 034338. 7. S55045, Q55282, Q55281. 8. AF128999. 9. AF180520.
10. U50597. 11.AF232688.
Substrates suggested by experimental data. Substrates determined bytransport assay using radioisotopes ofthe metal ionsare in bold.
" Twogenes encoding hydrophobic membrane proteins arepresent inthesegene clusters.
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The homology between the two Lactobacillus sequences is high;
sequence alignment shows that 66% up to 77% of the amino acids are
conserved. Table 2 shows that the proteins encoded by the two
Lactobacillussequences are highly homologous to the products encoded
by the sea operon of Streptococcus gordonii and the psa operon of
Streptococcuspneumoniae.These operons have recently been identified
as Mn2+ transport systems (Kolenbrander et al. 1998; Dintilhac ef a/.,
1997). Homology was also found to the yfe operon of the Gram-negative
Yersinia pestis (U50597) and the sit operon of Staphylococcus epidermis
(X99127). The genes clustered in these operons encode iron/manganese
(yfeoperon)and iron (sitoperon)transportsystems.
FunctionalanalysisofthemtsCBAgenes
To confirm a role of mtsCBA from Lactobacillus in Mn2+-uptake, the
mtsCBA genes from L. casei were overexpressed in Lactococcuslactis
NZ9000 usingthe nisin-inducibleexpression system (Kuipers efal.,1998).
L.lactiscontains low levels of intracellular Mn2+ compared to L. plantarum
and L. casei (Nierop Groot and de Bont, 1999). L. lactis NZ9000 was
grown in M17 broth (supplemented with 200 |xM of MnS04) in the
presence and absence of nisin (2.5 ng/ml), and the intracellular Mn2+
concentration was determined by ICP-AES. Overexpression of mtsCBA
resulted in an increase in the intracellular Mn2+ in L. lactis NZ9000 from
210 to 342 ng/mg protein (60% increase). This amount was significantly
higher than the 252 ng/mg protein Mn2+ present in the induced control
strain, harboring pNZ8020 without the mtsCBAgenes. Overexpression of
mtsCBAin L. lactis also resulted in a reduction in the growth of the cells.
Although we can not exclude that the decrease ingrowth has an effect on
the Mn2+ levels in L. lactis, this result suggest a role in Mn2+ uptake for
thesegenes.
Construction ofamtsAdeletion strain
Tostudy thefunction ofthe mtsCBAgenes inL.plantarum,the mtsAgene
was inactivated byusingadoublecross-overstrategyresulting ina575bp
deletion in mtsA (Figure 1). The mtsA mutant strain was compared to the
parental strain for growth at various Mn2+ concentrations. The mutant
showed nodecrease ingrowth rateateither 1.5|iMor300|Jv1 of Mn2+,nor
was cell density of overnight-grown cultures affected in a range of Mn2+concentrationstested(results notshown).Theamount ofintracellular Mn2+
was measured, but showed no significant difference between the parental
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and the mtsAmutant strain (data not shown). Mutation of similar genes in
S. pneumoniae (psaA) and S. gordonii (scaA) showed slow growth and
reduced Mn2+-transport at low Mn2+ concentrations (Dintilhac ef a/., 1997;
Kolenbrander ef a/., 1998). The absence of a L plantarum mtsA mutant
phenotype was unexpected,andsuggests that either additonal systems in
L.plantarumcan compensate for Mn2+ uptake, or that the mtsCBAgenes
donotencode aMn2+ transporter.
Transcriptional analysis ofthemtsCBAoperon inL. plantarum
The expression of mtsCBA in L. plantarumwas analysed to substantiate
the postulated role of these genes in Mn2+ uptake. Cells were grown in
CDM which allows variation of the Mn2+ concentration without changing
othercomponents.
1

Figure 2. mRNA levels of mtsA in L plantarum
grown in CDM containing either 1.5, 3, 10, 100
or 300 uM of Mn2+ (lane 1-5 respectively). RNA
was isolated from exponentially growing cultures
(OD60o = 0.5). Equal amounts of RNA were run
on a 1% formaldehyde gel. Using a mtsA-

?

'$$

specific probe, a transcript of 2.6 kb can be
detected.

Relative

mRNA

amounts

were

calculated from the radioactivity measured in the
transcript bands at each Mn2+ concentration with
respect to the background signal (indicated by
the horizontal line)

1,5

3

10
100
manganese(uM)

300

A probe specific for the complete mtsA gene was synthesized by PCR
using primers LPATF6 and LPATPR6. Usingthis probe,asingle transcript
of2.6 kbwasdetected incellsgrown at 1.5|xMandat3uM,albeitthatthe
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signal intensity was significantly lower inthe latter sample (Figure 2).The
transcript size corresponds to the length required to encompass the three
mts genes. For cells grown at Mn2+ concentrations above 3 jiM, no
significant transcripts were detected. Transcript quantification using a
Phosphor Imaging System demonstrated a 6-fold increase of mte-RNA
values in cells grown at 1.5uMcompared to the signal intensity detected
for 300 nM-grown cells. At Mn2+ concentrations above 1.5 u.M,the signal
intensity dropped rapidly. Regulation of mtsCBAexpression by either the
growth phase, or by the level of aeration was not observed (results not
shown).
Primer extension was performed on total RNA, isolated from cells
grown at 1.5uJvlof Mn2+,todetermine thetranscription initiation start sites
of the mtsCBA gene cluster. Two transcription start sites, a guanosineresidue 34 nucleotides, and an adenosine-residue 39 nucleotides
upstream of the ATG start codon of the mtsCBA genes were identified
(Figure3).
mtsCBA

CAATTATTTGCATTAGCGTTAATTATCAGTTATGCTTATGACG
-35

i

-10

i

ATGTAGAAAACCGACTACCGCGATGAACGGAGGAAATGTGATG
SD

B.

mntH2

AAAAAGTATTTCCATTTACTTTTATTTATTGTACAATGACAAC
-35
-10
GGCTCAAAGATTTAGAGATATAGAAAGGTGGTCTTTTAATTG
SD

Figure 3. Transcription initiation sites of the mtsCBA (panel A) and mntH2 (panel B) genes as
determined by primer extension analysis. Trancription start sites are underlined and indicated with a
vertical arrow. Proposed -35 and -10 promoter regions are indicated. Shine-Dalgarno sequences
(SD) are indicated. DNA sequences resembling metalloregulatortarget regions are indicated in bold.

The proposed transcription start of the three mts genes is preceded
by a sequence that has similarity to the -10 box consensus sequence
(TNTGNTATAAT) of the c^ promoters from Gram-positive bacteria
(Helmann, 1995). These results demonstrate that mtsC,B and A are
organized in an operon. Transcription of the mts operon starts from a
promoter upstream of mtsC, that is activated upon Mn2+ starvation. This
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supports the hypothesis that MtsCBA indeed is involved in Mn2+ transport,
and that the failure to demonstrate a mtsA mutant phenotype in L
plantarum is probably due to the presence of alternative transporters for
Mn2+,that compensateforthe inactivityofthe Mtssystem.
Manganese induction ofmntM andmntH2
In the L. plantarum genome sequence, four genes were found with
homology to putative manganese transporters. One gene was recently
described by Hao etal.,(1999) and encodes a protein that belongs to the
family of P-type cation translocating ATPases. Three other genes were
found, that encode proteins with homology to the Nramp family of
transporters. Recently, thesetype oftransporters havealso been identified
in E. coliand S. typhimurium(Kehres etal., 2000) and in B. subtilis(Que
and Helmann, 2000) as highly selective Mn2+ transporters. We therefore
focused ontheexpression ofthe Nramp-typetransporters inL plantarum.
The three genes that encode proteins of the Nramp family in the L.
plantarumgenome sequence were designated mntH1,mntH2andmntH3.
Table 3 shows the homology of the proteins encoded by these mntH
genes to the recently identified Nramp transporters for Mn2+ in B.subtilis
(Que and Hellman, 2000), Salmonellatyphimurium(Kehres ef al., 2000)
andE.coli(Makuiefal., 2000).
Similar systems are encoded in the S. gordonii (Jakubovics and
Jenkinson, 2001), S. mutans (http://www.genome.ou.edu/smutans)
genome, but no Nramp homologues are present in the S. pneumoniae
(Tettelin ef al., 2001) and S. pyogenes (Ferreti ef al., 2001) genomes.
Whereas in most bacteria one or sometimes two Nramp proteins are
present, the L. plantarum genome harbors 3 paralogs. The MntH
sequences from L. plantarum share between 26 to 76% identity to the
other Gram-positive and -negative MntH proteins. In particular, homology
was high to the recently described HitA protein from Lactobacillusbrevis
(Hayashiefa/,,2001).
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Table 3:Comparison of L
Species

Gene

No.
ofaa

Homology to L
plantarum
(percentage identity)
MntH1 MntH2 MntH3

Experimental
data

Reference

L. plantarum

mntH1

464

100%

55%

45%

This study

mntH2

530

55%

100%

42%

Induced
by
Mn2* starvation
Induced
by
Mn2+ starvation

B. subtilis

mntH3
mntH

441
425

45%
36%

42%
34%

100%
30%

Mn 2t transport

L brevis

mntH

464

76%

53%

44%

Hop induced

E.coli

mntH
(yfeP)
ykjB

412

34%

32%

31%

Mn2+ transport

314

54%

76%

38%

ytjB1

419

30%

26%

28%

mntH1

391

45%

39%

40%

mntH2

438

46%

41%

39%

S. typhimurium

mntH

413

33%

31%

31%

S. epidermis
Y.pestis
S.mutans

mntH
mntH
mntH

453
409
446

56%
32%
58%

49%
29%
54%

43%
30%
45%

L lactis

P. auruginosa

1

plantarum MntH proteinswith several bacterial Nramp transporters

Mn2+ transport

This study
This study
Que and Helmann
(2000)
Hayashi efal.
(2001)
Kehres efal.
(2000)
http://spock.jouy.
inra.fr/
http://spock.jouy.
inra.fr/
Kehres efal.
(2000)
Kehres efal.
(2000)
Kehres efal.
(2000)
http://www.tigr.org2
www.sanger.ac.uk
www.genome.ou.
edu/smutans

This gene maycontain a
frameshift mutation.
preliminary sequence datawas obtained from The Instituteof Genomic Research.

To test whether these putative transporters were expressed in L
plantarum, RNA was isolated from cells grown at various Mn2+
concentrations. Using mntH1- and mnf/-/2-specific probes, single
transcripts of 1.5 kb and 2.1 kb respectively, were detected. For both
genes,the mRNAlevels remained unchanged inthe rangeof 10upto300
|xMMn2+. However, the levels of mRNAwerefound to increase 13-and6foldfor mntH2and mntH1,respectively, when the Mn2+ concentration was
reduced from 10 to 1.5 uM (Figure 4). The presence of a single
transcription initiation start upstream of mntH2 was identified by primer
extension analysis. Transcription of mntH2 starts at the cytosine-residue
located 39 nucleotides upstream of the translational start codon TTG
(Figure 3). Despite several attempts, we did not succeed in obtaining a
primer extension productforthemntH1 gene.
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Figure 4. Expression of mntH1 (4A)
and mntH2 (4B) mRNAs upon
manganese starvation in L plantarum.
mRNA was isolated from exponentially
growing cultures in CDM containing
either 1.5, 3, 10, 100 or 300 pMof Mn2+
(lane 1-5 respectively). The transcript
size is 1.5 kb for the mnfHf-specific
probe and 2.1 kbfor the mnfH2-specific
probe. Relative mRNA amounts were
calculated from the radioactivity
measured in the transcript bands at
each Mn2* concentration with respect to
the background signal (indicated by t r r
horizontal line).
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The RNA levels for this gene were quite low, and the presence of a small
inverted repeat inthe region oftheATGstartcodon presumably prevented
a succesful primer extension reaction. The transcript length of 2.1 kb,
detected with the mnfH2-specific probe, corresponds to the size ofmntH2
plus a downstream located open reading frame (orf2). Orf2 has no
significant similarity to any sequence from the database. There is no
strong inverted repeat present between mntH2 and orf2, suggesting a
bicistronic transcript starting from the promoter upstream of mntH2.
Althoughthetranscription initiation siteformntH1could notbedetermined,
the transcript length of 1.5kb for mntH1suggest a monocistronic mRNA.
To a limited extent, cross-hybridization occured using mntH1-andmntH2specific probes, however the difference in transcript length allowed us to
discriminate betweenthe twotranscripts. Notranscript was detected using
the mnfH3-specific probe under the conditions tested, suggesting that this
transporter is not involved in transport of Mn2+ and its function remains
unknown. These results clearly show, that beside the ABC-transporter, at
leasttwo more putativetransporters are induced upon Mn2+starvation.
Construction ofadeletion in mntH2
A deletion was introduced in the mntH2gene in both the parental, and in
the AmtstAstrain.The 617 bp deletion made in mntH2results in loss ofa
conserved transport motif (Kerppola and Ames, 1992; Vidal ef a/., 1993)
present in the intracellular loop between the transmembrane associated
segments TM8 and TM9. The growth rate of the mntH2 mutant and the
double mutant (mntH2-mtsA) was tested under aerobic conditions in
medium containing 1.5or 300 (Jvlof Mn2+, however both strains were not
affected in growth rate compared to the parental strain. RNA was isolated
from boththewildtype,themtsAmutant,themntH2mutantandthedouble
mutant (mtsA-mntH2)grown at 1.5 nM of Mn2+, and analyzed. Transcript
quantification revealed a 45% increase in mfsCB^-transcript level in the
mntH2 mutant strain at 1.5 uM of Mn2+ compared to the parental strain
(Figure 5), suggesting that the mntH2 mutation is compensated via
upregulation oftheABCtransporter. Vice versa,inthe mtsAmutantstrain,
wecoulddetectanincrease inthemntH2transcript levelof35%at 1.5n,M
compared to the wildtype. The transcription level of the third candidate
gene, mntH1,was notaffected ineither the mtsA,mntH2orinthedoublemutant.
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Figure 5. Expression of mtsCBA in the
wildtype and in the AmntH2 strain (grey
bars) and mntH2 expression in the
wildtype and the AmtsA strain (hatched
bars). Transcipts of mtsCBA and mntH2
were detected with a mtsA and mntH2specific probe, respectively. Relative
mRNA amounts were calculated from
the radioactivity measured in the
transcript bands at 1.5 (dvl Mn2+ with
respect to the background signal. The
values indicated are based on two
independent experiments.

wt

mntH2

wt

mtsA

Analysis of promoter regionsofmtsCBA,mntM, andmntH2
Recently, several proteins ofthe DtxRfamilyof iron-repressors have been
reported that, in contrast to DtxR, respond to Mn2+ in S. gordonii (ScaR;
Jakubovics ef al., 2000), E. coli (MntR; Patzer and Hantke, 2001),
Treponemapallidum (TroR; Posey et al., 1999) and in B. subtilis (MntR;
Que and Helmann,2000). Inthe L.plantarumgenome,ageneencoding a
protein homologous to a metalloregulatory protein of this DtxR family, is
present. To locate sequences that could potentially serve as binding sites
for this protein, DNA sequences upstream of mtsCBA,mntH1andmntH2
of L.plantarumwere compared to sequences knownto be recognized by
the above-mentioned Mn2+-dependent regulators. Potential binding sites,
similar to the control regions of MntR of B. subtilis and E. coli can be
recognized in the -35 regions of mtsCBA, mntH2 and the putative - 35
region of mntH1 of L. plantarum (Figure 6A). This consensus sequence
was also identified in the region between -10 and the ribosome-binding
site of hitA of L brevis, encoding a Nramp protein highly homologous to
mntH1 of L plantarum.The conservation in the potential target region of
mntH2 and mtsC is high; 17 out of 23 bases (74%) are conserved. The
potential target region of mntH1 is less conserved to mntH2 and mtsC,
having 10 and 11 bases out of 23 identical, respectively. Remarkably, the
mntH2 promoter region in L plantarum (Figure 6B) shared also similarity
to the conserved palindromic sequences present in the control region of
scaC in S. gordonii that reponds to Mn2+ (Jakubovics et al., 2000). The
interrupted palindromic sequence overlapping the -35 promoter element,
and the imperfect non-interrupted palindrome at the -10 element are
conserved within control regions of corresponding transporters in
streptococci.Forthe-35 element, L plantarummntH2shared 15outof22
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baseswith scaCof S.gordonii.The homology inthe-10 regionwas lower
with 8 out of 15 bases identical. This potential recognition site is not
present inthe control regionsofmtsCBAand mntHL
A.

B. subtilismntA
S.subtilismntH
Lplantarum mtsC
Lplantarum mntH2
LplantarummntH1
Lbrevishitfl.
E.colimnlH
7. pallidumtroA

ATAATTTTGCATGAGGGAAACTT - 1 0 9-ATG
AATAATTTGCCTTAAGGAAACTC - 3 9-ATG
AATTATTTGCATTAGCGTTAATT - 5 9-ATG
AAGTATTTCCATTTACTTTTATT - 5 6-TTG
TAATAGTTGACTAATAGGTTAAT - 1 1 5 - A T G
TGGGAATTGATTGAGTGCTCACT - 44-ATG
AAAACATAGCCTTTGCTATGTTT - 1 9 5 - A T G
GCTACTTTGATGCATCAAAATTC - 17-TTG

B.

LplantarummntH2

CTAAAAAAGTATTTCCATTTACTTTTATT . .TATTGTACAATGACAAC-39-TTG

S.gordoniiscaC

TTGCAAAATTAACTTGACTTAATTTTTATGTTAAGGTATATTAATACA-16-ATG

S.mutantssloA

TATAAAAATTAACTTGACTTAATTTTTATATTAGGTTATATTACTTAT-13-ATG

S.pneumoniaepsaB

TTCAAAAATTAACTTGACTTAATTTTTTTTTTAATGTATATTAAGAGA-18-ATG

-•*•••

•*-•

•*-••

Figure 6. Alignment of potential binding sites for MntR in L plantarum with similar target sequences
recognized by homologs. Panel A: the putative control regions of mtsC, mntH2 and mntH1 in L
plantarum, aligned with experimentally determined binding sites in the mntH and mntA control region
of B. subtilis (Que and Helmann, 2000), the troA promoter region of T.pallidum (Posey ef a/., 1999),
mntH of E. coli (Patzer and Hantke,2001) and a potential binding site inthe hitA promoter region of L
brevis (Hayashi ef a/., 2001). Bases identical in at least 4 sequences are in bold. Bases common in
mtsC and mntH2 are underlined. Panel B: Comparison of the potential binding site for MntR in L.
plantarum in the control region of mntH2 with the experimentally determined ScaR binding site in S.
gordonii of the scaC promoter region (Jakubovics ef a/., 2000),and similar promoter regions of sloA in
S.mutants (Kitten ef a/.,2000),andpsaB in S.pneumoniae (Tettelin efa/.,2001). Bases identical inat
least 3 sequences in the palindromes are bold; bases common to all sequences are marked by
asterisks.

Discussion
The high manganese requirement of L plantarum has been established
(Archibald and Fridovich, 1981b) but data on manganese uptake systems
at the molecular level in this bacterium has only been presented recently
with the report of the Mn2+ and Cd2+ specific P-typeATPase (Hao ef a/.,
1999).We now provide evidence that inadditiontothe P-typeATPase,at
least three more transport systems, that are expressed under Mn2+
starvation,are present inL. plantarum.
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The ABC-transporter identified in the present study in both L.
plantarum and L. casei is highly homologous to the ABC-transporters
involved in Mn2+-uptake that were reported for S. pneumoniae and S.
gordonii (Dintilhac et al., 1997; Kolenbrander et al., 1998). The
arrangement ofthe genes inthe clusters ofthetwo Lactobacillus strains is
typical for previously characterized operons in Gram-positive organisms;
i.e. theATP-binding gene isatthe 5'-end andthe substrate-binding gene
at the 3'-end of the operon. A similar system can also be found in the
Lactococcus lactis IL1403 genome sequence (Bolotin et al., 2001),
suggesting that this type of metal transporter represents a common
system in lactic acid bacteria. In addition, MtsA is homologous to
substrate-binding proteins of several iron transporters such as SloC
(FimA) in S. mutans (Spatafora ef al., 2001) and SitC in S.epidermis
(Cockayne ef al., 1998). A three dimensional structure of PsaA (S.
pneumoniae)isavailable and revealsthat ametal bindingsite isformedby
the sidechains of His67, His139, Glu205 and Asp280 (Lawrence ef al.,
1998). These four amino acid residues are perfectly conserved in MtsA
from both L.plantarumand L.casei. Remarkably, an N-terminal, cysteine
residue containing, prolipoprotein signal sequence (Sutcliffe and Russell,
1995) common for gram-positive bacteria is absent inthe MtsA protein of
both Lactobacillus sp. Based on the presence of a signal sequence,
characteristic for export through the cytoplasmic membrane, in MtsA of
both Lactobacillus sp., it is reasonable to assume that this protein is
locatedextracellularly. However, the structure bywhich MtsA istetheredto
the cell wall remains unclear, since common modes of anchoring of
surface proteins, found in Gram-positives (Navarre and Schneewind,
1999)could notbeidentified.
Two other transporters in L. plantarum are expressed under Mn2+
starvation and belong to the Nramp family. Both MntH1 and MntH2 are
highly hydrophobic proteins with 11 and 12 putative transmembrane
domains respectively, typical for bacterial Nramp proteins. Both proteins
contain a conserved transport motif (CTM) in the fourth intracellular loop,
asfound inseveral bacterial and eukaryotic Nramp transporters (Cellier ef
al., 1994). Genomic sequence data reveal that this type of transporter is
widespread, but not common in bacteria since this transporter is not
present in the completed genome sequences of S. pyogenes and S.
pneumoniae. Sofar, L. plantarum is the only bacterium known to harbor
three genes encoding Nramp-type transporters, although two copies are
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present in P. auruginosa(Kehres ef al., 2000) and in L. lactis (Bolotin ef
a\., 2001). In analogy to homologs reported in B. subtilis (Que and
Helmann,2000),E.coliand S.typhimurium (Kehres etal., 2000; Makuief
a/., 2000), the increased expression of mntH1 and mntH2 upon Mn2+
starvation in L. plantarum supports a role for these genes in Mn2+
transport,. In contrast to mntH1 and mntH2, we could not detect
expression of mntH3. The presence of a gene, potentially encoding a
ferrochelatase, upstream of mntl-13 suggests a role for MntH3 in iron
uptake rather than Mn2+. The homology of MntH1 to HitA from L brevis
(Hayashi ef al., 2001) was very high (76% amino acid identity) compared
to the scores of MntH2 (50%) and MntH3 (43%) from L plantarum. The
hitA gene in this beer spoilage isolate of L. brevis was highly expressed
uponaddition of iso-a-acids,thatare bitter hopcompounds. Noexpression
of hitAwas detected when cells were grown in MRS broth without added
MnSCU. However, in this medium the Mn2+ concentration is presumably
above the inducing Mn2+ concentration,and thustranscripts were possibly
not detectable as demonstrated in the present study. It has been
postulated that L. brevisexpresses the hitAgene as a stress response to
the bitter compounds in hop. One of these hop compounds is known to
exchange extracellular protons for intracellular Mn2+, thereby lowering the
intracellular pH(Simpson, 1993)that possibly coincideswithashortagefor
Mn2+. Both the results from Hayashi ef al. (2001) and the present study
demonstrate a link betweenthe homologs mntH1and hitAin Lactobacillus
sp. to Mn2+. Both the Northern analysis and the expression of the
Lactobacillus mtsCBA genes support a role for this transport system in
Mn2+ transport. The upregulation of the mfs-operon in L.plantarumunder
low-Mn2+ conditions is in agreement withthe Mn2+-regulated expression of
the seaand thepsa operon in S.gordonii(Kolenbrander etal., 1998)and
S.pneumoniae(Dintilhac etal., 1997).
Sofar, Mn2+ transport systems have been studied in bacteria that
contain SOD, and therefore require only micromolar concentrations of
Mn2+ ascofactor forthis and several other enzymes. L.plantarumisquite
different from these bacteria in its extreme high level of Mn2+
intracellularly, that exceeds by far the micromolar levels necessary for
cofactor functions. Considering the important role of Mn2+ in L.plantarum,
a highly efficient system tofulfillthis requirement isexpected.Therefore,it
is not surprising that L.plantarum is highly adaptive to inactivation of the
mtsAand mntH2genes.Thefactthat mutation ofmtsAinL.plantarumdid
not result in an obvious phenotype, is therefore not comparable to the
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reported phenotype for mutants in the orthologous genes scaAandpsaA
in S. gordonii(Kolenbrander ef a/., 1998)and in S.pneumoniae(Dintilhac
efa/., 1997),respectively. Similar findings have recently been reportedfor,
inactivation ofthe fimAgene (encoding the SBP oftheABCtransporter) in
S. mutants (Spatafora ef a/., 2001) and mntH in E. coli (Makui ef a/.,
2000). Disruption of these genes did not result in either a reduction in
growth (fimAand mntH)or metal uptake (fimA), suggesting the presence
ofadditionalsystemsfor metaluptake inthisspecies.
In this study, we demonstrate that inactivation of mtsA and mntH2
results inupregulation of mntH2and mtsCBA,respectively. The increased
mtsCBAtranscript levels in the mntH2 mutant, and vice versa, suggests
thatcross-regulation occurs inL.plantarum.Thisphenomenoncanexplain
the absence of a phenotype in the mntH2 and mtsA mutants. However,
inactivation of both mntH2 and mtsCBA apparently had no affect on
growth of L. plantarum. Upregulation of other Mn2+ transporters
presumably occurs inthe mtsA-mntH2mutant of L.plantarum.MntH1can
be excluded since the transcript levels of mntH1 remained unchanged in
the mutant strains. Another candidate gene in L. plantarum for
upregulation in the mtsA-mntH2 mutant, is mntA, encoding a P-type
ATPase (Haoefa/., 1999).This P-typeATPase is induced inL.plantarum
in Mn2+-limited medium and is shown to transport Cd2+/Mn2+. We did not
succeed in detecting mntA transcripts by Northern analysis, although
expression of this transport system in L. plantarum has been clearly
demonstrated by immunoblotting (Hao ef a/., 1999). In B. subtilis, Mn2+
may enter the cell via the metal-citrate transporter (CitM) (Krom ef a/,
2000) and the phosphate-inorganic transport system (Pit) in E. coli and
Acinetobacter johnsonii (van Veen ef a/., 1994a; 1994b) is known to
mediate Mn2+ uptake as well. However, homologs of these systems can
not be found in the L. plantarum genome suggesting the presence of
other, presently unknown, transporters with affinity for Mn2+ in this
bacterium.
Based on the results in this study we can assume that maintenance
of Mn2+ homeostasis in L. plantarum is highly efficient and presumably
requires strict regulation. Indeed, a gene (designated mntR) encoding a
protein homologous to the recently identified metalloregulatory proteins of
Mn2+-uptake systems in S. gordonii (ScaR; Jakubovics et al.,2000), T.
pallidum (TroR; Posey ef a/., 1999), and B. subtilis (MntR; Que and
Helmann, 2000) is present in L.plantarum.The metalloregulatory protein
of L. plantarum is related to SloR (S. mutants, Kitten ef a/., 2000) and
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ScaR having 41% and 38%amino acids identical, respectively. Homology
to MntR (B. subtilis, 23%), TroR (T. pallidum, 27%) and MntR (£. coli,
20%, Silke and Patzer, 2001) is lower. Several attemps to inactivate this
mntRgene inL.plantarumfailed,which suggestthat thisgene isessential
in this bacterium. Involvement of this protein in Mn2+ homeostasis may
also besuggested bythe presence ofaconserved sequence similartothe
sequences bound bythe MntRofB. subtilis(Queand Helmann,2000)and
E. coli (Patzer and Hantke, 2001), in the -35 promoter region of mntH2
andmtsCBA ofL. plantarum.Bindingofthe regulatortothissequencewas
demonstrated to repress mntHin both E.coliand inB.subtilisandthetrooperon in T.pallidum. However, binding of the same protein at the -10
region of the mnf-operon (B. subtilis) activates transcription. The target
regionfor binding ofthis regulator overlaps the-10 promoter regionofthe
fro-operon inT. pallidumandthemnf-operoninB.subtiliswithTroR acting
asarepressor and MntR asanactivator. InL.plantarum,this sequence is
located at the -35 promoter region and hence the mode of action the
putative regulator in L. plantarum requires more experimental data.
Remarkably,asecond potentialtarget regioncanberecognized inthe -35
region of mntH2of L.plantarumthat resembles the palindromic elements
recognized in S. gordoniiand is present in other streptococci (Jakubovics
et al.,2000). A role of the L. plantarum homolog in Mn2+ homeostasis is
possible, but prediction of the mode of action would be highly speculative
and therefore requires further analysis. In conclusion, we have identified
three transport systems that are induced upon Mn2+ starvation in L.
plantarum. For the first time, mutants carrying directed mutations in the
various Mn2+ transport systems have been analysed in this species. The
results reveal a highly adaptive behaviour of L. plantarum to mutations
affecting genes involved in Mn2+homeostasis. L.plantarumistherefore an
interesting organism for future research that is focused on the transportand regulation systemsfor Mn2+homeostasis inbacteria.
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Abstract
The mntAgene encoding aP-typeATPase inLactobacillusplantarumwas
disrupted resulting in a growth defect and clumping of the mutant cells.
The mutant strain showed no significant change in intracellular Mn2+
concentration, implying that this gene is not crucial for Mn2+ homeostasis
inL plantarum.
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Introduction
It has been well documented that Mn2+ is of extreme importance to
Lactobacillus plantarum for protection against reactive oxygen species
such as 0 2 " (Archibald and Fridovich, 1981a,b). Whereas in other microorganisms this metal ion is sufficient at nanomolar levels in the growth
medium, L plantarum requires micromolar levels for optimal growth. This
results in intracellular accumulation of Mn2+ atthe millimolar level implying
that this metal ion is imported by one or more active transport systems.
Previously, we reported the presence of an ABC-type transporter
(MtsCBA) and two Nramp-type transporters (MntH1 and MntH2) that are
induced upon Mn2+starvation in L.plantarumWCFS1(Nierop Groot etal.,
2001).Strains ofL.plantarumwere constructed carrying deletions ineither
mtsA, encoding the substrate-binding protein of an ABC-type transporter
(MtsCBA), or in mntH2, encoding a Nramp type transporter (MntH2).
Individual or simultaneous inactivation of these transporters did not result
in an obvious reduction in growth rate or decrease in intracellular Mn2+
concentration. The absence of a phenotypic difference in these mutants
may be the result of upregulation of other transport systems. This was
indeed demonstrated for the mntH2 and mtsAdeletion mutants, in which
mtsCBA and mntH2 transcript levels were raised, respectively (Nierop
Groot etal.,2001). However, inthe mtsA-mntH2double mutant,we could
not detect higher transcription levels of mntH1 (encoding an additional
Nramp-type transporter that is induced upon Mn2+ starvation). These
findings suggest that L. plantarum harbors additional transporter(s) that
are involved in uptake of Mn2+. A candidate transporter is one of the Ptype family of cation-transporting ATPases (MntA), that was recently
described for L.plantarum(Hao ef a/., 1999b). Expression of this gene in
Escherichiacoli conferred both increased Cd2+-sensitivity and increased
energy-dependent Cd2+ uptake on these cells. Immunoblotting of MntA in
L. plantarum demonstrated that this protein was only expressed under
Mn2+ starvation (Hao ef al., 1999b). Moreover, a mutant of this bacterium
obtained via chemical mutagenesis was severely disabled and required
5,000times increased Mn2+ levels inthe mediumforgrowth. Inaddition,a
severe reduction in Cd2+-uptake, compared to the parental strain, was
demonstrated for this mutant (Hao ef al., 1999a). The MntA transport
protein could not bedetected by immunoblotting inthis mutant (Hao efal.,
1999b) indicating that at least the expression ofthis genewas affected by
the mutation(s). However, a directed mutation in the mntA gene was not
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constructed by these authors, leaving the impact of the P-type ATPase
transporter on Mn2+-levelsinL.plantarumtobeelucidated.
In an attempt to understand Mn2+ homeostasis in L plantarum, we
constructed a mutation in mntA and compared the growth rate and
intracellular Mn2+ levels of this mutant strain to the wild-type. The mutant
showed impairedgrowthat 300^Mof Mn2+andcellsformedaggregates in
liquid medium, but the Mn2+-levels were not significantly reduced in the
mutant strain. Complementation of the mutant with a plasmid-encoded
copy of mntA did not restore growth nor cell-clumping, indicating that the
mutant phenotype probably resulted from a polar effect on downstream
located genes. The results in this study indicate that MntA alone is not
crucial for Mn2+ homeostasis in L. plantarum. The previously reported
phenotype of the chemically constructed mutants is likely to be a result of
multiple mutations in genes encoding either additional transporters, or
genes involved inregulationthereof, ratherthanasingle mutation inmntA.

Materialsenmethods
Bacterialstrains,plasmids andculture conditions
Lactobacillusplantarum WCFS1 or NC8 (Aukrust and Blom, 1992) were
cultured in either MRS broth (De Man,Rogosa and Sharpes, Oxoid), or in
chemically defined medium (CDM,Ketsetal.,1994)at 37°C. Escherichia
coliDH5a(Hannahan, 1983)was cultured inTryptone Yeast (TY) medium
at37°C (Sambrooketal.,1989).
Transformation and DNA isolation
Chromosomal DNA of L. plantarumwas isolated as described elsewhere
(Bernard et al., 1991). For large scale isolation of E. coli plasmid DNA, a
JetStar column (Genomed) was used following the instructions of the
manufacturer. L. plantarum was transformed by electroporation as
described by Aukrust and Blom (1992). Cells were plated on MRS agar
containing erythromycin (10 ng/ml) and lincomycin (20 ug/ml) and were
incubated at 37 °C in ajar under an atmosphere of 85 % N2,5 %CO2,
and 10% H2. Competent cells of E. coli were prepared according to the
CaCI2 procedure described bySambrook etal.(1989).
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Construction ofplasmidsandSouthern hybridization
To inactivate the mntA gene by single cross-over recombination, a 1143
bp internal fragment of mntA was amplified by PCR using the primers
LPATP3 (GCCTGAATTCTGCAGGCACAATGGTGGTAGC) and LPATPR3
(CGGAGGATCCCTTCGTTTGGCTAAATCAGTGG)(indicated in Figure 1).
This fragment was cloned in pUC18ERY (van Kranenburg ef a/., 1997)
using EcoRI and BamHI (restriction sites underlined in the primer
sequences) to obtain pMN035. Plasmid pMN035 was transformed to L.
plantarum by electroporation and integrants were selected based on
erythromycin and lincomycin resistance. Integration of pMN035 in the
chromosome of L. plantarum was confirmed by both PCR using primers
LPATP1 (TGGCTTTATTGCGTTAATGCTGGTCTTTGC) and EMFORW
(GTACCGTTACTTATGAGCAAG) and Southern hybridization. The vector
pMN034 was used to complement the mntA mutation in L. plantarum.
Primers LPMNATPF (TACACCATGGTTGAAGATTTAACGGAG) and
LPMNATPR (AATATCTAGAATATCACCGTTAATCAGC) were usedto amplify
mntA from L. plantarum chromosomal DNA. This PCR fragment was
cloned in pNZ8048 (Kuipers et al., 1998) using A/col and Xba\ (sites
underlined in primers). The sequence of the cloned PCR fragment was
verified by sequence analysis. A fragment containing the mntA gene and
the nisAribosome binding site present on pNZ8048 was isolated by BstB\
and Sacl digestion.After Klenow fill-in ofthe BsrBI site,this fragment was
cloned inpNZ278 (Platteeuw efal.,1994),digested withEcoRI(blunted by
Klenow) and Sacl,toobtainpMN034.
Southern blots were hybridized at 68 °C with a homologous DNA
probe. A non-radioactive dioxygen DNA labelling and detection kit (Roch
Diagnostics Nederland BV, Almere, The Netherlands) was used to label
and detect probes for Southern blotting according to instructions of the
manufacturer.
Growth experiment
Overnight-grown cells in MRS broth (De Man, Rogosa and Sharpes,
Oxoid) were washed in CDM without Mn2+ and diluted 1/100 in CDM with
either 1.5 or 300 ^M of Mn2+ and incubated statically at 37 °C. Two
hundreds |J ofthese cultures were used to inoculate test tubes containing
10 ml of CDM with the same Mn2+ concentration. Cell were incubated at
37 °C in a Gyratory waterbath (model G76, New Brunswick Scientific Co.
Inc., USA) and shaken at speed 6.At regular time intervals samples were
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taken in triplicate for OD measurement at 600 nm. Before removing the
sample,testtubeswerevortexedvigorously toseperatetheaggregates.
Analysis of manganese
Overnight-grown cells in CDM (300 uM Mn2+) were diluted 1/100 in 50 ml
CDM (300 uM Mn2+) and cultured overnight. These cells were harvested
bycentrifugation andwashed 3timeswith CDM(without manganese).The
resulting pellet was suspended in Millipore water and cells were
mechanically disrupted in the presence of zirconium beads in a FastPrep
FP120 (Savant Instruments, Inc. USA). Cell debris was removed by
centrifugation and the remaining supernatant was diluted in MilliQ for
analysis of the Mn content. Analysis of Mn was performed by InductivityCoupled Plasma Atomic Emmision Spectrometry (ICP-AES). The given
values are averages oftwo independent experiments. The protein content
of the cell extract was determined by the method of Bradford (1976) and
usedtoexpress Mnlevels inngpermgofprotein.

Results and discussion
Chromosomal organization ofmntA.
Thesequence encodingthe P-typeATPase inL plantarumATCC14977 is
deposited as mntA under accession number AF136521 (Hao ef a/.,
1999b). Using primers LPMNATPF and LPMNATPR, this gene was
amplified from L plantarum NC8, cloned in pNZ8048 and sequenced.
Sequence analysis revealed that this gene is highly identical (99% at the
nucleotide level) to the mntA gene in L plantarumATCC14977. In the L.
plantarumWCFS1 genome sequence,amntAhomologue ispresent(99%
of the nucleotides identical), indicating that mntA is a common and highly
conserved gene in L plantarum. We searched the L. plantarum WCFS1
genome sequence for regions flanking the mntAcoding sequence (Figure
1). Upstream of mntA in L. plantarum WCFS1, an open reading frame
(ORF) is located, encoding a protein homologous to both bacterial and
eukaryotic enolases (Figure 1). No apparent inverted repeat was present
between this orfl and mntA. Downstream of mntA, two ORFs were
presentwithorf2encoding aproteinthat shares 23%identical amino acids
to a putative alcohol dehydrogenase from Aquifex aeolicus (ace. no.
C70418) and 20% to a putative oxidoreductase in Agrobacterium
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tumefaciens (AAK86631). This orf2-encoded protein contains a motif
typical for a zinc-binding domain in dehydrogenases (Pfam00107). This
organization is similar to the one reported for L plantarum ATCC14977
(Hao et al., 1999b). An additonal ORF (orf3) without similarity to any
sequence inthedatabases islocateddownstream oforf2.
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Figure 1. Chromosomal organization of mntA and flanking open reading frames (indicated by an
arrow in panel A). Putative functions based on sequence similarity are given below the open reading
frames. Inverted repeats are indicated by a hairpin structure (values shown are in kcal). Primers used
for theamplification ofvarious PCRfragments asdescribed inMaterials and methods are indicated by
P1 (LPATP1), P3 (LPATP3), R3 (LPATPR3) and EF (EMFORW). In panel B, disruption of mntA by
integration of pMN035 isdepicted.

Inactivation ofmntA
We inactivated the chromosomal located mntA gene in L. plantarum
WCFS1 by disruption via single cross-over recombination. Therefore,
electrocompetent cells were transformed with pfv1N035 and subsequently
plated on MRS-agar plates containing erythromycin (Em, 10 ng/ml) and
lincomycin (Lm, 20 ng/ml) to select for plasmid integration. Plates were
incubated at 37 °C, anaerobically because of the expected oxygen
sensitivity of mutants (Hao etal.,1999a). One single colony was obtained
that showed the expected integration since a 1.6 kb PCR fragment was
obtained using primers LPATP1 and EMFORW (see Figure 1).
Chromosomal DNA was isolated from this candidate mutant to verify the
integration of pMN035 in mntA. Southern blotting of the Smal-digested
chromosomal DNA revealed that for this mutant, recombination indeed
had occured in the mntA-gene (see Figure 2). When grown in liquid
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medium, the mnM-disrupted strain was severely stressed, which was
indicated bytheaggregate-formation ofthecells(see Figure3).
Figure 2 Southern hybridization of chromosomal DNA
of the mnt4-disrupted strain (lane 1) and wild-type
(lane 2) of L plantarum, and pMN035 (lane 3) digested
with Smal and using the internal fragment of pMN035
as probe. Two fragments (1.3 kb and > 30kb) present
in both the wild-type and the mntA mutant strainare
indicated. The 4.9 kb fragment corresponding exactly
to the size of plasmid pMN035 can only result from
integration in mntA.

1

ail

>30kb
4.9kb

1.3 kb

The aggregate formation ofthe mutant strain occured irrespective whether
cells were grown aerobically or anaerobically. The growth rate of the
mutant was reduced in medium containing 300 pM,but not significantly in
2+
mediumwith 1.5uMof Mn (Table
1)

Table 1.Growth rates ofthe L.plantarum wild-type and the mntA mutant strain in CDMwith either 300
or 1.5|iM of MnS0 4 . Cells were cultivated inashakenwaterbath at 37 °C.
Strain

Growth rate (h )

Aggregate
forming

300 |xMMn

2+

1.5 uM Mn z

wild-type

-

0.65±0.01 a

0.36 ±0.01

mntA mutant

+

0.48 ±0.02

0.33 ±0.04

mntA mutant + pMN034

+

0.33 ±0.01

0.24 ±0.01

Standard deviation (n=3)

Measurement of manganese contents
The observed growth inhibition and aggregate-forming ofthe mntAmutant
strain was expected to result from a shortage of Mn2+. Therefore, the
amount of manganese present in both the wild-type strain and the mntA
mutant strain was analysed. Cells were grown overnight in CDM
containing 300 uM of manganese and cell extracts were prepared as
decribed in the Materials and methods section. The ICP-AES analysis
revealed that the manganese level in the mntA mutant strain (7.0 ±1.4
ug/mg protein) was not significantly reduced compared to the wild-type
cells (9.1 ±0.8 inug/mg protein), suggesting that the observed phenotype
112

Inactivation of mntA inLactobacillus

plantarum

of the mntA mutant strain is not a direct result of an intracellular Mn2+
shortage.
Complementation ofthemntAmutant
Because of the absence of a strong transcriptional terminator between
mntAand orf2 (see Figure 1),the observed growth defect may result from
a polar effect onone ormoregenesdownstream ofmntA,ratherthanfrom
inactivation of mntA itself. The mntA mutant strain was therefore
complemented with a plasmid (pMN034) containing a copy of mntAunder
control of the bacteriophage (<|)SK11G) promoter and a chloramphenicol
cassette for selection. The <(SK11G promoter allows expression in L
plantarum (Platteeuw ef a/., 1994). This construct was introduced in the
mntAmutantstrain byelectroporation.
Figure 3. Cells of the mnM-disrupted (panel
A) and the wild-type (panel B) L. plantarum
WCFS1 grown inMRS medium.

Plasmid DNA was isolated from five CmR/EmR colonies and all five were
found to harbor the pMN034 construct. However, the plasmid-encoded
copy ofmntAdid not relieve the clumping ofthe mutant strain.The growth
rate ofthe pMN034 containing mutant strainwas even reduced compared
to the non-complemented mutant (Table 1). This reduction in growth rate
may be a consequence of the high copy number of the plasmid and
possibly overexpression of the mntA gene. A high level of MntA may
disturb the membrane. Preliminary experiments indicate that
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overexpression of the mntA gene under control of the nisin-inducible
promoter in L lactis severly affects the growth rate (data not shown).
These findings suggest, that the observed growth defect of the mutant
strain isthe result of a polar effect. The orf2-encoded protein downstream
of mntA contains a motif typical for a zinc-binding domain in
dehydrogenases (Pfam00107) and has similarity to alcohol
dehydrogenase/oxidoreductases but is 100 amino acids shorter. No
putativefunctioncan begivenfortheorf3-encodedprotein.
Although the nature of the growth defect has not been elucidated in
this study, we can draw an important conclusion about the function of
mntA in L. plantarum. The inactivation mntA in L. plantarum does not
result ina significant reduction inthe intracellular Mn2+ level.The absence
of growth recovery in the pMN034-complemented mutant suggests that
the observed reduction ingrowth rate does not resultfrom mntAmutation,
but is probably caused by a polar effect on orf2 and/or orf3. The L
plantarum mutants constructed by chemical mutagenesis by Hao ef al.
(1999a,b), contained less than 1% of intracellular Mn2+levels compared to
the wild-type cells and showed extreme high Mn2+ requirements. Although
the MntA transporter was apparently not expressed in this mutant strain,
the mntAmutant strain constructed inthe present study demonstrates that
the observed phenotype can not arise from a single mutation in mntA.
However, it is more likely that a selection has been madefor one or more
additional mutations in genes encoding transporters for Mn2+ or in other
structural or regulatory genes affecting Mn2+ homeostasis inL plantarum.
The mntA mutant strain constructed in the present study allows to
determine the contribution of the P-type ATPase to the overall import of
Mn2+orother cations inL.plantarumintransport studies.
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Summaryandconcluding remarks
Oneofthe aims ofthe research described inthisthesis (Chapter 1and2)
was to investigate the conversion of phenylalanine to the aromatic flavor
compound benzaldehyde in lactic acid bacteria (LAB) (Chapter 3).
Lactobacillus plantarum was used as the model organism to study
phenylalanine degradation in LAB. This bacterium was selected in an
initial screening for phenylalanine degradation since it produced higher
levels of benzaldehyde than other LAB (Chapter 4). In addition, the
availability of genetic tools for this bacterium was an advantage for the
second aim of this thesis: the identification and characterization of Mn2+
transport systems inL plantarum(described inChapter 5and6).
Benzaldehyde
Amino aciddegradation isimportantfortheformation offlavor compounds
such as aldehydes, thiols and keto acids in fermented dairy products
(Urbach, 1995). Hence, considerable attention has focused on the role of
starter LAB inthe production of amino acids and their proteolytic systems.
Except for the sulphur-containing amino acids (Alting ef a/., 1995;
Fernandez etal.,2000; Bruinenberg ef a/., 1997), and the identification of
aromatic aminotransferases in Lactococcuslactis (Yvon ef al., 1997; Gao
efal.,1997), little information isavailable onthe contribution of LABtothe
degradation of amino acids. In the study presented here, research was
focused on the conversion of phenylalanine and itwas demonstrated that
LAB can contribute to the formation of aromatic flavors by conversion of
thisaminoacidtobenzaldehyde (Chapter3).
Benzaldehyde formation in L plantarum occurs via a pathway
different from those proposed for several fungi and for P.putida (Chapter
1). In L. plantarum, the conversion of phenylalanine to benzaldehyde
involves only a single enzymatic step. The phenylpyruvic acid, formed by
the activity of the aminotransferase of L. plantarum, is an unstable
compound that is chemically converted to benzaldehyde mainly. In
addition, small amounts of phenylacetic acid, mandelic acid, and
phenylglyoxylic acid are derived from phenylpyruvic acid (Figure 1). In
Chapter 3, we demonstrated that, inthe presence of the metal ions Fe2+,
Fe3+, Co2+, or Mn2+, this chemical conversion of phenylpyruvic acid was
acceleratedwith increasing pHandtemperatures, inan oxygen-dependent
reaction. The physical parameters of Gouda cheese, such as the low pH
(pH 5.3) and the relatively low temperature used for maturation of the
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cheese (approximately 13°C), are not in favor of this chemical reaction.
However, the ripening process of cheese can take up to 12 months, and
therefore, even a slow rate of chemical degradation of phenylpyruvic acid
can beexpectedtocontributeto benzaldehydeformation incheese.
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Figure 1: Proposed pathway for the conversion of phenylalanine to benzaldehyde in L plantarum.
Percentages indicated refer to molar yields obtained after 6 h incubation of phenylpyruvic acid (PPA)
at 37°C inthe presence of 350 |aA/lof CuS0 4 . The chemical oxidation of PPAto benzaldehyde by Mn2*
ions has been reported previously (Villablanca and Cilento (1987).

This is also supported by recently published results that confirm that
chemical oxidation of phenylpyruvic acid to benzaldehyde occurs under
cheese ripening conditions (Gummalla and Broadbent, 2001). Moreover, it
has beendemonstrated that aromatic aminotransferases from LABarestill
active ina cheese environment, andthus cangenerate the corresponding
oc-keto acids in a cheese matrix (Gao ef a/., 1997; Yvon et al., 1997).
Based on these findings, and on the results described in Chapter 3, it can
be concluded that LAB contribute to the formation of phenylalaninederived flavor compounds in cheese. The impact of chemical steps on
flavor formation is now receiving more attention. The combination of
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enzymatic- and chemical steps in the conversion of methionine and
tryptophan,leadingto methanethiol and indole aldehyde, respectively, has
beenreported (Goaetal, 1998;Gummalaand Broadbent, 1999).
Genesfor phenylalanine conversion
Analysis of the genome sequence of L. plantarum provides additional
proof for the proposed pathway for benzaldehyde production (Figure 1).
The initial step requires the presence of an amino transferase to convert
phenylalanine to phenylpyruvic acid. Analysis ofthe L plantarumgenome
sequence revealsthe presence oftwogenes encoding proteins,thatshare
57% and 48% identity over the complete sequence, with the aromatic
aminotransferase (AraT) of L. lactis (Rijnen ef a/., 1999). AraT is the
major aminotransferase in the conversion of aromatic amino acids in L.
lactis. Presumably, one of the two or both genes, in L. plantarum are
responsible for the pyridoxal 5'-phosphate-dependent aminotransferase
activity reported in Chapter 3. In the genome sequences of L plantarum
andL.lactis,nogenesare presentthatcouldencodeenzymes involved in
conversion of phenylpyruvic acidtosubsequently phenylacetaldehyde (EC
4.1.1.43) and phenylacetate (EC 1.2.1.39 or EC 1.2.1.5). Moreover, both
LABdo notseemto harbor genesencodingthe mandelate dehydrogenase
or benzoylformate decarboxylase activity whichwas reported for P.putida
(Tsou etal., 1989, 1990). Mandelic acid dehydrogenase activity has been
reported for a Lactobacillusspecies (L curvatus), however, this enzyme
activity is only present in a limited number of lactobacilli (Hummel ef a/.,
1998). The protein sequence of benzoylformate decarboxylase shows
similarity to that of pyruvate decarboxylase (PDC). It can therefore not be
excluded that PDCcanhaveactivitytowards phenylpyruvic acid. However,
inL.plantarumPDChasnoeffect onbenzaldehydeformationbecausethe
rate of conversion of the keto acid was not altered in a boiled cell extract
(Chapter3).
Although various authors have proposed that phenylacetic acid is
hydroxylated to mandelic acid, untill now, there is no evidence for the
existence ofan enzyme that can perform this reaction. Itcantherefore be
questioned if such an enzyme exists, and whether the enzymatic
conversion of phenylacetic acid (Figure 1 in Chapter 1) to mandelic acid
proposed by several authors for white-rot fungi actually occurs. It is
possible that in these fungi, mandelic acid is formed through chemical
degradation of phenylpyruvic acid rather than by an enzyme-catalyzed
conversion step.Considering thetime course ofthe experiments involving
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fungi (up to 14 days), even at the low pH (pH 4.5-5.5) used to culture
fungi,chemical degradation istobeexpected.
In L. plantarum, Mn2+ ions that are accumulated intracellularly are
involved in the chemical conversion step of phenylpyruvic acid leading to
benzaldehyde (Chapter 3). The formation of benzaldehyde via
phenylalanine conversion is not limited to L. plantarum, but occurs in
various strains belonging to the genera Lactobacillus and Leuconostoc
that contain high levels of Mn2+ (see Chapter 4). L. lactis, a bacterium
containing low Mn2+ levels, therefore produces high amounts of
phenylpyruvic acidwhile onlyminoramounts ofbenzaldehyde areformed.
Manganese uptakesystems
Theextremely highMn2+ levelinL.plantarumisanintriguing characteristic
of this species. The millimolar levels intracellularly exceed by far the
micromolar level of Mn2+, required as cofactor for enzymes. Although it
has for long been known that L plantarum lacks superoxide dismutase
(SOD), andtherefore depends on Mn2+ as anon-enzymatic mechanism to
scavenge toxic oxygen species, our knowledge on the transport systems
that can accomplish the Mn2+ uptake in this species is very limited.
Considering the importance for L. plantarumto maintain millimolar levels
of Mn2+ intracellularly, a highly efficient system for Mn2+ homeostasis can
be expected. The only transporter with affinity for Mn2+ that has been
reported to date in L. plantarum, is a P-type ATPase transporter (MntA,
Hao et a/., 1999b). In Chapter 5, we demonstrate that L plantarum
harbors three more genes encoding transport systems that are induced
upon Mn2+ starvation. These transport proteins belong either to the ATPbinding cassette (ABC) transporter family or the natural resistanceassociated macrophage protein(Nramp)family.
ABC-transporter
To investigatethe roleoftheABCtransporter inMn2+ homeostasis inmore
detail,themtsCBA genes encodingABC-transport systems inL. plantarum
andL.caseihavebeenidentifiedandcharacterized.TheLactobacillusmts
gene products are homologous to ABC transporters involved in Mn2+ and
Fe2+ uptake in other gram-positive and -negative bacteria (Chapter 5).
The genes,encoding a similar system are present inthe L.lactisgenome,
suggesting that this type of metal transporter represents a common
system in LAB (Bolotin ef a/.,2001). The substrate-binding protein (MtsA)
of L. plantarum is 47% and 50% identical to ScaA (S. gordonii,
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Kolenbrander ef a/., 1998) and PsaA (S. pneumoniae, Dintilhac ef a/.,
1997), respectively. ScaA and PsaA encode the binding components of
the ABC-type uptake system for Mn2+, and inactivation of the
corresponding genes affects Mn2+ uptake and results in increased Mn2+
requirements in these species. The organization of the operon encoding
this type of transporter in the two Lactobacillus species is similar to
equivalents in Gram-positives; the ATP-binding gene at the 5' -end and
the lipoprotein gene at the 3'-end. Downstream of this operon, a gene
encoding a putative thiolperoxidase islocated in S.pneumoniae(Novak ef
a/., 1998) and S. gordonii(Kolenbrander ef a/., 1998), or a gene encoding
an iron-dependent repressor homolog (DtxR) in S. mutans (Kitten ef a/.,
2000) and T.pallidum (Posey ef a/., 1999). Although homologs to both
genes are present in the L.plantarumWCFS1 genome, these genes are
not clustered with the mtsCBA genes. In agreement with findings for
similar gene clusters in S. pneumoniae, S. gordonii, and S. mutans,the
mtsCBAgenes are transcribed as a monocistronic transcript (Chapter 5).
Transcription is initiatedfrom apromoter upstream of mfsCthat is induced
upon Mn2+ starvation.The mtsCBAtranscript level was 6-fold increased in
cells grown in 1.5 uM Mn2+ compared to growth on 300 ^M Mn2+,
supporting a role of these genes in Mn2+ uptake similar to S. gordonii
(Kolenbrander efa/., 1998)and S.pneumoniae(Dintilhac efa/., 1997).
Nramptype transporters
Recently, homologues of the mammalian Nramp transporters, that are
high-affinity uptake systems for Mn2+, were identified in Bacillussubtilis
(Que and Helmann, 2000), Salmonellatyphimurium(Kehres ef a/., 2000)
and Escherichia coli (Makui ef a/., 2000). In L plantarum, the genes
mntH1, mntH2and mntH3are present, encoding proteins with homology
to these transporters (Chapter 5). The genes mntH1 and mntH2 were
found to be expressed upon Mn2+ starvation in L. plantarum, but
expression of mntH3was not detected.The presence of a gene predicted
toencode aferrochelatase upstream of mntH3,suggests a rolefor MntH3
in iron uptake rather than Mn2+ transport. MntH1 and MntH2 are typical
Nramp proteins, being highly hydrophobic (11 and 12 putative
transmembrane domains, respectively) and the presence of a conserved
transport motif in the fourth intracellular loop. Expression of both mntH1
and mntH2was induced when the Mn2+ level inthe medium was reduced
from 300 to 1.5 (iM, resulting in a 6- and 13-fold increase in transcript
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level, respectively. The transcription initiation site of mntH2 was
determined to be 39 nucleotides upstream of the TTG translational start
codon. The 2.1 kb transcript length detected with a mnfH2-specific probe
indicates that this gene is expressed as a bicistronic transcript with a
downstream locatedgeneofunknownfunction.
Manganese homeostasis inL. plantarum
L plantarumisdifferent fromother bacteriaforwhich Mn2+ uptake systems
have been reported because of its extreme high level of intracellular Mn2+.
Remarkably, the mtsA, mntH2 and mtsCBA-mntH2 double mutants
constructed in Chapter 5 were not affected in growth in Mn2+ limited
medium compared to the parental strain, suggesting that L plantarum is
highly adaptive to changes affecting Mn2+ homeostasis. We demonstrated
that this apparent lack of phenotype can be explained by upregulation of
additional transporters in the various mutant strains. Inactivation ofmtsA
resulted in increased transcription of mntH2. Vice versa, in the mntH2
mutant strain, the mtsCBA transcription was found to be upregulated.
Upregulation of mntH upon inactivation of the mntA gene, encoding the
ATP-binding protein of the ABC transporter, was also reported for B.
subtilis (Que and Helmann, 2000). The mntH1gene was expected to be
upregulated in the mtsA-mntH2 double mutant in L plantarum, however
Northern analysis revealed no increase in transcription of the this gene.
Another option is that the mntA gene, encoding the P-type ATPase, is
upregulated. Expression of this transporter in L plantarum has been
demonstrated by immunoblotting (Hao ef a/., 1999b), but we could not
detect mntAtranscription by Northern analysis. However, the presence of
additional transporters with affinity for Mn2+ is not unlikely in L.plantarum,
considering the importance of this metal ion for this bacterium. Findings
that a mntH-mntABCD double-mutant of B. subtilis is still able to grow in
the presence of micromolar levels of Mn2+ also suggest the presence ofat
least one more pathway for Mn2+ uptake in this bacterium (Que and
Helmann, 2000). The identity of these transporters remains to be
elucidated. Findings that the transporters MgtB and CorA involved in
uptake of Mg2+ in Salmonellatyphimurium (Snavely etal.,1989) may also
transport Mn2+, suggests that transporters primarily involved in the
transport of metal ions otherthan Mn2+,can not beexcluded.Homologues
ofthe metal-citrate transporter (CitM) in B.subtilis(Kromef al.,2000) and
the phosphate-inorganic transport system (Pit) in E. coliand A.johnsonii
(Van Veen etal., 1994a;1994b),that can transport a Mn2+-citrate or Mn2+"
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phosphate complex, are not present in L plantarum.Suprisingly, several
attempsto inactivatethe mntH1genefailed,suggestingthat inactivation of
this transporter could be lethal to L. plantarum. Inactivation of mtsA and
mntH2seperately, ortogether, did not significantly reduce the intracellular
Mn2+ level. Thesefindings suggestthat Mn2+ homeostasis inL plantarum
is very efficiently and probably tightly controlled. A L. plantarum mutant
was constructed via chemical mutagenesis (Hao ef a/., 1999a), that was
severely affected ingrowth and required a5,000-fold increased Mn2+ level
in the culture medium. Expression of the MntA protein could not be
detected in this mutant strain (Hao ef a/., 1999b). However, the results
described in Chapter 6 demonstrate that the phenotype of the mutant
strain can not resultfrom asingle inactivation ofthe mntAgene.Chapter 6
describesthetargeted mutation inthe mntAgeneof L.plantarumWCFS1.
The mntA mutant strain showed no significant decrease in intracellular
Mn2+ concentration, but was severely affected in growth and the cells
formed aggregates. However, complementation of the mutant with a
plasmid-encoded copy of mntA strongly suggested that this phenotype
results from a polar effect on the downstream genes and not from
inactivation of mntA. In conclusion, the mutant strain constructed by Hao
etal.(1999a)islikelyto bemutated inothergene(s)thanmntA.
Polyphosphate
The millimolar levels of Mn2+ present intracellular in L. plantarum raises
questions about the form taken by this metal ion in the cell. There is no
doubt that this amount can not be freely dissolved in the cytoplasm.
Electron micrographs revealed the presence of large polyphosphate
granules in L. plantarum grown in high Mn2+ medium that could not be
identified in cells grown in Mn2+-limited medium (Archibald and Duong,
1984). Polyphosphate accumulation isa phenomenon knownto occur ina
widevariety ofmicro-organisms (Kortstee andvanVeen, 1999). Indeed,L.
plantarum harbors a gene encoding a polyphosphoshate kinase that can
couple phosphate to form the energy-rich polyphosphate. L. lactis lacks
this enzyme and it istempting tospeculate about a linkwiththe inability of
this bacterium to accumulate Mn2+. In the polyphosphate-accumulating
bacteria E. coli and Acinetobacter johnsonii, phosphate uptake is
mediated as a complex with divalent cations via the phosphate inorganic
transport (Pit) system (vanVeen efal., 1994;vanVeen efal., 1993). InA.
johnsonii, transport of the metal-phosphate complex is closely related to
the metabolism of polyphosphate (van Veen ef al., 1994) and results in
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accumulation of the metal-polyphosphate chelate. Although L.plantarum
presumably accumulates Mn2+ in a similar form, the phosphate required
for this complex must enter the cell via an alternative system because L
plantarum has no Pit system. However, the form of Mn2+ that is
transported by the ABC-type transporter has not been determined. The
possibility that Mn2+ is bound and transported as a chelated complex can
notberuledout.
Regulation ofmanganese uptake
Based on the presence of multiple systems for Mn2+ uptake in L.
plantarum, it can be assumed that uptake via these systems must be
coordinated byaregulatory system.This isalso suggested bythefactthat
thethreetransport systemsdescribed inChapter 5areinducedupon Mn2+
starvation. Recently, homologs of the diphteria toxin repressor (DtxR)
family of iron repressors have been reported that are, unlike DtxR, active
as a Mn2+ complex. Binding of this homolog to its target region was
demonstrated to repress mntHexpression in E. coli (Patzer and Hantke,
2001) and the ABC transporter genes in S. gordonii {sea operon,
Jakubovics etal., 2000)and inT. pallidum(trooperon,Poseyetal.,1999).
A similar protein in B. subtilis is bifunctional and represses mntH
expression under Mn2+-replete conditions while it activates the expression
of the mntABCD operon under low Mn2+ conditions. In L plantarum, a
gene predicted to encode a DtxR-homolog, is present with 41% and 38%
identity to SloR (S. mutants, Kitten et al.,2000) and ScaR (Jakubovics ef
al., 2000) and other homologs in streptococci (Figure 2). The similarity to
MntR (R subtilis, Que and Helmann, 2000), TroR (T.pallidum, Posey et
al., 1999) and MntR (E.coli,Patzer and Hantke, 2001) was low being23,
27, and 20% identical, respectively. These DtxR homologs lack the Cterminal (SH3-like) domain present in the streptococcal and the L.
plantarumhomologs. However, the residues involved in metal binding and
most residues in the DNA binding helix are conserved. Northern analysis
revealed that this MntR encoding gene was expressed in L. plantarum,
and that expression was not affected by the Mn2+ concentration in the
growth medium (unpublished results). Several different aproaches to
inactivate the MntR-encoding gene in L.plantarumfailed.Considering the
likely role of this gene in regulation of the Mn2+ transport systems
described inChapter 5,this is notsurprising.Inactivationofthis gene may
be lethal to L.plantarumin contrast to other bacteria that do contain SOD
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such as S. gordonii (Kolenbrander ef a/., 1998), B. subtilis (Que and
Helmann,2000),andE.coli(Patzer and Hantke,2001).
lpmntR
sgoscaR
spnpsaR
spyrantR
smusloR

MTPMKEDYLKIIFELGGTKKKVSNKQIALSLDIAAGSVTEMVGKLVQEGLAKHTPYAGIS60
MTPNKEDYLKCLYELGTRHNKITNKEIAQLMQVSPPAVTEMMKKLLAEELLIKDKKAGYL60
MTPNKEDYLKCIYEIGIDLHKITNKEIAARMQVSPPAVTEMIKRMKSENLILKDKECGYL60
MTPNKEDYLKCIYEIGEQEPKITNKMVAEKMHVSAPAVSEMIKKMISQGWIVKDKAKGYL60
MTPNKEDYLKIIYELSERDEKISNKQIAEKMSVSAPAVSEMVKKLLLEDLVLKDKQAGYL60
DNAbinding

lpmntR
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spnpsaR
spymntR
smuS1OR
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LKDKGYALVANLYRKLRLIEVFLIHQLGYNTQEVHQEAEVLEHTVSDSFIDRLDKILDFP120
LTKKGQILASSLYRKHRLIEVFLMNHLNYTADEIHEEAEVLEHTVSDVFVERLDKFLNYP120

# ##
lpmntR
sgoscaR
spnpsaR
spymntR
smusloR

THCPHGGAIPDKDGHYQEDSHVSLADTQDGTTVTIERFIDNHDLLVYLHDTPLKIGQQVT180
KACPHGGTIPAKGELLVEKHKLTLEEAKEKGDYILARVHDNFDLLTYLERNGLQVGKTIR 180
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Figure 2. Multiple sequence alignment ofthe the MntRprotein in L plantarum WCFS1 with DtxR-like
proteins inS.gordonii (ScaR), S.pneumoniae (PsaR), S.pyogenes (MntR),and S.mutans (SloR).
Alignment ofthe sequences was performed using the ClustalW program. The residues that form the
metal-binding site in DtxR-like repressors (Qiu efa/., 1995)are perfectly conserved (indicated by#).

Targetgenesfor MntR
The transcriptional analysis of mtsCBA, mntH1 and mntH2 described in
Chapter 5 reveals that Mn2+ controls the expression of these genes.
Moreover, the increased expression of mtsCBAand mntH2inthemntH2and mtsA-mutani, respectively, suggest that the maintenance of Mn2+
homeostasis is regulated by an efficient regulatory system. Mn2+
homeostasis in L. plantarum is possibly regulated by a similar DtxR-like
metalloregulatory protein as demonstrated for S. gordonii (ScaR;
Jakubovics ef a/., 2000), E. coli (MntR; Patzer and Hantke, 2001), T.
pallidum (TroR; Posey ef a/., 1999), and B. subtilis (MntR; Que and
Helmann, 2000). A gene (mntR)encoding a homolog to these regulatory
proteins is present in the L. plantarum genome. In Chapter 5, potential
target regions for MntR were identified in the promoter regions of mfsC,
mntH1and mntH2.Sequences similar to the ones identified in B.subtilis
(Que and Helmann, 2000), E. coli (Patzer and Hantke, 2001), and T.
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pallidum(Posey etal.,1999)were present inthe mntH1,mntH2andmtsC
-35 promoter regions in L. plantarum. These findings suggest, that
regulation of Mn2+ uptake in L plantarum may be accomplished by the
identified DtxR homolog. It would be highly speculative to draw
conclusions on the mode of action (activation or repression) of MntR inL.
plantarum since similar sequences were found to result in repression
(mntH)or activation (mntABCD)in B. subtilis (Que and Helmann, 2000).
An additional sequence can be identified in the mntH2 promoter region
that is similar to the conserved palindromic sequence present in S.
gordoniiandotherstreptococci (Jakubovics etal., 2000). minvenw.nl
Considering the role of Mn2+ in L plantarum in oxygen stress
tolerance, additional binding boxes may be present in control regions of
other genes, that are involved in protection against oxygen stress.
Analysis of the promoter regions of the genes encoding glutathione
peroxidase,catalase,thiolperoxidase, NADHoxidase (7genesare present
in L. plantarum) suggest the presence of similar sequences for several
genes. Sequences with similarity to the conserved box in the mtsC and
mntH2 promoter region can be found in the promoter region of a gene,
encoding a putative gamma glutamate cysteine ligase (gamma-ECS,
Figure3).

y-ecs

AATTATTTGAATACACAAGAAGA-226-ATG

mtsC

AATTATTTGCATTAGCGTTAATT- 59-ATG

noxigzs

TGTTTTTTGGTTCATAATTGATC-175-ATG

mtsC

AATTATTTGCATTAGCGTTAATT- 59-ATG

DOX1069

ACTGATTTGAATTTCATGATATC-275-ATG

mtsC

AATTATTTGCATTAGCGTTAATT- 59-ATG

Figure 3. Alignment of the potential binding site for MntR in the mtsC promoter region with that of
genes predicted to encode y-glutamate cysteine ligase (y-ecs), and two representatives of potential
NADH oxidase-encoding genes inL plantarum WCFS1.

This gene is located upstream of the thiolperoxidase encoding gene.
Gamma-ECS is the first enzyme involved in glutathione biosynthesis.
There is no strong transcriptional terminator between the two genes, thus
a bicistronic transcript is not unlikely. Similar sequences are also present
inthe region upstream of4 out ofthe 7genes encoding NADH oxidase. It
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remains to be determined whether this consensus sequence has
significance and hasafunction inL. plantarum.
Perspectives
In order to increase benzaldehyde formation in lactic acid bacteria, it may
be desirable to combine the level of phenylpyruvic acid formed by the
aminotransferase activity of Lactococcuslactis,with the high intracellular
Mn2+ levels present in L. plantarum. We tried to achieve this, by
expressingthemntAgenefrom L.plantarumorthemtsCBA genesfrom L
casei in L. lactis using the nisin-inducible expression system. The
overexpression of the mtsCBAgenes in L. lactiswas confirmed by SDSPAGE. The raised level of the ABC transporter resulted in only a small
increase in the intracellular Mn2+ concentration. It may be possible that L
lactiscan notstore highamounts of Mn2+andsubsequently, excess ofthis
metal ion is exported. Considering the fact that Mn2+ is accumulated as a
polyphosphate complex in L plantarum as suggested by Archibald and
Duong (1984), it is possible that L.lactiscan not realisethis since agene
potentially encoding polyphosphate kinase is not present in the L. lactis
genome. A combined overexpression of the mtsCBA genes and the
polyphosphate kinase encoding gene in L. lactis could reveal if this is
indeed true. The results described in this thesis show that the high
intracellular level of manganese is probably not accomplished by a single
transporter in L.plantarum,but is likely the overall effect ofthe concerted
activity of several transporters that are presumably subjected to a strict
regulation mechanism.Therefore, itremainsto beestablishedwhether the
formation of benzaldehyde in L. lactis can be increased by the
overexpression of one or more Mn2+ transporters. An alternative would be
to increase the phenylpyruvic acid generation in L plantarum.This could
be realised via overexpression of the aminotransferase of L. lactis.
However, the conversion of amino acids to flavor compounds in cheese
curd can be enhanced by the addition of a-ketoglutaric acid (Yvon ef a/.,
1999). This demonstrates that for most starter cultures, the availability of
the aminogroup acceptor, rather than the aminotransferase activity, is
limiting. Indeed, heterologous expression of glutamate dehydrogenase, in
L. lactis increased the conversion of amino acids to flavor compounds
(Rijnen eta/.,2000).A potentially succesful approach maytherefore be,to
improve the regeneration of transaminated a-ketoglutaric acid in L.
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plantarum by overexpression of the glutamate dehydrogenase encoding
gene.
The increasing number of papersonMn2+ uptake may resultfromthe
awareness that Mn2+ is not only required as cofactor, but probably has a
broad role invarious important cellular processes such as host interaction
and virulence. Further analysis of Mn2+ homeostasis in bacteria will
provide valuable information that may be usefull in the development of
antimicrobial drugs. The identification of the three transport systems that
are induced upon Mn2+ starvation in L plantarumprovides more insight in
the mechanisms available to import this essential metal from the
environment. The mtsAand mntH2mutants of L.plantarumsuggest, that
Mn2+ accumulation in this bacterium is probably very efficiently, and
possibly tightly controlled.An intriguing question iswhat other systemcan,
in addition to MtsCBA, MntH1, MntH2, and MntA, transport Mn2+ in L.
plantarum. Results described in Chapter 5 suggest that at least one more
high-affinity transporter should be present in addition to the ABC
transporter and the two Nramp-type transporters. Although we did not
detect transcription of mntA in the wild type strain, the MntA transporter
can not be excluded as candidate. DNA micro-array analysis would bea
powerful tool to reveal additional genes encoding transporters or other
cellular functions that are regulated by Mn2+. Determining the relative
significance of multiple systems involved in Mn2+ homeostasis in individual
species is a challenge for future research. Fromthe increased knowledge
of Mn2+ homeostasis, valuable information can be gained to understand
the observed link of Mn2+ homeostasis to host-microbe interactions and
virulence.
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Benzaldehyde is een geur- en smaakstof die van nature voorkomt in
de pit van o.a. kersen, abrikozen en perzikken, en in amandelen. Deze
stof wordt, samen met vanilline, op grateschaaltoegepast inde geur- en
smaakstoffen industrie (Hoofdstuk 1).Daarnaast is benzaldehyde ookeen
componenten die in verscheidene kaastypes gevormd wordt. In kaas kan
deze geur- en smaakstof gevormd worden uit netaminozuurfenylalanine.
De bijdrage van melkzuurbacterien aan de omzetting van fenylalanine,
maar ook andere aminozuren, naar geur- en smaakstoffen is nog niet
uitvoerig bekend. Dit proefschrift beschrijft de resultaten van een
onderzoek naar de vorming van benzaldehyde door melkzuurbacterien.
Een belangrijke factor in de vorming van deze component is de
intracellulaire concentratie aan mangaan in melkzuurbacterien. Dit
mangaan komt de eel binnen via speciale transport systemen die tot een
aantal jaren geleden nog onbekend waren. Recent is meer bekend
geworden over de transport systemen voor dit metaal ion en over de
regulatie van deze opname systemen. Een overzicht van de recente
literatuur opditgebiedstaat beschreven inHoofdstuk2.
In Hoofdstuk 3 wordt de omzetting van fenylalanine naar
benzaldehyde door de melkzuurbacterie Lactobacillus plantarum
beschreven. In deze bacterie wordt fenylalanine omgezet via een route,
die zowel een enzymatische als een chemische stap omvat. Het
fenylalanine wordt in een eerste stap omgezet naar fenylpyruvaat door
een aminotransferase in L. plantarum. Fenylpyruvaat is een instabiele
verbinding,die inaanwezigheid van metaal ionen,en bijalkalische pH,vrij
snel omgezet wordt naar benzaldehyde. Deze chemische omzetting
verloopt alleen in aanwezigheid van zuurstof en na toevoeging van Cu2+,
Fe2+, Fe3+ofMn2+ionen.
In Hoofdstuk 4 is aangetoond dat Mn2+ het metaal ion is dat
verantwoordelijk is voor de bovengenoemde omzetting van fenylpyruvaat
naar benzaldehyde in melkzuurbacterien. In een gedialyseerd celextract
van L.plantarumwordt geen benzaldehyde gevormd en accumuleert het
fenylpyruvaat dat gevormd is door een aminotransferase in L.plantarum.
De toevoeging van Mn2+, Fe2+, Fe3+ of Cu2+ ionen aan het gedialyseerde
celextract herstelt de omzetting van fenylpyruvaat naar benzaldehyde
waarbij in aanwezigheid van mangaan de hoogste omzettingssnelheid
gemeten werd. De omzetting van fenylalanine naar benzaldehyde is niet
uniek voor L.plantarum,maar kanook uitgevoerdworden door een aantal
andere melkzuurbacterien van de genera Lactobacillus en Leuconostoc
(Hoofdstuk4). Bacteriendiebenzaldehydevormenhebbenalieneenhoge
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intracellulaire mangaan concentratie, hetgeen suggereert dat dit metaal
betrokken is bij de chemische omzetting in de melkzuurbacterien.
Lactococcus lactis heeft een hoge omzetting van fenylalanine naar
fenylpyruvaat maar kan dit vervolvens niet omzetten naar benzaldehyde
alsgevolgvandelageconcentratie aan mangaan indeeel.
Naar aanleiding van de resultaten van Hoofdstuk 3 en 4 werden in
Hoofdstuk 5 de mangaan transport systemen in L plantarum onderzocht.
Dit organisme staat bekend omzijn afhankelijkheid van mangaan omzich
onder oxidatieve stress condities te handhaven. Hiermee onderscheidt
deze bacterie zich van andere bacterien,waaronder L lactis,die hiervoor
het enzym superoxide dismutase bezitten. Naast de reeds uit de literatuur
bekende P-type ATPase in L. plantarum, zijn in Hoofdstuk 5 nog een
drietal additionele systemen beschreven die ge'induceerd worden onder
mangaan-gelimiteerde groeicondities. Dit is een ATP-binding cassette
(ABC) transporter (MtsCBA) en twee Nramp (natural resistanceassociated macrophage proteins) type transporters, genoemd MntH1 en
MntH2. De genen coderend voor MtsA en MntH2 zijn afzonderlijk, en in
combinatie, gei'nactiveerd in L plantarum. Deze mutanten waren echter
niet vertraagd in groeisnelheid onder aerobe condities, noch was de
intracellulaire mangaan concentratie significant verlaagd. Analyse van de
transcriptievandeverschillende genentoondeaan,datindemtsAmutant
hettranscriptieniveau van mntH2verhoogd was, en vice versa,werden in
de mntH2 mutant hogere mtsCBA transcriptie niveaus gemeteri. In de
dubbel mutant (mtsA-mntH2)werd geen verhoogde transcriptie van het
mntH1gengemeten,hetgeen suggereert datadditioneletransporters voor
dezemutatiescompenseren. Deresultaten inHoofdstuk 5 suggererendat
mangaan homeostase in L plantarumerg efficient is, en bovendien strak
gereguleerd wordt. Inderdaad is in het L. plantarum genoom een gen
aanwezig dat kan coderen voor een eiwit dat homologie vertoont met
recent ge'fdentificeerde regulatoren van Mn2+ opname systemen uit een
aantalverschillende bacterien.
In Hoofdstuk 6 wordt beschreven hoe het gen, coderend voor het
hierboven genoemde P-typeATPase (MntA), uitgeschakeld kanworden in
L. plantarum. De resulterende mutant vormt aggegraten in vloeibaar
medium maar is niet significant vertraagd in groeisnelheid bij 1.5 uM
mangaan. Ook was de intracellulaire mangaan concentratie in deze
mutant niet verlaagd, hetgeen aantoont dat deze transporter niet cruciaal
is voor handhaving van intracellulaire mangaan niveaus. Complementatie
van deze mutant resulteerde niet in herstel van de aggegraat vorming en
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dit suggereert dat dit fenotype veroorzaakt is door een polair effect op
stroomafwaarts gelegengen(en).
InHoofdstuk 7wordende resultaten uitdevoorgaande hoofdstukken
bediscussieerd enworden suggestiesgedaanvoorverder onderzoek.
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Met een glas rode wijn in de hand zit ik achter de computer om de
allerlaatste regels van mijn proefschift te schrijven.Als ikop de afgelopen
jaren terugkijk realiseer ik mij dat ik, afgezien van de bekende AIO dipjes,
vooral een leuke, afwisselende tijd achter mij laat waar een groot aantal
mensenaan bijgedragen hebben.
Ik wil in de eerste plaats mijn promoter en copromoter, Willem de
Vosen Michiel Kleerebezem, bedanken. Michiel, ik benblijdatjij, ondanks
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blij dat de samenwerking nog eventjes voortduurt. Willem, bedankt dat jij
promoter wilt zijn. Bedankt ook voor je goede ideeen en kritische kijk op
mijn laatsteresultaten.
Bij IM ben ik begonnen als een van dejonge AlO's (werd door een
aantal personen ook weljAIO's genoemd als tegenhanger van de nAIO's)
op de vierde verdieping van het Biotechnion. Met veel plezier kijk ik terug
op deze periodewaarin menigslapgesprek gevoerdwerdtijdens de koffie
in de AIO kamer of anders wel tijdens de vrijdagmiddag borrel (ik zal de
sportieve prestaties,van menigvolleybal toernooi ofVeluweloop,die ikmij
herinner maarnietvermelden).Allecollega'swil ikviadezeweg bedanken
voor een ontzettend leuke tijd. Dat de sfeer,ondanks het opheffen van de
leerstoelgroep IM, langetijdgoed isgebleven iszeertekenend! Eenaantal
mensenwil iktoch nogapart vermelden. Graagwil ikJande Bont hartelijk
bedanken voor de mogelijkheid om dit onderzoek te doen en voor zijn
bijdrage aan de uiteindelijke totstandkomingvan dit boekje. Daarnaast wil
ikJanVerdoes bedanken voor zijn bijdrage aan het moleculair genetische
deel van mijn onderzoek; Martin de Wit, bedankt voor alle hulp bij
verstopte GC spuiten, vastgelopen HPLC kolommen en computers.
Daarnaast wil ik Sara Stake, Dung NgoThi Phoung, Hanneke Bekhuis,en
Eline Klaassen bedanken voor de inzet tijdens hun afstudeervak, dan wel
stage.
Halverwege mijn AIO tijd werd ik als "adoptie" AIO opgenomen
binnen het het project "Metabolic engineering of food-grade
microorganismen"vanWCFS. Ikwilalle projectgenoten bedankenvoorde
ideeen/suggesties tijdens onzebijeenkomsten
Gedurende drie maanden ben ik, in het labvan prof. Jean Delcour in
Louvain-la-Neuve, in Belgie werkzaam geweest. Jean, thank you very
much for the opportunity to work in your lab. I am afraid that I did not
improve my knowledge of the french language but Icertainly learned a lot
about Lactobacillusplantarumgenetics. Pascal Hols, thank you for all the
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things I learned from you about genetics and all your good ideas.
Furthermore, Ithank allthe people inthe lab for the help and also for the
socialevents.
Bij NIZO kwam ik om een aantal weken het NICE systeem te
gebruiken, echter weken werden maanden en uiteindelijk zelfs nog iets
langer. Ikdenk dat dittyperend isvoor de leukesfeer op NIZO.Vanaf het
beginafaan hebik hetontzettend naar mijnzingehad.Jeroen Hugenholtz
en Michiel Kleerebezem wil ikgraag bedanken voor de gastvrijheid omop
NIZOmijn proevenafte ronden,nahetopheffen van IM.
Ingeborg, naast mijn vriendin werd je met mijn komst bij NIZO ook
nogeens collega. Het isfijn om een iemandte hebbenwaarmeeje, naast
hetgewone meidengeklets, ook eens over mislukte experimenten enAIO
stresskuntpraten.
Paen ma, ik heb misschien niet altijd goed uit kunnen leggen wat ik
nu echt deed, maar jullie zijn altijd erg ge'i'nteresseerd geweest en jullie
hebben altijd achter mij gestaan. Bedankt hiervoor. Robert, zonder jouw
steun, relativerende woorden en vertrouwen was het me nooit gelukt. Ik
kijk ernaar uit dat we de komende tijd weer meer dingen samen kunnen
doen.
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