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Tjonge, jonge,1 mompelde Erik eerbiedig, ik heb altijd gedacht: wat zou dat toch 
betekenen? 

'Nu, eerlijk gezegd, begrijp ik het ook niet helemaal,' bekende de hommel. 

'Maar waarom leest u het dan?' vroeg Erik verbaasd. 

De hommel geraakte zichtbaar in verlegenheid. 

'Ja,' zeide hij, 'ik lees het ook eigenlijk niet. Ik bekijk alleen maar af en toe den titel. 

Het mag nu gek klinken, maar telkens als ik die woorden zie, ga ik vanzelf een beetje 

dieper denken. Ik begin dan te voelen dat ik een redelijk wezen ben, met verstand en 
inzicht begaafd, een- een- kortom, een hommel. 

UIT: ERIK (OF HET KLEIN INSECTENBOEK), GODFRIED BOMANS 
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CHAPTER 

1.1 LACTIC ACID BACTERIA 

Fermentation is one of the traditional methods for food preservation, and 
dates back from about 6000 BC. The most probable basis for the 
development of fermented food was through food that spoiled during 
storage, giving rise to a product that was acceptable for consumption [128]. 
Many of these food products are prepared by the addition of so-called 
starter cultures, defined cultures that contain strains with known 
properties, in order to control the fermentation process as much as 
possible. Lactic acid bacteria play an important role in the production of 
several types of food products (listed in Table 1.1). 

The metabolism of sugars by lactic acid bacteria leads to the production 
of compounds like lactate, ethanol, diacetyl and carbon dioxide, that 
influence the taste, flavour or texture of the fermented products. At the 
same time, fermentation results in the production of acids like lactate and 
acetate, which together with the resulting decrease in pH, prevent the 
growth of food spoilage and pathogenic microorganisms, like Listeria and 
Clostridium. Some lactic acid bacteria also produce bacteriocins, small 
peptides with bacteriostatic or bactericidal properties against mainly Gram-
positive bacteria. 

Some species from the genus Lactobacillus that naturally occur in the 
human and animal gastro-intestinal tract, have been claimed to stimulate 
the mucosal immune system and to be beneficial for human health [24]. 
The colonization capacities of these so-called probiotic strains are 
investigated by many laboratories and much research is performed to study 
their health effects as well as to investigate the possibilities to use 
manipulated strains of lactic acid bacteria as oral vaccine delivery vehicles 
(for reviews: see [92] and [155]). 

Since lactic acid bacteria play such an important role in the production 
of food and may contribute to human health, many laboratories are 
interested in their genetic and metabolic properties. A good insight in the 
regulation of fermentation pathways which result in the formation of flavour 
compounds might help to construct starter strains that are better adapted 
to the fermentation conditions and /o r produce more or other flavour 
compounds, to improve product quality. Redirection of metabolic pathways 
has already been shown to be possible in for instance Lactococcus lactis or 
Lactobacillus plantarurrc Inactivation of lactate dehydrogenase (LDH) leads 
to the increased production of acetate, formate, acetoin and ethanol at the 
expense of the formation of lactate, which is the main end-product in the 
parent strains (for reviews about metabolic engineering in lactic acid 
bacteria: see [17] and [52]). 
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Products Lactic acid bacteria 

Dairy products 

Gouda- type cheeses 

Swiss-type cheeses 

Fermented milk and yoghurts 

Fermented meat 

Sausages 

Fermented vegetables 

Sauerkraut (white cabbage) 

Soy sauce 

Pickles, cucumbers 

Olives 

Other products of plant origin 

Sourdough bread 

Silage 

Wines and ciders 

Lactococcus /actis subsp. cremoris and subsp. /actis, 

Leuconosfoc lactis subsp. cremoris 

Lactobacillus delbrueckii subsp. /act/'s, Lactobaci//us 

helveticus 

Streptococcus thermophilus, Lactobacillus 

delbrueckii subsp. bulgaricus, Lactobacillus 

acidophilus, Lactobacillus casei, Lactobacillus kefir, 

Lactococcus lactis subsp. diacetylactis 

Lactobacillus sakei, Lactobacillus curvatus, 

Pediococcus acidilactici, Leuconosfoc carnosus 

Leuconostoc mesenteroides, Lactobacillus 

plantarum, Lactobacillus pentosus, Lactobacillus 

bavaricus 

Tetragenococcus halophilus (formerly ca l led: 

Pediococcus halophilus) 

Lactobacillus plantarum, Lactobacillus pentosus, 

Pediococcus pentosaceus, Leuconostoc 

mesenteroides 

Leuconostoc mesenteroides, Lactobacillus pentosus 

Lactobacillus sanfransisco, Lactobacillus brevis 

Lactobacillus plantarum 

Oenococcus oen/ (formerly ca l led: Leuconostoc 

oenos), Lactobacillus plantarum 

Table 1 . 1 . An overview of food products in which fermentat ion by lactic acid bacteria 

is used. 
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1.2 S U G A R M E T A B O L I S M I N LACTIC A C I D BACTERIA 

Lactic acid bacteria are aero tolerant organisms, which preferably grow 
under anaerobic or micro-aerobic conditions. For growth, carbohydrates 
together with nucleotides, amino acids and vitamins are needed in the 
medium, since many biosynthetic pathways are deficient [60]. During 
fermentation of carbohydrates, metabolic energy is stored by substrate level 
phosphorylation, by phosphoglycerate kinase and pyruvate kinase which 
are operative in the glycolytic pathway or by acetate kinase during the 
conversion of acetyl-phosphate to acetate. An additional way to generate 
energy is by the formation of a proton motive force during the efflux of 
solutes over the cell membrane, by which a net charge is translocated. The 
proton motive force is used to synthesize ATP by a membrane-located 
ATPase [63, 90]. For instance, lactate that has accumulated in the 
cytoplasm as a result of sugar fermentation can exit from the cell in 
symport with protons in L. locus resulting in the net translocation of 
protons and positive charge outside of the cells. Also malate/ lactate 
antiport results in the generation of a proton motive force in this organism, 
if it is combined with the decarboxylation of malate in the cytoplasm during 
which reaction a proton is consumed [63]. 

There are several pathways for sugar metabolism in lactic acid bacteria, 
which are summarized in Figure 1.1. During so-called homolactic 
fermentation, glucose is metabolized into pyruvate via the glycolytic or 
Embden-Meyerhoff-Parnas (EMP) pathway. Under anaerobic conditions in 
the presence of excess glucose, pyruvate is mainly converted by LDH into 
lactate. The conversion of pyruvate into lactate regenerates the NAD+ that 
is consumed during the conversion of glucose into pyruvate (see Figure 1.1, 

Figure 1.1. Overview of sugar fermentation in lactic acid bacteria. On the left side, 
homolactic fermentation via the Embden-Meyerhoff-Parnas pathway; on the right side, 
heterolactic fermentation via the phosphoketolase pathway. Both the 'acetate-branch' and the 
'ethanol-branch' of the phosphoketolase pathway were drawn in the Figure. Dashed arrow 
indicates that more than one enzyme is involved in the conversion from one substrate into the 
other. The other enzymes are indicated with numbers. 1, glucokinase or phosphorylation during 
PEP-dependent PTS transport; 2, glucose 6-phosphate isomerase; 3, 6-phosphofructokinase; 4, 
fructose bisphosphate aldolase; 5, triose-phosphate isomerase; 6, glyceraldehyde 3-phosphate 
dehydrogenase, phosphoglycerate kinase, phosphoglyceromutase, enolase, pyruvate kinase; 7, 
lactate dehydrogenase; 8, glucose 6-phosphate dehydrogenase; 9, lactonase; 10, 6-
phosphogluconate dehydrogenase; 1 1, D-ribulose 5-phosphate 3-epimerase; 12, xylulose 5-
phosphate phosphoketolase; 1 3, acetate kinase; 1 4, gluconate kinase phosphorylation during 
PEP-dependent PTS transport; 1 5, ribose 5-phosphate isomerase; 1 6, ribose kinase; 1 7, xylulose 
kinase; 1 8, xylose isomerase; 1 9, L-ribulose 5-phosphate 4-epimerase; 20, ribulose kinase; 2 1 , 
arabinose isomerase; 22, phosphotransacetylase; 23, acetaldehyde dehydrogenase; 24, alcohol 
dehydrogenase; 25, NADH oxidase. 
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step 7). However, several factors like glucose limitation, an alkaline pH or 
aerobic growth conditions may change the distribution of end-products. 
Increased concentrations of formate, acetate and ethanol (products of the 
formate lyase pathway) were for instance observed in glucose-limited 
chemostat cultures of L. lactis or Lactobacillus casei at low dilution rates 
[19, 136]. The intracellular concentration of fructose 1,6-bisphosphate 
(FBP), which stimulates LDH activity in these organisms, is low under these 
conditions, in favour of the formation of the products of the pyruvate 
formate-lyase pathway [19, 136]. Metabolism of pyruvate via the pyruvate 
formate-lyase pathway is also favoured when cells are grown at a high pH 
due to the alkaline pH optimum of the enzymes of this pathway. This 
results in the production of increased amounts of formate, acetate and 
ethanol, although lactate remains the main end-product of glucose 
fermentation in Lactobacûlus bulgaricus [100]. During aerobic growth of L. 
plantarunx pyruvate oxidase is induced which converts pyruvate into acetyl-
phosphate. Further metabolism of acetyl-phosphate by acetate kinase 
results in increased concentrations of acetate as end-product [13, 142]. 
Under some conditions, usually in the presence of additional pyruvate, C4-
compounds like diacetyl or acetoin, are produced from pyruvate in lactic 
acid bacteria [59]. An overview of the possible routes for pyruvate 

conversion is drawn in Figure 1.2. 
In the literature, two usually not well defined terms are used to designate 

the above described formation of end-products like formate, acetate and 
ethanol from pyruvate: mixed acid fermentation or heterolactic 
fermentation. Confusingly, the latter term, 'heterolactic fermentation', is 
also used for the fermentation of sugars via another route in lactic acids 
bacteria, the phosphoketolase pathway (PKP). In this thesis, 'heterolactic 
fermentation' will only be used for the metabolism of sugars through the 
PKP, and 'mixed acid fermentation' to describe fermentation that occurs via 
the EMP pathway and leads to the formation of products other than lactate, 
to discriminate between these two types of fermentation. 

Fermentation of glucose ufathe PKP leads to the formation of equimolar 
amounts of carbon dioxide, lactate and ethanol/acetate, as shown in the 
right part of Figure 1.1. Glucose is converted into the pentose-phosphate 
xylulose 5-phosphate (see Figure 1.1, step 1 and steps 8 to 11). Xylulose 5-
phosphate phosphoketolase (XpkA), the central enzyme of the PKP, converts 
xylulose 5-phosphate into glyceraldehyde 3-phosphate (GAP) and acetyl-
phosphate (see Figure 1.1, step 12). GAP is further metabolized by the 
enzymes of the EMP pathway into lactate. Under anaerobic conditions, 
acetyl-phosphate is converted into ethanol (the ethanol branch') in order 
to reoxidize the NADH which was consumed during the conversion of 
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glucose into xylulose 5-phosphate, whereas mainly acetate is produced 
under aerobic conditions [ 13]. In the presence of oxygen, an NADH oxidase 
is induced, which allows the bacteria to convert acetyl-phosphate into 
acetate by acetate kinase, during which reaction an ATP is formed. Thus, 
during heterofermentation in the presence of oxygen, two ATP molecules are 
produced per glucose like during fermentation via the EMP pathway. In 
contrast, fermentation via the PKP under anaerobic conditions gains only 
one ATP per glucose. 

Pentoses, like xylose, arabinose and ribose, are metabolized by their 
appropriate enzymes into xylulose 5-phosphate, which is further degraded 
in the PKP (see Figure 1.1). The ability of heterofermentative lactic acid 
bacteria to grow on a certain pentose is dependent on the availability of the 
enzymes for transport and conversion of the compound into xylulose 5-
phosphate [59]. Pentose metabolism via the PKP under anaerobic conditions 
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Figure 1.2. An overview of the possible routes for pyruvate conversion in 
homofermentative lactic acid bacteria. 1, Lactate dehydrogenase; 2, pyruvate oxidase; 3, 
acetate kinase; 4, pyruvate formate lyase; 5, phosphotransacetylase; 6, acetaldehyde 
dehydrogenase; 7, alcohol dehydrogenase; 8, diacetyl synthase; 9, acetolactate synthase; 10, 
diacetyl reductase; 11, acetolactate decarboxylase; 12, 2,3-butanediol dehydrogenase; 13, 
NADH oxidase. 
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Figure 1.3. Schematic overview of glucose fermentation in Bifidobacterium: the fructose 
6-phosphate shunt. Two phosphoketolase activities are involved in this fermentation (PK in the 
Figure): for cleavage of fructose 6-phosphate and for cleavage of xylulose 5-phosphate. 
Transaldolase (TAL) and transketolase (TKL) convert fructose 6-phosphate and erythrose 4-
phosphate in two pentose phosphates. Dashed arrows indicate that more than one enzyme is 
involved in the conversion from one substrate into the other. The other enzymes are indicated 
with numbers. 1, hexokinase; 2, glucose 6-phosphate isomerase; 3, acetate kinase; 4, 
phosphoribose isomerase and ribulose 5-phosphate 3-epimerase; 5, glyceraldehyde 3-
phosphate dehydrogenase, phosphoglycerate kinase, phosphoglyceromutase, enolase, pyruvate 
kinase; 6, lactate dehydrogenase. Picture adapted from [18]. 

leads to the formation of equimolar amounts of acetate and lactate as end-
products, since NADH reoxidation through the 'ethanol-branch' is 
unnecessary. Gluconate metabolism via the PKP requires both the 'acetate-' 
and the 'ethanol-branch' of the PKP for the conversion of acetyl-phosphate, 
in order to retain a balance in reduction equivalents (see Figure 1.1). 

It is believed that homofermentative lactic acid bacteria are unable to 
ferment pentoses because of the absence of XpkA activity. However, a group 
of lactobacilli was identified that ferment glucose ufathe glycolytic pathway 
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bu t is also able to use pentoses as a sole energy source [59]. These 
lactobacilli, amongst which are Lactobacillus plantarum, L. casei and 
Lactobacillus pentosus, possess an inducible XpkA. This group of lactobacilli 
is called facultative heterofermentative lactobacilli to discriminate them 
from obligate homo- (only fermentation via the EMP) and obligate 
heterofermentative (only fermentation via the PKP) lactobacilli [59]. 

1.3 GLUCOSE METABOLISM I N BIFIDOBACTERIUM 

Phosphoketolase activity is also involved in sugar metabolism of 
Bifidobacterium, a genus that physiologically resembles the lactic acid 
bacteria, since lactate and acetate are the main end-products of 
fermentation [44]. For this reason, the genus Bifidobacteriumhas for a long 
time been considered to belong to the lactic acid bacteria. However, 
phylogenetic classification has identified the bifidobacteria as a distinct 
group of GC-rich bacteria which is only very distantly related to the genuine 
genera of lactic acid bacteria, like Lactococcus, Lactobacillus and 
Leuconostoc, which belong to the AT-rich branch of Gram-positive bacteria 
[145]. 

The fermentation of glucose in Bifidobacterium occurs via a pathway 
which is specific for this group of bacteria, the so-called fructose 6-
phosphate shunt , in which two phosphoketolase activities are involved (see 
Figure 1.3). The genus Bifidobacterium belongs thus to the few bacteria in 
which phosphoketolase activity has been reported. The first 
phosphoketolase that is active in glucose fermentation converts fructose 6-
phosphate into erythrose 4-phosphate and acetyl-phosphate, the second 
one catalyses the phosphorolytic cleavage of xylulose 5-phosphate like 
described for XpkA in heterolactic fermentation in lactobacilli [18, 107]. The 
fructose 6-phosphate shunt results in the formation of acetate and lactate 
at a molar ratio of 3 to 2. Fructose 6-phosphate phosphoketolases have 
been partially purified from several Bifidobacterium species [119]. Some of 
the fructose 6-phosphate phosphoketolases appeared to be specific for both 
xylulose 5-phosphate and fructose 6-phosphate, whereas others catalyse 
only the cleavage of fructose 6-phosphate [119]. In some Bifidobacterium 
species, both phosphoketolase activities might be catalysed by the same 
enzyme. 

1.4 THE PENTOSE PHOSPHATE PATHWAY 

The presence of the PKP as a glucose or pentose degrading pathway is only 
known in lactic acid bacteria. In most other organisms, pentoses and under 
certain circumstances also glucose is metabolized via the pentose 



j 8 • CHAPTER 1 

phosphate pathway, amongst which are Escherichia coli, Baciüus subtilis 
and Saccharomyces cerevisiae. After conversion of glucose into glucose 6-
phosphate, by PEP-dependent PTS transport in E. coli and in B. subtilis, or 
by hexokinase or glucose kinase in S. cerevisiae, glucose 6-phosphate is 
further metabolized via the oxidative branch of the pentose phosphate 
pathway resulting in the pentose phosphate ribulose 5-phosphate. The 
nonoxidative branch involves the enzyme activities of glucose 6-phosphate 
dehydrogenase, lactonase and 6-phosphogluconate dehydrogenase. In the 
nonoxidative branch of the pentose phosphate pathway, three pentose 
phosphates are converted into two fructose 6-phosphate molecules and one 
glyceraldehyde 3-phosphate molecule by the action of transketolase, 
transaldolase and again transketolase (Figure 1.4). Fructose 6-phosphate 
and glyceraldehyde 3-phosphate are metabolized by enzymes of the EMP 
pathway. Metabolism via the pentose phosphate pathway provides cells 
with ribose 5-phosphate, which is needed for the synthesis of for instance 
nucleotides, and erythrose 4-phosphate, which is a precursor of shikimic 
acid and which is utilized in the pyridoxin pathways that lead to the 
formation of aromatic amino acids, vitamins and pyridoxin [171]. 

Pentose metabolism in these organisms involves the conversion of the 
pentose into pentose phosphate, after which the pentose phosphates are 
further metabolized by the enzymes of the nonoxidative branch of the 
pentose phosphate pathway. There are no reports that the pentose 
phosphate pathway is involved in the metabolism in lactic acid bacteria. 

Glyceral- —• |Fructose-6-P| 
dehyde-3-P 

Sedohep- • z -* Erythrose-4-P -?—• |Fructose-6-P| 
tulose-7-P / 

TKL 

|Xy lu lose 5-P | z • |Glyceraldehyde-3-P 

Figure 1.4. Schematic drawing of the oxidative branch of the pentose phosphate 
pathway in, for instance, Gram-negative and in most Gram-positive bacteria. Three 
pentose phosphates are converted into two fructose 6-phosphate and glyceraldehyde by the 
actions of transketolase (TKL) and transaldolase (TAL). Two enzymes catalyse the conversion of 
xylulose 5-phosphate into ribose phosphate (indicated with dashed arrow): ribulose 5-phosphate 
3-epimerase and phosphoribose isomerase. Picture adapted from [1 12]. 
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1 .6 XYLOSE METABOLISM 

The organism to which the research described in this thesis refers, L. 
pentosus, is a facultative heterofermentative Lactobacillus. As a 
consequence, it possesses the enzymes for both homolactic fermentation via 
the EMP pathway and for heterofermentation via the PKP. The latter 
pathway is mainly used for the fermentation of pentoses, like for instance 
xylose. The ability of L. pentosus to grow on xylose is a rather unique 
property for Lactobacillus, since only a few Lactobacillus species are able to 
utilize this carbohydrate. 

Xylose is a naturally occurring sugar, mostly occurring as part of 
hemicellulose polymers like xylan and xyloglucan. Xylan, consisting of ß-
1,4-linked D-xylosyl residues, is abundan t in nature, mainly found in 
secondary plant cell walls. Xyloglucan polysaccharides, which have a ß-
1,4-glucan backbone substi tuted with a-l,6-xylosyl residues, play an 
important role in determining the semi-rigid structure of the primary cell 
wall. Degradation of the polymers is catalysed by ß-xyloside degrading 
enzymes, like xylanases and _8-xylosidases, and various ß-l,4-endoglu-
canases. These enzymes are present in ruminai and soil bacteria such as 
Bacillus species or in filamentous fungi. A picture of xyloglucan is shown 
in Figure 1.5. For reviews about the degradation of hemicelluloses, see 
Warren [152] and Wong etal. [159]. 

The monosaccharide D-xylose can be utilized by a number of bacterial 
species. The metabolism involves the transport into the cell, after which 
xylose is isomerized to D-xylulose, which is phosphorylated to form D-
xylulose 5-phosphate. The conversion of xylose uiaxylulose into xylulose 5-
phosphate is catalysed by xylose isomerase and xylulose kinase. The genes 
encoding these enzymes have been cloned and sequenced from E. coli [69], 
Salmonella typhimurium [120], Bacillus spp. [45, 71 , 103, 111], 
Staphylococcus xylosus [124], Klebsiella pneumoniae [27], Thermoanaerobac-
ter ethanolicus [25], Tetragenococcus halophilus [134], Lactobacillus brevis [4] 
and L. pentosus [75]. In all these organisms, the xylose isomerase encoding 
gene, xylA, and the gene encoding the xylulose kinase, xylB, are clustered 
in an operon. Expression of the genes is induced in the presence of xylose 
in the growth medium by a regulator protein encoded by xylR, which is part 
of the xyl gene cluster in most xylose utilizing bacteria. XylR functions as 
an activator in the Gram-negative bacteria E. coli [126] and S. typhimurium 
[120] and as a repressor in Gram-positive bacteria like Bacillus spp. [65, 
103, 110], L. pentosus [73] and S. xylosus [124]. 

In E. coli XylR binds in the presence of xylose to an adenine-rich 
operator sequence IA which is located upstream of the promoter sequence 
[ 126], thereby activating transcription of the operon. Gel-mobility and DNA-
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major (arrow with solid line) and secondary (arrows with dashed lines) sites of hydrolysis of the 
ß-(l,4)-glucan backbone by endoglucanases are represented. Glc, glucose; Xyl, xylose; Gal, 
galactose; Fuc, Fucose. Picture adapted from [6]. 

footprinting studies in Bacillus spp. [15, 34, 110] and S. xylosus [124] have 
shown tha t XylR, probably as a dimer or oligomer, binds to an inverted 
repeat operator sequence of 27 nucleotides, xylO. The operator sequence is 
located downstream of the promoter sequence of the xyl operon. In the 
presence of xylose, XylR no longer binds to the operator sequence, probably 
because binding of xylose results in a conformational change in XylR, after 
which the xyl genes are transcribed. Each inverted repeat sequence of xylO 
contains two XylR binding sites, O L and OR , which are spaced by 4 
nucleotides and are both needed for efficient regulation of the xyl operon 
[15]. Expression of the xylAB operon is also subject to catabolite repression 
by rapidly metabolizable carbon sources, like D-glucose. The mechanisms 
of catabolite repression for both Gram-positive and Gram-negative bacteria 
will be described in a following paragraph of this chapter. 

In Figure 1.6, the xyigene clusters of several bacteria are drawn. In some 
organisms the cluster also comprises genes that are involved in the 
transport of xylose. For instance, in E. coli the genes xylFGH encode a high 
affinity binding protein dependent transport system for D-xylose, by which 
xylose is translocated at the expense of an ATP. These genes are oriented 
in the opposite direction compared to xylAB and transcription is activated 
by XylR [ 126]. The organization of the xyl locus in Bacillus megatertum and 
L. brevis is very similar. In both organisms, xylT, encoding a xylose/H+ 

symporter, is located downstream of xylAB, which is cotranscribed in the 
presence of xylose [4, 7, 115]. However, no gene encoding XylR was 
identified in the xyl locus of L. brevis, although putative xylO sequences 
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were identified upstream of xylA and in the intergenic region between xyLB 
and xylT. Southern hybridization experiments using xylR from L. pentosus 
as a probe indicated that a gene homologous to xylR is probably located at 
another location on the chromosome [7]. 

Although B. subtûis contains the genes for xylose conversion, xylAB, it is 
not naturally able to use xylose as a carbon source. A mutant in which the 
araE gene is constitutively expressed leads to a xylose-positive phenotype 
[114]. araE encodes the L-arabinose H+-symporter, which has a broad 
substrate specificity and transports D-xylose and D-ribose as well as L-
arabinose [66]. This indicates that the inability to grow on xylose is the 
result of the lack of a xylose transport system. Two genes are located in the 
opposite reading frame direction and upstream of xylR in the xyl cluster of 
B. subtüis, encoding a putative transporter and a j3-xylosidase [45, 72]. 
These two genes, xynC and xynB, are also negatively regulated by XylR. 

The genetic organization of the xyl cluster of Streptomyces rubiginosus 
differs from that of the other bacteria [158]. The reading frame direction of 
xylA is opposite from that of xylB. and the genes are transcribed divergently 
from two partially overlapping promoters that are located in the 
untranscribed region between these two genes. An ORF was found 
downstream of xylB, which might encode a regulator protein of a xylose 
permease [158]. 

1.7 XYLOSE METABOLISM I N LACTOBACILLUS PENTOSUS 

The metabolism of xylose and of the disaccharide isoprimeverose, a 
disaccharide of glucose and xylose, has previously been studied in L. 
pentosus. The induction of the genes which are involved in the metabolism 
of these sugars was studied, as well as catabolite repression on the 
expression of these genes. The genes encoding xylose isomerase and 
xylulose kinase, xylAB, form an operon, which is negatively regulated by 
XylR, like in other Gram-positive organisms [73, 74]. Upstream of xyLRand 
xylAB, in the same reading frame direction, a second operon was identified, 
xylPQ, which is regulated in a similar way as xylAB. The xylPQ genes were 
originally thought to encode a xylose transporter and a protein with 
unknown function, respectively. Recently, it was shown that these genes 
are involved in the transport and hydrolysis of isoprimeverose, which is the 
major building block of xyloglucan [8,9]. L. pentosus has been isolated from 
plant material, like fermented cucumbers, which are rich sources of 
xyloglucan. Fermentation of plant material is usually a complex process in 
which many organisms are involved. Microorganisms like yeasts, Gram-
negative bacteria and molds break down xyloglucan polymers into 
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Figure 1.6. Organizat ion of xyl loci which are described in the text. Expression of the xyl 

genes of E. coli is activated by XylR in the presence of xylose, whereas the xyl genes of the other 

organisms are repressed by XylR. No xylR has been characterized from L brevis and from S. 

rubiginosus yet. Arrows indicate transcriptional start sites, stemloop structures depict 

transcriptional termination sites. 

oligomers like isoprimeverose. The capacity of L. pentosus to hydrolyse 
isoprimeverose into D-glucose and D-xylose and subsequently ferment both 
monosaccharides may be related to the natural habitat of this organism in 
plant material [8]. 
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The observation that mutan t s of L. pentosus that were affected in 
mannose phosphoenol pyruvate (PEP)-dependent phosphotransferase 
system (PTS) activity were unable to grow on xylose as the sole energy 
source, led to the idea that the mannose PTS and not a specific xylose 
permease might be involved in xylose transport [10]. The PTS is a so-called 
group translocation system for the uptake of carbohydrates, which 
catalyses the concomitant transport and phosphorylation of sugars in both 
Gram-positive and Gram-negative bacteria. A phosphoryl group is 
successively transferred from PEP to Enzyme I, the histidine-containing 
protein (HPr) and the sugar-specific Enzyme II, which then phosphorylates 
the sugar (see Figure 1.7). The EIIman complex consists of two integral 
membrane proteins, EIICman and EIIDman, which probably bind and 
transport the carbohydrate into the cytoplasm, and of two cytoplasmic 
proteins, EIIAman and EIIBman, of which the latter phosphorylates the 
transported carbohydrate (for a review about PTS, see [91]). The D-mannose 
PTS in L. pentosus t ransports both glucose and mannose [6]. The 
membrane component of the mannose PTS, EIICDman, is believed to 
recognize D-xylose and transport it by facilitated diffusion in L. pentosus. 
Xylose is not phosphorylated during the translocation [10]. 

1.8 CATABOLITE REPRESSION IN BACTERIA 

Bacteria have to be able to adapt to the changing environment they live in. 
Carbon catabolite repression (CR), the phenomenon that rapidly 
metabolizable carbon sources repress the expression of catabolic genes that 
are involved in the metabolism of other carbon sources, is one of the 
mechanisms by which bacteria respond to the availability of multiple 
carbon and energy sources in their environment. The mechanisms of CR 
have been studied in both Gram-negative and Gram-positive bacteria, using 
the enteric bacterium E. coli and the low GC containing B. subtilis as model 
organisms, respectively. In both the Gram-negative and Gram-positive 
bacteria, the enzymes of the PTS play an important role in sensing the 
environmental availability of sugars. The presence of many rapidly 
metabolizable compounds, like glucose, fructose or mannose, amongst 
others, results in the repression of the transcription of other genes. 

In E. cofi transcription of many catabolic genes is activated by binding of 
a complex formed by adenosine cyclic-3'-5'-monophosphate (cAMP) and the 
cAMP receptor protein (CRP) to a DNA consensus sequence in the promoter 
region (reviewed by [99] and [104]).The concentration of cAMP is tightly 
regulated in two ways: by transcriptional regulation of cya the gene 
encoding adenylate cyclase which catalyses the formation of cAMP, and by 
activation of adenylate cyclase activity by the phosphorylated form of EIIAglc, 
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one of the enzymes of the glucose PTS [91]. In the absence of PTS 
substrates, the enzymes of the PTS are mainly phosphorylated, resulting in 
increased cAMP concentrations and activation of the transcription of 
catabolic genes. 

Inducer exclusion, in which the transcription of catabolic genes is 
prevented by inhibiting the transport or early metabolism of the inducer, 
is another important mechanism of CR in E. colt The non-phosphorylated 
form of EIIAglc binds to sugar permeases that are specific for lactose, 
maltose, melibiose or raffinose thereby inhibiting their activity. Inhibition 
of glycerol metabolism is exerted by binding of EIIAglc to the glycerol kinase 
resulting in the inactivation of glycerol kinase: the inducer glycerol 3-
phosphate is not produced and no induction of the glp genes takes place. 
EIIA0, only interacts with the target proteins in the presence of their 
substrates, like lactose or glycerol [91]. The relative effects of the 
cAMP/CRP mechanism and of inducer exclusion on CR of certain catabolic 
genes might be dependent on the growth conditions. For instance, it was 
shown that inducer exclusion was the predominant form of CR by glucose 
on the lactose metabolism in E. coli [54], 

Unlike in E. coli no CRP protein was found and no cAMP is present in 
detectable amounts in B. subtilis, nor does addition of cAMP influence CR 
[89]. CR in Gram-positive bacteria was studied mainly in B. subtilis and it 
has been shown that the predominant mechanism of CR is mediated by the 
catabolite control protein A (CcpA). The expression of many catabolic genes 
and opérons in B. subtilis is subject to CR mediated by CcpA, like the bglPH 
operon (transport and hydrolysis of aryl-ß-glucosides), the cunyE gene (a-
amylase), the hut operon (histidine utilization), the gnt operon (gluconate 
utilization), the lev operon (transport of fructose and degradation of levan), 
the iol operon (inositol catabolism) and the already described xyn operon, 
encoding a putative transporter and ß-xylosidase, and the xyl operon, 
involved in xylose metabolism. 

The regulator protein CcpA belongs to the GalR/LacI family of bacterial 
regulators containing a helix-turn-helix motif near the amino-terminus of 
the protein that is involved in DNA binding [153]. CcpA is able to bind at a 
specific DNA operator sequence, the catabolite responsive element (ere). 
These operators are palindromic sequences of 14 nucleotides, which can be 
located within promoter regions (like for the bglPH operon and the amyE 
gene), downstream of the promoter within the coding sequence (like 
observed for the xyl and gnt operon), or upstream of the promoter (like in 
the lev operon) [132]. Binding of CcpA to the ere sequence would lead to 
prevention of transcription initiation or of transcription elongation. The 
expression of some genes, however, is activated upon binding of CcpA to the 
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ere sequence, as discussed further in the General Introduction. Site-
directed mutagenesis of the amyO sequence, the ere from amyE, led to the 
identification of a consensus sequence: TGWAANCGNTNWCA, in which N 
is any base and W indicates an adenine or thymine [ 154]. 

CcpA-mediated CR is linked to PTS activity by HPr in B. subtilis and B. 
megaterium HPr is a small protein of about 9 kDa which, in contrast to HPr 
from Gram-negative bacteria, can be phosphorylated at two sites: His 15 by 
Enzyme I from the PTS, like in Gram-negative bacteria, and at Ser46 by an 
ATP-dependent HPr-kinase. The ATP-dependent HPr-kinase is activated by 
metabolic intermediates, of which FBP is the most important, and is 
inhibited by inorganic phosphate [33, 55, 64, 98], Dephosphorylation of 
Ser46 in the presence of inorganic phosphate is catalysed by a phosphatase 
which has been shown in B. subtilis to be the same enzyme as the HPr-
kinase [33, 64], HPr(SerP) (HPr which is phosphorylated at Ser46) interacts 
with CcpA, thereby increasing the affinity of CcpA for ere sequences [56]. 
Direct binding of the HPr(SerP)/CcpA complex to the operator sequence has 
been shown in vitro for several catabolic opérons from B. subtilis like the xyl 
operon. the xyn operon, the gnt operon [29, 31 , 39, 56, 83 , 94] and for 
amyO, the operator sequence from amyE [61]. The complex comprises a 
CcpAdimer and two molecules of HPr(SerP) [56]. Binding of the complex to 
a ere sequence interferes with transcription initiation or transcription 
elongation [51, 132]. 

A second corepressor with an amino acid sequence showing high 
similarity to that of HPr has been identified by analysis of the complete 
genome sequence of B. subtilis [32]. Crh (catabolite repression HPr) exhibits 
45% identical residues to HPr, bu t the active site His 15 of HPr is replaced 
by a glutamine in Crh [32]. However, the Ser residue at position 46 is 
conserved in Crh and can be phosphorylated by the HPr-kinase [32]. 
Crh(SerP) has been shown to be involved in CR of several genes like the hut, 
lev, xyn and iol opérons, where mutation of the crh gene in addition to the 
ptsHl mutation, in which Ser46 of HPr is replaced by a non-
phosphorylatable alanyl residue, leads to a complete relief of CR [31, 32, 
80, 169]. The ptsHl mutation alone still results in repression of these 
genes. In vitro binding assays showed that a complex of CcpA with 
Crh(SerP) binds to the ere sequences of the xyn operon of B. subtilis [31]. In 
Figure 1.7, a schematic representation of CcpA-mediated CR is drawn. 

A protein similar to CcpA was found in B. subtilis and called CcpB, which 
is involved in CR of the xyl and the gnt opérons [11]. However, its function 
has not been clarified yet, nor have other reports been published that show 
the involvement of CcpB in CR of other catabolic genes. 

CR is closely linked to the metabolic activity and PTS activity in Gram-
positive bacteria, by the roles of the metabolite FBP and the 
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phosphorylation state of the PTS protein HPr. As described above, FBP has 
a stimulatory effect on the phosphorylation of HPr by HPr^kinase, on the 
complex formation of HPr(SerP) and Crh(SerP) to CcpA and on the binding 
of these complexes to the ere sequence. The metabolism of rapidly 
metabolizable carbon sources generates intracellular glycolytic 
intermediates like FBP [28] which stimulate CR on catabolic genes. 
Phosphorylation of HPr at His 15, the PEP-dependent phosphorylation 
which is involved in PTS activity, prevents interaction of HPr with CcpA 
[20]. During transport of a PTS sugar, His 15 of HPr will be largely 
unphosphorylated since it is constantly used for the phosphorylation of the 
sugar, which facilitates complex formation between HPr(SerP) and CcpA 
and thus the exertion of CR. If a non-PTS sugar is transported, however, 
the His 15 of HPr will remain phosphorylated, leading to a relief of CR under 
these circumstances. 

In some cases, CcpA is involved in an activation mechanism, like for the 
ackA and ptaA genes of B. subtilis, which encode acetate kinase and 
phosphotransacetylase, respectively. Mutations in ccpA or in ere sequences 
that are located upstream of the transcriptional start sites resulted in a loss 
of activation of ackA or ptaA in the presence of glucose [42, 94, 143]. For 
this stimulation, also HPr(SerP) and Crh(SerP) are involved [94, 143], 
indicating that the same components are involved in this regulation as in 
CR. Indeed, footprinting experiments showed the binding of a complex of 
CcpA with HPr(SerP) or with Crh(SerP) to the ere sequences of the acs gene 
and the ptaA gene [94, 168]. Also genes involved in glycolysis, like the gap-
gene (encoding glyceraldehyde 3-phosphate dehydrogenase) and the pgk 
operon (containing the genes encoding phosphoglycerate kinase, triose-
phosphate isomerase, phosphoglycerate mutase and enolase) are activated 
by CcpA in B. subtilis [139]. These results indicate that CcpA probably is a 
general regulator protein and is not only involved in CR of catabolic genes. 

HPr(HisP) and Ell of the PTS are also involved in a dual regulation 
mechanism of transcriptional regulator proteins in B. subtilis, for instance 
the activator protein LevR (controlling the lev operon), and the 
antiterminator proteins LicT (involved in the expression of the bglPH operon 
and LicS, encoding ß-l,3-l,4-glucanase) and SacT (sacPA, encoding a 
sucrose permease and a phosphosucrase). For reviews, see [102, 130, 131]. 

1.9 CATABOLITE REPRESSION IN LACTIC ACID BACTERIA 

CR repression in lactic acid bacteria has been less extensively studied than 
CR in B. subtilis, but it is generally believed that it follows the same 
mechanism. Polyclonal antibodies raised against CcpA from B. subtilis were 
shown to react with cell extracts from many low GC Gram-positive strains, 
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Figure 1.7. Schematic representation of the mechanism of CcpA mediated catabolite 
repression in low GC Gram-positive bacteria. For detailed description, see text. FBP is 
fructose 1,6-bisphosphate. The ATP dependent HPr kinase and the phosphatase reactions are 
catalysed by a bifunctional HPr kinase. HPr(SerP) is involved in CcpA mediated CR and inhibits 
transport of maltose in L casei (inducer exclusion). When HPr is phosphorylated at Hisl5, it is 
involved in activation of the transcriptional antiterminators of several genes. Picture adapted from 
[6]. 

amongst which L. lactis, L. casei and L. plantarunx suggesting the presence 
of a CcpA-like protein [68]. Indeed, CR of several opérons was relieved in 
ccpA mutants of L. lactis, L. casei and L. pentosus [8, 37, 38, 73, 76, 78, 85, 
167]. In L. casei HPr mutan t s showed a relief in repression by glucose on 
the activity of N-acetylglucosaminidase [151]. 

Most of the research on CR has been done in L. casei in which organism 
the role of CcpA, HPr and recently also an HPr-kinase has been elucidated 
[22]. Like in B. subtiLis, HPr-kinase appeared to be a bifunctional enzyme 
both phosphorylating and dephosphorylating HPr at Ser46, which is 
regulated by FBP and inorganic phosphate in a similar way as the HPr-
kinase of B. subtiLis. In an HPr-kinase mutant , CR of N-
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acetylglucosaminidase had disappeared, indicating that HPr-kinase plays 
a central role in CR [22]. However, a direct interaction of HPr(SerP) with 
CcpA, or binding of the CcpA/HPr(SerP) complex to a ere sequence has not 
been shown yet in lactic acid bacteria. Neither has a protein similar to HPr, 
like Crh in B. subtilis, been identified. 

Like in B. subtilis, the uptake of carbon sources by the PTS might play a 
key role in regulation of carbon metabolism in lactic acid bacteria. The 
mannose PTS has been identified as the main glucose transporter in several 
lactic acid bacteria, like L. lactis [137], Pediococcus halophuus [ 1, 2], L. casei 
[150], L. curvatus [149] and L. pentosus [6]. 2-Deoxy-D-glucose resistant 
(2DGR) mutant strains, which are defective in mannose PTS activity, were 
isolated from P. halophilus, L. lactis, L. casei and L. pentosus. These mutan t s 
are still able to grow on glucose, since glucose can also be transported by 
a specific glucose permease [2, 6, 138, 150]. A relief of CR on several 
catabolic genes in the presence of glucose was observed in these mutants , 
for instance a 10- to 15-fold increase of ß-glucosidase and ß-galactosidase 
activity in L. pentosus [6] and an about 4-fold increase of phospho-ß-
galactosidase activity in L. casei, compared to the wild type strain [37]. PTS-
mediated transport of glucose via the mannose PTS leads to high 
intracellular concentrations of HPr(SerP) in lactic acid bacteria, as has been 
determined in Streptococcus mutans [135]. This effect would be absent in 
the 2DGR-mutants. 

In vitro experiments performed with membrane vesicles suggested that 
HPr(SerP) is involved in inducer exclusion of glucose and lactose in L. brevis 
and L. lactis [160, 162, 164, 165] and in inhibition of the glucose and 
lactose PTS-system in L. (actis [161, 163, 166]. HPr(SerP) would 
allosterically interact with glucose/H+ or lactose/H+ permeases in the 
presence of the substrate, thereby inhibiting the transport. Recently, 
inducer exclusion by HPr(SerP) was shown in vivo in L. caset replacement 
of Ser46 of HPr by Ala, which prevents phosphorylation at position 46, or 
by Thr, which residue can be phosphorylated by HPr kinase but to a lesser 
extent than the Ser residue, results in a loss of the inhibitory effect of 
glucose on maltose transport [151]. The same result was seen in an HPr-
kinase mutan t of L. casei, in which inducer exclusion of maltose in the 
presence of glucose was abolished [22]. 

1.10 OUTLINE OF THE THESIS 

Studies on the regulation of metabolic pathways during fermentation of 
energy sources in lactic acid bacteria are of academic interest, bu t might 
also provide information which can be used for the improvement of strains 
for industrial purposes. Redirection of metabolic pathways has already been 
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shown to be possible in some lactic acid bacteria, for instance in L. lactis 
where inactivation of lactate dehydrogenase led to an increase of the 
production of acetate, formate, acetoin and ethanol at the expense of 
lactate. 

In earlier research the regulation of the five genes of the xylose regulon, 
involved in isoprimeverose and D-xylose catabolism, was analysed in L. 
pentosus. The induction of these genes in the presence of xylose, as well as 
the effect of CR by glucose on the expression of the xyl regulon have been 
studied. This thesis describes the investigation of the PKP, the pathway by 
which xylose, after being converted into xylulose 5-phosphate, is further 
metabolized. The PKP is a general pathway for sugar fermentation in lactic 
acid bacteria, by which pentoses, like xylose, arabinose and ribose, bu t also 
other metabolites like gluconate and in some cases glucose are metabolized. 

In Chapter 2 the purification of xylulose 5-phosphate phosphoketolase 
(XpkA), the central enzyme of the PKP, is reported and the subsequent 
isolation, characterization and sequencing of the XpkA encoding gene, 
xpkA. The gene can be used to study the regulation of xpkA in L. pentosus. 
Enzyme activity assays showed that XpkA is an inducible enzyme, which 
activity was found after growth on energy sources that are fermented via the 
PKP. Growth on sugars that are metabolized via the glycolytic pathway 
resulted in low XpkA activities. The results of the assays also suggested 
that XpkA regulation is subject to CR by glucose and fructose. It was shown 
in an xpkA knock-out strain that an active XpkA is essential for growth of 
L. pentosus on pentoses and gluconate. 

Acetate kinase catalyses the conversion of acetyl-phosphate into acetate, 
which is one of the end-products of fermentation via the PKP. The cloning 
and sequencing of the acetate kinase encoding gene, ackA, is described in 
Chapter 3. Acetate kinase was constitutively synthesized during growth on 
all tested energy sources in L. pentosus. The lowest acetate kinase activities 
were found after growth on glucose, which is probably due to CR by 
glucose. An ackA knock-out mutan t of L. pentosus was constructed, in 
which acetate kinase was inactivated. The mutan t had lost its ability to 
grow on energy sources that are fermented via the PKP. 

In Chapter 4 several Lactobacillus strains were screened for the presence 
of XpkA. XpkA activity was detected in lactobacilli during 
heterofermentative growth via the PKP: after growth on glucose or ribose in 
obligate heterofermentative lactobacilli and after growth on ribose but not 
on glucose in facultative heterofermentative bacteria. The presence of XpkA 
activity correlated with the synthesis of a protein of the size of L. pentosus 
XpkA {approximately 90 kDa). On the basis of a Southern blot analysis of 
chromosomal DNA of several Lactobacillus strains, an indication for a 
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second gene with similarity to xpkA was found in L. pentosus and in the 

related strain L. plantamm. 
A database search with the amino acid sequence of XpkA from L. 

pentosus revealed that an ORF encoding a protein with 39 to 60% identical 
residues with XpkA is present in various organisms. None of these 
organisms had been reported to contain phosphoketolase activity. The data 
in Chapter 5 describe our efforts to reveal the function of one of these 
ORFs: slr0453 from Synechocystis. The protein encoded by slr0453 was 
synthesized under certain conditions in Synechocystis, however 
phosphoketolase activity could not be detected. 

In the Summary and Concluding Remarks, all results are summarized 
and some perspectives for further research are discussed. 



Chapter 2. 

Purification of xylulose 5-phosphate phosphoketolase, and 
cloning, sequencing and functional expression of the 

encoding gene, xpkA, from Lactobacillus pentosus MD363 

C. Posthuma, R. Bader, R. Engelmann, P.W. Postma, 

W. Hengstenberg and P.H. Pouwels 



32 CHAPTER 2 

2.1 ABSTRACT 

In this chapter, the purification of xylulose 5-phosphate phosphoketolase (XpkA), the 

central enzyme of the phosphoketolase pathway in lactic acid bacteria, and the cloning 

and sequence analysis of the gene encoding XpkA, xpfcA, from Lactobacillus pentosus 

MD363 ure described. xpkA encodes a protein of 788 amino acids with a calculated 

mass of 88705 Da. Expression of xpkA in Escherichia coli led to an increase in XpkA 

activity indicating that the gene indeed encoded XpkA. The expression of xpkA in L. 

pentosus was induced by sugars that are fermented via the phosphoketolase pathway 

and was repressed by glucose mediated by the catabolite control protein A (CcpA) and 

by the mannose phosphotransferase system (PTS). An xpkA knock-out mutant of L 

pentosus had lost XpkA activity and was not able to grow on energy sources that are 

fermented via the phosphoketolase pathway. 

Most of the residues that are involved in the correct binding of the cofactor thiamin 

pyrophosphate (TPP) and that are conserved in transketolase, pyruvate decarboxylase 

and pyruvate oxidase, were also conserved at a similar position in XpkA. Therefore a 

similar TPP binding fold for XpkA was assumed which implicates that XpkA is active as a 

dimer. A database search revealed that a (putative) protein with high similarity to XpkA 

is present in several other organisms of which the complete genome has been 

sequenced, the highest similarity being 60% identical residues with an ORF from 

Clostridium acetobutylicum. 
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2.2 INTRODUCTION 

Xylulose 5-phosphate phosphoketolase (XpkA) is the key enzyme of the 
phosphoketolase pathway (PKP) by which pentoses and gluconate are 
fermented in heterofermentative lactic acid bacteria (see Figure 1.1, General 
introduction). It catalyses the conversion of xylulose 5-phosphate and 
inorganic phosphate into glyceraldehyde 3-phosphate (GAP) and acetyl-
phosphate thereby using thiamin pyrophosphate (TPP) as a cofactor [48]. 
Both products are further metabolized to yield lactate and acetate/ethanol. 
In obligate heterofermentative lactic acid bacteria, all energy sources, 
including glucose, are fermented via the PKP, whereas in facultative 
heterofermentative lactobacilli glucose is metabolized via the glycolytic 
pathway. 

XpkA activity was first detected in the facultative heterofermentative 
Lactobacülus pentosus in 1956 [47]. Since then, phosphoketolase activities 
were found in other heterofermentative lactobacilli [35, 48, 53, 147], but 
also in various other organisms, like in Acetobacter xylinum [95, 116], 
several yeasts [26, 96, 157], Thiobacülus novellus [41], Butyrivibrio 
fibrivolens [79] and Fibrobacter succinogenes and Fibrobacter intestinalis 
[81]. In Bifidobacteria, a phosphoketolase is involved in the so-called 
fructose 6-phosphate shunt , a pathway for glucose metabolism 
characteristic for these organisms [18, 107, 146]. This enzyme converts 
fructose 6-phosphate and inorganic phosphate into erythrose 4-phosphate 
and acetyl-phosphate and is therefore called a fructose 6-phosphate 
phosphoketolase. Interestingly, some of the fructose 6-phosphate 
phosphoketolases [119] and XpkAs [36, 116. 147] have been shown to be 
specific for both xylulose 5-phosphate and fructose 6-phosphate. The 
conversion of xylulose 5-phosphate and fructose 6-phosphate is possibly 
catalysed by the same enzyme in bifidobacteria. Surprisingly, no sequence 
information is available for any of these phosphoketolases and also the 
regulation of phosphoketolase activities is poorly understood, in spite of the 
central role this enzyme plays in sugar metabolism in various organisms. 

In L. pentosus, the organism used in this study, the metabolism of the 
pentose xylose has been studied extensively [74, 75]. The fermentation of 
xylose can be divided in two parts: a specific part, in which xylose is 
converted into xylulose 5-phosphate, and a general part in which further 
metabolism of xylulose 5-phosphate follows the above described PKP. The 
two enzymes involved in the specific part, xylose isomerase and xylulose 
kinase, are encoded by xylA and xylB [75]. Expression of these genes is 
induced in the presence of xylose and is repressed by glucose mediated by 
CcpA[74]. 
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In order to study xylose metabolism in more detail and especially to learn 
more about the regulation of the key enzyme of the PKP, we first purified 
XpkA and subsequently isolated and characterized the XpkA encoding gene, 
xpkA. The functionality of the isolated gene was verified through expression 
in Escherichia coll To study the regulation of synthesis of XpkA, activity 
assays were performed in wild type and mutant strains of L. pentosus. 
Furthermore, to investigate the effect of deleting XpkA activity, an xpkA 
knock-out mutant of L. pentosus was constructed, in which XpkA activity 
was lost. 

2.3 MATERIALS AND METHODS 

Bacterial strains, plasmids and growth conditions - The strains and plasmids 
used in this study are listed in Table 2.1. Escherichia coli strains were 
cultivated on Luria-Bertani (LB) agar or in LB broth. Ampicillin was added 
to a final concentration of 100 ug/ml, when necessary. L. pentosus was 
cultivated without agitation at 37 °C in MRS medium ([16]; Difco 
Laboratories, Detroit, Mich.), or M-medium [74] containing 1% (wt/vol) of 
the indicated sugar. Erythromycin was added at a final concentration of 5 
ug/ml, when necessary. For plating, media were solidified with 1.5% 
(wt/vol) agar. The xpkA knock-out mutant LPE179 was cultivated at 40°C. 

Materials - Xylulose 5-phosphate was obtained from Fluka (Switzerland). 
Enzymes for the XpkA activity assay were obtained from Boehringer 
Mannheim. Enzymes for DNA manipulations were obtained from Boehringer 
Mannheim or New England Biolabs and used according to the specifications 
of the manufacturer. [a-32P]dATP (3,000 Ci/mmol) was obtained from 
Amersham. 

DNA manipulations - Recombinant DNA procedures and transformation of 
E. coli were performed by standard methods [106]. Chromosomal DNA of L. 
pentosus was isolated as described [75]. DNA-fragments were isolated from 
agarose gels using QIAEX II Gel Extraction kit (QIAGEN GmbH). PCR 
reactions were performed using Expand™ high fidelity PCR system 
(Boehringer Mannheim), unless indicated otherwise. Automated sequencing 
was performed by BaseClear, Leiden, The Netherlands. Chromosomal DNA 
sequencing was performed by Gendika, Veendam, The Netherlands. 

Cloning and sequencing o/xpkA - The position of the peptides and primers 
used in the cloning and sequencing of xpkA are shown in Figure 2.1A. 
Degenerated primers were designed based on the N-terminal amino acid 
sequence and the amino acid sequence of one internal peptide of purified 
XpkA. Ppk-end2 (CGCGGATÇÇCARAARGTTGAYAARTAYTGG) corresponds 
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Strain or 
plasmid Relevant characteristics Source 

Reference 

Lactobacillus pentosus 

MD353 wild type strain [75] 

MD363 wild type strain [73] 

LPE4 MD363, ccpA::pEI2, EmR 
[73] 

LPE5 2DGR mutant of MD353 [10] 

LPE179 MD363, xpfcA::pLPA30, EmR 
This study 

Escherichia coli 

JA221 F- hsdR lacY leuB6 trPE5 recAl lambda- LC" 

Plasmids 

plN15E 5.8 kb integration plasmid for Lactobacillus. EmR, 
Ap . Ts replicon 

[73] 

PBCP367 E. coli expression vector. ApR 
[148] 

pLPA22 pUC18 with a 2 kb internal PCR fragment of xpkA, 
inserted between ßamHI and EcoRI 

This study 

PPLA28 pUCl 8 with a 2.5 kb inverse PCR fragment of the 
C-terminus of xpkA, inserted in Sful 

This study 

PLPA30 pIN 1 5E, 850 bp internal PCR fragment of xpkA 
inserted between ßamHI and Psfl 

This study 

PLPA31 pUCl 8 with 0.4 kb PCR fragment of upstream 
region of xpkA, inserted between EcoRI and ßamHI 

This study 

pLPA32 pUCl 8 with PCR amplified xpkA (total gene) 
inserted between Ndel and ßamHI 

This study 

PLPA33 pUCl 8 with PCR amplified xpkA (total gene), 
inserted between Ndel and ßamHI 

This study 

PLPA36 pBCP367 xpkA PCR amplified (expression in E. 
coli), inserted between Ndel and ßamHI 

This study 

pLPA41 pUCl 8 with 0.4 kb EcoRI-ßamHI PCR fragment of 
upstream region of xpkA 

This study 

Table 2 .1 . Bacterial strains and plasmids. " LC, Laboratory culture collection. 
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to amino acids 12 to 18 from the N-terminus, and contains an additional 
BamHI site (underlined), and Ppk-701 (CCGGAATTCATRTCNACNACRT 
TNACRAA) corresponds to amino acids 657 to 651 and contains an 
additional EcoRI site (underlined). The primers were used in a touchdown 
PCR experiment [21], starting with an annealing temperature of 55 °C for 
5 cycles, going down to 40 °C in 15 cycles and ending with 5 cycles at 
40°C. The resulting 2 kb internal PCR fragment of xpkA was cloned in 
pUC18 to yield pLPA22, which was used for automated sequencing. 

In order to obtain an inverse PCR-fragment of the C-terminus, 
chromosomal DNA was digested by StuI and ligated at a concentration of 
1 ng/ul. Ligated DNA was precipitated and dissolved at a concentration of 
10 ng/ul. 30 ng was used in a PCR experiment using Xpk-invl 
(CGCGGATCCCCAAGACCCGGCCAGCAG, corresponding to amino acids 
456 to 451; the additional BamHI site is underlined) and Xpk-inv3 
(CCGGAATTCCGCTTGAAACGTTGGCTGC, corresponding to amino acids 
630 to 636; the additional EcoRI site is underlined ). The amplified fragment 
(about 2.5 kb) was cloned in pUC18 to obtain pLPA28 and sequenced. The 
upstream region of xpkA was sequenced directly from chromosomal DNA 
using primer Genp22 (GACCGATTGGGTGAACCTTA, corresponding to 
amino acids 53 to 47). The Big Dye Terminator Cycle Sequencing kit from 
Perkin Elmer was used for the sequencing reactions, and the cycle 
sequencing products were analysed on a ABI 310 Genetic Analyzer from 
Perkin Elmer. In a PCR-reaction with Xpk-gen3 (GGAATTCCATATGT 
CTACAGATTACTCATCACC, corresponding to amino acids 1 to 8; the 
additional Ndel site is underlined) and Xpk-gen4 (CGCGGATCCGCGGT 
TCAGTTATCTTAAATGAC; downstream of xpkA; the additional BamHI is 
underlined), the complete xpkA was amplified twice in two independent 
reactions and cloned in pUC18 to obtain pLPA32 and 33. The sequences of 
these plasmids were used to verify the assembled sequence as it was 
available at that moment. 

Using Xpk-genl (CCGGAATTCAGACCGTATAAGTGATCAAGTTC: 
upstream of xpkA; the additional EcoRI is underlined) and Xpk-gen2 
(CGCGGATCCTTGGCCGGCAATCGTGCCC. corresponding to amino acids 
60 to 55; BamHI underlined), the upstream region of xpkA was amplified 
twice in two independent reactions, cloned in pUC18 (pLPA31 and pLPA41) 
and sequenced. These sequences were used to verify the sequence 
upstream of xpkA that was obtained from the chromosomal DNA 
sequencing. 

Construction of xpkA knock-out mutant - pLPA30 (xpkA integration vector) 
was constructed as follows: a 850 bp internal fragment of xpkA was 
amplified in a PCR experiment with Taq Polymerase (Promega, Madison, 
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USA) us ing Fk -p in l (AAAAÇTGÇAGAACTGGCGATGCACGGAT, 
corresponding to amino acids 352 to 357; the additional Psü site is 
underlined) and Fk-pin2 (CGCGGATÇÇGCAGCCAACGT1TCAAGCG, 
corresponding to amino acids 636 to 630; the additional BamHI is 
underlined) and cloned in pIN15E, which contains a temperature sensitive 
origin of replication. pLPA30 was used to transform L. pentosus MD363 by 
electroporation [74] and EmR t ransformants were isolated. Integration of 
the plasmid into the chromosome was forced at 40°C as described [73]. The 
correct integration was checked by PCR, using combinations of the primers 
Ery-atg (TAATGAACGAGAAAAATATAAAACACAG), Ery-taa2 (CTTAACT 
TACTTATTAAATAATTTATAGC), Xpk-gen3 and Xpk-gen4 (see Cloning and 
sequencing of xpkA). 

Stul 

pLPA22 

pLPA28 

pLPA31/40 

pLPA32/33/36 

pLPA30 

Ppk-end2 Ppk-701 

<- -> 
Xpk-inv1 Xpk-inv3 

«-
Genp22 

Xpk-gen1 Xpk-gen2 

Xpk-gen3 Xpk-gen4 

-» <-
Fk-pin 1 Fk-pin2 

1 kb 

Figure 2 . 1 . A. Organisat ion of xpkA locus f rom L pentosus M D 3 6 3 . The positions of the 

peptides that were sequenced (N, p,, p2 and p3), of the primers and the plasmids that were used 

for cloning and sequencing of xpkA and of the Sful restriction sites are indicated. Arrows indicate 

putative transcription start sites, the stemloop structure indicates a putative transcription stop, ere, 

catabolite responsive element. B. The amino acid sequences of the N-terminus and of the 3 

internal peptides of XpkA f rom L pentosus. 

Preparation of cell-free extracts - L. pentosus cells in the exponential phase 
of growth were harvested by centrifugation (3700 x g, 4°C, 10 min) and 
washed twice in 20 mM Hepes-HCl (pH 7). Residual liquid was removed by 
vacuum drying and the pellet was stored at -20°C until further use. For the 
preparation of the cell-free extracts, the pellets were thawed and 
resuspended in 1/20 of the culture volume in 20 mM Hepes-HCl (pH 7), 0.5 
mM EDTA, 0.5 mM DTT. Cells were broken by three passages through a 
French pressure cell (11,000 lb/in2). For E. coli cells were not vacuum 
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dried and only one passage through a French pressure cell was needed. Cell 
debris was removed by centrifugation (10,000 x g, 4 °C, 20 min). Protein 
concentrations were determined with the Bio-Rad Protein Assay (Bio-Rad 
Laboratories GmbH), using BSA as a standard. 

B C D 

102 kDa 
81 kDa 

47 kDa 

33 kDa 

30 kDa 

Figure 2.2. 10% SDS-PAGE gel on which XpkA-containing fractions from L penfosus 
MD363 at different stages of the purification procedure are separated. 8.5 /Jg total 
protein was loaded in each lane. M, pre-stained low range marker (Biorad); A, cell-free extract; 
B, Q-Sepharose; C, Butyl-TSK; D. Sephadex G200; E, DEAE fraction number 54; F, MonoQ. 
The arrow indicates the position of XpkA in the gel. 

Expression of xpkA in E. coli - xpkA was amplified using Ppk-gen3 and Ppk-
gen4 (see Cloning and sequencing of xpkA) and cloned between the Afdel 
and BumHI sites under the control of the trc promoter of the E. coli 
expression vector pBCP367 [148]. The resulting plasmid was named 
pLPA36. E. coli JA221 cells (containing pLPA36) were cultivated aerobically 
in 200 ml LB-broth containing ampicillin, at 25°C in order to reduce the 
formation of inclusion bodies. Cells were induced at OD600 = 0.4 with 7.5 uM 
isopropyl ß-D-thiogalactopyranoside (IPTG). Every 30 min, 50 ml of the 
culture was harvested until 2 h after induction. The harvested cells were 
used for the preparation of cell-free extracts as described above. As a 
negative control JA221 containing pBCP367 was used. 

Purification of XpkA - L. pentosus MD363 was cultivated in M-medium 
containing 1% (wt/vol) xylose until exponential phase. Cells were harvested 
by centrifugation and washed once with 20 mM Hepes-HCl, pH7. The pellet 
was frozen at -20°C until further use. The whole purification procedure was 
performed at 4°C, using buffer B: 25 mM MES-NaOH, pH 6 containing 0.1 
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mM EDTA, 0.1 mM DTT, 0.1 mM PMSF, 0.1 mM NaN3. About 30 g cells (wet 
weight of a 10 1 culture) were resuspended in 120 ml buffer B. The cells 
were disrupted in a Dynomill (Bachofen) with glassbeads (0.5 mm 
diameter). Cell debris was removed by centrifugation for 1 h at 20,000 x g. 
The supernatant was loaded on a Q-Sepharose column ( 6 x 9 cm; 
Pharmacia), equilibrated with buffer B. The proteins were eluted with a 4 
1 linear gradient of 0-0.8 M NaCl in buffer B and fractions of about 30 ml 
were collected. XpkA-containing fractions (0.35-0.52 M) were identified by 
measuring the XpkA activity and pooled. Ammonium sulphate was added 
to the pooled fractions to a final concentration of 30% (wt/vol). After 
centrifugation (13,000 x g , 1 h), the supernatant was applied to a Butyl-
TSK column (5 x 22 cm; Tosohaas), pre-equilibrated with 30 % (wt/vol) 
ammonium sulphate. XpkA activity was eluted with a 2 1 linear gradient 
from 30% to 0% (wt/vol) ammonium sulphate and fractions of about 24 ml 
were collected. XpkA eluted at 15.6-12.0% (wt/vol) ammonium sulphate. 
The pooled fractions were concentrated about 6 times by pressure dialysis 
(Amicon YM-2 membrane) to about 40 ml and applied to a Sephadex G200 
gel filtration column (5x90 cm; Pharmacia), which was eluted with 2 1 of 
buffer B and fractions of about 24 ml were collected. The fractions 
containing XpkA activity were pooled and applied to a DEAE-TSK column 
(2.2x16 cm; Merck), equilibrated with buffer B. XpkA was eluted with a 700 
ml linear gradient from 0 to 0.5 M NaCl and fractions of about 6 ml were 
collected. Pooled fractions (0.22-0.23 M) were applied to a MonoQ column 
(HR5/5; Pharmacia Biotech, FPLC), equilibrated with buffer B, as a final 
purification step. A linear gradient of 0-0.5 M NaCl was applied and 
fractions of about 0.5 ml were collected. XpkA activity eluted at 0.36-0.45 
M NaCl. Aliquots of the purified protein were used for sequencing of the N-
terminal amino acids and for the preparation of internal peptides by trypsin 
digestion. The amino acid sequences of the internal peptides were also 
determined. 

Amino acid sequence analysis - The purified XpkA preparation was 
subjected to electrophoresis on an SDS-PAGE gel containing 10% (wt/vol) 
acrylamide. The gel was electroblotted on a PVDF membrane (Millipore) and 
the proteins were stained with Coomassie blue [82]. The 90 kDa band 
containing XpkA was excised. Amino acid sequencing was performed by 
automatic Edman degradation on an Applied Biosystems pulsed liquid-
phase sequencer (model 477A). For internal peptides, the excised gel slices 
were digested with trypsin (Boehringer-Mannheim, sequencing grade) and 
extracted as described [121]. The peptides were separated by reversed-
phase HPLC on a Sephasil C18 column using a SMART (Pharmacia) 
chromatography system. 
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total activity 

tumol/min) 

spec.activity 

(nmol/min/mg) 

yield 
(%) 

enrichment 

Cell-free extract 133 106 100 1 

Q-sepharose 60 35 45 0.3 

Butyl-TSK 9 " 1741' 7 " 1.6" 

Sephadex G200 17 798 13 7.6 

DEAE-TSK 2 1277 1.5 12.1 

MonoQ 0.06 4455 0.5 42.2 

Table 2.2. Overview of the purification of XpkA from L pentosus MD363. The total 
activity, specific activity, yield and the enrichment factor are shown for different fractions during 
the purification procedure. Results of the pooled XpkA containing fractions from Q-Sepharose 
(anionic exchange), Butyl-TSK (hydrophobic interaction), Sephadex G200 (gel filtration) and 
MonoQ (anionic exchange) are shown. Only the fraction with the highest specific activity that 
eluted from the DEAE (anionic exchange) was loaded on MonoQ in this purification procedure. 
" Underestimation of the activity because of the presence of (NH4)2S04. 

Polyclonal antibodies and Western blot analysis - The 90 kDa band (XpkA) 
containing about 1 mg of protein was excised as described above from an 
SDS-PAGE gel. The gel slices were frozen at -20°C, after which the protein 
was electro eluted from the gel for 2 h at 100 V using the LKB 2014 
Extraphor Electrophoretic Concentration. The eluted protein was 
concentrated by freeze drying overnight and dissolved in 1 ml millipore 
water. This preparation, containing approximately 1 mg of protein, was 
used for the preparation of antibodies in a rabbit. 

The following conditions were used in the Western blot experiments 
unless indicated otherwise. 5 ug total protein of the cell-free extracts was 
loaded onto 10% (wt/vol) SDS-polyacrylamide gels and separated by gel 
electrophoresis. After transfer of the proteins to nitrocellulose [140], the 
blots were incubated with 10,000 times diluted polyclonal anti-XpkA and 
a horseradish peroxidase-conjugated secondary antibody. For detection, 
Pierce Super Signal was used according to the method specified by the 
manufacturer. 

XpkA activity assay - XpkA activity was measured following a modified two-
step procedure, initially described by Goldberg and coworkers ([35] ; method 
A). In the first step, xylulose 5-phosphate is converted into GAP and acetyl-
phosphate by XpkA. GAP is converted into fructose 1,6-bisphosphate (FBP) 
by triose-phosphate isomerase (TIM) and aldolase. Cell-free extracts or 
fractions obtained during the purification of XpkA (0.5 to 25 ug protein) 
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A B C D 

Figure 2.3. SDS-PAGE gel of several XpkA-
containing fractions (A to E) after purification _^ 
on a MonoQ column. In total 20 jj\ of the fraction 
was applied to the gel. In the table, the protein 
concentration and the specific XpkA activity of each 
fraction is shown, as well as the total XpkA activity 
that was applied per lane on the gel. The arrow 
indicates the position of XpkA in the gel. m 

A B C D E 

protein cone, (mg-ml" ) 0.07 0.09 0.14 0.12 0.03 

spec activity (nmol,min",-mg" protein) 4.0 4.6 3.8 4.5 5.7 

total activity (nmohmin" ) 5.4 8.6 10.4 10.9 3.1 

were incubated for exactly 15 minutes at 37 °C in 20 mM MES-NaOH, 
pH6,0, containing 3.3 mM MgCl2, 1 mM DTT, 1 mM thiamine 
pyrophosphate (TPP), 6.7 mM xylulose 5-phosphate, 9 micro units aldolase 
and 2 units TIM, in the presence and absence of 33.3 mM potassium 
phosphate (final concentrations). The total volume of the reaction mixture 
was 30 ul. The reaction was stopped by heating (2 min, 95°C). The amount 
of GAP formed in the reaction and stored as FBP was assayed in the second 
step. The GAP produced in the first step is converted into glycerol 3-
phosphate by glycerol 3-phosphate dehydrogenase (G3PDH) in the presence 
of TIM and aldolase, in a reaction in which NADH is consumed. 25 ul of the 
reaction mixture from the first step was added to 50 mM triethanolamine, 
pH 7.5, 0.1 mM NADH, 2 uni ts TIM, 9 micro units aldolase and 0.17 micro 
uni ts G3PDH in a total volume of 1 ml. The decrease in NADH 
concentration was assayed at 340 nm in a spectrophotometer. The 
absorbance at 340 nm after the addition of 25 ul of the reaction mixture 
from the first step without xylulose 5-phosphate was taken as the start 
absorbance. XpkA activities are expressed in nmol-min 1-mg~'protein. The 
decrease in absorption at 340 nm was linearly dependent on the protein 
concentration. 

2.4 RESULTS 

Purification and amino acid sequencing of XpkA - L. pentosus XpkA was 
purified in order to obtain a partial amino acid sequence of the protein, 
which could be used to clone the encoding gene. For tha t purpose, L. 
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pentosus MD363 was cultivated in the presence of xylose and XpkA was 
purified from cell-free extracts through column chromatography in several 
steps. The eluted fractions were assayed for XpkA activity and analysed on 
SDS-PAGE. Figure 2.2 shows an SDS-PAGE gel on which the protein 
fractions of the purification steps were separated. In Table 2.2, the XpkA 
activities measured in these fractions are shown. Based on the results of 
the SDS-PAGE gel. none of the steps seemed to be very efficient, except for 
the MonoQ column (lane F). In this last fraction, a protein band that 
migrated at approximately 90 kDa appeared to be predominant. Since the 
XpkA activity in the eluted fractions of the MonoQ column correlated with 
the intensity of the 90 kDa band on a SDS-PAGE gel (Figure 2.3), the 
protein present in this band was assumed to be XpkA. At the end of the 
purification procedure, XpkA activity was purified about 40 times. 

The proteins of the MonoQ fraction were separated on SDS-PAGE and 
blotted onto a PVDF membrane. The 90 kDa band was excised and used for 
N-terminal sequencing. The sequence of 20 amino acids could be 
determined (Figure 2. IB). In order to obtain further sequence information, 
the protein was digested with trypsin and the peptide mixture was 
separated on HPLC. Three of the separated internal peptides were analysed 
for their amino acid sequence (Figure 2. IB). The N-terminal sequence and 
the sequence from peptide p3, because of its low degeneracy, were selected 
for the design of two degenerate primers ppk-end2 and ppk-701, 
respectively. 

Cloning and sequencing of xpkA, the gene encoding XpkA - The degenerate 
primers ppk-end2 and ppk-701 were used in a touch down PCR experiment 
using chromosomal DNA of L. pentosus MD363 as a template to amplify 
part of the gene encoding XpkA. A 2 kb fragment was amplified which was 
purified and subsequently sequenced. Based on the sequence obtained, 
new primers were designed, named xpk-invl and xpk-inv3, which were 
used in an inverse PCR experiment after digestion of chromosomal DNA 
with Stul. An approximately 2.5 kb fragment was amplified, which 
contained the 5' end of the gene. The fragment was purified and sequenced. 
The upstream part was sequenced directly from chromosomal DNA. In this 
way the complete sequence of the gene that encodes XpkA was obtained 
and it was named xpkA. A physical map of the xpkA locus, as well as the 
cloning strategy is shown in Figure 2.1A. 

In order to verify the accuracy of the obtained sequence, two additional, 
independent PCR clones of both the upstream part and the complete gene 
were sequenced as well. Ambiguous nucleotides occurred in 11 and in 7 
positions of the gene and the upstream sequence, respectively. For the 
definite sequence, nucleotides were chosen that occurred in two out of three 
sequences. The final sequence is depicted in Figure 2.4. 
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TTAAAAAATGAGGCGTCCCAAGGGATACGCCTCATTTTTTGCGAATTTTTTAAAAATTGG 60 

ACCGTTCCAATTAACAAAAAGGTTCArrTTTAAAAATAACTTGGTAGAATAGA^CTrGrA 120 
-35 -10 

AACGArAACAGCTAAACAGCTAACGTTCAAGCAAAAAGCAAATTAAGGAGTGTTTTGAAA 180 
ere ***** 

ATGTCTACAGATTACTCATCACCAGCATATTTGCAAAAAGTTGATAAGTACTGGCGTGCT 2 4 0 
M S T D Y S S P A Y L Q K V D K Y W R A 

GCCAACTATTTATCAGTTGGTCAACTTTATTTAAAAGATAATCCTTTATTACAACGGCCA 300 
A N Y L S V G Q L Y L K D N P L L Q R P 

peptide p1 

TTAAAGGCTAGTGACGTTAAGGTTCACCCAATCGGTCACTGGGGCACGATTGCCGGCCAA 3 60 
L K A S D V K V H P I G H W G T I A G Q 

AACTTCATCTATGCGCATCTTAACCGGGTCATCAACAAGTACGGTTTGAAGATGTTCTAC 4 2 0 
N F I Y A H L N R V I N K Y G L K M F Y 

GTTGAAGGTCCAGGTCATGGTGGCCAAGTGATGGTCTCCAACTCATACCTTGATGGGACT 4 8 0 
V E G P G H G G Q V M V S N S Y L D G T 

TACACGGATATTTATCCTGAAATTACGCAGGATGTTGAAGGGATGCAAAAACTCTTCAAG 54 0 
Y T D I Y P E I T Q D V E G M Q K L F K 

CAATTCTCATTCCCAGGTGGCGTGGCTTCCCATGCTGCTCCTGAAACACCAGGCTCAATC 600 
Q F S F P G G V A S H A A P E T P G S I 

CACGAAGGTGGCGAACTTGGTTACTCAATTTCACACGGTGTTGGGGCAATCCTTGACAAC 660 
H E G G E L G Y S I S H G V G A I L D N 

CCTGATGAAATCGCCGCAGTCGTTGTTGGTGATGGGGAATCCGAAACCGGCCCATTAGCA 720 
P D E I A A V V V G D G E S E T G P L A 

ACTTCATGGCAATCAACGAAGTTCATCAACCCAATCAACGATGGGGCAGTGTTACCAATC 780 
T S W Q S T K F I N P I N D G A V L P I 

TTGAACCTTAACGGCTTTAAGATTTCTAACCCAACGATTTTTGGTCGGACTTCTGATGAA 84 0 
L N L N G F K I S N P T I F G R T S D E 

AAGATCAAGCAATACTTCGAAAGCATGAACTGGGAACCAATCTTTGTTGAAGGTGACGAT 90 0 
K I K Q Y F E S M N W E P I F V E G D D 

CCTGAAAAGGTTCACCCAGCTTTAGCTAAGGCCATGGATGAAGCCGTCGAAAAGATCAAA 9 60 
P E K V H P A L A K A M D E A V E K I K 

GCCATTCAAAAGAACGCTCGTGAAAACGATGACGCTACTTTACCAGTATGGCCGATGATC 102 0 
A I Q K N A R E N D D A T L P V W P M I 

GTCTTCCGCGCACCTAAGGGCTGGACTGGTCCTAAGTCATGGGATGGCGACAAGATCGAA 108 0 
V F R A P K G W T G P K S W D G D K I E 

GGTTCATTCCGAGCTCACCAAATTCCAATTCCTGTTGACCAAACCGACATGGAACATGCC 114 0 
G S F R A H Q I P I P V D Q T D M E H A 

GATGCGTTAGTTGACTGGTTGGAATCATATCAACCAAAGGAACTCTTCAATGAAGATGGT 12 00 
D A L V D W L E S Y Q P K E L F N E D G 

TCTTTGAAGGATGATATCAAAGAAATTATCCCAACTGGCGATGCACGGATGGCCGCTAAC 12 60 
S L K D D I K E I I P T G D A R M A A N 

CCAATCACTAATGGTGGGGTTGATCCAAAGGCCTTGAACTTACCTAACTTCCGTGATTAC 1320 
P I T N G G V D P K A L N L P N F R D Y 
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GCCGTTGATACGTCTAAGCATGGTGCCAACGTTAAGCAAGATATGATCGTTTGGTCAGAC 1380 
A V D T S K H G A N V K Q D M I V W S D 

TACTTGCGTGATGTTATCAAGAAGAACCCAGATAACTTCCGGTTATTTGGCCCTGATGAA 14 4 0 
Y L R D V I K K N P D N F R L F G P D E 

ACCATGTCAAACCGGTTATATGGTGTCTTTGAAACCACTAACCGTCAATGGATGGAAGAT 1500 
T M S N R L Y G V F E T T N R Q W M E D 

ATTCACCCAGATAGTGACCAATACGAAGCACCTGCTGGCCGGGTCTTGGATGCTCAATTA 15 60 
I H P D S D Q Y E A P A G R V L D A Q L 

TCTGAACACCAAGCTGAAGGTTGGTTAGAAGGTTACGTCTTAACTGGTCGTCATGGCTTG 162 0 
S E H Q A E G W L E G Y V L T G R H G L 

TTTGCAAGTTACGAAGCCTTCTTACGGGTTGTCGACTCAATGTTGACGCAACACTTCAAG 1680 
F A S Y E A F L R V V D S M L T Q H F K 

peptide p2 

TGGTTACGTAAGGCCAACGAACTTGACTGGCGGAAGAAGTACCCGTCACTCAACATTATC 17 4 0 
W L R K A N E L D W R K K Y P S L N I I 

GCGGCTTCAACTGTGTTCCAACAAGACCATAATGGGTACACCCACCAAGATCCAGGTGCC 18 00 
A A S T V F Q Q D H N G Y T H Q D P G A 

TTGACTCATTTGGCTGAAAAGAAGCCTGAATATATCCGCGAATATTTACCAGCCGACGCC 18 60 
L T H L A E K K P E Y I R E Y L P A D A 

AACTCCTTGTTAGCTGTTGGGGACGTCATCTTCCGTAGCCAAGAAAAGATCAACTACGTG 192 0 
N S L L A V G D V I F R S Q E K I N Y V 

GTTACGTCGAAGCACCCACGTCAACAATGGTTCAGCATTGAAGAAGCTAAGCAATTAGTT 198 0 
V T S K H P R Q Q W F S I E E A K Q L V 

GACAACGGTCTTGGTATCATTGACTGGGCAAGCACGGACCAAGGTAGCGAACCAGATATC 2 04 0 
D N G L G I I D W A S T D Q G S E P D I 

GTGTTTGCTGCTGCCGGAACGGAACCAACGCTTGAAACGTTGGCTGCAATCCAATTGCTC 210 0 
V F A A A G T E P T L E T L A A I Q L L 

CATGATAGCTTCCCAGACATGAAGATTCGTTTCGTGAACGTGGTCGACATCTTGAAGTTA 2160 
H D S F P D M K I R F V N V V D I L K L 

peptide p3 

CGTAGCCCTGAAAAGGACCCTCGTGGCTTGTCAGATGCTGAATTTGACCATTACTTCACT 2220 
R S P E K D P R G L S D A E F D H Y F T 

AAGGACAAACCAGTTGTCTTCGCCTTCCATGGTTACGAAGACCTGGTTCGTGACATCTTC 2 2 80 
K D K P V V F A F H G Y E D L V R D I F 

TTTGATCGTCACAACCACAACTTACACGTGCATGGCTACCGTGAAAATGGTGACATTACG 2 34 0 
F D R H N H N L H V H G Y R E N G D I T 

ACACCATTCGATGTCCGGGTCATGAACCAAATGGACCGTTTCGACTTAGCAAAATCTGCA 2 4 00 
T P F D V R V M N Q M D R F D L A K S A 

ATTGCGGCGCAACCAGCAATGGAAAACACCGGTGCAGCCTTTGTTCAAGACATGGATAAC 2 4 60 
I A A Q P A M E N T G A A F V Q D M D N 

ATGCTTGCAAAACACAACGCATACATCCGTGACGCCGGAACCGACTTGCCAGAAGTTAAC 2520 
M L A K H N A Y I R D A G T D L P E V N 

GACTGGCAATGGAAAGGTTTGAAATAACCTAGTCATTTAAGATAACTGAACCGCCGTGAT 2 580 
D W Q W K G L K Stop 

ACCGGCTTGTGCCTCCGGrATCACGGCGGrTTTTTGCGTTGNAACAGATCCTGAAGCTTC 2 64 0 
> < 
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T A G T G G C A G T A A G A C T G A C G G T G G C T C A T T G C T T G G C T G C C G A T G T T C G T T T T A T T C T G A 2 7 0 0 

T A T C C G G A G A T G A C T G A C G A C A C T G A A A A C T A A C A A T T T G C T G T G T A A A C C A T C A G C T G T 2 7 6 0 

C G A A A G T G T T C A G A G C A T A T T C T A A T T A T T T T T T A A T T A C A C C T G T T A T A A T A A G C T A A C 2 8 2 0 

-35 -10 

CAAACTGATATTAGCTGGCATGTCAAAGGGAATTTAATGAAGAATTGAGTGTGACCAATT 2 8 8 0 
-35 -10 

AATTCCTCAACGTCGCCAATTCCGGTTCCATGAACCAAGCATAAGTGGAAAGGAGCGGTT 2 94 0 

AGTCATTTGGGACTAGCCAACGATGCGGATGAAAATCTTACTTACAGTCGAAAATTTAGT 3 000 
**** M R M K I L L T V E N L V 

GATGGATGGTGTCAAACGTGCGACGACCGTCCTCGGAAATGCATTGACGTCACAAGCAGA 3 0 5 0 
M D G V K R A T T V L G N A L T S Q A D 

TGTGACCTTTTATTCTTTAGCGCAACCACGGTCTTTTTATGAACTCGCCGCGCCACTGAT 312 0 
V T F Y S L A Q P R S F Y E L A A P L I 

TACCGCTCGGCGGCCGGCTAGTGCCACTGTGTTAAATTACTTTGGCGCGGCCCCGCTACA 318 0 
T A R R P A S A T V L N Y F G A A P L Q 

AGTCTACGAGGCCCAAATCACGGACTTGGTTGCGACCTTAGAAGAGGGCCACTATGATGC 324 0 
V Y E A Q I T D L V A T L E E G H Y D A 

GGTCATTTTACCAGGCGGGCTCTTAACGAGCTTTGCACCGGCAATCAAGCGGGCGCTGCC 3 3 0 0 
V I L P G G L L T S F A P A I K R A L P 

GCGGGTCAACGTGATTGCGTGGATGCATAACAACGTCGATATTTATTTGAATCAATATTA 3 3 6 0 
R V N V I A W M H N N V D I Y L N Q Y Y 

CGCGCAGATGCGCGATGAATTAGTTGCTGGCTTACTGGCAGCTGATACGGTGGTCACCTT 3 42 0 
A Q M R D E L V A G L L A A D T V V T L 

GACCGATTCTGATTGGGAAGGCTACTCACGGTTTAATTCACATACGGTCAAGATCTACAA 3 4 8 0 
T D S D W E G Y S R F N S H T V K I Y N 

TCCGCCGACCATGCAACCTAAGGGCCACCAAGCCGACCTTAATCAGCATGTGATTGCGTA 3 54 0 
P P T M Q P K G H Q A D L N Q H V I A Y 

TACCGGACGGATCGATTTACAACATAAAGGATTAGACTACCTGCTAGCGGTGGCGCGCGC 3 6 0 0 
T G R I D L Q H K G L D Y L L A V A R A 

ACTCCCGGATGACTGGCAAATCGCCGTTGCGGGCTCCGGGCCTGATGACCAACTAGCGAC 3 6 6 0 
L P D D W Q I A V A G S G P D D Q L A T 

CTTCCAACGGTTGATGGATGAGTTGAACGTTCGTGAACGCATCATTTATCGCGGGGCTTT 3 72 0 
F Q R L M D E L N V R E R I I Y R G A L 

AAAGGATACCGAGTTACGGCAACACTACGAGAAGGCCAGTGTGTTCATGATGACCTCGCG 3 7 8 0 
K D T E L R Q H Y E K A S V F M M T S R 

TTGGGAAGGAATGCCCCTAGTGATGGGTGAGGCCATGGCAATGGGGCTACCAATCGTCTC 3 84 0 
W E G M P L V M G E A M A M G L P I V S 

AATGTGGAATACCGGTTCGGCAGAGTACTTACAAGCAGGCCAGCATGGCGTCTTGACGCC 3 9 0 0 
M W N T G S A E Y L Q A G Q H G V L T P 

AGCCCGCGATGTGAACGGTTTTGTGAAGGGGTTGTTGCCGTTATTGCATGATTTAGAAAC 3 96 0 
A R D V N G F V K G L L P L L H D L E T 

CCGGCAAGACTATGCTGAACGTGCCCGCCGCCGCAGTCATGACTTTACCCTAAGTAAAAT 4 02 0 
R Q D Y A E R A R R R S H D F T L S K I 

CGTGCGCCAGTGGCTAGCATTGCTCAACCGGCAATACGTCCCGCAATCGACACTGGATAT 4 0 8 0 
V R Q W L A L L N R Q Y V P Q S T L D M 
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GGATTGGGACCTGCAACGGGGTGTTGGTGAAAACTAGTGATAGTTTTGACTGATTAATCA 414 0 

D W D L Q R G V G E N Stop 

ATTAGATGGGATTAATTGAAATCATAACGGATTTGCAAAGCGCCACGGGCTCTGATACAC 42 0 0 

TCGAACTAATCGTCAGGACAACCTGGCAAGATGTGGAGGAGCAGCTGATGAAGACGACGT 4 2 6 0 

GGCTGGCTAGTTTACTAGTCACAATCTTTTGGGGCGCAGTATTAGG 4 30 6 

Figure 2 4 Nucleotide sequence of xpkA locus f rom L. pentosus M D 3 6 3 . The deduced 

amino acid sequence of XpkA and of the sugar transferase, which is encoded by the gene 

downstream of xpkA, are depicted as well. The putative promoter sequences (-35 and -10) are 

underlined the ere sequence is shown in bold italics and the Shine-Dalgamo sequences are 

marked with asterisks. The translational start and stop codons are underl ined. The stemloop 

terminator sequence downstream of xpkA is indicated with arrows. The position of the peptides 

from XpkA (p,, p2 and p3) that were sequenced are indicated in the Figure. 

The gene xpkA consists of 2,364 basepairs and encodes a protein of 788 
amino acids with a calculated molecular mass of 88705 Da corresponding 
closely to the molecular mass of the purified protein that was estimated 
from SDS-PAGE. The deduced N-terminal amino acid sequence was exactly 
the same as the one that was determined from the purified protein, except 
for the start Met, that is probably processed. Also the three internal 
peptides of which the amino acid sequence was determined were found in 
the deduced amino acid sequence, one of which appeared to overlap the N-
terminal amino acid sequence (Figures IB and 4). These results indicate 
that the cloned gene encodes the purified protein. 

A putative promoter (-35 and -10) was identified 70 nucleotides 
upstream, and a Shine-Dalgarno element 10 nucleotides upstream of the 
ATG start codon of xpkA (Figure 2.4). A fully conserved catabolite 
responsive element (ere) [51] was found 6 nucleotides downstream of the -
10 (TATAA) box of xpkA. An inverted repeat 21 nucleotides downstream of 
the stop codon of xpJcA could represent a transcription terminator. About 
420 nucleotides downstream of xpkA, an ORF was found encoding a protein 
of 384 amino acids. A database search with the deduced amino acid 
sequence of this ORF at www.ncbi.nlm.nih.gov/BLAST showed about 25% 
identical residues with sugar transferases. 

A database search was done with the deduced amino acid sequence of 
XpkA against known finished and unfinished genome sequences at 
www.ncbi.nlm.nih.gov/BLAST. XpkA shows significant similarity to 
(putative) proteins encoded by 7 ORFs from other organisms (Table 2.3). 
The similarity is highest to the ORF from Clostridium acetobutylicum 
ATCC824 (60% identical and 76% conserved residues). Figure 2.5 shows a 
multiple alignment of all these ORFs. The conserved residues are spread 
over the protein, with the lowest conservation in the - and C-terminal parts. 
Since both XpkA and transketolase share the same cofactor (TPP) and bind 

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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xylulose 5-phosphate and GAP, both proteins were expected to possess a 
certain degree of similarity. The similarity ofXpkA with the transketolases 
(TKL1 and TKL2) from Saccharomyces cerevisiae and TKL from Bacillus 
subtilis is rather low: about 15% identical and 45% conserved residues. 
Besides that, transketolases contain about 680 amino acids and are thus 
considerably smaller than XpkA from L. pentosus. The alignment of TKL1 
of S. cerevisiae with XpkA is included in Figure 2.5. 

organism accession 
number 

number 
of a.a. 

identical 
residues 

similar 
residues 

Clostridium acetobutylicum gnl GTC C.aceto 796 60% 76% 
ATCC 824 gnl 

Thiobacillus ferrooxidans gnl|TIGR|t.ferrooxi 819 49% 65% 
ATCC 23270 dans 2928 

Synechocystis PCC6803 S76896 821 48% 64% 

Chlorobium tepidum TLS gnl TIGRIC.tepidu 
m 3502 

791 50% 67% 

Mycobacterium avium 1 04 gni TIGR M.avium 
324 

7 9 5 " 50% 66% 

Shewanella putrefaciens gnl|TIGR 788 40% 58% 
MR-1 24jsputre 6466 

Schizosaccharomyces SPBC24C6 9 825 39% 57% 
pombe 

Table 2.3. Organisms which contain an ORF encoding a protein with high similarity to 
XpkA from L pentosus. These ORFs were found at www.ncbi.nlm.nih.gov/Microb_blast/ 
unfinishedgenome.html using the deduced amino acid sequence of XpkA as query. Preliminary 
sequence data were obtained from The Institute for Genomic Research (www.tigr.org). '> The 
translated amino acid sequence misses a Met nearthe expected translational start. Therefore the 
start was chosen arbitrarily at that site. 

Expression of xpkA in E. coli - In order to get additional evidence that xpkA 
actually encodes the protein with XpkA activity, the gene was expressed in 
E. coll xpkA was PCR-amplified and cloned in the £. coli expression vector 
pBCP367, containing an IPTG inducible trc promoter [148]. The plasmid 
obtained was named pLPA36. Induction of XpkA was followed in time in £. 
coli JA221 containing pLPA36 or pBCP367 (the empty vector) by SDS-PAGE 
and by measuring XpkA activity in cell-free extracts. The experiment was 
performed at 25 °C, because XpkA formed inclusion bodies at higher 
temperatures. 

http://www.ncbi.nlm.nih.gov/Microb_blast/
http://www.tigr.org
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Figure 2 .5 . Mult iple sequence a l ignment of XpkA of L. peniosus M D 3 6 3 with 7 ORFs 

identified in finished and unfinished sequencing projects, and with transketolase 1 f rom 

S. cerev/s/ae. The al ignment was done with ClustalW at ht tp: / /www.ebi.ac.uk/clustalw/ and 

shading with Boxshade at ht tp: / /www.ch.embnet.org/sof tware/BOX-form.html. XpkA was 

separately al igned with TKL1 (EMBL Gene bank accession number P23254) f rom S. cereWs/ae. 

This al ignment is included in the Figure. The residues marked with an asterisk are conserved 

amino acids in TKL1 and in other TPP-requiring enzymes and are involved in binding of TPP (see 

text). Lpe: XpkA from L penfosus; Cac: CAC1 622 from Clostridium acetobutylicum; Cte: ORF 

from Chlorobium tepidurn; Mav: ORF from Mycobacterium avium; Tfe: ORF from Thiobacillus 

ferrooxidans; Syn: s l r0453 from Synecfiocysf/s sp.; Spu; ORF from Shewanellaputrefaciens; Spo: 

ORF from Saccharomyces pombe; See: transketolase 1 from Saccharomyces cerev/s/ae. 

A Coomassie stained SDS-PAGE gel shows the synthesis of a 90 kDa 
protein band as a function of the time after induction with IFTG in JA221 
harbouring pLPA36 (expression vector containing xpkA). Since JA221 
contains a protein that migrates at the same position, quantification of the 
induced protein was not possible (data not shown). However, Western 
blotting with the same samples clearly showed the appearance of the 90 
kDa protein band, whereas this band was absent in the negative control 
(Figure 2.6). XpkA activities were measured in cell-free extracts of these 
cultures at the same time points (Table 2.4). A background activity of 20 
nmol-mm'-mg 1 protein was present in JA221 with the empty vector 
pBCP367, whereas higher specific activities were detected in JA221 
harbouring pLPA36. The activity increased in time after induction with 
IPTG. These results indicate that xpkA indeed encodes XpkA. 

Regulation of XpkA synthesis - It is believed that XpkA activity is induced 
in facultative heterofermentative lactic acid bacteria upon growth on energy 
sources that are fermented via the phosphoketolase pathway [59]. The 
inducing sugars comprise pentoses like xylose, arabinose and ribose, bu t 
also gluconate, which is converted through several enzymes into xylulose 
5-phosphate. Glucose and fructose are metabolized via the glycolysis, and 
synthesis of XpkA is thought not to take place under these conditions. To 
test under which growth conditions XpkA is present, L. pentosus MD363 
was cultivated on different energy sources and XpkA activity was measured 
in cell-free extracts, both in the presence and the absence of potassium 
phosphate, which is one of the substrates of XpkA. The amount of activity 
that was detected in the absence of potassium phosphate buffer was about 
30% of the total XpkA activity in all cases. Since this activity was absent in 
cell-free extracts of the xpkA knock-out mutan t LPE 179 (see Knock-out 
mutan t of xpkA), it was considered the residual activity of XpkA as a result 
of the presence of residual Pi in the reaction mixture. Only the activities 
that were measured in the presence of phosphate are presented in the 
Tables. 

http://www.ebi.ac.uk/clustalw/
http://www.ch.embnet.org/software/BOX-form.html
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Figure 2.6. Western blot analysis of whole cells from E. coli JA221 harbouring pBCP367 
(empty vector) or pLPA36 (containing xpkA), at several time points after induction with 
IPTG. Cel Is were harvested and resuspended in SDS-loading buffer at an OD600 of approximately 
1 7. Of this mixture, 4 jj\ was applied per lane. The antibodies raised against XpkA was used to 
visualize XpkA. 

JA221*pLPA36 +xpkA 

JA221*pBCP367 -xpkA 

time after induction specific activity 
(min) (nmol/min/mg) 

30 78.0 ± 1 

60 101.3 ± 7 

90 128.1 ± 11 

120 173.3 ± 22 

120 20.0 ± 1 

Table 2.4. XpkA activities measured in cell-free extracts of £. coli JA221 *pl_PA36 
(containing xpkA) and JA221 *pBCP367 (empty vector). Cell-free extracts were made at 
several time points after induction with IPTG. The values are the average of two independent 
measurements. 

The results of XpkA activity measurements in the wild type strain of L. 
pentosus are shown in Table 2.5. Low levels of activity were found after 
growth on glucose or fructose (17 and 25 nmol-min • mg ' protein, 
respectively). In contrast, growth on the sugars that are fermented via the 
phosphoketolase pathway led to higher XpkA activities ranging from 157 
nmol-min"1-mg"1 protein for xylose to 607 nmol-min '-mg1 protein for 
gluconate. The low levels of XpkA activity after growth on glucose or 
fructose could be the result of the absence of inducing sugar a n d / o r of 
catabolite repression (CR). In order to get further insight in the underlying 
regulation mechanisms of XpkA synthesis, XpkA activities were also 
measured in cell-free extracts of two mutan t s of L. pentosus: a ccpA knock
out mutan t LPE4 and a 2-deoxyglucose resistant (2DGR) mutan t LPE5 
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(Table 2.5). In LPE4 in which the global regulator protein CcpA is mutated 
leading to a relief of CcpA-mediated CR [73], the XpkA activities after 
growth on all tested sugars were comparable to those of the wild type 
strain. The 2DGR mutan t is mutated in the mannose PTS, leading to the 
absence of mannose PTS activity [10]. Earlier experiments had shown that 
this mutation plays a role in the regulation of the synthesis of catabolic 
enzymes such as ß-galactosidase and ß-glucuronidase [6]. The XpkA 
activities in this mutan t cultivated on fructose, gluconate or one of the 
pentoses were comparable to those of the wild type strain under the same 
conditions. However, cultivation on glucose of the 2DGR mutan t led to a 
XpkA activity, which was 5-fold elevated compared to the activity of the wild 
type strain after growth on glucose. 

Table 2.6 presents the results of XpkA measurements in cell-free extracts 
of the wild type and the two mutan t strains of L. pentosus after cultivation 
on mixtures of glucose and different sugars that are fermented via the PKP. 
Also the XpkA activities after growth on a single sugar are included (data 
from Table 2.5). In the wild type strain, the XpkA activities after growth on 
the mixtures of sugars were comparable to the activities after growth on 
glucose as the energy source. In the two mutants , growth on a combination 
of glucose and gluconate or glucose and ribose led to elevated XpkA 
activities. Growth of both mutan ts on a mixture of glucose and xylose 
resulted in the same levels of XpkA activity compared to growth of the 
respective mutan ts on glucose alone. 

MD363 LPE4 LPE5 

(wild type) (ACcpA) (2DGR) 

D-glucose 17± 4 16 ± 4 86 ± 23 

D-fructose 25 ± 9 27 ± 10 25 ± 7 

D-gluconate 607 ± 62 611 ± 226 328 ± 48 

D-xylose 157 ± 19 166 ± 24 n.g. 

L-arabinose 254 ± 50 259 ± 50 318 ± 35 

D-ribose 456 ± 81 452 ± 53 560 ± 14 

Table 2.5. XpkA activities measured in cell-free extracts of L. peniosus grown in M-
medium supplemented with 1 % sugar. Specific activities are given in nmol-min" mg" 
protein. Activities are the mean of two independent experiments and are expressed in nmol-min" 
'•mg"1 protein, n.g., no growth. 
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MD363 

(wild type) 

LPE4 

(ACcpA) 

LPE5 

(2DGR) 

D-glucose 17± 4 16 ± 4 86 ± 23 

D-gluconate 607 ± 62 611 ± 226 328 ± 48 

D-glucose + D-gluconate 30 ± 10 214 ± 7 3 4 5 + 1 2 

D-xylose 157 ± 19 166 ± 24 n.g. 

D-glucose + D-xylose 27 ± 8 27 ± 2 79 ± 11 

D-ribose 456 ± 81 452 ± 53 560 ± 14 

D-glucose + D-ribose 10 ± 1 110 + 9 114 ± 11 

Table 2.6. XpkA activities measured in cell-free extracts of L. pentosus. Cells were grown 
in M-medium supplemented with 1% (wt/vol) of the indicated sugar(s). The activities are the 
mean of two independent experiments and are expressed in nmol-min "'-mg "' protein, n.g., no 
growth. 

In order to compare the measured XpkA activities with the quantity of 
the XpkA protein in L. pentosus, the same cell-free extracts that were used 
for the activity measurements in Tables 5 and 6 were analysed in a Western 
blot experiment. The blot in Figure 2.7A shows that the amount of protein 
that reacted with the antibodies against XpkA differed, depending on the 
sugars on which the bacteria were cultivated. No antibody reaction was 
seen after growth on glucose or fructose, in contrast to a strong reaction 
after growth on sugars fermented Dia the PKP. Although the intensities of 
the protein bands were related to the XpkA activities, no strict correlation 
was observed. 

Figure 2.7B shows a Western blot from cell-free extracts of the wild type 
and mutan t strains of L. pentosus after growth on glucose, gluconate or a 
combination of glucose and gluconate. The blot shows that the XpkA 
protein was synthesized in the wild type and the mutan t strains after 
growth on gluconate as sole energy source, while it was absent in the wild 
type strain and present in the LPE4 and LPE5 strains after growth on a 
combination of glucose and gluconate. Again, although the intensity of the 
antibody reaction did not exactly match with the detected activities, a 
positive correlation was clear. 

Knock-out mutant of xpkA - To investigate whether xpkA is the only gene 
encoding an enzyme with XpkA activity and to study the effect of deleting 
XpkA activity on growth on various sugars, an xpkA knock-out mutan t of 
L. pentosus was constructed. For this purpose, pLPA30 was made by 
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MD363 LPE4 LPE5 
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Figure 2.7. A. Western blot analysis of cell-free extracts of L pentosus MD363 (wild 
type) after growth on M medium supplemented with 1 % of the indicated sugar. Glc, D-
glucose; F, D-fructose; Glu, D-gluconate; X, D-xylose; A, L-arabinose; R, D-ribose. In every lane 
the same amount of total protein was applied (5 Llg). The antibody used was raised against 
XpkA. B. Western blot of cell-free extracts from L pentosus MD363 (wild type), LPE4 (ccpA 
knock-out mutant), LPE5 (2DGR mutant) aftergrowth on M medium supplemented with 1% of 
the indicated sugar. Glc, glucose; Glu, gluconate; Glc/Glu, mixture of glucose and gluconate. 
In every lane the same amount of total protein was applied (5 ßg). The same antibody was used 
as in Figure 5A. 

ligation of an internal fragment of xpkA into pIN15E, a plasmid containing 
a temperature-sensitive replicon for Gram-positive bacteria [73]. After 
transformation of L. pentosus with pLPA30, integration was forced by 
growth at 40°C as described in Materials and methods. Integration of the 
plasmid by a single cross-over results in two truncated copies of xpkA on 
the chromosome: one missing 456 nucleotides at the 5' end and the other 
missing 1056 nucleotides at the 3' end (Figure 2.8A). 

The knock-out mutan t was named LPE179. The correct integration of 
pLPA30 in xpkA was checked by PCR. Figure 2.8A illustrates that by using 
combinations of primers of the EmR gene and of xpkA, fragments are 
expected with a size of 7 kb, 2.8 kb and 750 bp. The agarose gel in Figure 
2.9B shows that indeed these fragments were amplified in the PCR 
reactions using chromosomal DNA of LPE179 as a template. In the PCR 
reaction with the primers of the Em" gene, an extra fragment of about 7 kb 
was amplified apart from the expected fragment of 750 bp. This extra 
fragment can be explained by the presence of multiple copies of the plasmid 
in the chromosome. 

Growth of LPE179 was tested on plates supplemented with several 
sugars. The integration of pLPA30 in xpkA resulted in the inability to grow 
on sugars that are fermented via the PKP, whereas growth on glucose or 
fructose was unaffected (Table 2.7). Since the mutan t did not grow on 
sugars that are fermented via the PKP as sole energy source, XpkA activity 
was measured in cell-free extracts of LPE179 after growth on glucose and 
on a mixture of glucose and gluconate. In both extracts, no XpkA activity 
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Figure 2.8. A. Schematic representation of the 
integration of pLPA30 in xp/cA of L pentosus 
MD363 by a single cross-over event. Indicated 
are the PCR primers that were used to check the 
correct integration of the plasmid in the 
chromosome of the xpkA integration mutant 
LPE179 and the expected sizes of the amplified ' À 2 3 
fragments. Integration resulted in two copies of 
xpkA on the chromosome: one truncated at the 5' 23 1 kb 
end and the second truncated at the 3' end of the 
gene. The arrow indicates putative transcription " - ^ " 0 
start site and the stemloop structure the putative u - ° KD 
transcriptional stop site of xpkA. B. 0.8 % (wt/vol) 4 4 kb 
agarose gel of the PCR experiments, using the 
above indicated primers and chromosomal DNA of ? T kb 
LPE179. A, h DNA restricted with H/ndlll; 1, PCR 2 ' o kb 
reaction with primers Xpk-gen3 and Ery-atg; 2, PCR 
reaction with primers Ery-taa2 and Xpk-gen4; 3, 
PCR reaction with primers Ery-taa2 and Ery-atg. The 
arrows indicate the position of the amplified 0 6 kb 
fragments in the gel. 

could be detected (less than 0.5 nmol-min '-mg ' protein). A Western blot 
experiment was performed, using more total protein and more antiserum 
than in the former described experiments in order to obtain a more intense 
signal. In cell-free extracts of LPE179, a protein was synthesized which was 
clearly smaller than wild type XpkA (Figure 2.9). The truncated protein 
migrated with an apparent molecular weight of about 85 kDa, since the 
truncated gene was cloned in frame with a part of lacZ from pIN15E 
encoding 60 amino acids from ß-galactosidase (Figure 2.8A). The expected 
size of the fusion protein is 82.5 kDa. Although the experiments were done 
under non-inducing or under repressing conditions which leads to the 
synthesis of low amounts of (truncated) XpkA, these data indicate that the 
integration of pLPA30 into xpkA resulted in the formation of a truncated 
and presumably inactive protein. 
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2.5 DISCUSSION 

In this Chapter, we describe the purification of xylulose 5-phosphate 
phosphoketolase (XpkA) and the isolation and characterization of the 
encoding gene, xpkA, from L. pentosus MD363. Expression of the gene in 
E. coli led to the appearance of XpkA activity. This result, together with the 
absence of XpkA activity in an xpkA knock-out mutan t of L. pentosus, 
proves that xpkA indeed encodes the reported function. 

By sequence analysis of the xpkA locus, a putative promoter was 
identified upstream of xpkA, suggesting that xpkA might be transcribed 
from its own promoter. It is likely that xpkA is transcribed as a single gene, 
since a stemloop structure probably serving as a transcriptional terminator 
site is located downstream of the gene. A second ORF was found 
downstream of xpkA, which might encode a sugar transferase. In the 
intergenic region between xpkA and the ORF encoding the putative sugar 
transferase, two putative promoter sequences were identified and a putative 
Shine-Dalgarno sequence suggesting that these two genes do not form an 
operon. Northern blot analyses should answer the question whether or not 
these genes are transcribed as a single mRNA. 

ORFs in other organisms encoding XpkA-Uke proteins - A database search 
with the deduced amino acid sequence from xpkA revealed similarity with 
(putative) proteins from various, evolutionary unrelated organisms (Table 
2.3). These results and the high sequence conservation between the 
proteins suggest that a phosphoketolase might be active in organisms other 
than lactobacilli and bifidobacteria. Indeed, XpkA activities have been 
found in various organisms [26, 41 , 79, 81 , 95, 96, 116, 157]. However, 
there are no articles that provide information on the presence of 
phosphoketolase activity in the organisms in which the XpkA-like ORF was 
found. The homologous ORF from C. acetobutylicum is located in between 
genes encoding enzymes involved in pentose metabolism, such as a putative 
xylulose kinase and L-arabinose isomerase (www.genomecorp.com/ 
ftp/sequences/clostridium/chromosome_annotation.txt). This suggests that 
this ORF plays a role in pentose metabolism of C. acetobutylicum, maybe by 
encoding a XpkA. On the other hand, in Chapter 5 of this thesis we 
describe that the protein encoded by slr0453 in Synechocystis did not show 
XpkA activity or fructose 6-phosphate phosphoketolase activity, in spite of 
the high similarity to XpkA of L. pentosus. 

Regulation of XpkA synthesis - L. pentosus is a facultative hetero-
fermentative lactic acid bacterium, in which glucose and fructose are 
fermented via the glycolytic pathway, whereas pentoses and gluconate are 
metabolized via the PKP. The absence of XpkA activity in the knock-out 

http://www.genomecorp.com/
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MD363 
(wild type) (xpkA 

LPE 1 79 
integration mutant) 

D-glucose + + 

D-fructose + + 

D-gluconate + -

D-xylose + -

L-arabinose + _ 

D-ribose + -

Table 2 7 Growth of L. pentose MD363 and LPEl 79 on - agar plates supplemented 
with 0 25 % (wt/vol) ribose or 0.5 % (wt/vol) of the other sugars. The mutant was cultivated 
on plates containing erythromycin. Cells were pregrown overnight in liquid medium and streaked 
on the plates. + indicates growth, - indicates no growth. 

mutant suggests that xpkA is the only gene that catalyses XpkA activity in 
L pentosus. The xpkA knock-out mutant , in which a truncated and inactive 
XpkA was synthesized, had lost its ability to grow on energy sources that 
are fermented via the PKP, while it was still able to grow on glucose or 
fructose (Table 2.7). These data indicate that XpkA, the central enzyme of 
the PKP, is essential for fermentation via this pathway. Apparently, there 
is no other route for the metabolism of pentoses and gluconate. 

The XpkA activity in wild type L. pentosus MD363 was relatively high 
when cells were cultivated in the presence of gluconate, ribose, xylose or 
arabinose. In contrast, cells cultivated on glucose or fructose showed very 
low activities (Table 2.5). Apparently, XpkA activity is regulated and 
dependent on the energy source on which the cells were cultivated. To test 
whether XpkA is regulated through an induction mechanism by pentoses 
and gluconate and /o r a repression mechanism by glucose or fructose, we 
also studied two mutan t strains of L. pentosus that are affected in CR. It is 
known that CcpA is a global regulator protein in many Gram-positive 
bacteria, acting in a complex with HPr phosphorylated at Ser46. 
Transcription control is exerted by binding of this complex to a ere 
sequence, which is usually present in the promoter region of catabolic 
genes (for reviews, see: [51] and [132]). Such a ere sequence was also found 
in the promoter region of xpkA (Figure 2.4), however, the same levels of 
XpkA activity were found in the ccpA knock-out mutan t LPE4 compared to 
wild type bacteria under repressing conditions (Table 2.5). These results 
suggest that the low activity after growth on glucose or fructose is rather 
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due to the absence of an inducing sugar. After growth on a combination of 
glucose and a sugar that is fermented via the PKP (gluconate or ribose), the 
XpkA activity was elevated in LPE4 compared to the activity in the wild type 
strain (Table 2.6). It is therefore likely that pentoses and gluconate induce 
the synthesis of XpkA. It is unlikely that these sugars have separated 
routes for induction of XpkA activity and we therefore think that the 
common intermediate xylulose 5-phosphate might be the intracellular 
inducer. However, since no regulatory protein for the expression of xpkA 
has been identified, the exact mechanisms by which induction of XpkA 
synthesis takes place remains to be elucidated. 

The results in the LPE4 mutan t also indicate that CcpA is involved in 
repression of XpkA activity by glucose, bu t CR is not completely relieved in 
the CcpA mutant : XpkA activity was still a factor 3 to 4 lower after growth 
on a combination of sugars than after growth on the inducing sugar as sole 
energy source. 

Earlier observations have suggested that the mannose PTS of L. pentosus 
also plays a role in CR of catabolic enzymes such as ß-galactosidase and ß-
glucuronidase [6]. Therefore, the influence of the mannose PTS on XpkA 
synthesis was tested by measuring XpkA activities in the 2DGR mutan t 
LPE5 which lacks the mannose PTS activity [10]. Similar XpkA activities 
were observed in LPE5 after growth on fructose, gluconate or pentoses as 
sole energy source compared to the activities of the wild type strain of L. 
pentosus cultivated under the same conditions. However, the XpkA activity 
in the presence of glucose was 4-fold higher in the mutan t than in the wild 
type (Table 2.5). Glucose is preferably transported by the mannose PTS in 
L. pentosus [6]. Since the mannose PTS activity is absent in the 2DGR 

mutant , glucose must be transported by an alternative pathway, probably 
by a glucose permease, after which glucose is phosphorylated by 
glucokinase. A lower internal glucose 6-phosphate concentration might be 
the result in the mannose PTS mutan t after growth on glucose, maybe 
leading to a shift from the common glucose metabolism via the glycolytic 
pathway to the conversion of glucose by glucokinase and glucose 6-
phosphate dehydrogenase into 6-phosphogluconate and further 
fermentation via the PKP under these circumstances. This would result in 
the formation of the intracellular inducer xylulose 5-phosphate, and thus 
in an increased XpkA activity. 

The increased XpkA activities in LPE5 compared to wild type bacteria 
after growth on a combination of sugars (glucose and gluconate or glucose 
and ribose) indicate that also the mannose PTS is involved in CR of XpkA 
activity by glucose. Like in the CcpA mutant , repression of XpkA was not 
completely relieved in the 2DGR mutant . Assuming that glucose is indeed 
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fermented via the PKP in this mutant , glycolytic intermediates such as FBP 
which stimulate the ATP dependent HPr-kinase are limited. A low HPr-
kinase activity might thus lead to less CR. 

Different results were obtained during cultivation on a combination of 
glucose and xylose. In both the LPE4 and LPE5 mutan t strains, XpkA 
activities were observed that were comparable to those found after growth 
on glucose as sole energy source. In L. pentosus, xylose is thought to be 
transported by the mannose PTS without concomitant phosphorylation [10]. 
The 2DGR mutan t is unable to transport xylose as a consequence of the 
mutation of the mannose PTS and therefore also unable to grow on xylose 
as sole energy source [10]. In the absence of metabolism of xylose, 
insufficient quantities of inducer might be formed, explaining why 
cultivation on a combination of glucose and xylose did not lead to an 
elevation of XpkA activity in the 2DGR mutan t compared to the activity of 
the mutan t after growth on glucose as sole energy source. 

Previous results have shown that transcription of the xylAB operon, 
encoding xylose isomerase and xylulokinase, is induced by xylose and is 
subject to CR by glucose in L. pentosus [73, 74]. In the ccpA knock-out 
mutant , CR is relieved resulting in transcription of the operon in the 
presence of both glucose and xylose [73], indicating that xylose is 
transported and metabolized. However, our (unpublished) experiments 
showed that xylulose kinase activity was absent under these conditions in 
cell-free extracts of LPE4. Our results, which suggest that, although in 
contrast to earlier reports, conversion of xylose into the intracellular 
inducer does not take place in the ccpA knock-out mutant , could explain 
why no induction by xylose of XpkA activity was observed in this mutan t 
after growth on a mixture of glucose and xylose. 

When analysing the cell-free extracts in a Western blot experiment, it 
was shown that a protein that reacted with the antibodies against XpkA 
was synthesized when significant XpkA activities were detected, whereas 
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this protein was absent when only low activities were found. However, the 
correlation between the detected XpkA activities and the amount of protein 
was not fully quantitative. This might suggest that XpkA activity, apart 
from being controlled at the level of protein synthesis, is also regulated at 
a post-translational level. As is argued in the next section of the discussion, 
XpkA might only be active as a dimer. Maybe the formation of dimers can 
account for the discrepancy the XpkA activities and the Western blot 
results. 

XpkA is probably active as a dimer - Several enzymes require TPP as a 
cofactor, amongst which are TKL, pyruvate oxidase (POX) and pyruvate 
decarboxylase (PDC). TKL catalyses the conversion of D-ribose 5-phosphate 
and D-xylulose 5-phosphate into sedoheptulose 7-phosphate and 
D-glyceraldehyde 3-phosphate and the conversion of D-xylulose 
5-phosphate and erythrose 4-phosphate into D-glyceraldehyde 3-phosphate 
and fructose 6-phosphate. It is involved in the pentose phosphate pathway, 
by which pentoses are metabolized in E. coli B. subtilis and S. cerevisiae, 
amongst others. POX catalyses the conversion of pyruvate and phosphate 
into acetyl-phosphate and carbon dioxide, and PDC catalyses the 
conversion of pyruvate into acetaldehyde, which is further metabolized to 
ethanol. Also XpkA has been shown to need TPP for its function [48]. A 
general TPP binding fold was identified by comparison of the crystal 
s tructures of TKL from S. cerevisiae, POX from Lactobacillus plantarumand 
PDC from S. cerevisiae [86]. TPP is bound in a cleft between two subuni ts 
in the three compared enzymes TKL, POX and PDC, which implicates that 
a dimer is the minimal functional unit. Indeed TKL is active as a dimer and 
POX and PDC are functional as tetramers. 

There is low overall similarity between the three enzymes, b u t several 
amino acids that were identified to be involved in proper binding of TPP 
appeared to be conserved in TKL, POX and PDC [86]. Aligning of TKL from 
S. cerevisiae with XpkA and the XpkA-like proteins showed that nine of 
these residues (Gly68, His69, Glyl 16, Glyl56, Aspl57 , Glyl58, Asnl87 , 
Val217 and Glu418; the numbers refer to the position in TKL) are fully 
conserved in these proteins. Two other residues involved in TPP-binding are 
partially conserved: An He residue is observed in XpkA and in the XpkA-like 
proteins around the position of Ile244 of TKL, and a Glu residue is found 
at the position of Asp202 of TKL. Only residue Leu 177 is not conserved in 
XpkA and the XpkA-like proteins. 

The residues that are involved in TPP-binding are indicated with an 
asterisk in Figure 2.5. Glyl56, Aspl57 , Glyl58 and Asn 187, four of the 
conserved residues between TKL, POX, PDC, XpkA and the XpkA-like 
proteins, are part of the common TPP-binding motif that was detected by 
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aligning TPP-requiring enzymes [46]. Because XpkA and the proteins with 
high similarity to XpkA all contain the TPP-binding motif, it is probable that 
all of these proteins require TPP for their catalytic function. It also suggests 
that TPP is bound in a similar manner in XpkA and the XpkA-like proteins 
as in TKL, POX and PDC, which implies that XpkA and the XpkA-like 
proteins are probably active as a dimer or multimer. 
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3.1 ABSTRACT 

The gene encoding acetate kinase, ackA, from Lactobacillus pentosus MD363 was 

cloned and sequenced. It encodes a protein of 398 amino acids with acetate kinase 

activity, as shown by functional expression of the gene in an Escherichia coli acfcA 

deletion mutant. The deduced amino acid sequence of ackA showed high similarity to 

that of acetate kinases from other organisms. The highest similarity was observed with the 

proteins encoded by ackA (64% identical residues) and ackß (71% identical residues) 

from Lactobacillus sakei. An ackA knock-out mutant of L pentosus lacked acetate kinase 

activity and was unable to grow on sugars which are fermented via the phosphoketolase 

pathway. Northern blot analysis indicated that the ackA gene is transcribed into 

monocistronic mRNA. 

Activity assays in the wild type strain of L. pentosus showed that acetate kinase activity 

is comparable after growth on fructose, gluconate, ribose, xylose or arabinose, but a 

four-fold lower activity was observed after cultivation on glucose. In a ccpA knock-out 

mutant of L. pentosus, the repression of the acetate kinase synthesis was relieved after 

growth on glucose, suggesting the involvement of catabolite repression (CR) mediated 

by CcpA. Repression of acetate kinase synthesis by glucose was also relieved in a mutant 

of L. pentosus that was affected in the mannose phosphotransferase system (PTS) activity. 
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3.2 INTRODUCTION 

Lactobacillus pentosus is a facultative heterofermentative lactic acid 
bacterium, which possesses the enzymes of both the glycolytic and the 
phosphoketolase pathway (PKP; see also Introduction and Chapter 2). 
Hexoses like glucose and fructose are fermented via the glycolytic pathway, 
whereas pentoses are metabolized by their appropriate enzymes into 
xylulose 5-phosphate, which is converted by xylulose 5-phosphate 
phosphoketolase (XpkA), the central enzyme of the PKP, into glyceraldehyde 
3-phosphate (GAP) and acetyl-phosphate. Further metabolism of GAP by 
glycolytic enzymes results in lactate as an end-product, while acetyl-
phosphate is converted into acetate by acetate kinase. An ATP molecule is 
produced during this latter reaction by substrate level phosphorylation. 
During growth on gluconate, part of the acetyl-phosphate that is produced 
in the PKP is also converted into ethanol in order to reoxidize the NADH 
that is formed by 6-phosphogluconate dehydrogenase, one of the enzymes 
involved in the conversion of gluconate into xylulose 5-phosphate (see 
Figure 1.1, General Introduction). 

Acetate kinase activity also plays a role during homolactic fermentation 
of lactic acid bacteria under aerobic conditions. In Lactobacillus plantarum, 
pyruvate resulting from glycolysis is converted into acetyl-phosphate by 
pyruvate oxidase [40, 117, 118] and is further metabolized by acetate 
kinase into acetate, yielding an extra molecule of ATP. NADH is 
simultaneously reoxidized by an oxygen inducible NADH-oxidase (for 
reviews: see [13, 59, 142]). Since L. plantarumis evolutionary closely related 
to L. pentosus [12], a similar role might be expected for acetate kinase in L. 
pentosus. 

Acetate kinase does not play a role during growth on acetate in lactic 
acid bacteria, since these organisms are unable to utilize acetate as an 
energy or carbon source. Other organisms, like Methanosarcina thermophila 
and Corynebacterium glutamicum can utilize acetate by converting it into 
acetyl-CoA through acetate kinase and phosphotransacetylase, encoded by 
ackA and ptaA, respectively. The latter enzyme catalyses the conversion of 
acetyl-phosphate into acetyl-CoA. The expression of ptaA and ackA, which 
form an operon in these organisms, is induced in the presence of acetate in 
both organisms [97, 123]. 

In contrast, phosphotransacetylase and acetate kinase are primarily 
operative in the acetyl-CoA-to-acetate direction in Bacillus subtilis, and are 
involved in acetate excretion during growth on glucose [42]. The expression 
of the ackA and ptaA genes of B. subtilis is activated in the presence of 
excess glucose by a catabolite control protein A (CcpA)-mediated 
mechanism in which the same components are involved as in the general 
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mechanism of CR in Gram positive bacteria [42, 94, 122, 143]. Growth on 
acetate by B. subtilis depends on the presence of acetyl-CoA synthetase, 
encoded by acsA, which converts acetate directly into acetyl-CoA [43]. Also 
in Escherichia coli, acetate is metabolized by acetyl-CoA synthetase, 
although it can be converted into acetyl-phosphate by acetate kinase and 
phosphotransacetylase as well [57, 58, 67]. 

The interest in acetate kinase from L. pentosus originates from previous 
research on xylose metabolism in this organism, in which the specific part 
of xylose metabolism, i.e. xylose uptake and the conversion into xylulose 5-
phosphate was studied. Xylose is transported by facilitated diffusion 
without being phosphorylated by the mannose PTS in L. pentosus, that 
generally transports glucose or mannose with concomitant phosphorylation 
[10]. The genes that are involved in the conversion of the pentose into 
xylulose 5-phosphate, xylA encoding xylose isomerase and xylB encoding 
xylulose kinase, form an operon which is regulated by the repressor protein 
XylR [75]. Expression of xylAB is induced in the presence of xylose and 
repressed by glucose mediated by CcpA [73, 74]. 

Since the regulation of the specific part of the xylose metabolism, i.e. the 
conversion of xylose into xylulose 5-phosphate, has been elucidated, we 
were also interested in the enzymes involved in the general part. The 
characterization as well as a study of the regulation of the synthesis of one 
of these enzymes, XpkA, is reported in Chapter 2 of this thesis. This 
Chapter deals with the cloning, sequencing and functional expression of 
ackA, encoding acetate kinase, from L. pentosus MD363. 

3.2 MATERIALS AND METHODS 

Bacterial strains, plasmids and growth conditions - The strains and plasmids 
used in this study are listed in Table 3.1. Escherichia coli was cultivated on 
Luria-Bertani (LB) agar or in LB broth. Ampicillin if required was added to 
a final concentration of 100 ug/ml. Lactobacillus pentosus was cultivated 
without agitation at 37 °C in MRS medium ([16]; Difco Laboratories, 
Detroit, Mich.), or M-medium [74] containing 1% (wt/vol) of the indicated 
sugar. Erythromycin was added at a final concentration of 5 ug/ml, when 
necessary. For plating, media were solidified with 1.5% (wt/vol) agar. 

Materials - Enzymes for the acetate kinase activity assay were obtained 
from Boehringer Mannheim. Enzymes for DNA manipulations were obtained 
from Boehringer Mannheim or New England Biolabs and used according to 
the specifications of the manufacturer. [a-32P]dATP (3,000 Ci/mmol) was 
obtained from Amersham. 
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Strain or 
plasmid Relevant characteristics Source 

Reference 

Lactobacillus pentosus 

wild type strain 

wild type strain 

MD363, ccpA:PEI2, EmR 

2DGR mutant of MD353 

MD363, acfcA::pl_PA15, EmR 

MD353 

MD363 

LPE4 

LPE5 

LPE11Ó 

Escherichia coli 

KS24 del(acM) supE thi del(/ac-proAß) hsdR4 

Plasmids 

pRV300 3.5 kb Lactobacillus integration vector, EmR 

pBCP367 E. coli expression vector, ApR 

pLPAl 4 pUCl 8 with an 0.8 kb blunt internal PCR fragment 
of ackA inserted in Smal 

pLPAl 5 pRV300, 600 bp Hind III fragment from pLPAl 4 
inserted in H/ndlll; ackA integration plasmid 

pPLA27 pUCl 8 with a 2.4 kb inverse PCR fragment of 
ackA, inserted between BamHI and FcoRI 

pLPA34 pUCl 8 with PCR amplified ackA (total gene) 
inserted between Ndel and ßamHI 

pLPA35 like pLPA34, but independent PCR clone ligated 
between Ndel and ßamHI 

pLPA 37 pBCP367 with PCR amplified ackA ligated between 
Ndel and ßamHI (expression in E. coli) 

pLPA38 pUCl 8 with a 0.4 kb PCR amplified fragment 
containing upstream region of ackA inserted 
between EcoRI and BamHI 

pLPA39 like pLPA38, but independent PCR clone ligated 
between EcoRI and BamHI 

175] 

[73] 

[73] 

[10] 

This study 

[58] 

[70] 

[148] 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Table 3 .1 . Bacterial strains and plasmids. 
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DAM manipulations - Recombinant DNA procedures and transformation of 
E. coli were performed by standard methods [106]. Chromosomal DNA and 
RNA of L. pentosus were isolated as described [75, 93]. For the Northern 
blot assay, RNA was isolated from wild type cells during logarithmic growth 
on MRS liquid medium. For Southern blot analysis, 10 ug of chromosomal 
DNA was digested, separated on an 0.8 % (wt/vol) agarose gel and blotted 
on Hybond-N™ (Amersham) by using the VacuGene™ XLVacuum Blotting 
System (Pharmacia). In both Southern and Northern blot experiments, the 
780 bp internal PCR fragment of ackA that was amplified by using Akl40 
and Ak400R (see Cloning and sequencing of ackA) was used as a probe 
after labelling with [a-32P]dATP by using the Prime-a-Gene Labelling System 
from Promega. The hybridization temperature was 65 °C. The blots were 
washed under stringent conditions: twice with 6xSSC, 0.5% (wt/vol) SDS 
at room temperature for 15 minutes, twice with lxSSC, 0.5% (wt/vol) SDS 
at 37 °C for 15 minutes and once with 0. lxSSC, 0.5% (wt/vol) SDS at 65 
°C. The signals were detected by autoradiography. 

DNA-fragments were isolated from agarose gels using the QIAEX II Gel 
Extraction kit (QIAGEN GmbH). PCR reactions were performed using 
Expand™ high fidelity PCR system (Boehringer Mannheim), unless 
indicated otherwise. Automated sequencing was performed by BaseClear, 
Leiden, The Netherlands. 

? H/ndll l ? 
Sfu\ T Lw ft A Sfu\ 

ere 

sequenced region 
1-> I pLPA14 

( internal f ragment) 

I 4-» pLPA27 
(inverse PCR) 

%• J- pLPA38/pLPA39 
(upstream region) 

\ t pLPA34/35/37 
(complete ackA) 

1 kb 

Figure 3 .1 . Physical map and organization of L pentosus ackA locus. The sequenced part 
is indicated. The primers used for cloning are indicated, as well as the constructed plasmids. The 
arrow indicates the putative transcriptional start, the stem-loop structure indicates a putative 
transcriptional terminator, ere means catabolite responsive element. 1 : Ak l40 ; 2: Ak400R; 3: 
Ackinvl; 4: Ackinvó; 5: Akgenl; 6: Akgen2; 7: Akgen3; 8: Akgen4. The exact position of the 
Srul restriction sites is unknown, as indicated by the question marks. 



ACETATE KINASE <$0 

Cloning and sequencing of ackA - The primers used for cloning of ackA and 
the constructed plasmids are shown in Figure 3.1. With the degenerate 
primers Akl40 (TTRGCICCITTRCAYAAYCC, complementary to the 
nuc leo t ides encoding res idues 117 to 123) and Ak400R 
(ATCATYAAYTCYTCRTYIGTIGG, complementary to the nucleotides encoding 
residues 387 to 380), a 780 bp internal fragment of ackA from L. pentosus 
MD363 was amplified by touch-down PCR [21] using Tag polymerase. The 
annealing temperatures ranged from 55 °C to 40 °C. The primers were 
designed on the basis of regions with high similarity, tha t were identified 
by the alignment of the amino acid sequences from 13 acetate kinases 
[Bacillus subtilis, EMBL gene bank accession number P37877; Clostridium 
acetobutylicum, P7110; Corynebacterium glutamicum, P77845; Escherichia 
coli, PI5046; Haemophilus influenzae, P44406; Mycoplasma capricolum 
Q49113; Mycoplasmagenitalium, P47599; Mycoplasma pneumoniae, P75245; 
Mycobacterium tuberculosis, P96255; Synechocystis sp., P73162; 
Methanosarcina thermophila, P38502 ; Thermoanaerobacterium 
thermosaccharolyticum, Q59331; Chlorante-Aster yellows phytoplasma, 
AAB51345) and two propionate kinases from the database (Escherichia coli 
PI 1868; Salmonella typhimurium, O06961). The alignment was done with 
ClustalW at ht tp: / /www.ebi .ac.uk/clustalw/ . The amplified fragment was 
treated with T4 DNA polymerase to remove the 3' A overhang generated by 
Taq polymerase and the resulting blunt fragment was ligated into the Smal 
site of pUC18. The resulting plasmid (pLPA14) was used for automated 
sequencing. The flanking regions of ackA were cloned by inverse PCR. For 
this purpose, chromosomal DNA of L. pentosus MD363 was digested by SJul 
and ligated at a concentration of 1 ng/ul . Ligated DNA was precipitated and 
dissolved at a concentration of 10 ng/ul . 30 ng was used in a PCR 
experiment using Ackinvl (CGCGGATCCGGTAACAGATCACGGAACAC. 
corresponding to residues 132 to 138) containing an additional BamHI site 
(underlined) and Ackinv6 (CCGGAATTCGAATCACATGCACGGCAAGG. 
corresponding to the nucleotides encoding residues 364 to 358), containing 
an additional EcoRI site (underlined). The amplified fragment (about 2.4 kb) 
was cloned between the BamHI and EcoRI sites of pUC18 to obtain pLPA27 
and sequenced. 

The upstream region of ackA was amplified in two independent PCR 
reactions with Akgenl (CCGGAATTCGCCATAAGCGGCTGCTGTGC. located 
about 350 nucleotides ups t ream of the translational start of ackA) 
containing an additional EcoRI site (underlined) and Akgen2 
(CGCGGATCCTCAACCATTCCTGATGCGATAAC. complementary to the 
nucleotides encoding residues 33 to 26), containing an additional BamHI 
site (underlined). Both fragments were ligated between the EcoRI and 
BamHI sites of pUC18, which resulted in plasmids pLPA38 and pLPA39. 

http://www.ebi.ac.uk/clustalw/
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psnSma\ 
H/ndl 

ackA H/ndlll 

Smal 

H/ndlll digestion 

H/ndlll 
Pst\ 

Pstl 
Hind I 

Smal 
ackA H/ndlll 

H/ndlll digestion — 

ligation 

ackA 
PsnSmal H/ndlll 

H/ndlll %»?** Bfcr-^ Pst\ 

Figure 3.2. Strategy for the construction of the ackA integration vector pl_PA15 for L 
pentosus. pLPAU was digested with H/ndlll and the 600 bp fragment was ligated in H/ndlll 
digested pRV300. The resulting plasmid was named pLPA15. Em, erythromycin resistance; Ap, 
ampicillin resistance. Open and shaded squares indicate multiple cloning sites originating from 
pRV300 and pLPA14, respectively. 

With Akgen3 (GGGAATTCÇATATGGCAAAAATTTTAGCAATTAACGCCG; the 
added Ndel site is underlined and starts at the translational start of ackA) 
and Akgen4 {CGCGGATÇÇAACTGAACTAAGGTAATC1TGACGAAC, located 
about 60 nucleotides downstream of ackA and containing an additional 
BamHl site which is underlined), ackA was amplified in two independent 
PCR reactions. Ligation of these fragments between the Ndel and BamHI 
sites of pUC18 resulted in pLPA34 and pLPA35. The sequences of pLPA34 
and pLPA35 were used to verify the initially obtained sequence of ackA. If 
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the sequence at a specific place differed in the two plasmids, nucleotide(s) 
were chosen that occurred in two of the three obtained sequences. In the 
same way, pLPA38 and pLPA39 were used to verify the initially obtained 
sequence of the upstream region of ackA. 

Construction of ackA knock-out mutant - pLPA15 (ackA integration vector) 
was constructed as follows (Figure 3.2): Restriction of pLPA14 with Hindlll, 
cutting inside of the inserted PCR fragment and the multiple cloning site, 
resulted in a 600 bp internal fragment of ackA. The fragment was cloned in 
the Hindlll site of pRVSOO. The orientation of the fragment was checked by 
restriction analysis and was opposite to that of EmR. The construction of 
pLPA15 is shown in Figure 3.2. pLPA15 was used to transform L. pentosus 
MD363 by electroporation and EmR transformants were isolated. The 
correct integration of pLPA15 into the chromosome of one of the 
transformants was checked by Southern blot analysis (as described in the 
Results). The ackA knock-out mutan t of L. pentosus MD363 was named 
LPE116. 

Preparation of cell-free extracts - L. pentosus cells in the exponential phase 
of growth were harvested by centrifugation (3700x g, 4°C, 10 min) and 
washed twice in 20 mM Hepes HCl (pH 7). Residual liquid was removed by 
vacuum drying and the pellet was stored at -20 °C until further use. For the 
preparation of cell-free extracts, the pellets were thawed and resuspended 
in 1/20 of the culture volume in 20 mM Hepes HCl (pH 7), 0.5 mM EDTA, 
0.5 mM DTT. Cells were broken by three passages through a French 
pressure cell (11,000 lb/in2). Cell debris was removed by centrifugation 
(10,000 xg,4 °C, 20 min). For E. coli cells were not vacuum dried and only 
one passage through a French pressure cell was needed. E. coli extracts 
were centrifuged at lOO.OOOxg at 4 °C for 1 h and the supernatant was 
used for the determination of acetate kinase activity. Protein concentrations 
were determined with the Bio-Rad Protein Assay (Bio-Rad Laboratories 
GmbH), using BSA as a standard. 

Expression of ackA in E. coli - ackA was amplified using Ack-gen3 and Ack-
gen4 (see Cloning and sequencing of ackA) and cloned between the Ndel 
and BamHI sites of pBCP367. This plasmid was named pLPA37. E. coli 
KS24 cells (containing pLPA37) were grown aerobically in 200 ml LB-broth 
containing ampicillin at 37°C. Expression of ackA was induced at OD600 1.8 
with 60 uM isopropyl ß-D-thiogalactopyranoside (IPTG). The culture was 
harvested two hours after induction and a soluble protein fraction prepared 
(see Preparation of cell-free extracts). As a negative control, E. coli KS24 
containing pBCP367 was used. 
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Acetate kinase activity assay - Acetate kinase activity was measured as 
described [ 133]. The ADP formation was coupled to NADH consumption by 
addition of phosphoenolpyruvate (PEP), pyruvate kinase and lactate 
dehydrogenase. The reaction mixture contained 0.75 ml 100 mM Imidazole 
HCl, pH 7.2; 0.02 ml water; 0.06 ml 32 mM PEP; 0.02 ml IM MgCl2; 0.03 
ml 2.5 M KCl; 10 ui 100 mM ATP, pH 7; 2 ul pyruvate kinase (10 mg/ml in 
glycerol); 2 ul lactate dehydrogenase (10 mg/ml in glycerol) and 7 ul 22.5 
mM NADH. Cell-free extract (in total 4 to 15 ug total protein for L. pentosus 
and E. coli KS24 containing pBCP367; 50 to 100 ng protein for E. coli 
containing pLPA37) was added to the reaction mixture in a 1 ml cuvet and 
the NADH consumption was followed in time at 340 nm at 30°C in a 
spectrophotometer. An initial decrease in NADH concentration was 
observed in the absence of acetate. Acetate kinase activity started upon 
addition of 100 ul 2M sodium acetate. Acetate kinase activity was 
calculated as the difference between both rates and is expressed in 
umolmin ' -mg ' . The decrease in absorption at 340 nm was linearly 
dependent on the protein concentration. 

3.3 RESULTS 

Cloning and sequencing of ackA - In order to clone and sequence the gene 
encoding acetate kinase from L. pentosus, degenerate primers were 
designed on the basis of regions with high similarity between several 
acetate kinases. Chromosomal DNA from L. pentosus MD363 was used in 
a touchdown PCR experiment with the primers Akl40 and Ak400R to 
obtain an internal fragment of the acetate kinase gene (Figure 3.1). A 
fragment of about 800 nucleotides was amplified, purified and sequenced. 
The amino acid sequence deduced from this fragment showed similarity to 
other acetate kinases, which suggested that indeed a part of a gene 
encoding acetate kinase had been amplified. For the isolation of the 
remaining part of the acetate kinase gene, new primers were designed 
(Ackinvl and Ackinv6) and used in an inverse PCR experiment after 
digestion of chromosomal DNA by Sful. A 2.5 kb fragment was amplified 
and sequenced, by which the sequence of the gene and its flanking regions 
could be completed. The gene was named ackA. A physical map of the ackA 
locus, as well as the cloning strategy, is shown in Figure 3.1. 

To verify the obtained sequence, two additional, independent PCR-clones 
of the gene and of the upstream region were sequenced as well. Ambiguous 
nucleotides occurred in 12 and in 6 positions of the gene and the upstream 
region, respectively. The definite sequence was based on nucleotides that 
occurred in two out of the three sequences (Figure 3.3). ackA consists of 
1194 nucleotides and encodes a protein of 398 amino acids with a 
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TGTGCCCATCGCGTCAACGCTGATGGCCGTTCCAAAACTAGTGATGAGGGTGAGCAATGC 60 

CAGTAGCGTTCCAACGACGAGTAGGAGCGTTGCAAAGCCGTTGCTCAAAGTCCAAGTAAT 12 0 

TCTTTTCATCATGATTCGCCTCACTTTCTGCTACCTATATTATAAGCTAATTAGTGGTTA 18 0 

TGAAftGAAATAATATGCTGACGAATCGGTTTACAATGTTATGAAAATCATGAGTTTGTGA 2 4 0 
-35 

ATAAATCCTTGAAAGCGCATGCATATTTAGCTAAACTGACAGTAGGCACACTTGATGATG 300 
-10 ere 

GATGGAGGAAAAATAGTCATGGCAAAAATTTTAGCAATTAACGCCGGCAGTTCGACTTTG 3 60 
***** M A K I L A I N A G S S T L 

AAATGGAAACTTTTCAGTGTTCCAGAAGAAACGGTTATCGCATCAGGAATGGTTGACCGG 4 20 
K W K L F S V P E E T V I A S G M V D R 

TTGGGTTTACCGAACTCTGTTTTTACAATTAAAAAAGCAGATGGGAGTAAAGAGACCGAA 4 8 0 
L G L P N S V F T I K K A D ' G S K E T E 

ACCAAGGATACGATTGACGCCAAAGAAGCTGCCGCAATGGTTTTAACGCGGTTGAAGAAT 54 0 
T K D T I D A K E A A A M V L T R L K N 

GATAACATCGTCGACCAACTCACTGATATCAAAGGGGTTGGACACCGGGTCGTCGCTGGT 600 
D N I V D Q L T D I K G V G H R V V A G 

GGCGAAGACTTCAAGGACTCTGTTGTGATTACGCCGCAAACATTGAAGAAAATCAAGGAT 660 
G E D F K D S V V I T P Q T L K K I K - D 

TTATCTGAGTATGCGCCGTTACATAACCCAACGCAGGCTTACTATATCGAAGTGTTCCGT 720 
L S E Y A P L H N P T Q A Y Y I E V F R 

GATTTGTTACCAAAAGCGGTTCAAGTCGCGGTCTTTGATACGTCGTTGTATGCGGATATG 780 
D L L P K A V Q V A V F D T S L Y A D M 

CCAAAAGTTAATTATTTATACAGCATTCCATACGACTACTATGAAAAATTCGGTGCACGG 8 4 0 
P K V N Y L Y S I P Y D Y Y E K F G A R 

AAGTATGGTGCTCACGGGACTAGTCATCGTTACGTGGCCAACCGGACCGCTCAATTACTG 90 0 
K Y G A H G T S H R Y V A N R T A Q L L 

GGCAAGCCCCTCGATGAATTGAAGTTAGTCACCCTGCACTTGGGTTCTGGCGCTTCAATC 
G K P L D E L K L V T L H L G S G A S I 

ACGGCCTTTGATCATGGTCAAGCTATTGATACGTCAATGGGCTTCACGCCATTAGCCGGG 
T A F D H G Q A I D T S M G F T P L A G 

ATTACGATGAGTACGCGTTCTGGTGATATCGATGCGTCGATTATTCCGTTCTTAATGCGG 
I T M S T R S G D I D A S I I P F L M R 

CACCTCGGTATTTCAGACGTTGAAGACTTCATCGATATTTTGAACCACAAGTCCGGCCTT 
H L G I S D V E D F I D I L N H K S G L 

TTGGGTATTTCAGGCTTGTCACCAGACATGCGTGACCTGGATAAGACGCAAGACACCCGT 1200 
L G I S G L S P D M R D L D K T Q D T R 

GAACAGTCGAAGCTTGCGATTGAAATCTTCGTGAACCGGGTTGTGAAGTACGTTGGGAGT 12 60 
E Q S K L A I E I F V N R V V K Y V G S 

TACATTGCCGAAATGAACGGTATTGATGCACTCGTCTTCACCGCCGGCATGGGTGAAAAC 132 0 
Y I A E M N G I D A L V F T A G M G E N 

TCATGGATGATTCGCGAACGTÄTCGCCAAGTCACTGAGTTACTTCGGTATCACGGTCGAC 138 0 
S W M I R E R I A K S L S Y F G I T V D 

960 

1020 

1080 

1140 
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GTTGACAAGAATCACATGCACGGCAAGGAAGAAGTCATCAGTAAGGAAGGCGAACCAGTT 14 4 0 
V D K N H M H G K E E V I S K E G E P V 

AAAGTAATGGTTGTGCCAACCAACGAAGAATTGATGATTGTTCGGGATGTTGAACGCTTA 1500 
K V M V V P T N E E L M I V R D V E R L 

TCTTCAGCTAAATAAATTAATTTGAAflGGCGCGGACCTCGGAATTTTAATTCTGGGGCTC 15 60 
S S A K stop > < 

GCGCCriTTTGCGATTTTGTTTGTTCGTCAAGATTACCTTAGTTCAGTTGCTGAGCTAAT 162 0 

CAATGGCCTTAGCTCGCTGATTGGTCAGACGGCTGATTTGTGGTTTTTGACTGGGGCTCA 168 0 
stopS A S Q D S P Q N T T K S Q P E A 

GCGGCCAAGGCGGGTTTGATCATTTTGATATGCGGCGTGTGATTGAATAGAAACGGGGTG 17 4 0 
A L A P K I M K I H P T H N F L F P T G 

CCACTGGTCGTAAAGCCAAACCGCTGATAGAACCCTTGCACGGGGACTTGGGCTTCGATT 1800 
S T T F G F R Q Y F G Q V P V Q A E I Q 

TGAATTGGTCGTTCACCATAGTGTGCTTCGATGACTTGCAGAATATGGCGCATTAAGTCC 18 60 
I P R E G Y H A E I V Q L I H R M L D A 

GCACCAAGGTGGCGACCACGCTGGCTTTCGGCCACGACGACGCGTCCAAGGGAGACGTGG 192 0 
G L H R G R Q S E A V V V R G L S V H D 

TCAGCTTCTTTAAAAATTCGTGCGTATGCAACAATTTGTTGGTCGACGATTTTGAAGACG 1980 
A E K F I R A Y A V I Q Q D V I K F V H 

TGGTGTGCTTGTAAATCAATTGCGTCGACTTCTTGGTAGATTCGTTGTTGCTCGACGGCG 2040 
H A Q L D I A D V E Q Y I R Q Q E V A S 

GACGTTTTGACGGGTAGTTCGTAGATGGCGTATAATTCAGTTGTTGTTAGTTCTGAGNAT 2100 
T K V P L E Y I A Y L E T T T L E S X T 

GTTTTGATTGACACATGGTGAGACTNCTTAGCGNTGACGGTAAGTTTATCANCAGATGAT 2160 
K I S V H H S X K A X V T L K D X S S Q 

TGTATATGCAA 
I H L 

2171 

Figure 3.3. Nucleotide sequence of ockA, the upstream region of ac/cA and of elaA of 
L pentosus MD363. The deduced amino acid sequences of acetate kinase and ElaA (in 
opposite direction) are shown. Putative promoter (-35 and -10) sequences are underlined, a ere 
element is shown in bold and the putative Shine-Dalgamo box is marked with asterisks. Start and 
stop codons are underlined. 

calculated molecular mass of 43897 Da. A BLAST search 

(http:/ /www.ebi.ac.uk/blast2/) with the deduced amino acid sequence 

revealed that acetate kinase from L. pentosus showed similarity with many 

acetate kinases from other organisms. The similarity was highest for the 

proteins encoded by ackA (64% identical and 75% conserved residues) and 

by ackB (71% identical and 90% conserved residues) from L. sakei (M. 

Zagorec and S. Chaillou, personal communication) and with acetate kinase 

encoded by ackA from B. subtilis (52% identical and 73% conserved 

residues). An alignment of acetate kinase from L. pentosus with the acetate 

kinases mentioned in the Materials and Methods that were used to design 

http://www.ebi.ac.uk/blast2/
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the degenerate primers Akl40 and Ak400R is shown in Figure 3.4. Acetate 
kinase encoded by ackA from L. sakei was also included in the alignment. 
Putative -35 and -10 promoter sequences were found 113 and 78 
nucleotides upstream and a putative Shine-Dalgarno element 15 basepairs 
upst ream of the translational start of ackA, respectively. Downstream of the 
-10 sequence, 69 nucleotides upstream of the start codon of ackA. a 
catabolite responsive element {ere) was found containing two mismatches 
compared to the consensus sequence: the A at position 10 is a T and the G 
at position 12 is an A or T in the consensus sequence [51]. 

An ORF with its reading frame opposite to that of ackA was found 
downstream from ackA, encoding a putative protein of at least 180 amino 
acids. This protein aligned with residues 26 to 164 of ElaA from E. coli 
showing 36% identical and 54% similar residues (EMBL Gene bank 
accession number P52077). ElaA is a small hypothetical protein with 
unknown function of 153 amino acids that belongs to the unidentified 
protein family UPF0039. It is located in the ela locus, that comprises the 
genes menF, encoding an isochorismate synthase involved in biosynthesis 
of menaquinone, elaB and elaC (both encoding hypothetical proteins with 
unknown function) and elaD, encoding a putative sulfatase or phosphatase. 
Since only a part of the ORF of L. pentosus aligned with ElaA and no 
translational start methionine was found, the exact size and function of the 
protein is unclear. Hypothetical proteins from several other organisms 
belong to the UPF0039 protein family, all with approximately the same size 
as ElaA from E. coli like YS51 from Mycobacterium tuberculosis (005808), 
YYBD from B. subtilis (P37500), YAT3 from Staphylococcus aureus (P52080), 
Y351 from Synechocystis sp. and YA02 from Schizosaccharomyces pombe. 
To determine the size of the ackA transcript, mRNA was isolated from L. 
pentosus MD363 and MD353, another L. pentosus wild type strain, after 
cultivation on glucose. Hybridization with the 780 bp internal PCR fragment 
of ackA as a probe revealed a single mRNA band of approximately 1.2 kb in 
size, as shown in Figure 3.5. This suggested that ackA does not form an 
operon with other genes but is transcribed as a monocistronic mRNA in L. 
pentosus. 

Expression of the ackA gene in E. coli - In order to ascertain that ackA 
encoded a functional acetate kinase, the gene was expressed in E. coli 
KS24, an ackA deletion mutant . For this purpose, the gene was amplified 
with PCR, as described in Materials and Methods, and cloned behind the 
trc promoter in pBCP367, which is inducible by IPTG. The resulting 
plasmid, pLPA37, was used to transform E. coliKS24. As a negative control, 
cells transformed with pBCP367 were used. 
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Lpe i --MAlgllAiBUB33 iB5 iJ?i :VPF_E :'E gsg S g : :;SVFTIEKADGSJS 
Lsa 1 - -MKBHlABSAltbbliiUHtijfflFgMPSE :ffi S 'S S § : :DSVFTASYGDNQ@ 
Cac - - -MlSNfBÜiSiciagaglS @F NOTE TJaEKgjggäJäEBKGSVITHJg- VMGEJg 
Tth l - - -MigaCBBicig33SnRi:

: iBKISsKDG N{50SK@1A^^SNDSLLTHN-ANGEJS 
Mth 1 - - -MlggBBSlAMi^fl^aingMTNE SAg^BJCJagBiDNS 11 TQJSKFDGKJg 
Bsu i --M.qBgaAtBifthfefefeMIMaBlFBMPSK T E T K B E 3 3 B Î A D S V F T I S - V N G E | S 
c a s i - - -Mi^sBsM&fcHWaFgHgMPQQ E^sgHEäSEsNQAVFTMJS-TKDKJS 
Mge 1 MnSHBMBHBlABBBEEHHBlFNDKK QE^K^Ci3ääFiäDG--FFKLEFNQI<|j 
Mpn 1 MNnNtgBtKgSiABHaSHaaSBlFiBYHK KJIBBK^IcläliBFSDG- -FFKLEFNEOJ5 
Mca MBUBisBEHanBEldlFlilTSKAI EP0LDSlAi3äBBDG--FLKFEHNNQiS 
Syn 1 ---MJJFHHSÄHHoBscflYJaLTGDRLPETIPEPBwEgFffiWTVJjANQGRLTVETAGQlS 
Cgi i - -MAT,AllBBBiflHSH5BBaWBBMPF,NS ATnF.PYvsBBBBhHBEPNGRivifliEGEK-
Mtu i -MSSTBHBEis!B333IBHBB35p VAGMSR^AS f35ns.i:-.s 
Eco l MRRKT MBSJCJSEEBBBBPSBIA VNGEEYLS^AüCFHJIPEARIKWJSMDGNKQ 

Hin l -MSKTaKWIicBEHSHBHAiPIBp ATGEEKLSBIAHAFFJI.PEARIKWBLNGEKG 

Lpe 52 ETETKDTI0AKE@AA BTRÜK--NDNHB^QBT: 0K ^ ^ H A S & S K D ^ ^ T P Q T Ü 
Lsa 52 FKEVQDITTSJEMSAT BTRiÏK--ELGÎBSHiIDil3^ tifeüJ^GggElA|llD|EBENPVAO| 
Cac 5 0 YVTF.TPSFBHKRBHKflflabAgLNDEYGfflKNgD^^ 
Tth 5 0 T K T KKDlKJBgKDBtlKilBilDA(8vNSD YGfflKI)iJfe[^s|iifeia^MiHH^^S^fflTigBi 
Mth 51 LEKLTP|jPT|EKDgiEFJEKAlTDDEFGfflKI^^ 
Bsu 51 NTEVTDJ3PJS5AVB5Kl3iHKaT- -EFGgflKDJ|N3JDft Wife^iMJElKg D^H 7 
Cas 50 DKQVLESLlSicrS E i l ' AÜT - -nKKgjWTilF.I5nEiUWciit;WiQ^3liED§A5lT§KTl2 

s i TRF.KVOFNBBNT B K K H F B M A H K - -KHKHHTEJ? fti 33^E. .S3' l ï f f i i : ) ! f f lB I "' T H ; - - : i ! 

Mpn 51 VEEKVAFPJgaJHA®THFiÎNT|iK--KHK|BQE3si33lLEÎ^EcS --5? ~^S -A A 
Mca 49 YKFEDPgpggJEHS Q fg:::-<jgL- -ELKfSSNfiDJHJKS^Fi^^-ElgHgsiiENläS! 
Syn 5 8 nvTTT.FTrg^n^ARJ^TJjvTnnnAJPKSIiAJ^T^reiayMhtMriTDHAESTHHTPBBo 
Cgl 54 YTT .FTP^A)8BJ.qF.^ilMtlAFnT,gnnHNrGP.qn - - T .laBTkWcWAWi^i LJggAPEJBräElE 
Mtu 41 SP5Ai3SAQSHRAFKMJ8AEDGIDlQT--CG V rf/rfilsMI*iMJTE@HQPTJEDigrHi 
Eco 54 EAALGAGAAJSSES Nï - KPEBR- - ABBTBEBJwaMwrtîdSBïsBWlDBIsWl 

Hin 53 NADLGAGAAgJTEJS NF - -DE^K- - N S 0 A ^ S S l S Î ^ S K g @ Q ^ g B T i S ^ B 

Lpe 110 KKnKlBT,SKYHd*iWt^OAYYHEVFRDllBK--AV»WMMaJKLYADl8iaKVMBIW>afl8WIIM 
Lsa 110 nEHwRT,AF,Yl!irtttMJTOAYYHKIFTAtMWG--VP;WBIWaJEI8YSHlAPENMW»»"'15: 
c a c 108 KsBEjgcvsjB33533PHgEBiNACKE|iSi3N--ypMttWMiMyflitaBEEpYABflw»«a!w 
T th v^^Tig^TFiMd^i^>^da^IflFMKACToiiafc--vp^#àaHa>A^ia>tMlllih^DYAiBBpigES5 

Mth 109 --:AHKiacFFJIBd*ittMPNTaBnsACAEHSIfc--TPMl5i^^ 
Bsu r.zBEJglSEJjkUHIilitihfoi^KAFKEiig^ 
Cas -rnFRT.rnHkliMiiiiJiNffi.qHKAFoii^ 
Mge 107 AxBKf5FTKfllil31g5KPEA.nvHF,IFlJ5EHKT- -AKitrfM*ialtlllTl35TÏW3RENtfé^AMsiENl 
Mpn 107 AKflK{aFTKtMJ*tttlKPEADVnEIFFÎ5E^S--AKJ^WaT<affiTl^T88i30ENIMIirfe%g3RSi?i 
Mca 104 OKnoBsvKflhldiiikV>^AM13KAvra^^^--TSMiEd3>thiMJi<A8^nvNaire8^mKlS 
Syn 116 OAHABT.TPlHaAiHiMdH^KlMFAISAMIVLGEVP , fcViaiWaailpB^TPAAF,BpB50Ai!:. 
Cgl n o F,MHpiaT,TPfWd*i^J-MlDlfflDVARBgaaDVP--HrfMMatM^FH6trePAAAHBra^K^ 
Mtu 93 GKgEgLSAg^SBPAg^3KyARJgj|ANVA--HriiaMaAlHdFHDJiBPAAATBffiDRBv 
Eco 109 0rJiKfflAA.qFblJ*iMJiH<lfflF.F,ATia.qFf50LKDK^ 
Hin 106 KGHF.I1 A A nFHMtmddHilEBHR F A F ! A FBHT .KnKÜgvttéariiiMiiBMiilMaF.E Aia inamas T , 

> 
Aki 4 0 

http://kgHf.I1
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Lp e 
Lsa 
Cac 
Tth 
Mth 
Bsu 
Cas 
Mge 
Mpn 
Mca 
Syn 
Cgi 
Mtu 
Eco 
Hin 

167 BEi3äBAl3SBlAlifcl«fetBgBBSAN T0Q iimaa »'RBBil LSBISSIS^I SFDHEQ !ÜÜ. 
16 7 SQT JSJAfiESgJAlifclHfctil 5 8 A H A0E Sg'ig 0 LJ3E)sg^] SffiCL:@ iHBSfl 
16 7 BD ^H;«4Vrialt<clwfetaSm RTA^EF SSK Ff ES ÊfiESŒ SffiFirSSE JSM 

16 7 ETJSKad^feiaiifctiifciüüW' Q ASE ü! 3 5 , q * ^ j ^ ' f l ^ J E ? i i f l ^ K N W l f c > ' e * f c l i l 

S irtfefaWaiitciiiisBram z 2 i S : 3 Q Mitfeitwjbi A.gfc -gsi isrer 

Bojä AHjB88g,Al5gB8a -̂ĵ ^EQMQQgBS- -KNAJSJlBSA^Ev^gC^JDS^g iHB3g 
FFFFFL S töfcMMrfiiblYBBBNEFLEKKFNEK- - pgNgjvJ i tafeafe^Ecg 'KQg^^B 

HL S 5S5ESE S NNYLEKHBNJSQ- :CS>T fl-.-WiitfcitWJd f F::S3|]F J -

168 
166 
165 
166 
166 
163 g 
177 
169 AAE 

MbMHMattBTlBYEtRvNÜiCEEWyiKK 3:: n-.-fiHifcitMsa :., assi-snag 
5Bigi:A: i f z H335 AF3 g i B S K-Ngyf SB S 

JJF E :-: W E BEI^F 3gNTffiFEife|&febH£A^QGBaaaBffl8i 
152 Ar»^HHgOTci^i<«iiib>iiQBEEiSA^Fi^3 ,̂c#jQBvLiüfeiifea§-A g s^F-aSB 
: _ : RKEHHKI BBJAisMiiBtt'iFflffi QEA0K 2>ïJ33 E0 
167 BKEHü 3 Y B REv@KY gas-, ; M^giBäHSäE 1 •'BRNSC : 

Lpe 
Lsa 
Cac 
Tth 
Mth 
Bsu 
Cas 
Mge 
Mpn 
Mca 
Syn 
Cgi 
Mtu 
Eco 
Hin 

227 lagaaiAifTisaa^SBSAgiEpiiMRHLGi^BEBFiDtMiiit^riM^^iBpiSBSB 
227 
227 

224 
223 
236 
229 
211 
230 

POHiABffiAfiMeltSilllibWlTgiMffiKLNnN - AS^NNJjjEti^fefefciEl Sjg l g 
22 7 'éMùkMt^MSMi^BMS i? KFNHB-AFJ3B6vNUlHMfcUhYHBM«s|aFBB 
228 Mahitd*rfc>*AigiaggcSsHa^i P UM KEGJSJ-TRg'DT uiastaciTiKaaS BirTiBFÏgB 
22 6 BgaaiAggjAiagtaasBT^é^H^pBBMliKTGQS-AD|3^NTBB«M«II«M«|F'BSB!BBH 
223 M:Jidd*:Mfpi8leW;l&t<lia3I^KJilp^KENK^^ 
224 MallJiMrfeHbaifeiiJrfctriaiaaüi 5 ĝ QQKJgg-CNJSSJVNEWMMfcM&irg gJE-§SJE13BI 

MalulsHIafcHHaMiittfetelii JB3S1 GSgAJgQE^-ASig^AJtMMi^MagB-&s |El |B 
ST I B I A H K U W U Jhhhifclv^CEiSBAKQTNSD - BFA0TQJ^gQieiBlMWWBQTBABB|Baa 
MaliiliMalei* .gBJAiaSgJsiigER L 3 , : QGJJE - PAgJNTTmjüfelriWhk</ahHblA|SBTS 
S ï331A!CT iifeiid;fcfcltHB5 Q --JISFFFA F F : ; nmaaati ; g Sg n-SFJ3 
S I JiJiMaMWihM JsMAWaaJBHsiBwRTARiTG -BEigiESciTO MSMMIMCER-IEFJïIR 

22 7 EmtilfoWI iSEBS B g i H S U 
HBHSTLGJI - EDAS^KJHTJSE^BBEBEEEüSECSYI 
S§YKTLQJ51 - iSnnHRF.TBMM<fcHimnEaîsld3YA 

Lpe 2 87 DKTQDT--REQ 'KiE E :-S TS» Ê S B F E E N-
Lsa 286 EiTAAT--RPQ|ASE3sSB^1SvŒBsBSELiN-
Cac 2 86 KKGNYVDKDPKSM|EYSHiTYa|KQilBsBTSviN-
Tth 286 EgAAFKNGDKRSQESlNÏÏ|AYi3iKiSTSEsBASAi3|G-
Mth 287 DiAASK-GNRKg|E|EiES§AYSSK^^EBsSviiN-
Bsu 285 V^ATKE-GNERiETSEHSASfflHBHslABRiS-
Cas 282 LASIKE-GNQQSliEHDBQlKSI^DSBSsBYVLlÎK-
Mge 282 FjJj-KPEIND BSäKJJHSNJäSj 
Mpn 2 82 FA-KPQENA 5 5 3 K U ^ N J 5 8 J 
Mca 2 82 TJS-OYnKNnKKgiMKEKBÎBovK; 
Syn 2 95 LQAKAE-GNEQ0QEE!Y\HÎ3SHSFI 
cgi 287 RJ|MID-NNDQDSWSSYNS3BHQ3 
Mtu 270 RLVIE-TGDRSSQBSYF RÏ§ 
Eco 289 FJijMY- - ATKEDBKRHSMBJCHSB 
Hin 2 86 EJ£NYDDESKPETRP^ÏNJ5SSYigÎA|aaïî^H2Svi!GDD 

DBBSKgffNQJÏS-
DBBlKSÏNQÎiE-

AD33VKBANY3D-
RFC g;:-: S F î ï F -
RSBJESJEVAB- -
?JSS E---S S U -
ABBHBABTBL 

-sasi^sassswMfSRQ 
SHäSSsgH SE SADB 

iHralIByemrialiis FENISREH 
••HiM\?iWaiMhMriatMc!PF,iBBlFH 

- B AiireiaBsaaBBiaBis ASJBKKB 

:-F g s 3Î3Î E BSBTSYCVOLH 
GNttotriftMalllletcMctattMSDCviLF 
-s S MW«>fri°ti[ :•' S iB 
-E î T SïHÊ S ä AT SAF 
.-RagTBBa^BBgQFBBJDA 
-HFFJSv slaln««MtlalilDAAfflRDA 
-R S Sîgî ftMtWfl 'AJ-FB F S 

BCTiAlggêSiBBBISAHgraSLA 



78 CHAPTER 3 

Lpe 341 AKSJJSYFg 7 j_V _ j_ HMH@KEE 0!?: 3E?E S tWislHliiaWWHY EVE[__SSAK- -
Lsa 343 CKOHACFS TS JBEtöjggi -NVRSOER BSJA S ! | tfidllMalaUKÜS 1» fgj?: 
Cac 34 3 CKN DY__J (_ J_DK_I_D-ETM§IPMDB_A cEKgi B S tslwMalüHMtii gJTKD VG---K 
T th 343 ;->:;flr,pBiar|g JBKJäSSSi- -KVRSSEEA Bîi A EEPJNJfi tWidnlMSBlYiSirei IUTF. V E - -
Mth 343 üTGBDC; ffl B'^pläM--KiRBoEiiJraSpi8EBiB^FaBaBlälMAiEraSTKFJ8vKTEVK 

Bsu 341 RG_,EF § YWJgPALJS--NVR@EEAFJBYPH1PB B I5Î ÜK3 Î8TO g1/ j__AK 
Cas ?'R_:-'V{__ S 3E_f__ KVQ_KQE g , F @A AI-iWislHJfatäffA.B3oiil ƒ j__QQNQTN 
Mge 335 ;EK A S ^ F ^ T f-SNLF-GNYQDSS _£j N __J7;3: F?J!ipJ3nâiâHBH,3 3JJE.A g STNIKK 
Mpn KSJEFATJg-LËLF-VKYgDSC [_ P ; S S Y YPjJFjMataniCTiYEMfc I3JTOK-
Mca 338 CKRÜEKlJIBffolffioialSJiE-SKYSDYK H l 1ES :-ffî --- RllittatalKi8Hc:.B~ NJIlK  
syn : . . . : . i E S SpjaiJS- ::r--3:;Frr S | K S | _ L _ 7 _ _JH_£J|V.PAS_QI_CH WWHSQGQ 

Cgi AGJlEMY_! E _PI_ j_ALPNDg-PP. S i Œ&i SJP7i isM) staff AÎg3 YA 
MtU 326 A-:[i> :-SE A S i BiLGPGHJE-ARRHa _.;• A_ tWJalwtiataH-J?3 S ••' S LGGRRA 
Eco 345 _GKJ_3VJ__FE 3H_i JSl^VARFffiKSGFHNKlâG^-PAiBB'éJlliMalatttUJnBlASBHlTA  
Hin 345 gNHJJKLFg E ^ Ü JSLATRFSKDGHBBBESB^-F A jfi :tJiiiMataMgiEiolgTAl31CF  

Ak4 0 0R 
Lpe 398 
Lsa 394 
Cac 400 LK 401 
Tth 399 LK 400 
Mth 402 LRSSIPV 408 
Bsu 395 
Cas 397 QDKDDQQECFCCCG 410 
Mge 3 93 
Mpn 390 
Mca 393 
Syn 410 RKQS 413 
Cgi 397 
Mtu 385 
Eco 400 
Hin 401 

Figure 3.4. Comparison of the primary sequences of acetate kinase from L. pentosus 
(Lpe); Lactobacillus sakei (Lsa; EMBL gene bank accession number: Q9X4M1); Clostridium 
acetobutylicum (Cac); Thermoanaerobacter/um thermosaccharo/yf/cum (Tth); Methanosarcina 
thermophila (Mth); Bacillus subtilis (Bsu); Chlorante-Aster yellows phytoplasma (Cas); 
Mycoplasma genitalium (Mge); Mycoplasma pneumoniae (Mpn); Mycoplasma capricolum (Mca); 
Synechocystis sp. (Syn); Corynebacterium glutamicum (Cgl); Mycoplasma tuberculosis (Mtu); 
Escherichia coli (Eco); Haemophilus influenzae (Hin). Identical amino acids are shown in white 
letters in a solid background, similar residues are shown in white letters on a grey background. 
The numbers on the left of the alignment correspond to the amino acid positions for each 
protein. The positions of the degenerate primers Akl 40 and Ak400R are indicated with arrows. 
The alignment was done with ClustalW (http://www.ebi.ac.uk/clustalw/); shading with Boxshade 
(http://www.ch.embnet.org/software/BOX_form.html). 

The C o o m a s s i e s t a i n e d SDS-PAGE gel from Figure 3.6 s h o w s t h a t a 4 5 

k D a p ro te in w a s syn thes i zed in cells c o n t a i n i n g pLPA37. U p o n i n d u c t i o n 

wi th IPTG, t h e a m o u n t of t h e 4 5 k D a pro te in largely i nc r ea sed . In t h e 

negat ive cont ro l , t h i s p ro te in b a n d w a s a b s e n t . The a c e t a t e k i n a s e activity 

http://www.ebi.ac.uk/clustalw/
http://www.ch.embnet.org/software/BOX_form.html
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in the supernatant after ultracentrifugation of a cell-free extract of E. coli 
KS24 containing pLPA37 was about 800 times elevated upon induction with 
IPTG compared to the activity in the supernatant of the negative control 
(Table 3.2). These results showed that ackA from L. pentosus indeed 
encoded a functional acetate kinase. 

Acetate kinase activities - To study the conditions under which acetate 
kinase activity was present in L. pentosus MD363, wild type cells were 
cultivated on several energy sources and acetate kinase activity was 
measured in cell-free extracts. The results are shown in the first column of 
Table 3.3. Acetate kinase activity was detected in extracts that were 
cultivated on all six sugars tested. The acetate kinase activities were 
roughly the same in the extracts of cells grown on fructose, gluconate, 
xylose, arabinose or ribose, varying between 1.2 and 1.9 umolmin '-mg ' 
protein. A 3 to 4 fold lower acetate kinase activity was found in extracts of 
cells that were grown on glucose. 

23S RNA 
(3000 b p ) \ ^ 

Figure 3.5. Northern blot analysis of mRNA -|gg R| \ |A /~^ 
isolated from L. pentosus MD363 and MD353. 1 5 M 500 bp) 
uq of total RNA was loaded per lane and the 780 bp 
internal fragment of ackA was used as a probe. The 
positions of the 23S and 1 6S RNA are indicated. 

In order to study whether the lower acetate kinase activity observed after 
growth on glucose was due to CR mediated by CcpA, the same experiment 
was performed in a ccpA knock-out mutant , LPE4. Indeed, acetate kinase 
activity was elevated during growth on glucose in the mutan t and was 
comparable to the activities detected in the wild type bacteria after growth 
on the other energy sources. Acetate kinase activity was also determined in 
extracts of a 2-deoxyglucose resistant (2DGR) mutant of L. pentosus, LPE5, 
cultivated on the same energy sources. This strain is mutated in the 
mannose PTS and is therefore unable to transport glucose via the PTS 
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system [10]. Also in LPE5, the acetate kinase activity during growth on 
glucose was elevated to the levels observed during growth on the other 
sugars (Table 3.3). 

In order to study the acetate kinase activity during aerobic growth, the 
wild type strain of L. pentosus was also cultivated under aerobic conditions 
in the presence of glucose. An acetate kinase activity of 0.3 umol-min '-mg'1 

protein was detected in the cell-free extracts of these cells, which was 
similar to the activity under anaerobic conditions. 

CO r^ 

c\j o c\j o_ 
CO CG CO _i 

0 2 0 

102 kDa 

81 kDa 

4 7 k D a Figure 3.6. 10% SDS-PAGE gel after Coomassie 
' staining of whole cells from £. coli KS24 (AackA) 

containing pLPA37 (with ackA from L. pentosus 
MD363) or pBCP367 (empty vector). Cells were 

33 kDa harvested before (t=0) and 2 h after induction with 
IPTG. The arrow indicates the position of the 
synthesized protein. In total 20 ug of protein was added 
per lane. 

30 kDa 

The ackA knock-out mutant - To test whether ackA was the only gene that 
encoded a functional acetate kinase in L. pentosus and to study the effect 
of deleting this activity on growth, an ackA knock-out mutan t was 
constructed by transforming L. pentosus MD363 with pLPA15. pLPA15 was 
obtained by ligation of an internal part of ackA in pRV300. a suicide vector 
for lactobacilli [70], as shown in Figure 3.2. An EmR transformant was 
isolated and the integration of the vector in the ackA locus was verified by 
Southern hybridization after digestion of chromosomal DNA with Sail or 
EcoRV. The 780 bp PCR fragment of ackA was used as a probe. A schematic 
representation of the integration of pLPA15 in the chromosome and of the 
resulting fragments after digestion of wild type and mutan t chromosomal 
DNA is drawn in Figure 3.7. The results of the Southern hybridization are 
shown in Figure 3.8. The sizes of the hybridizing DNA fragments showed 
the expected values. From these results it can be concluded that pLPA15 
was correctly integrated in the ackA locus in L. pentosus LPE116. The 
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Acetate kinase activity 
dumol-min^mg"1 protein) 

KS24*pBCP367 KS24*pLPA37 
(-ackA) (+ ackA) 

0.4 ± < 0.1 322 

Table 3.2. Acetate kinase activities in soluble protein fractions of E. coli KS24 (AackA) 
containing pBCP367 (empty vector) or pLPA37 (ackA expression vector). Values are the 
average of two separate experiments. 

sugar 
MD363 

(wild type) 
LPE4 

(AccpA) 
LPE5 

(2DGR) 

D-glucose 0.5 ± < 0.1 1.9 ± 0.2 2.1 ± 0.2 

D-fructose 1.2 ± 0.1 2.4 ± 0.2 1.5 ± 0.1 

D-gluconate 1.6 ± 0.1 1.4 ± 0.2 1.4 ± 0.1 

D-xylose 1.7 ± 0.1 1.2 ± 0.1 n.g. 

L-arabinose 1.3 ± 0.2 1.6 ± 0.2 2.1 ± 0.3 

D-ribose 1.9 ± 0.4 2.3 ± 0.3 3.4 ± 0.6 

Table 3.3. Acetate kinase activities measured in cell-free extracts of wild type L pentosus 
(MD363), a ccpA knock-out mutant (LPE4) and a 2DGRmutant (LPE5). Cells were cultivated 
in M-medium supplemented with 1% of the indicated sugar. Activities are expressed in/jmohmin" 
1-mg'' protein. All values are the average of two separate experiments. Before acetate was 
added, a decrease of NADH was already observed in the enzyme assay. This decrease was 
dependent on the presence of ATP and the presence of pyruvate kinase and lactate 
dehydrogenase (not shown). This decrease might be due to ATPase activity, or to the presence 
of glycerol kinase in the cell-free extracts that converts the glycerol in which lactate 
dehydrogenase and pyruvate kinase that are both added to the reaction buffer were stored. The 
rate of the background reaction was linearly dependent on the total protein concentration. 
Acetate kinase activities were calculated as the difference in reaction rate before and after 
acetate was added to the reaction mixture, n.g. no growth. 

intensities of all hybridization fragments were equal and it is therefore likely 
that only a single copy of pLPA15 was integrated in the ackA locus: if 
multiple copies of pLPA15 were integrated, the intensities of the 
hybridization bands of 4.2 kb of both the Sail and the EcoRV digestion 
would be higher than those of the other bands . 

The ackA knock-out mutan t was cultivated on glucose or fructose and 
acetate kinase activities were measured in cell-free extracts. No acetate 
kinase activity was detected in the ackA knock-out mutan t under both 
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Figure 3 .7 . Schematic representation of the 

integration of pLPA15 in ackA on the 

chromosome of L. pentosus M D 3 6 3 . A. ackA 

locus of wild type L pentosus and plasmid 

pLPA15, containing an internal fragment of 

adcAT B. ackA locus in the ackA knock-out 

mutant. Integration has resulted in two 

truncated copies of ackA. The theoretical sizes 

of fragments after digestion of the chromosome 

with restriction enzymes are shown. S: So/I; E: 

ffcoRV; H: H/ndll l . Arrows indicate the putative 

transcriptional start site, stem loop structures 

indicate the putative transcriptional terminator. 
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Sali EcoRV 

cr> <° m <o 
CO ^Z CD ' t— 

• 2 3 - 1 k b - -20 kb 
-9.4 kb-

-6.6 kb-

* 4 . 2 kb 
Figure 3.8. Southern hybridization of _4 4 kb_ 
digested chromosomal DNA of L pentosus 4.2 kb-» **"> 
MD363 (wild type) and of the ackA knock
out mutant LPE116. The position of the -p'n kh-
marker bands (AxHindlll) is indicated. In total 
10 /Jg DNA was digested with So/I or EcoRV 
and loaded on the gel. Hybridization was done 
with the 780 bp internal fragment of ackA at 
65 °C, the blot was washed under stringent 0.8 kb -> rfMK 
conditions. The large spot in the lane of 0.7 kb-» ^ <-0.5kb 
MD363 DNA digested with EcoRV contains 
undigested DNA. 

conditions, as shown in Table 3.4. This indicated that ackA was the only 
acetate kinase encoding gene that was expressed in L. pentosus after growth 
on glucose or fructose. To test the influence of inactivation of acetate kinase 
on the growth on various sugars, LPE116 was plated on M-agar plates 
supplemented with different energy sources. Table 3.5 shows that, whereas 
the wild type strain grew on all sugars tested, there was no growth of the 
ackA knock-out mutant LPE116 on the sugars that are fermented via the 
phosphoketolase pathway: pentoses and gluconate. Apparently, a 
functional acetate kinase was necessary for the fermentation of sugars by 
this pathway. 

3.5 DISCUSSION 

A gene encoding acetate kinase from L. pentosus MD363, ackA, was cloned 
and sequenced. The gene coded for a protein of 398 amino acids, that 
showed high similarity with many acetate kinase proteins from other 
organisms. Expression of the gene from L. pentosus in an E. coli acetate 
kinase deletion strain confirmed that ackA encoded a functional acetate 
kinase. A putative promoter sequence was identified upstream of ackA and 
a stem loop terminator sequence was found immediately downstream of 
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MD363 
(wild type) 

LPE116 

(AacfcA) 

D-glucose 

D-fructose 

0.5 ± 0.1 

1.2 ± 0.1 

-0.1 ± 0.1 

-0.1 ± 0.1 

Table 3.4. Acetate kinase activities in cell-free extracts of wild type ( M D 3 6 3 ) and ackA 
knock-out mutant (LPE11 6) of L. pentosus. Cells were cultivated in M-medium supplemented 

with 1 % (wt/vol) of the indicated sugar. The activities are the average of two separate 

experiments and expressed in/ imol-min"1 -mg"' protein. In the absence of acetate, a background 

NADH consumption was observed in cell-free extracts of the mutant of 0.5 and 0.6 / jmohmin" 

' •mg'1 protein after growth on glucose or fructose, respectively. Addi t ion of acetate to the 

reaction mixture did not lead to an increase of NADH consumpt ion, indicating that no residual 

acetate kinase activity was present in these extracts. 

M D 3 6 3 L P E 1 1 6 

(wild type) (AackA) 

D-glucose + + 

D-fructose + + 

D-gluconate + 

D-xylose + 

L-arabinose + 

D-ribose + 

Table 3 .5 . Growth of L. pentosus M D 3 6 3 (wild type) and LPE116 (ackA knock-out 
mutant) on M-agar plates supplemented with 0.5 % of the indicated sugar. Ribose was 

added to a final concentration of 0 .25 %. Mutant plates contained erythromycin. + , growth; - , 

no growth. 

ackA. These results suggested that ackA was transcribed from its own 
promoter and was terminated directly after the gene. Indeed, an RNA 
transcript of 1.2 kb corresponding to the size of ackA was found in a 
Northern blot experiment, indicating that ackA was transcribed into 
monocis tronie mRNA (Figure 3.5). The genetic organization of the ackA 
locus is similar to that of the ackA operon of B. subtilis, that comprises only 
the acetate kinase gene [42]. In many other organisms, however, ackA forms 
an operon together with ptaA, which encodes a phosphotransacetylase. For 
instance, in C. acetobutylicurru M. thermophila and C. glutamicwru ackA is 
cotranscribed with the upstream located ptaA [5, 123, 97], and in E. coli 
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ptaA is located downstream of ackA [57]. In contrast to these organisms, no 
ORF encoding a putative phosphotransacetylase was identified in the 
downstream region or in the approximately 300 nucleotides that were 
sequenced from the upstream region of ackA in L. pentosus. 
Phosphotransacetylase is involved in the production of ethanol from acetyl -
phosphate during heterofermentation of gluconate via the PKP in L. 
pentosus by catalysing the conversion of acetyl-phosphate to acetyl-CoA 
(see Figure 1.1, General Introduction). Although the presence of 
phosphotransacetylase activity during gluconate fermentation has not been 
investigated in L. pentosus, a ptaA gene is expected to be present. This gene 
is probably located at another position on the chromosome, like in B. 
subtüis [122]. 

Acetate kinase activity was absent in an ackA knock-out mutant , 
suggesting that under the conditions studied only one gene encoding 
acetate kinase was expressed in wild type L. pentosus. On the basis of the 
results from L. sakei another facultative heterofermentative Lactobacillus 
in which two ack genes were reported (M. Zagorec and S. Chaillou, personal 
communication), the presence of a second ack gene in L. pentosus might be 
expected. The deduced amino acid sequences of both ack genes from L. 
sakei show similarity to other acetate kinases, but neither of the genes has 
been functionally characterized. One of the genes in L. sakei ackA, is 
located upstream of the operon involved in ribose utilization [127], while the 
other, ackB, is located at an unknown position on the chromosome. The 
absence of acetate kinase activity in the ack knock-out mutant of L. 
pentosus indicated that if a second ack gene were present in L. pentosus, 
this gene was not expressed under the conditions studied or that this gene 
did not encode a functional acetate kinase. 

Inactivation of acetate kinase activity in the ackA knock-out mutant of 
L. pentosus resulted in the absence of growth on ribose, xylose, arabinose 
and gluconate (Table 3.5), which are all metabolized via the PKP. This 
indicated that acetate kinase activity was essential for the fermentation of 
energy sources via this pathway. Because of the absence of acetate kinase 
activity, fermentation of pentoses in the ackA knock-out mutan t might lead 
to the accumulation of acetyl-phosphate. Conversion of acetyl-phosphate 
into ethanol, which would decrease the internal acetyl-phosphate 
concentration, results in the net production of NAD+ and thus in an 
imbalance in the production and consumption of reduction equivalents. If 
an excess of acetyl-phosphate is produced, phosphate is trapped, resulting 
in the death of the cells. Gluconate metabolism requires both the acetate-' 
and the 'ethanol-branch' of the PKP for the conversion of acetyl-phosphate 
(see Figure 1.1, General Introduction), in order to maintain a balance in 
reduction equivalents. In the ackA knock-out mutant , an increasing 
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amount of NAD+ is produced resulting in a lethal phenotype after growth on 
gluconate. The metabolism of glucose or fructose, which occurs via the 
Embden-Meyerhoff-Parnas (EMP) pathway, results in the production of 
lactate as the main end-product under anaerobic conditions. Under these 
circumstances, acetate kinase activity is not expected to play an important 
role. This explains why inactivation of acetate kinase was had no significant 
effect on growth of L. pentosus on glucose or fructose. 

Although acetate kinase activity is not necessary during anaerobic 
growth on glucose or fructose, a specific activity was detected in the wild 
type strain of L. pentosus of 0.5 and 1.2 pmol-min'-mg"1 protein under these 
conditions, respectively (Table 3.3). Cultivation on ribose, xylose, arabinose 
and gluconate resulted in specific activities that were comparable with the 
activity found in cells grown on fructose. For the growth on these energy 
sources, acetate kinase activity was needed as shown by the absence of 
growth of the ackA knock-out mutant , bu t no higher acetate kinase 
activities were found than the activity after growth on fructose. The reason 
why acetate kinase activity was constitutively synthesized in L. pentosus, 
t hus also after growth on glucose and fructose, is unclear. 

In the facultative heterofermentative L. plantarum, a species that is 
related to L. pentosus, it was shown that during aerobic growth on glucose, 
a pyruvate oxidase is induced that converts pyruvate which is produced in 
the EMP pathway into acetyl-phosphate, which is converted into acetate by 
acetate kinase [40, 87, 118, 141]. During aerobic growth of L. plantarum 
strains, increased acetate kinase activities and an increased acetate 
production were observed compared to anaerobic growth [88, 141]. Some 
preliminary experiments to study the role of acetate kinase activity during 
aerobic growth on glucose in L. pentosus showed that, in contrast to L. 
plantarum, the acetate kinase activity in the cell-free extracts of L. pentosus 
during aerobic growth was comparable to the activity during anaerobic 
growth. Also, no difference in growth rate on glucose was observed during 
aerobic or anaerobic growth of the L. pentosus wild type strain. Also, in 
initial experiments with the ackA knock-out mutan t of L. pentosus LPE116, 
we showed that the mutan t was not impaired in growth on glucose under 
aerobic conditions. These experiments suggest that acetate kinase probably 
does not play a major role during aerobic growth on glucose of L. pentosus. 

A ere sequence was identified in the promoter region of ackA (Figure 3.3), 
which led to the suggestion that expression of ackA might be under the 
control of CR mediated by CcpA. Indeed, the acetate kinase activity detected 
in the ccpA knock-out mutan t LPE4 after cultivation on glucose, was four 
times elevated compared to the activity in the wild type strain under the 
same conditions. Growth of LPE4 on the other sugars led to acetate kinase 
activities that were comparable to the activities detected in the wild type 
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strain, suggesting that CR mediated by CcpA of ackA did not play a role 
after growth on these energy sources. 

A similar relief of CR during growth on glucose was seen in the 2DGR 

mutan t of L. pentosus LPE5, which is defected in the mannose PTS activity 
(Table 3.3). Like in the ccpA knock-out mutant , there was no difference in 
the acetate kinase activities detected in LPE5 and the wild type strain 
during growth on ribose, gluconate or arabinose. Glucose transport by the 
PTS is absent in the 2DGR mutan t and probably takes place by a specific 
glucose permease [10]. The lack of glucose transport by the PTS in LPE5 
might lead to increased concentrations of HPr phosphorylated at His 15. It 
was found that both HPr(HisP) and HPr doubly phosphorylated at His 15 
and Ser46 (the phosphorylation site involved in CR in Gram-positive 
bacteria) bind less efficiently to CcpA than HPr(SerP) [20]. As a result, less 
CR is exerted in the mannose PTS mutan t strain under these conditions. 
CR by fructose on acetate kinase synthesis was found as expected, since 
fructose is transported by a fructose-specific PTS in L. pentosus [6]. 
Fructose transport would thus lead to HPr(SerP) as the predominant form 
of HPr in a similar way as during glucose PTS transport. The acetate kinase 
activity after growth on fructose in the ccpA knock-out mutant was two fold 
elevated compared to the activity in the wild type strain, which would mean 
that a two fold CR on acetate kinase activity was exerted by fructose. 

The result that the acetate kinase activity was repressed by CcpA in L. 
pentosus in the presence of glucose, differed from the results in B. subtilis, 
where the expression of ackA is activated about four times in the presence 
of glucose [42]. This activation mechanism is mediated by CcpA, that in 
complex with HPr(SerP) or Crh(SerP) binds to a ere sequence in the 
promoter region of ackA [143]. ptaA, which encodes phosphotransacetylase 
and is located in another operon as ackA in B. subtilis, is regulated in the 
same way [122]. Both ackA and ptaA are primarily active in acetate 
excretion in B. subtüis and respond to the availability of glucose in the 
medium. Anaerobic growth of lactic acid bacteria in the presence of high 
concentrations of glucose leads to the production of lactate, and not of 
acetate, as the main end-product [59]. The observation that acetate kinase 
activity in the presence of glucose in L. pentosus was not activated 
corroborates these findings. 

3.6 ACKNOWLEDGEMENTS 

We would like to thank M. Zagorec and S. Chaillou for providing the ackB 
sequence information prior to publication. 





Chapter 4 

Association of xylulose 5-phosphate phosphoketolase 
synthesis and activity with heterofermentative growth in 

Lactobacilli 

C. Posthuma, P.W. Postma, P.H. Pouwels 



90 CHAPTER 4 

4.1 ABSTRACT 

Several Lactobacillus strains from the obligate homo-, obligate hetero- and facultative 

heterofermentative group were analysed for the presence of xylulose 5-phosphate 

phosphoketolase (XpkA) activity. Activity was detected in most cell-free extracts of obligate 

heterofermentative lactobacilli cultivated on glucose or ribose, and in cell-free extracts 

of facultative heterofermentative lactobacilli cultivated on ribose, but no or only low 

activities were found in extracts of obligate homofermentative lactobacilli. The XpkA 

activity correlated with the presence in the extracts of a 90 kDa protein. Western blot 

analysis of the proteins in the same extracts showed that the 90 kDa protein reacted 

specifically with antibodies raised against XpkA from Lactobacillus pentosus MD363 . A 

Southern blot analysis with chromosomal DNAs from several lactobacilli revealed that a 

gene similar to xpkA, that encodes XpkA, is present in a number of facultative and 

obligate heterofermentative strains that were tested. This gene was not detected in the 

homofermentative strains. In three L. pentosus strains and in Lactobacillus plantarum 80 , 

a second gene related to xpkA might be present. 
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4.2 INTRODUCTION 

Lactobacilli perform homo- or heterofermentative fermentation of sugars. 
In homolactic fermentation, glucose is metabolized via the Embden-
Meyerhoff-Parnas pathway which results in the formation of pyruvate. 
During anaerobic growth in the presence of excess glucose, pyruvate is 
further metabolized by lactate dehydrogenase into lactate, thereby 
reoxidizing the NADH that was formed in the glycolytic pathway. Low 
glucose concentrations and aerobic growth conditions may lead to various 
other end-products, like ethanol, acetate and formate (for reviews, see: [13, 
59, 142]). The conversion of pyruvate into other products than lactate is 
usually called mixed acid fermentation. It is substantially different from 
heterofermentative fermentation, a process whereby sugars are metabolized 
uta the phosphoketolase pathway (PKP). Heterofermentative fermentation 
of glucose leads to the production of equimolar amounts of C02 , lactate and 
acetate/ethanol. Under anaerobic growth conditions, the production of 
ethanol is favoured, whereas mainly acetate is produced during aerobic 
growth conditions [13, 142]. Xylulose 5-phosphate phosphoketolase (XpkA) 
is the central enzyme of the PKP. Pentoses, like xylose and ribose, are 
generally metabolized via the PKP, although some exceptions have been 
reported: Barre [3] and Fukui etat [30] claimed the isolation of lactic acid 
bacteria that fermented pentoses almost exclusively into lactate, without 
the involvement of XpkA. They suggested that an as yet unknown pathway 
was used. 

The classical division of s t rains within the genus Lactobacillus [59], 
which is based on the fermentation characteristics of the bacteria, is still 
used, besides the modern genotypic techniques for the identification and 
classification of bacterial strains that have become available, like 
sequencing of 16SrRNAand DNA-DNA hybridization studies [44, 129, 145]. 
In this classical division, three groups within the genus Lactobacillus are 
discriminated: Group I comprises the obligate homofermentative 
lactobacilli, Group II the facultative heterofermentative and Group III the 
obligate heterofermentative lactobacilli [44, 145]. Strains from Group I 
ferment glucose exclusively via the Embden-Meyerhoff-Parnas pathway.and 
possess fructose 1,6-bisphosphate aldolase and no XpkA activity, whereas 
lactobacilli from Group III possess XpkA but no aldolase, resulting in the 
metabolism of sugars only via the PKP. Bacteria from Group II possess both 
enzyme activities: glucose is metabolized via the glycolytic pathway, 
whereas pentoses are fermented via the PKP. XpkA activity is inducible in 
this group of lactobacilli [59]. This division of lactobacilli in three groups 
might not be as strict as sometimes thought: aldolase activity is induced in 
the obligate heterofermentative L. brevis during anaerobic growth [105], and 
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in the smooth biotype of the homofermentative L. amylovorus, 
heterofermentative fermentation of glucose or ribose was observed together 
with increased XpkA and reduced aldolase enzyme activities [156]. 

In Chapter 2 of this thesis, we reported the purification of XpkA from 
Lactobacillus pentosus and the characterization of the gene encoding the 
enzyme, xpkA. In this Chapter, we describe the presence of XpkA in various 
other Lactobacillus strains. In order to investigate whether the conditions 
in which XpkA activity is present is related to the classification of a strain 
in one of the three groups, several wild type lactobacilli were analysed for 
XpkA activity and for the presence of the protein by Coomassie staining of 
SDS-PAGE gels and Western blotting using antibodies raised against XpkA 
from L. pentosus. The presence of a gene encoding an enzyme with XpkA 
activity was tested by hybridizing chromosomal DNA of some of the strains 
with a probe specific for xpkA, encoding XpkA from L. pentosus MD363. 

4.3 MATERIALS A N D M E T H O D S 

Bacterial strains and growth conditions - The Lactobacillus wild type strains 
that were used in this study are listed in Table 4 .1 . The s trains were 
cultivated without agitation at 37 °C in MRS medium [16] or in M-medium 
[74] containing 1% (wt/vol) of the indicated sugar. 

Preparation of cell-free extracts and XpkA activity assay - Lactobacillus cells 
in the exponential phase of growth were harvested by centrifugation (3700 
x g, 4°C, 10 min) and washed twice in 20 mM Hepes-HCl (pH 7). Residual 
liquid was removed by vacuum drying. The pellet was stored at -20°C until 
further use. For the preparation of cell-free extracts, the pellets were 
thawed and resuspended in 1/20 of the culture volume in 20 mM Hepes 
HCl (pH 7), 0.5 mM EDTA, 0.5 mM DTT. Cells were broken by three 
passages through a French pressure cell (11,000 lb/in2). Cell debris was 
removed by centrifugation (10,000 x g, 4 °C, 20 min). Protein 
concentrations were determined with the Bio-Rad Protein Assay (Bio-Rad 
Laboratories GmbH), using BSA as a standard. XpkA activity was measured 
in cell-free extracts as described in Chapter 2, Materials and Methods. 

Western blot analysis - The proteins present in the cell-free extracts (5 ug 
total protein) were loaded onto 10% (wt/vol) SDS-polyacrylamide gels and 
separated by gel electrophoresis. After transfer of the proteins to 
nitrocellulose [140], the blots were incubated with 10,000 times diluted 
polyclonal anti-XpkA antiserum (Chapter 2, Material and Methods, 
preparation of antibodies) and a horseradish peroxidase-conjugated 
secondary antibody. For detection, Pierce Super Signal was used according 
to the method specified by the manufacturer. 
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Lactobacillus strains Relevant characteristics Refer 

L pentosus MD353 wild type strain [75] 

L. pentosus MD363 wild type strain [73] 

L pentosus ATCC8041 L pentosus type strain LC 

L. case/ BL23 ATCC393 [pLZ15] [150] 

L plantarum 80 wild type strain [109] 

L. plantarum WCFS1 wild type strain LC 

L brevis LBR1 wild type strain [7] 

L. brevis R3 wild type strain T N O C ulture Collection 

L brevis ATCC8287 wild type strain LC 

L. fermentum NRIC15371 wild type strain LC 

Lreuteri DSM2001 6T L reuteri type strain LC 

L reuteri ML1 wild type strain U7\ 

L reuferi 104R wild type strain [49] 

L helveticus CNRZ32 wild type strain [23] 

L amylovorus 406 wild type strain obtained from Phil 
Warner 

Table 4 .1 . Lactobacillus strains that were used in this study. 1! LC, Laboratory Culture 
collection. ATCC, American type culture collection; NRIC, Nodai Research Institute Culture 
collection; DSM, Deutsche Sammlung von Mikroorganismen; CNRZ, Centre National de 
Recherche. 

Southern blotting - Bacteria were cultivated in MRS medium and 
chromosomal DNA was isolated as described by Lokman et cd. [75]. 10 ug 
of chromosomal DNA was digested with iVcol, separated on an 0.8% (wt/vol) 
agarose gel and blotted on Hybond-N™ (Amersham) by using the 
VacuGene™ XLVacuum Blotting System (Pharmacia). An 0.8 kb EcoRV 
internal PCR fragment of xpkA was used as a probe. The probe was 
radioactively labelled with [a-32P]dATP (3,000 Ci/mmol) from Amersham by 
using the Prime-a-Gene Labelling System from Promega. The blot was 
hybridized at 45 °C overnight and washed twice with 6xSSC, 0.5 % (wt/vol) 
SDS for 15 min at room temperature. The signals were detected by 
autoradiography. 
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Figure 4 .1 . 10% SDS-PAGE gel of cell-free extracts from several hetero- and 
homofermentative Lactobacillus strains. 1 5 /Jg of total protein was loaded on the gel. 
MD353, MD363 and ATCC8041 : L pentosus; BL23: L case/; 80 and WCFS1 : L planfarum; 
LBR1, R3 and ATCC8287: L brevis; NRIC1 537T: L fermenfum; DSM2001 T, ML1 and 1 04R: 
L reuteri. A. Growth on glucose. B. Growth on ribose. 
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4.4 RESULTS 

XpkA activity determination - As described in the introduction of this 
chapter, lactobacilli are divided into three groups on the basis of their 
metabolism [44, 59, 129, 145]. To test whether the presence of XpkA 
activity is strictly associated with heterolactic fermentation, several strains 
of each of the three groups were cultivated on glucose-containing medium 
and XpkA activities were measured in cell-free extracts. The results are 
shown in Table 4.2. XpkA activity was detected in all obligate 
heterofermentative lactobacilli, except for two strains, L. brevis LBR1 and 
L. reuteri DSM200161, that contained very little or no XpkA activity under 
these conditions. XpkA activity in the homofermentative and facultative 
heterofermentative lactobacilli was absent or very low. 

It is believed that in facultative heterofermentative lactobacilli, XpkA 
activity is induced upon growth on energy sources fermented via the 
phosphoketolase pathway, like pentoses [59]. Therefore, all strains, except 
the obligate homofermentative ones, were also cultivated on ribose-
containing medium and the XpkA activity in cell-free extracts was 
measured. The results are also shown in Table 4.2. Indeed, XpkA activity 
could be detected in all facultative heterofermentative lactobacilli tested 
under these conditions. Nearly all obligate heterofermentative lactobacilli 
contained XpkA activity also when cultivated in the presence of ribose. In 
two of the obligate heterofermentative strains, L. brevis R3 and L.fermentum 
NRIC15371, the XpkA activity after growth on ribose was lower than the 
activity after growth on glucose, whereas in a third strain, L. brevis 
ATCC8287, growth on ribose led to a higher XpkA activity compared to the 
activity after growth on glucose. In L. brevis LBR1, a high XpkA activity was 
found after growth on ribose. However, in L. reuteri DSM20016T, XpkA 
activity was absent under these conditions. 

Western, blot analysis - XpkA is present in L. pentosus MD363 in large 
amounts under inducing conditions and is visible as a 90 kDa protein band 
after electrophoresis of cell-free extracts on SDS-PAGE (see Figure 4. IB, 
lane 2). In order to test whether the XpkA activity corresponds to the 
amount of XpkA protein present in the lactobacilli, the proteins in the cell-
free extracts after growth on ribose or glucose were loaded on an SDS-PAGE 
gel, separated by gel-electrophoresis and stained with Coomassie to 
visualize the proteins. The gels are shown in Figure 4 .1 . A protein of 
approximately 90 kDa was visible in cell-free extracts of all obligate 
heterofermentative lactobacilli, both after growth on ribose or on glucose. 
In the facultative heterofermentative lactobacilli and in L. brevis LBR1, this 
protein band was only seen after growth on ribose, in agreement with the 
observation that only under these conditions significant XpkA activities 
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growth conditions 

strain group glucose ribose 

8 ± 2 561 ± 27 

19 ± 5 388 ± 29 

3 ± 1 634 ± 4 

1 ± 1 604 ± 18 

6 ± 2 467 ± 55 

12 + 5 419 ± 2 

38 ± 4 551 ± 50 

426 ± 4 273 ± 18 

308 ± 7 502 ± 28 

670 ± 23 201 ± 10 

5 ± 3.2 3 ± 4 

240 ± 28 n.d. 

439 ± 10 n.d. 

43 ± 6 n.g. 

1 ± 0 n.g. 

L. pentosus MD353 

L pentosus MD363 

L pentosus ATCC8041 

L case; ATCC393 

L. planiarum 80 

L. plantarum WCFS1 

L brevis LBR1 * 

L brevis R3 

L brevis ATCC8287 

L fermentum NRIC15371 

L reuteri DSM200161 

L reuteri ML1 

L reuteri 1 04R 

L. helveticus CNRZ32 

L. amylovorus 406 

Table 4.2. XpkA activities measured in cell-free extracts of Lactobac///us strains, after 
cultivation in M-medium supplemented with 1% glucose or ribose. Specific activities are 
given in nmol-min" -mg" protein. The numbers are the average of two independent 
measurements. XpkA activity was measured both in the presence and the absence of potassium 
phosphate, which is one of the substrates of XpkA. The amount of activity that was measured in 
the absence of potassium phosphate buffer varied between 15 and 50% of the total XpkA activity, 
dependent on the used strain. Since this activity was absent in cell-free extracts of the xpkA 
knock-out mutant LPE1 79 of L. pentosus (see Chapter 2, Knock-out mutant of xpkA), it was 
considered the residual activity of XpkA as a result of the presence of residual Pi in the reaction 
mixture. Only the activities that were measured in the presence of phosphate are presented in 
the Table. ' Group I: obligate homofermentative; Group II: facultative heterofermentative; 
Group III: obligate heterofermentative. 2' n.d. not determined; n.g. no growth. 

were detected. The 90 kDa protein band was not visible in both obligate 
homofermentative strains, L. helveticus and L. amylovorus. 

There was a clear correlation between the presence or absence of this 
protein band and the presence or absence of XpkA activity, with only one 
exception: in L. reuteri DSM20016T, no XpkA activity could be detected, yet 
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a protein of 90 kDa was synthesized after growth on glucose or ribose. 
Although the abundance of the 90 kDa protein band on the SDS-PAGE gel 
did not fully correspond to XpkA activities that were detected in the cell-free 
extracts, the results described above suggest that this protein band 
represents XpkA. 

To verify that the protein that migrates at around 90 kDa indeed is 
XpkA, a Western blot analysis was performed with the cell-free extracts 
from all obligate and facultative heterofermentative strains after growth on 
ribose. The cell-free extracts of L. reuteri ML1 and L. reuteri 104R grown on 
glucose were analysed as well. Antibodies raised against XpkA from L. 
pentosus MD363 was used to detect the protein. The results are shown in 
Figure 4.2. In all of the cell-free extracts, a protein of approximately 90 kDa 
reacted specifically with the antibodies against XpkA. The migration 
behaviour of this protein differed slightly for different strains, in a similar 
way as was observed in the SDS-PAGE gels that were stained with 
Coomassie (Figure 4.1), suggesting that the proteins reacting with the 
antibodies and the 90 kDa protein in the SDS-PAGE gels are identical and 
represent XpkA. The three L. pentosus strains and the two L. plantarum 
strains showed the strongest signal in the Western blot. In extracts from 
the other strains, the intensity of the signals varied from very low (L. brevis 
R3 and L. reuteri DSM200161) to moderate (for instance in L. casei ATCC393 
and L. fermentum NRIC1537T). 
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Figure 4.2. Western blot of cell-free extracts from several heterofermentative 
Lactobacillus strains using antibodies against XpkA from L pentosus MD363. 5/jg of total 
protein was loaded on the gel. MD353, MD363 and ATCC8041 : L pentosus; BL23: L casei; 
80 and WCFS1 : L plantarum; LBR1, R3 and ATCC8287: L. brevis; NRIC1 537T: L. fermentum; 
DSM2001 7T, ML1 and 1 04R: L reuteri.AW strains were cultivated on ribose, except for L reuteri 
ML1 and 1 04R which were cultivated on glucose. 
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Southern blot analysis - The presence of XpkA activity was reported for a 
smooth biotype of L. amylovorus, which would mean that a gene encoding 
an enzyme with XpkA activity must be present in this homofermentative 
Lactobacülus and is expressed under certain conditions [156]. However, no 
or low XpkA activity was detected in the two homofermentative lactobacilli 
that were tested in this study, nor was a protein of 90 kDa, that was 
believed to be XpkA in the heterofermentative lactobacilli, synthesized in 
these strains (see Table 4.2 and Figure 4 .1 , respectively). To test whether 
the gene encoding XpkA, xpkA, is present in homofermentative lactobacilli, 
chromosomal DNA from several Lactobacillus strains (both homo- and 
heterofermentative) was digested with Afcol and used in a Southern 
hybridization experiment with an internal PCR fragment of xpkA from L. 
pentosus MD363 as a probe. The results are shown Figure 4.3. The probe 
hybridized with three DNA fragments of about 1.3, 2 and 3 kb from L 
pentosus MD353 and ATCC8041. The largest fragment of 3 kb was absent 
in the DNA from L. pentosus MD363. In another experiment performed 
under more stringent conditions, the probe hybridized only with the 
smallest fragment of 1.3 kb in L. pentosus (data not shown). This size 
corresponds to that of an internal Afcol fragment of xpkA, as shown in 
Figure 4.4. The 3 kb hybridization band can be explained by incomplete 
digestion of the chromosomal DNA, which gives rise to an extra Afcol 
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Figure 4 .3 . Southern hybridization of 

chromosomal D N A f rom several 

Lactobacillus strains digested with 

Ncol . An 0.8 kb PCR fragment of xpkA 

from L. pentosus M D 3 6 3 was used as a 

probe. To increase the possibility of 

hybridization of the probe with the DNA, 

the experiment was performed under 

non-stringent conditions (see Materials 

and Methods). The arrows indicate the 

positions of the hybridization bands. 

M D 3 5 3 , M D 3 6 3 and A T C C 8 0 4 1 : L 

pentosus; BL23: L casei; 8 0 : L 

plantarum; LBR1 : L brev/s; DSM2001 7': 

L. reuteri; CNRZ32: L helveticus; 4 0 6 : L 

amy/ovorus. 
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fragment of 2.9 kb that hybridizes with the probe, also included in Figure 
4.4. Since the intensity of the 2 kb fragment was lower than that of the 1.3 
kb fragment, this hybridization band might be the result of the presence in 
the chromosome of the L. pentosus strains of a second gene with similarity 
to xpkA. 

In L. plantarum, an intense hybridization signal of 1.5 kb was found, as 
well as a fragment with lower intensity of 3.5 kb, suggesting that also in L. 
plantarum two copies of xpkA might be present in the chromosome, one of 
which showed high similarity to xpkA from L. pentosus. Signals with low 
intensity were found in L. casei (one fragment of approximately 1.6 kb) and 
L. brevis LBR1 (two fragments of approximately 1.8 and 4.8 kb), indicating 
that also in these strains one or two copies of a gene with similarity to xpkA 
are located on the chromosome, respectively. No hybridization signal was 
observed with chromosomal DNA of both strains from the obligate 
homofermentative group, L. helveticus and L. amylovorus, and with DNA 
from L. reuten DSM20016T. 

4.5 DISCUSSION 

XpkA activities were determined in various Lactobacillus strains belonging 
to the three groups that are discriminated within the genus Lactobacillus. 
The results confirm, as is generally believed on the basis of the 
fermentation characteristics of lactobacilli, that the presence of XpkA is 
associated with heterofermentative growth. XpkA activity was constitutively 
present in all except two (L. reuteri DSM200161 and L. brevis LBR1) of the 
obligate heterofermentative lactobacilli, although variations in activity were 
observed between bacteria cultivated on glucose and cells cultivated on 
ribose. XpkA activity was low or absent in the obligate homofermentative 
strains after growth on glucose. In the facultative heterofermentative 
lactobacilli, XpkA activity was detected when cells were cultivated in the 
presence of ribose, whereas the activity was low or absent after growth on 
glucose. This confirms that in this group of lactobacilli, glucose is 
fermented via the glycolysis and that XpkA is induced when sugars are 
present that are degraded via the PKP. 

The results of the XpkA activity measurements were confirmed by SDS-
PAGE analysis, which showed the presence of a 90 kDa protein when 
significant XpkA activities were detected, whereas this protein band was not 
visible in the cell-free extracts containing low or no XpkA activity (Figure 
4.1). The 90 kDa protein was assigned to XpkA, since it reacted specifically 
with antibodies raised against XpkA from L. pentosus MD363 in a Western 
blot (Figure 4.2). Thus, XpkA activity during heterofermentative growth is 
associated with the synthesis of a 90 kDa XpkA protein in the 
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Figure 4.4. Schematic representation of the xpkA locus of L. pentosus MD363. The 
restriction sites of Ncol, which was used in the Southern blot analysis, are included. The 
probe is a 825 bp internal EcoRV fragment of xpkA. One fragment of 1.3 kb that hybridizes with 
the probe is obtained after complete digestion of the chromosomal DNA with Ncol, a second 
fragment of 2.9 kb after incomplete digestion. 

heterofermentative strains (except for L. reuteri DSM20016T, which will be 
described later in the Discussion). Given the approximately same apparent 
molecular weight of all XpkA proteins, XpkA from the different Lactobacillus 
strains might share a high similarity in their primary structure. However, 
there was no good correlation between the amount of the 90 kDa protein in 
the SDS-PAGE gel and the intensity of the signal in the Western blot, 
leading to the suggestion that there might be significant differences in 
amino acid sequence between the XpkA proteins of the Lactobacillus strains 
which resulted in different efficiencies in the reaction with antibodies 
against XpkA from L. pentosus MD363. The highest similarity was expected 
between the XpkA proteins from L. pentosus and L. plantarum, since these 
species show high resemblance to each other as was concluded on the basis 
of 16S rRNA sequencing results [12]. Indeed, the strongest signals were 
obtained in the reaction of the XpkA proteins from the L. pentosus and the 
L. plantarum strains with the antibodies against XpkA from L. pentosus. 

The amount of the XpkA protein on the SDS-PAGE gels did not fully 
correlate with the activity that was observed in the cell-free extracts. In L. 
fermentum NRIC1537T, for instance, a three times higher XpkA activity was 
detected after growth on glucose compared to the activity after growth on 
ribose, yet the same intensity of the 90 kDa protein was observed on SDS-
PAGE in both conditions. Unfortunately, we have no satisfying explanation 
for the discrepancy between enzyme activity and the amount of XpkA that 
was synthesized. 
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In two Lactobacillus strains, L. brevis LBR1 and L. reuteri DSM20016T, 
a discrepancy was observed between their classification in one of the three 
fermentation groups and the XpkA activities that were measured. Both 
species, L. brevis and L. reuteri belong to Group III, the obligate 
heterofermentative lactobacilli [44, 129], In L. brevis LBR1, XpkA activity 
was detected only after growth on ribose while the activity was low after 
growth in the presence of glucose. These data were confirmed by the SDS-
PAGE gels, showing that the 90 kDa protein is synthesized only after 
growth in the presence of ribose. These data could mean that this particular 
Lactobacillus strain was erroneously identified as a L. brevis, bu t is in fact 
a facultative heterofermentative Lactobacillus. Alternatively, the synthesis 
of XpkA in L. brevis LBR1 might, in contrast to all other obligate 
heterofermentative lactobacilli tested, be subject to repression by glucose. 
The results suggest that the division of lactobacilli in three fermentation 
groups is not as strict as sometimes believed. In some L. brevis strains, of 
which L. brevis LBR1 would be a representative, homolactic fermentation 
of glucose might be possible. However, two other strains of L. brevis, L. 
brevis R3 and L. brevis ATCC8287, possessed XpkA activity after growth on 
glucose suggesting fermentation of glucose uia the PKP, as was expected for 
obligate heterofermentative lactobacilli. If this is the case, our results 
suggest that the strains of L. brevis can be subdivided in obligate 
heterofermentative and facultative heterofermentative lactobacilli. 

Although in L. reuteriDSM20016' a 90 kDa protein, which was believed 
to be XpkA, appeared to be present in cell-free extracts after growth on 
glucose or ribose, XpkA activity could not be detected. An explanation for 
the absence of XpkA activity might be that the enzyme is less stable in L. 
reuteri DSM20016T than in the other Lactobacillus strains, and as a result 
it could have been inactivated during the preparation of cell-free extracts. 
Also, the assay conditions could be far from optimal for the XpkA from this 
L. reuteri strain. If XpkA activity would be truly absent in vivo from L. reuteri 
DSM20016T, glucose metabolism will, in stead of via the PKP, probably take 
place via the other route that is used in lactic acid bacteria for glucose 
metabolism, the Embden-Meyerhoff-Parnas pathway. Since the strain is 
able to grow on ribose, this means that ribose is fermented via another 
route than the PKP. Ribose might e.g. be degraded via the pentose 
phosphate pathway using transketolase and transaldolase, like in E. colt 
However, we could not detect transketolase activity in this strain, which 
contradicts this hypothesis. Barre [3] and Fukui et al. [30] claimed the 
existence of a novel route for pentose degradation in certain strains of 
Lactobacillus, bu t since no further studies have been published about this 
pathway, it is unclear whether or not this novel pathway exists and which 
enzyme activities would be involved. 
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To detect whether a gene that could encode a protein with XpkA activity 
was present in the Lactobacillus strains, a Southern blot experiment was 
performed under non-stringent conditions. An internal fragment of xpkA 
from L. pentosus MD363 was used as a probe. Hybridization of the probe 
was observed with chromosomal DNA fragments in the obligate and 
facultative heterofermentative lactobacilli, except for L. reuten DSM20016T. 
These results indicate that the XpkA-encoding genes of the different 
Lactobacillus strains are similar. The highest similarity was observed 
between the strains of L. pentosus and L. pkmtarum 80, whereas the weak 
hybridization signal of the DNA from L. casei and L. brevis suggests that the 
similarity of the xpkA-like gene in these strains with xpkA from L. pentosus 
MD363 is much less. The absence of a signal in the Southern blot with DNA 
from L. reuteri is rather due to a very low similarity than the absence of a 
xpkA-like gene, since a 90 kDa protein that reacted with the antibodies 
raised against XpkA was synthesized. 

In L. pentosus MD363, a fragment of 2 kb hybridized with the xpkA 
probe with a less intense signal than the 1.3 kb fragment, which was an 
internal Ncol part of xpkA. The 2kb fragment could not be explained by 
incomplete digestion of the chromosomal DNA and pointed in the direction 
of the presence of another gene with similarity to xpkA. A fragment that 
might result from a second xpfcA-like gene was also observed in the two 
other L. pentosus strains and in L. plantar-urn 80. However, the xpkA knock
out mutant of L. pentosus MD363 contained no XpkA activity which 
indicated that under the conditions tested no other gene encoding a protein 
with XpkA activity was expressed (Chapter 2). Whether or not a second gene 
encodes a XpkA and under which conditions this gene is expressed in L. 
pentosus remains unclear for the moment. 

No hybridization signal in the Southern blot was detected with the 
chromosomal DNAs from the two obligate homofermentative lactobacilli, L. 
helveticus and L. amylovorus. Thus, the results of the Southern blot do not 
provide evidence for the presence of a gene encoding a protein with XpkA 
activity, as was suggested for the smooth biotype of L. amylovorus [ 156]. On 
the other hand, the presence of a gene encoding XpkA activity in L. 
helveticus and L. amylovorus cannot be excluded on the basis of these 
results: the nucleotide sequence of such a gene might be too different from 
xpkA from L. pentosus to obtain a signal by Southern blot analysis. Also, a 
low XpkA activity of 43 nmolmin J -mg"1 protein was detected in L. helveticus 
(see Table 4.2). If this activity is truly due to XpkA, it suggests the presence 
of a gene encoding a protein with XpkA activity in obligate 
homofermentative lactobacilli. The (in)ability to use the PKP for sugar 
fermentation of obligate homofermentative Lactobacillus strains is then 
regulated at the gene expression level. 
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A xylulose 5-phosphate phosphoketolase-like protein was 
found in Synechocystis sp. PCC6803, however no 

phosphoketolase activity could be detected 
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5.1 ABSTRACT 

A BLAST search with the amino acid sequence of xylulose 5-phosphate phosphoketolase 

(XpkA) from Lactobacillus pentosus revealed a hypothetical protein with a calculated 

molecular mass of 92447 Da, encoded by slr0453, of Synechocystis sp. PCC6803 with 

significant similarity (48% identical and 64% conserved residues), suggesting that it may 

catalyse a phosphoketolase reaction. Western blot analysis indicated that a protein of 90 

kDa is synthesized that cross-reacts with the antibody against XpkA during mixotrophic 

growth of Synechocystis on glucose and during heterotrophic growth on glucose in the 

presence of 3-(3,4-dichlorophenyl)-l ,1 -dimethylurea (DCMU), an inhibitor of linear 

photosynthetic electron transfer. The 90 kDa protein was absent during photo-

autotrophic growth. However, XpkA activity could not be detected in extracts from 

heterotrophically grown cells. 

The gene slr0453 was expressed in Escherichia coli, yet phosphoketolase activity 

could not be detected. These results do not support the hypothesis that slr0453 encodes 

a phosphoketolase. 
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5.2 I N T R O D U C T I O N 

Synechocystis is a unicellular oxygenic phototrophic bacterium that belongs 
to the group of cyanobacteria, formerly known as blue-green algae. 
Photoautotrophy, i.e. carbon dioxide fixation driven by light, is the common 
way of growth. The reductive power for anabolism is provided from the 
light-driven water-splitting by photosystem 2, which leads to a 
photosynthetic electron transfer and a proton gradient across the thylakoid 
membrane and which results finally in the synthesis of ATP, NADPH and 
oxygen. During photoautotrophic growth, a carbon dioxide molecule is 
accepted by ribulose 1,5-bisphosphate to form a six-carbon compound, 
which is rapidly converted into two molecules of 3-phosphoglycerate (PGA). 
This reaction is catalysed by ribulose 1,5-bisphosphate carboxylase, also 
known as RuBisCo. Via gluconeogenesis, PGA is converted into fructose 6-
phosphate. The regeneration of ribulose 1,5-bisphosphate from PGA 
involves transketolase and transaldolase activities, amongst others, in a 
reaction in which one PGA and two fructose 6-phosphate molecules finally 
lead to the formation of three molecules of ribulose 1,5-bisphosphate. This 
latter pathway is sometimes also called the reductive pentose phosphate 
pathway. Via the Calvin cycle, six molecules of carbon dioxide are fixed into 
one hexose, which is stored as glycogen. In the dark, glucose that is derived 
from glycogen is used as an energy source, and is degraded in a similar 
manner as during photomixo- or photoheterotrophic growth [125]. 

Exogenous glucose, which is transported by a specific glucose permease, 
GlcP [113, 170], can be used as a carbon source under mixotrophic growth 
conditions in Synechocystis when cells grow at a low light intensity. Several 
pathways for the metabolism of glucose have been claimed in various 
cyanobacteria, of which the oxidative pentose-phosphate pathway, involving 
glucose 6-phosphate dehydrogenase, transketolase and transaldolase 
activities, is the most common one. In Synechocystis, the en2ymes of the 
glycolytic pathway are also present [62] but this pathway is probably only 
active when glucose is fermented in the absence of oxygen [84]. In the 
cyanobacterium Oscillatorialimosa heterolactic fermentation of glucose was 
claimed, since glycogen degradation led to the production of equimolar 
amounts of lactate, ethanol and carbon dioxide [50]. 

During so-called photoheterotrophic growth in the presence of the 
herbicide DCMU (3-(3,4-dichlorophenyl)-l,l-dimethylurea), tha t inhibits 
photosystem 2, glucose is both used as a carbon source and as a reductant. 
Under these conditions, light is solely driving photosystem 1, resulting in 
the generation of ATP by cyclic photophosphorylation. 

The photoautotrophic and gluconeogenetic pathways on the one hand 
and the glucose degradation pathways on the other, are strictly regulated 
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in cyanobacteria, mainly at the level of enzyme activity [50, 84, 144]. For 
instance, light-dependent regulation of the activity of enzymes of the Calvin 
cycle takes place by thioredoxin: thioredoxin is reduced under the influence 
of light and in the reduced form it activates enzymes by reduction of 
disulfide bridges [14]. Glucose 6-phosphate dehydrogenase activity, which 
is needed for the degradation of glucose, is regulated by metabolites: high 
concentrations of ATP, NADPH and ribulose 1,5-bisphosphate and a high 
pH, all the result of photosynthetic activity, lead to a lower activity of 
glucose 6-phosphate dehydrogenase [108]. In some cases, pathways are 
also regulated at the level of gene expression. The anabolic carbon flow via 
the Calvin cycle and the gluconeogenetic pathway from the catabolic carbon 
flow via the glycolytic pathway are regulated by two iso-enzymes of 
glyceraldehyde 3-phosphate dehydrogenase, encoded by gapl and gap2. 
The product oîgap2 is constitutively synthesized and its activity is essential 
during photosynthesis, whereas the protein encoded by gapl is only 
synthesized during glucose breakdown [62]. 

As described above, glycogen degradation in the cyanobacterium 
Oscillatoria limosa is probably exerted via heterolactic fermentation [50]. 
However, the presence of xylulose 5-phosphate phosphoketolase (XpkA) 
activity in this bacterium was not investigated and thus no conclusions 
about the presence of the phosphoketolase pathway in O. limosa can be 
drawn. A gene (slr0453) with high similarity to xpkA, which encodes XpkA 
in Lactobacillus pentosus, was found in the genome sequence of 
Synechocystis. This finding led to the hypothesis that the phosphoketolase 
pathway may be used in some cyanobacteria for glucose degradation and 
we assumed thatXpkA activity could be demonstrated in this organism. For 
this purpose, Synechocystis sp. PCC6803 was cultivated under different 
physiological conditions and phosphoketolase activities were determined in 
cell-free extracts. To test if slr0453 encodes a phosphoketolase, the gene 
was expressed in Escherichia colt 

5.3 MATERIALS AND METHODS 

Strains and growth conditions - Synechocystis sp. PCC 6803 was cultivated 
under gentle shaking in BG11 medium [101] at 32 °C. Three different 
growth conditions were used: photomixotrophically under moderate light 
(30 umol photons-m 2-s "') in the presence of 10 mM glucose, 
photoheterotrophically in the presence of 10 mM glucose and 10 uM DCMU 
(3-(3,4-dichlorophenyl)-1,1 -dimethylurea) and photoautotrophically under 
medium high light (100 umol photons-m 2-s') in the absence of glucose. 
Lactobacillus pentosus ATCC8041 was cultivated without agitation at 37 °C 
in M-medium [74] containing 1% (wt/vol) of ribose. Escherichia coli 
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M15[pREP4] was cultivated aerobically on Luria-Bertani (LB) agar plates or 
in LB broth at 37 °C. Ampicillin and kanamycin were added to a final 
concentration of 100 ug/ml and 25 ug/ml, respectively, when necessary. 

Expression ofslr0453 in E. coli - slr0453 from Synechocystis sp. PCC6803 
was amplified by PCR using the Expand™ high fidelity PCR system 
( B o e h r i n g e r M a n n h e i m ) w i t h t h e p r i m e r s F k s y n b a m 
(CGCGGATÇÇGTGGGTTCTACCCTGGTAG; the additional BamHI site is 
underlined) and Fksynkpn (ATAGGTAÇCGTCTAGAGGGGCCAGCG, the 
additional Kpnl site is underlined). The primer Fksynbam was designed 
against the nucleotide sequence encoding amino acids 1 to 6 from the 
hypothetical protein and Fksynkpn against the nucleotide sequence about 
70 nucleotides downstream of the stop codon of the gene. After restriction 
of the amplified fragment, it was ligated between the BamHI and Kpnl sites 
of pQE30 (QIAGEN) in frame with a 6xHis affinity Tag at the N-terminus of 
the protein. The resulting plasmid, pLPA23, was used to transform to E. coli 
M15[pREP4]. The synthesis of recombinant protein was induced by addition 
of various concentrations of isopropyl ß-D-thiogalactopyranoside (IPTG) 
during aerobic cultivation in LB at various temperatures, as specified in the 
Results and Discussion. 

3 

102 kDa 
81 kDa 

47 kDa 
Figure 5 .1 . Western blot of cell-free extracts from 
Synechocystis sp. PCC6803 using antibodies raised 

33 kDa a 9 a i n s t XpkA f r o m *•• pentosus MD363. 1: 
photoheterotrophic growth in the presence of glucose; 2. 
photoheterotrophic growth in the presence of glucose and 
DCMU; 3. photo-autotrophic growth; M: marker. 

30 kDa 

Preparation of cell-free extracts - 70 ml of cell culture of Synechocystis in the 
log phase was harvested by centrifugation and cells were resuspended in 
5 ml 50 mM MOPS NaOH buffer (pH 7), 0.5 mM EDTA, 0.5 mM DTT. About 
one half volume of glass beads (cp=0.1 mm) was added and cells were 
broken by shaking at 5000 rpm in a Mini BeadBeater (Biospec Products) 
during 4 times 30 s. In between the samples were cooled on ice. Cell debris 
was removed by centrifugation for 5 min at maximal speed in an Eppendorf 
centrifuge. E. coli cell-free extracts were prepared by one passage through 
a French pressure cell (11,000 lb/in2), as described in Chapter 2, Materials 
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and Methods. Cell debris was removed by centrifugation (10,000 x g , 4 °C, 
20 min). The protein concentration was determined with the Bio-Rad 
Protein Assay (Bio-Rad Laboratories GmbH), using BSA as a standard. 

Phosphoketolase activity assays - Xylulose 5-phosphate phosphoketolase 
(XpkA) activity was determined as described in Chapter 2, Materials and 
Methods. Fructose 6-phosphate phosphoketolase activity was measured by 
determining the amount of acetyl-phosphate produced by phosphoketolase 
as described in [35], with the modification that 12.5 ul instead of 300 ul 
28% (w/v) hydroxylamine was added in the second step. The volume was 
adjusted by addition of 287.5 ul demi water. Acetyl-phosphate in a 
concentration range from 0.05 to 5 mM was used as a standard. 100 mM 
fructose 6-phosphate was used as the substrate (20 mM end 
concentration). 

Western blot analysis - 10 ug total protein of the Synechocystis or E. coli 
cell-free extracts were loaded onto a 10 % SDS-polyacrylamide gel and 
separated by gel electrophoresis. After transfer of the proteins to 
nitrocellulose [140], the blots were incubated with 5,000 times diluted 
polyclonal anti-XpkA antiserum (Chapter 2, Materials and Methods, 
preparation of antibodies) and a horseradish peroxidase-conjugated 
secondary antibody. For detection, Pierce Super Signal was used according 
to the method specified by the manufacturer. 

5.4 RESULTS AND DISCUSSION 

Presence of a xpkA-ii/ce gene in Synechocystis A BLAST search 
(http:/ /www.ebi.ac.uk/blast2/) with the amino acid sequence of xylulose 
5-phosphate phosphoketolase (XpkA) from L. pentosus revealed several 
genes encoding proteins with significant similarity (see also Table 2.5 from 
Chapter 2). Amongst them was slr0453 from Synechocystis sp. PCC 6803 
(EMBL Gene bank accession number P74690), encoding a hypothetical 
protein of 821 amino acids and a calculated molecular mass of 92447 Da. 
The deduced amino acid sequences of XpkA and of the protein encoded by 
slr0453 shared 48% identical and 64% conserved residues spread over the 
total proteins. slr0453 was located 125 nucleotides downstream of slr0452, 
which encoded a putative dihydroxy-acid dehydratase involved in the 
biosynthesis of valine, leucine, isoleucine, pantothenate and Coenzyme A 
(ilvD, EMBL Gene bank accession number P74689). Upstream of ûvD a 
putative ribosome binding site and -35 and -10 sequences were found. In 
contrast, such sequences were not clearly identified in the intergenic region 
between ilvD and slr0453. Both genes had the same reading frame 
orientation and might form an operon. 

http://www.ebi.ac.uk/blast2/
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Growth conditions S P e c i f ' c a c | i v i t y 
nmol-min -mg protein 

Synechocystis sp. photomixotrophic, glucose 15 ± 7 

Synechocystis sp. photoheterotrophic, glucose, 
DCMU 

20 ± 5 

Synechocysf/s sp. photoautotrophic 19 ± 10 

L pentosus ribose 634 ± 4 

Table 5.1. XpkA activities in cell-free extracts of Synechocystis sp. PCC6803 grown under 
three different conditions. The cell-free extract of L. pentoses ATCC8041, cultivated on ribose, 
was used as a positive control for the assay. The activities are the mean of four independent 
measurements. 

XpkA from L, pentosus showed also similarity to another putative protein 
encoded by s!10529 (EMBL Gene bank accession number Q55517) in the 
genome of Synechocystis. This gene was smaller than xpkA and encoded a 
protein of 731 amino acids with a calculated mass of 78316 Da. The 
similarity between XpkA and this protein was much less: 28% identical and 
4 3 % conserved residues. 

Expression ofslr0453 in Synechocystis - In the cyanobacterium O. limosa, 
glycogen is degraded via heterolactic fermentation [50]. The fact that a gene 
encoding a protein with high similarity to XpkA was found in the genome 
sequence of Synechocystis prompted u s to test whether such activity could 
be detected in this cyanobacterium, although there are no claims that 
glucose is degraded via heterolactic fermentation in this organism. For this 
purpose , Synechocystis sp. PCC6803 was cultivated u n d e r 
photoautotrophic, photomixotrophic and photoheterotrophic conditions (see 
Materials and Methods). Cell-free extracts of the cultures were prepared 
and the proteins of these extracts were separated by SDS-PAGE. After 
transfer of the proteins to a nitrocellulose membrane, a Western blot 
analysis was performed using the antibodies raised against XpkA from L. 
pentosus MD363 (Figure 5.1). A protein of about 90 kDa reacted with the 
antibody in the cell-free extracts from Synechocystis cells that were 
cultivated in the presence of glucose. The size of this protein correlated with 
the theoretical size of the protein encoded by slr0453. The amount of 
protein that reacted with the antibody was considerably reduced during 
photoheterotrophic growth in the presence of DCMU compared to the 
amount of protein during photomixotrophic growth, whereas the protein 
was absent during photoautotrophic growth. 
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XpkA activity was measured in these cell-free extracts, the results of 
which are shown in Table 5.1. As a positive control, XpkA activity was also 
measured in a cell-free extract of L. pentosus ATCC8041, cultivated on 
ribose. The specific activities detected were between 15 and 20 nmolmin 
'•mg ' protein in the three Synechocystis extracts which was comparable to 
the levels of activity detected in L. pentosus under non-inducing conditions 
(see Chapter 2). In L. pentosus ATCC8041, grown on ribose, much higher 
activities were found. Using MnCl2 in stead of MgCl2 as a cofactor in the 
activity assay, or changing the pH of the assay to pH 7.0 or 7.8 instead of 
pH 6.0 resulted in the same amounts of XpkA activity (data not shown). 

Since the XpkA activity that was detected in the extracts did not 
correlate with the quantity of the protein that reacted with the antibodies 
against XpkA, it seems that Synechocystis does not express a protein with 
XpkA activity. 
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Figure 5.2. Western blot of cell-free extracts 

47 kDa from E. co//Ml 5[pREP4] containing pLPA23, 
with slr0453 as an insert, or the empty 
vector pQE30 (pLPA23 sup and pQE30 sup, 
respectively). Also the pellet fraction containing 

— Co kU3 ce|| debris after French Press passage was 
loaded on the gel (pLPA23 pellet and pQE30 
pellet). M: marker. 30 kDa 

Expression of slr0453 in E. coli - To analyse whether slr0453 encodes a 
phosphoketolase, the gene was expressed in E. colt For that purpose, the 
gene was amplified in a PCR reaction and ligated in the E. coli 6xHis affinity 
Tag expression vector pQE30. The resulting plasmid, pLPA23, was used to 
transform E. coli M 15[pREP4). pREP4 contains the loci gene, encoding the 
lac repressor. The multiple copies of pREP4 in the cell ensure high levels of 
the lac repressor and tight regulation of expression. 

In a first experiment, E. coli M15[pREP4] containing pLPA23 was 
cultivated at 37 °C in LB to an OD600 of about 0.6. Synthesis of the protein 
was induced by addition of 1 mM IPTG. The cultures were harvested 3 
hours after induction and cell-free extracts were prepared. An SDS-PAGE 
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gel showed that a protein of about 90 kDa was synthesized in £. coli cells 
containing pLPA23. This protein, which reacted with antibodies against 
XpkA, was absent in E. coli containing pQE30, the vector without slr0453. 
After breakage of the bacteria in the French Pressure cell, all of the 90 kDa 
protein was located in the pellet fraction which suggests that it was present 
as inclusion bodies (data not shown). 

To limit the formation of inclusion bodies, E. coli cells were cultivated at 
25 °C to an OD600 of 0.4 after which production of the protein was induced 
with 7.5 mM IPTG. The cultures were harvested one hour after induction. 
Cell-free extracts and the pellet fraction (containing cell debris) of £ coli 
after passage through a French Pressure cell were analysed by SDS-PAGE, 
followed by a Western blot experiment (Figure 5.2). Again, a 90 kDa protein 
which reacted with the antibodies against XpkA was found in £ coli 
containing pLPA23. The protein was present in both the supernatant and 
the pellet fraction, indicating that a part bu t not all of the protein formed 
inclusion bodies. In the negative control, £. coli containing pQE30, a faint 
band of approximately the same size was seen both in the supernatant and 
in the pellet fraction. The protein band from the pellet fraction migrated a 
little faster than that from the supernatant fraction. The same faint protein 
band that reacted with the antibodies against XpkA was also observed in 
the pellet and supernatant fraction of £. coli containing pLPA23. Since a 
gene encoding a protein with significant similarity to XpkA from L. pentosus 
is absent from £. coli, it was concluded that these faint protein bands were 
the result of an aspecific reaction of the antibodies with protein(s) in the 
cell-free extracts of £. coli XpkA activity was measured in the cell-free 
extracts of £. coli as shown in Table 5.2. The activity found in £. coli 
containing pLPA23 was comparable to the activity detected in £. coli 
containing the empty vector. These results, together with the absence of 
XpkA activity in Synechocystis extracts, do not support the hypothesis that 
slr0453 encodes a XpkA. 

Strain Characteristics , Specific activity 
(nmol-min -mg protein) 

M15[pREP4] * P L P A 2 3 with s l r0453 45 ± 4 

M15[pREP4] * p Q E 3 0 empty vector 39 ± 1 7 

Table 5 .2 . XpkA activities in cell-free extracts of E. coli M l 5[pREP4] containing pLPA23 

or p Q E 3 0 . Numbers are the mean of two independent measurements. The XpkA activities were 

measured both in the presence and on the absence of inorganic phosphate (one of the substrates 

of XpkA). The activities detected under both conditions were approximately the same. 
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Growth conditions Specific activity 

Synechocystis sp. photomixotrophic, glucose -6 

Synechocystis sp. photoheterotrophic, glucose, 
DCMU 

7 

Synechocystis sp. photoautotrophic 11 

E. co/;M15[pREP4] 
with pLPA23 

induction of slr0453 with 
IPTG 

19 

E. co//M15[pREP4] 
with pQE30 

empty vector 16 

Table 5.3. Fructose 6-phosphate phosphoketolase activities measured in cell-free 
extracts. Synechocystis sp. PCC6803 was cultivated under different growth conditions and E. 
coli was transformed with an expression vector with or without slr0453. The activities were 
measured in the presence or in the absence of the substrate fructose 6-phosphate. The activity 
detected in the absence of the substrate was subtracted from the activity in the presence of 
fructose 6-phosphate. Activities are expressed in nmohmin'-mg"' protein. 

Fructose 6-phosphate phosphoketolase activity - A phosphoketolase 
catalysing a similar reaction as XpkA in Lactobacillus is present in 
bifidobacteria. This enzyme, fructose 6-phosphate phosphoketolase 
catalyses the conversion of fructose 6-phosphate and inorganic phosphate 
into erythrose 4-phosphate and acetyl-phosphate. Some of the fructose 6-
phosphate phosphoketolase proteins that were (partially) purified from 
bifidobacteria were able to use both fructose 6-phosphate and xylulose 5-
phosphate as a substrate [119]. No sequence information from fructose 6-
phosphate phosphoketolase proteins is available at this moment, bu t it 
might be that fructose 6-phosphate phosphoketolase and XpkA share 
significant similarity at the amino acid level. 

Because of the absence of XpkA activity in Synechocystis and since 
genes that might be involved in pentose t ransport or metabolism do not 
seem to be present in this organism (http:/ /www.kazusa.or. jp/cyano/) , we 
wanted to test whether slr0453 encoded a fructose 6-phosphate 
phosphoketolase rather than a XpkA. For this purpose, fructose 6-
phosphate phosphoketolase activity was tested in the cell-free extracts of 
Synechocystis and of E. coli in which slr0453 was expressed. The results 
are shown in Table 5.3. In all cell-free extracts, a very low activity was 
detected. Again, the activities that were found in the extracts did not 
correlate with the amount of protein that reacted with the antibody against 
XpkA (see Figure 5.1 and 5.2). It was therefore concluded that slr0453 

http://www.kazusa.or.jp/cyano/
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might not encode a protein containing fructose 6-phosphate 
phosphoketolase activity. 

It might be possible that technical imperfections of the assay conditions 
under which the xylulose 5-phosphate and /o r fructose 6-phosphate 
phosphoketolase activities were determined prevented us to detect 
phosphoketolase activity in cell-free extracts of Synechocystis. For 
measuring XpkA activity, we have tried to optimize the assay conditions, for 
instance by changing the pH of the assay buffer, unfortunately without 
success. Further changes might be needed in order to improve the assay 
conditions before being able to detect possible phosphoketolase activities. 
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SUMMARY AND CONCLUDING REMARKS 

Lactic acid bacteria are widely used in the food and feed industry for the 
production of dairy products, fermented vegetables and meat, and silage. 
Fermentation of sugars by lactic acid bacteria results in the formation of 
typical taste and flavour compounds, bu t also compounds are produced 
that can interfere with the growth of other, food spoilage or pathogenic 
microorganisms. More insight in the regulation of the fermentation 
pathways of lactic acid bacteria may help to construct strains that are 
better adapted to their environment and /o r produce other flavour 
compounds. The use of improved strains would result in more control of the 
fermentation processes and in better and more tasty products. 

Two pathways for the degradation of sugars are known in lactobacilli: 
the Embden-Meyerhoff-Parnas (EMP) pathway and the phosphoketolase 
pathway (PKP). Fermentation of sugars via the first pathway under 
anaerobic conditions in the presence of excess substrate results in lactate 
as the main end-product, whereas fermentation via the PKP leads to the 
formation of equimolar amounts of carbon dioxide, lactate and 
ethanol /aceta te . The central enzyme of the PKP is xylulose 5-phosphate 
phosphoketolase (XpkA), which catalyses the conversion of xylulose 5-
phosphate and inorganic phosphate into glyceraldehyde 3-phosphate and 
acetyl-phosphate. Pentoses, like xylose, arabinose and ribose, bu t also 
gluconate are degraded via the PKP in lactic acid bacteria, after being 
converted into xylulose 5-phosphate by their appropriate enzymes. 

The genus Lactobacillus is divided in three subgroups on the basis of the 
fermentation properties of the bacteria. The obligate homofermentative 
lactobacilli ferment hexoses like glucose only via the EMP pathway, whereas 
obligate heterofermentative lactobacilli use the PKP. In the third group, the 
facultative heterofermentative lactobacilli, glucose is degraded via the EMP 
pathway, but these bacteria are also able to utilize pentoses by an inducible 
XpkA. 

In this thesis the PKP in the facultative heterofermentative Lactobacillus 
pentosus was studied. XpkA activity was first detected in 1956 in L. 
pentosus and since then in several other heterofermentative lactic acid 
bacteria. However, in spite of the central role of XpkA and the PKP in sugar 
metabolism in many lactic acid bacteria species, no sequence information 
was available for any XpkA, nor was the regulation of phosphoketolase 
synthesis studied. 

The first report of the purification to homogeneity of L. pentosus XpkA 
is presented in Chapter 2 of this thesis, as well as the isolation and 
characterization of the encoding gene, xpkA, from L. pentosus MD363. The 
deduced amino acid sequence revealed that XpkA is a protein of 788 amino 
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acids with a calculated mass of 88705 Da, which corresponds to the 
estimated size of 90 kDa of the purified protein as it was determined on the 
basis of SDS-PAGE gels. In order to prove that this protein indeed catalysed 
XpkA activity, xpkA was expressed in Escherichia colt In E. coll which does 
not contain XpkA activity from itself, XpkA activity was observed, as well as 
the synthesis of a 90 kDa protein that specifically reacted with antibodies 
that were raised against purified XpkA upon induction of expression of the 
gene. These results indicated that xpkA indeed encodes a protein with XpkA 
activity. An xpkA knock-out mutan t of L. pentosus was constructed, which 
had lost XpkA activity. It was not able any longer to grow on energy sources 
that are fermented via the PKP (gluconate and pentoses, like arabinose, 
xylose and ribose). The absence of XpkA activity in this mutan t again 
indicated that xpkA encodes XpkA and also showed that this activity is 
essential for the fermentation of sugars via the PKP. 

It was shown that XpkA activity was induced in L. pentosus after growth 
on energy sources that are fermented via the PKP. Synthesis of XpkA was 
repressed by glucose mediated by the catabolite control protein A (CcpA), 
the protein that is believed to play a central role in catabolite repression 
(CR) in low GC Gram-positive bacteria. Glucose repression was relieved in 
a ccpA knock-out mutant of L. pentosus and also in a mutan t that was 
defective in the mannose PTS, which is the main transporter of glucose in 
L. pentosus. It is speculated that the absence of glucose transport via the 
mannose PTS might result in an increased amount of HPr phosphorylated 
at His 15. This would lead to a relief of CR, since phosphorylation on His 15 
in HPr prevents the interaction of HPr with CcpA that is necessary for the 
exertion of CR. 

Several genes from different organisms encoding (putative) proteins with 
high similarity to XpkA were found with a BLAST search of the deduced 
amino acid sequence of XpkA. The similarities between these proteins and 
XpkA vary from 39 % identical residues for Schizosaccharomyces pombe to 
60% identical residues for Clostridium acetobutylicum. In none of these 
organisms the presence XpkA activity has been reported. It would be 
worthwhile to investigate whether XpkA activity is present in these 
organisms and whether this protein plays a role in sugar metabolism. 

XpkA requires thiamin pyrophosphate (TPP) as a cofactor for its catalytic 
activity. The crystal s tructure has been resolved of several other TPP-
requiring enzymes, like transketolase, pyruvate decarboxylase and pyruvate 
oxidase. Comparison of these crystal s tructures revealed a common three-
dimensional binding fold for TPP, in which TPP is bound in a cleft between 
two domains. Most of the residues that are involved in the correct binding 
of the cofactor TPP and that are conserved in transketolase, pyruvate 
decarboxylase and pyruvate oxidase, are also conserved in XpkA. On the 
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basis of these results, a similar TPP binding fold for XpkA is assumed which 
implicates that XpkA is active as a dimer. 

Another enzyme that plays an important role in sugar metabolism via 
the PKP in lactic acid bacteria, acetate kinase, was also investigated in this 
thesis. Acetate kinase catalyses the conversion of acetyl-phosphate into 
acetate, during which one ATP is formed. In Chapter 3, the cloning and 
sequencing of the gene encoding acetate kinase, ackA, from L. pentosus 
MD363 is reported. The deduced amino acid sequence of ackA showed high 
similarity to acetate kinases from other organisms. The highest similarity 
was observed with the proteins encoded by the ackA gene (64% identical 
residues) and ackB (71% identical residues) from Lactobacillus saket A 
putative terminator sequence downstream of ackA from L. pentosus 
suggested that the gene is transcribed as a monocistronic mRNA, which 
was confirmed in a Northern blot experiment. 

Strongly elevated acetate kinase activity in an E. coli acetate kinase 
deletion mutan t in which ackA from L. pentosus was expressed, indicated 
that this gene indeed encodes a functional acetate kinase. An ackA knock
out mutant of L. pentosus was constructed, in which acetate kinase activity 
was absent. It was shown that the mu tan t was unable to grow on sugars 
which are fermented via the PKP. Growth on glucose and fructose appeared 
to be normal. The absence of growth on pentoses and gluconate could be 
explained by the accumulation of acetyl-phosphate in the mutan t as a 
result of the inactivated acetate kinase. Further metabolism of acetyl-
phosphate into ethanol does not occur, since it leads to the net production 
of NAD+ molecules and in an imbalance in the production and consumption 
of reduction equivalents. 

Acetate kinase activity assays in the wild type strain of L. pentosus 
showed that acetate kinase activity is comparable after growth on fructose, 
gluconate, ribose, xylose or arabinose, yet a four-fold lower activity was 
observed after cultivation on glucose. In a ccpA knock-out mutan t of L. 
pentosus, repression of acetate kinase activity was relieved after growth on 
glucose, suggesting the involvement of CR mediated by CcpA. CR on acetate 
kinase activity by glucose was also relieved in a mannose PTS mutan t of L. 
pentosus. 

As described above, lactobacilli are often divided in three groups on the 
basis of their fermentation capacities. In Chapter 4, it was investigated 
whether this division correlates with the presence or absence of (an 
inducible) XpkA. For this purpose, several Lactobacillus strains from the 
obligate homo-, obligate hetero- and facultative heterofermentative group 
were analysed for the presence of XpkA activity. In general, the XpkA 
activity correlated with the division of a certain strain in one of the groups. 
XpkA activity was detected in cell-free extracts of obligate 
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heterofermentative lactobacilli cultivated on glucose or ribose, and in cell-
free extracts of facultative heterofermentative lactobacilli cultivated on 
ribose, bu t not in extracts of obligate homofermentative lactobacilli. It thus 
seemed that the XpkA enzyme is constitutively synthesized in obligate 
heterofermentative lactobacilli, whereas the synthesis of the enzyme is 
inducible in the facultative heterofermentative bacteria. The XpkA activity 
correlated with the presence of a protein of 90 kDa in the cell-free extracts. 
Western blot analysis of the proteins in the same extracts showed that a 
protein of 90 kDa reacted specifically with antibodies raised against XpkA 
from L. pentosus MD363, however, the efficiency of this reaction was 
different in different strains. Since the protein that reacted with the 
antibodies was of the size of XpkA from L. pentosus, it was concluded that 
this protein was XpkA. The difference in reaction efficiency of the protein 
with the antibodies might be explained by differences in amino acid 
sequence between XpkAs from the different Lactobacillus species. 

However, results that do not fit with the conclusions above described 
were obtained with two s t ra ins that were characterized as obligate 
heterofermentative lactobacilli, L. brevis LBR1 and L. reuteri DSM200167. 
The XpkA measurements in L. brevis LBR1 show a facultative 
heterofermentative profile, e.g. XpkA activity was only detected after growth 
on ribose, whereas it was absent after growth on glucose. This might imply 
that a strict division of Lactobacillus species into the three subgroups is not 
possible. In the obligate heterofermentative L. reuteriDSM20016', no XpkA 
activities were detected, while a 90 kDa protein was synthesized. It might 
be that the absence of XpkA activity is the result of an unstable protein, 
which was inactivated during preparation of the cell-free extracts. On the 
other hand, these results may also suggest that in L. reuteri another, 
unknown pathway for fermentation of ribose is used. 

It was shown that a gene similar to xpkA from L. pentosus was present 
in the facultative and obligate heterofermentative Lactobacillus species by 
performing a Southern blot analysis with chromosomal DNAs. This 
experiment also revealed that in three L. pentosus strains and in the closely 
related strain Lactobacillus plantarum 80, a second gene similar to xpkA is 
probably located on the chromosome. The function of this second gene is 
unclear: the xpkA knock-out mutan t of L. pentosus lacked XpkA activity 
and was unable to grow on pentoses and gluconate. These results 
suggested that another gene encoding XpkA activity is not expressed under 
the tested conditions. It is interesting to investigate whether or not this 
second gene also encodes XpkA-activity and under which conditions it 
might play a role. 

In the last chapter of this thesis, Chapter 5, the possible role of the 
protein encoded by slr0453 from the cyanobacterium Synechocystis sp. was 
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investigated. As described in chapter 2, a gene encoding a protein with high 
similarity to XpkA from L. pentosus was found in several organisms. 
Amongst these genes was slr0453 from Synechocystis, which codes for a 
hypothetical protein with a calculated molecular mass of 92447 Da, with 
48% identical and 64% conserved residues compared to the deduced amino 
acid sequence of XpkA from L. pentosus. The high similarity, together with 
the report that in another cyanobacterium heterolactic fermentation of 
glucose occurred, suggested that this gene might also encode a 
phosphoketolase. However, no XpkA activities could be detected in cell-free 
extracts of Synechocystis, although a protein that reacted with antibodies 
against XpkA from L. pentosus was synthesized under photomixotrophic 
and photoheterotrophic growth. The gene was expressed in E. coli yet again 
phosphoketolase activity could not be measured. In spite of the fact that 
technical problems leading to the absence of phosphoketolase activity 
cannot be excluded, the results suggest that slr0453 may not encode a 
phosphoketolase. 

General conclusion - Although the existence of the PKP in lactic acid 
bacteria has been known for a long time, the enzymes of this pathway had 
only been poorly studied. This thesis describes for the first time the 
purification of the central enzyme of this pathway, XpkA, and the 
characterization of the encoding gene of the lactic acid bacterium L. 
pentosus. Also, the gene encoding a second enzyme of the PKP, acetate 
kinase, was characterized. The regulation of the synthesis of both enzymes 
was studied as well. The research presented in this thesis may be the 
beginning of an intensive study on the function and regulation of the PKP 
in lactic acid bacteria. Finally, detailed knowledge about metabolism may 
prove to be useful for the construction of industrial strains in which 
metabolic fluxes are redirected to desired end-products. 
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Melkzuurbacteriën worden veelvuldig gebruikt in de voedingsmiddelen- en 
veevoederindustrie voor het bereiden van zuivelproducten, gefermenteerde 
groenten en vlees, en voor de productie van veevoeder. Fermentatie van 
suikers door melkzuurbacteriën resulteert in de vorming van geur- en 
smaakstoffen, maar ook worden er verbindingen gevormd die de groei van 
andere, voedselbedervende of pathogène micro-organismen remmen. Meer 
inzicht in de regulatie van de fermentatieroutes in melkzuurbacteriën kan 
een bijdrage leveren aan de constructie van s tammen die beter zijn 
aangepast aan h u n leefomgeving en/of andere geur- en smaakstoffen 
produceren. Het gebruik van deze verbeterde s tammen zou dan leiden tot 
meer controle in de fermentatieprocessen en tot betere en smaakvollere 
producten. 

In lactobacillen zijn twee suikerafbraakroutes bekend: de Embden-
Meyerhoff-Parnas- (EMP-) route en de fosfoketolase- (PKP-) route. De 
afbraak van suikers langs de eerste route leidt, onder anaërobe 
omstandigheden in de aanwezigheid van een overmaat aan substraat , tot 
lactaat als het belangrijkste eindproduct, terwijl de fermentatie van suikers 
langs de PKP-route resulteert in de vorming van equimolaire hoeveelheden 
koolstofdioxide, lactaat en ethanol/acetaat . Het centrale enzym van de PKP-
route is xylulose-5-fosfaat fosfoketolase (XpkA), die de omzetting van 
xylulose-5-fosfaat en anorganisch fosfaat in glyceraldehyde-3-fosfaat en 
acetylfosfaat katalyseert. Pentoses, zoals xylose, arabinose en ribose, alsook 
gluconaat worden in melkzuurbacteriën afgebroken langs de PKP-route, 
nadat ze door de geschikte enzymen zijn omgezet in xylulose-5-fosfaat. 

De soort Lactobacillus is op grond van de fermentatie-eigenschappen van 
de bacteriën onderverdeeld in drie subgroepen. De obligaat 
homofermentatieve lactobacillen vergisten hexoses als glucose alleen via de 
EMP-route, terwijl de obligaat heterofermentative lactobacillen de PKP-route 
gebruiken. In de derde groep, die van de facultatief heterofermentative 
lactobacillen, wordt glucose afgebroken via de EMP-route, maar de 
bacteriën kunnen ook groeien op pentoses door het bezit van een 
induceerbare XpkA. 

In dit proefschrift is de PKP-route in de facultatief heterofermentatieve 
Lactobacillus pentosus bestudeerd. XpkA-activitieit werd voor het eerst 
aangetoond in L. pentosus in 1956, en sindsdien ook in verschillende 
andere heterofermentatieve melkzuurbacteriën. Ondanks de centrale rol die 
XpkA en de PKP-route spelen in het suikermetabolisme in veel 
melkzuurbacteriën, was er echter geen sequentie-informatie bekend van 
XpkA, noch was de regulatie van het eiwit bestudeerd. 
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Het eerste verslag van de volledige zuivering van XpkA uit L. pentosus 
wordt beschreven in Hoofdstuk 2, alsmede de isolatie en karakterisering 
van het coderende gen, xpkA, van L. pentosus MD363. De afgeleide 
aminozuurvolgorde liet zien dat XpkA bestaat uit 788 aminozuren en dat 
het eiwit een berekende massa heeft van 88705 Da, wat overeenkomt met 
de geschatte grootte van 90 kDa van het gezuiverde eiwit op basis van de 
resultaten van SDS-PAGE gels. Om te bewijzen dat het eiwit inderdaad 
XpkA-activiteit bezit, werd xpkA tot expressie gebracht in Escherichia colt 
Na inductie van het gen in E. coli, die van nature geen XpkA-activiteit bezit, 
werd XpkA-activiteit waargenomen, alsook de synthese van een 90 kDa 
eiwit dat specifiek reageerde met antilichamen die waren opgewekt tegen 
XpkA. Deze resultaten wijzen erop dat xpkA inderdaad codeert voor een 
eiwit met XpkA-activiteit. Er werd ook een xpkA-deletiemutant gemaakt van 
L. pentosus. Deze mutan t bezat geen XpkA-activiteit en was niet meer in 
staat om te groeien op energiebronnen die via de PKP-route worden 
afgebroken (gluconaat en pentoses, zoals xylose, arabinose en ribose). De 
afwezigheid van XpkA-activiteit in deze mutan t is een extra aanwijzing dat 
xpkA codeert voor XpkA en laat ook zien dat deze activiteit essentieel is voor 
fermentatie van suikers via de PKP-route. 

XpkA-activiteit werd geïnduceerd in L. pentosus tijdens groei op 
energiebronnen die via de PKP-route worden afgebroken. XpkA-synthese 
werd onderdrukt door glucoserepressie door middel van CcpA (catabolite 
control protein A), het eiwit waarvan gedacht wordt dat het een centrale rol 
speelt in katabolietrepressie in Gram-positieve bacteriën met een laag GC-
gehalte. Glucoserepressie was verminderd in een ccpA-deletiemutant van 
L. pentosus en ook in een mutan t met een inactief mannose-PTS, dat de 
belangrijkste transporter is van glucose in L. pentosus. De afwezigheid van 
glucosetransport door de mannose-PTS zou kunnen leiden tot een 
verhoogde hoeveelheid His 15-gefosforyleerd HPr. Dit zou resulteren in een 
verminderde katabolietrepressie, aangezien fosforylatie op His 15 van HPr 
verhindert dat HPr een voor katabolietrepressie noodzakelijke interactie 
aangaat met CcpA. 

In de database (via BLAST) werd met de aminozuurvolgorde van XpkA 
een aantal genen uit verschillende organismen gevonden, dat codeert voor 
(hypothetische) eiwitten met een grote gelijkenis met XpkA. De gelijkenis 
tussen deze eiwitten en XpkA varieert van 39% identieke residuen voor 
Schizosaccharomyces pomhe tot 60% identieke residuen voor Clostridium 
acetobutylicum. Er is geen publicatie bekend die meldt dat in één van deze 
organismen XpkA-activiteit is aangetoond. Het is de moeite waard om te 
onderzoeken of in deze organismen XpkA-activiteit aanwezig is en of dit 
eiwit een rol speelt in suikermetabolisme. 
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XpkA heeft thiamine pyrofosfaat (TPP) nodig als cofactor om catalytisch 
actief te zijn. De kristalstructuur van verscheidene andere enzymen die TPP 
als cofactor gebruiken, zoals transketolase, pyruvaat decarboxylase en 
pyruvaat oxidase, is opgelost. De vergelijking van deze kristalstructuren 
(met elkaar) liet zien dat er een algemene driedimensionale s t ruc tuur 
bestaat waarin TPP in het eiwit gebonden is. Hierbij is TPP gebonden in een 
kloof tussen twee domeinen. De meeste van de residuen die betrokken zijn 
bij de correcte vouwing rond de cofactor TPP en die geconserveerd zijn in 
transketolase, pyruvaat decarboxylase en pyruvaat oxidase, zijn ook 
geconserveerd in XpkA. Op basis van deze resultaten wordt aangenomen 
dan XpkA een zelfde TPP-bindings s t ructuur heeft, wat impliceert dat XpkA 
actief is als dimeer. 

In dit proefschrift is ook een ander enzym dat een belangrijke rol speelt 
in het suikermetabolisme via de PKP in melkzuurbacteriën, acetaatkinase, 
onderzocht. Acetaatkinase katalyseert de omzetting van acetylfosfaat in 
acetaat, waarbij een ATP gevormd wordt. In Hoofdstuk 3 wordt de klonering 
en het sequencen van het gen dat codeert voor acetaat kinase, xpkA, uit L. 
pentosus MD363 beschreven.De afgeleide aminozuurvolgorde van ackA 
vertoont grote gelijkenis met acetaat kinases uit andere organismen. De 
grootste gelijkenis werd gevonden met de eiwitten die gecodeerd worden 
door ackA (64 % identieke residuen) en ackB (71% identieke residuen) uit 
Lactobacillus sakel Een mogelijke terminator s tructuur stroomafwaarts van 
ackA van L. pentosus suggereert dat het gen wordt afgeschreven als 
monocistronisch mRNA, wat bevestigd werd in een Northern blot-
experiment. 

Een sterk verhoogde acetaatkinase-activiteit in een E. coli acetaatkinase -
deletiestam waarin ackA uit L. pentosus tot expressie was gebracht, is een 
aanwijzing dat het gen inderdaad codeert voor een functionele 
acetaatkinase. Een acetaatkinase-deletiemutant van L. pentosus bezat geen 
acetaatkinase-activiteit meer. De mutan t kon niet meer groeien op suikers 
die via de PKP worden afgebroken. De groei op glucose en fructose bleek 
normaal te zijn. De afwezigheid van groei op pentoses en gluconaat kan 
verklaard worden doordat acetylfosfaat zich ophoopt in de mutant als een 
gevolg van de inactivatie van acetaatkinase. Het metabolisme verder dan 
acetylfosfaat vindt niet plaats, aangezien dat zou leiden tot een 
nettoproductie van NAD+-moleculen en in een onbalans in productie en 
consumptie van reductie-equivalenten. 

Acetaatkinase-activiteitsassays in de wilde type-stam van L. pentosus 
lieten zien dat de acetaatkinase-activiteit vergelijkbaar is tijdens groei op 
fructose, gluconaat, ribose, xylose of arabonise, terwijl een vier keer lagere 
activiteit gemeten werd tijdens groei op glucose. In een ccpA-deletiestam 
van L. pentosus is de repressie op acetaatkinase-activiteit tijdens groei op 
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glucose verminderd, wat suggereert dat katabolietrepressie door middel van 
CcpA een rol speelt. Katabolietrepressie door glucose was ook verminderd 
in een mannose-PTS mutan t van L. pentosus. 

Zoals hierboven al beschreven is, worden lactobacillen vaak verdeeld in 
drie groepen op basis van h u n fermentatiecapaciteiten. In Hoofdstuk 4 werd 
onderzocht of deze verdeling correleert met het wel of niet voorkomen van 
(een induceerbaar) XpkA. Daarom werden verschillende Lactobacillus 
stammen uit de obligaat homo-, obligaat hetero- en facultatief 
heterofermentatieve groep geanalyseerd op XpkA-activiteit. In de meeste 
gevallen correleerde de XpkA-activiteit met de indeling van een bepaalde 
stam in een van de drie groepen. XpkA-activiteit werd aangetoond in celvrije 
extracten van de obligaat heterofermentatieve lactobacillen tijdens groei op 
glucose en ribose en in celvrije extracten van facultatief heterofermentatieve 
lactobacillen tijdens groei op ribose, maar niet in celvrije extracten van 
obligaat homofermentatieve bacteriën. Het lijkt erop dat XpkA constitutief 
wordt gesynthetiseerd in obligaat heterofermentatieve lactobacillen, terwijl 
de synthese van het enzym geïnduceerd wordt in facultatief 
heterofermentatieve bacteriën. De XpkA-activiteit correleerde met de 
aanwezigheid van een 90 kDa eiwit in de celvrije extracten. Een Western 
blot-analyse van de eiwitten in dezelfde extracten liet zien dat een eiwit van 
90 kDa specifiek met de antilichamen tegen XpkA uit L. pentosus reageerde. 
De efficiëntie van deze reactie was echter verschillend in de verschillende 
stammen. Aangezien het eiwit dat met het antilichaam reageerde dezelfde 
grootte heeft als XpkA uit L. pentosus, werd er geconcludeerd dat dit eiwit 
XpkA was. Het verschil in efficiëntie in antilichaamreactie kan verklaard 
worden door verschillen in de aminozuurvolgorde tussen XpkA-eiwitten uit 
de verschillende LacfobaciUus-stammen. 

De resultaten die gevonden zijn met twee Lactobaciüus-stammen pasten 
echter niet met de hierboven beschreven conclusies. Beide stammen, L. 
brevis LBR1 en L. reuteri DSM200161, zijn gekarakteriseerd als obligaat 
heterofermentatieve lactobacillen. De XpkA-metingen in L. brevis 
LBR1 onthullen een facultatief heterofermentatief profiel: XpkA-activiteit 
werd alleen gemeten tijdens groei op ribose, terwijl het afwezig was tijdens 
groei op glucose. Dit resultaat zou kunnen impliceren dat een strikte 
scheiding van de Lactobacillus soorten in drie groepen niet mogelijk is. In 
de obligaat heterofermentatieve L. reuteri DSM200161 werd geen XpkA-
activiteit gemeten, terwijl een eiwit van 90 kDa wel werd gesynthetiseerd. 
De afwezigheid zou het gevolg kunnen zijn van een instabiel eiwit, dat 
tijdens het maken van celvrije extracten geïnactiveerd is. Aan de andere 
kant zouden de resultaten kunnen wijzen op het bestaan van een andere, 
nog onbekende route voor de fermentatie van ribose in dit organisme. 
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Een gen dat lijkt op xpkA uit L. pentosus werd aangetoond in de 
facultatief en obligaat heterofermentatieve Lactobacillus soorten door middel 
van een Southern blot experiment met chromosomaal DNA. Dit experiment 
liet ook zien dat in drie L. pentosus s tammen en in de gerelateerde stam L. 
plantarumSO waarschijnlijk een tweede gen met gelijkenis met xpkA op het 
chromosoom ligt. De functie van dit tweede gen is onduidelijk: de xpkA 
deletiemutant van L. pentosus had geen XpkA-activiteit en kon niet groeien 
op pentoses en gluconaat. Deze resultaten suggereerden dat een eventueel 
ander gen dat codeert voor XpkA-activiteit niet tot expressie komt onder de 
gemeten condities. Het zou interessant zijn om te onderzoeken of dit tweede 
gen ook codeert voor XpkA-activiteit en onder welke omstandigheden het 
een rol speelt. 

In het laatste hoofdstuk van dit proefschrift, Hoofdstuk 5. werd de 
mogelijke rol van het eiwit dat gecodeerd wordt door slr0453 uit de 
cyaanbacterie Synechocystis sp. bestudeerd. Zoals beschreven in hoofdstuk 
2 waren er genen die coderen voor eiwitten met grote gelijkenis met XpkA 
uit L. pentosus gevonden in verscheidene organismen. Tussen deze genen 
was slr0453 uit Synechocystis, dat codeert voor een hypothetisch eiwit met 
een berekend molecuulgewicht van 92447 Da, dat 48% identieke en 64% 
geconserveerde residuen bezit vergeleken met XpkA uit L. pentosus. De 
grote gelijkenis en het feit dat in een andere cyaanbacterie glucose via 
heterolactische fermentatie wordt verbruikt, suggereerde dat dit gen zou 
kunnen coderen voor een fosfoketolase. Het was echter niet mogelijk XpkA-
activiteit te meten in celvrije extracten van Synechocystis, hoewel er tijdens 
fotomixotrofe en fotohetrotrofe groei wel een eiwit gesynthetiseerd werd dat 
reageerde met antilichamen tegen XpkA. Het gen werd tot expressie 
gebracht in E. coli maar ook toen kon geen fosfoketolase-activiteit gemeten 
worden. Hoewel het niet kan worden uitgesloten dat technische problemen 
hebben geleid tot de afwezigheid van fosfoketolase-activiteit, wijzen de 
resultaten er op dat slr0453 wellicht toch niet een fosfoketolase codeert. 

Algemene conclusie - Hoewel het bestaan van de PKP-route in 
melkzuurbacteriën al lang bekend was, zijn de enzymen van die route 
slechts amper bestudeerd. In dit proefschrift wordt voor de eerste keer de 
volledige zuivering van het centrale enzym uit deze route, XpkA, 
beschreven, alsmede de karakterisering van het coderende gen uit de 
melkzuurbacterie L. pentosus. Ook werd het gen dat codeert voor een 
tweede enzym van de PKP-route, acetaat kinase, gekarakteriseerd. De 
regulatie van eiwitsynthese van beide enzymen werd ook bestudeerd. Het 
onderzoek dat in dit proefschrift werd gepresenteerd kan het begin zijn van 
een intensieve studie naar de functie en regulatie van de PKP-route in 
melkzuurbacteriën. Uiteindelijk zou gedetailleerde kennis van het 
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metabolisme nuttig kunnen zijn bij de constructie van industriële stammen, 
waarin de metabole fluxen zijn omgelegd naar de verlangde eindproducten. 



References 



128 REFERENCES 

REFERENCES 

[I] Abe. K., and Uchida, K. (1989) Correlation between depression of catabolite 
control of xylose metabolism and a defect in the phosphoenolpyruvate:mannose 
phosphotransferase system in Pediococcus halophäus. J. Bocterioi 171,1793-1800 

[2] Abe, K., and Uchida, K. (1991) Release of glucose-mediated catabolite repression 
due to a defect in the membrane fraction of phosphoenolpyruvate: mannose 
phosphotransferase system in Pediococcus halophilus. Arch. Microbiol. 155, 517-
520 

[3] Barre, P. (1978) Identification of thermobacteria and homoferrnentative, 
thermophilic, pentose-utilizing lactobacilli from high temperature fermenting grape 
musts. J. Appl. Bacterial. 44, 125-129 

|4] Bor, Y.C., Moraes, C , Lee, S.P., Crosby, W.L., Sinskey. A.J.. and Batt, C.A. (1992) 
Cloning and sequencing the Lactobacillus brevis gene encoding xylose isomerase. 
Gene 114, 127-132 

[5] Boynton, Z.L., Bennett, G.N., and Rudolph, F.B. (1996) Cloning, sequencing, and 
expression of genes encoding phosphotransacetylase and acetate kinase from 
Clostridium acetobutylicum ATCC 824. Appl. Environ. Microbiol. 62, 2758-2766 

|6] Chaillou, S. (1999) Regulation of xylose and alpha-xyloside transport and 
metabolism in lactobacilli (PhD thesis). Chemistry, University of Amsterdam, 
Amsterdam 

[7] Chaillou, S., Bor, Y.C., Batt, CA., Postma, P.W., and Pouwels, P.H. (1998) 
Molecular cloning and functional expression in lactobacülus planlarum 80 of xylT, 
encoding the D-xylose-H+ symporter of Lactobacillus brevis. Appl. Environ. 
Microbiol. 64, 4720-4728 

[8] Chaillou. S., Lokman, B.C., Leer, R.J., Posthuma, C , Postma, P.W., and Pouwels, 
P.H. (1998) Cloning, sequence analysis, and characterization of the genes involved 
in isoprimeverose metabolism in Lactobacillus pentosus. J. Bacterial. 180, 2312-
2320 

19] Chaillou. S.. Postma, P.W., and Pouwels, P.H. (1998) Functional expression in 
Lactobacillus plantarum of xylP encoding the isoprimeverose transporter of 
Lactobacülus pentosus. J. Bacterial. 180, 4011-4014 

[10] Chaillou, S., Pouwels, P.H., and Postma, P.W. (1999) Transport of D-xylose in 
Lactobacillus pentosus, Lactobacillus easel and Lactobacillus plantarum: evidence 
for a mechanism of facilitated diffusion via the phosphoenolpyruvate:mannose 
phosphotransferase system. J. Bacterial. 181, 4768-4773 

[II] Chauvaux, S., Paulsen. I.T.. and Saier. M.H., Jr. (1998) CcpB. a novel 
transcription factor implicated in catabolite repression in Bacülus suhtüis. J. 
Bacterial. 180, 491-497 

[12] Collins, M.D.,Rodrigues,U. .Ash, C , Aguirre, M., Farrow, J.A.E.,Martinez-Murcia, 
A., Phillips, B.A., Williams, A.M., and Wallbanks, S. (1991) Phylogenetic analysis 
of the genus Lactobacillus and the related lactic acid bacteria as determined by 
reverse transcriptase sequencing of 16S rRNA. FEMS Microbiol Lett 77, 5-12 

[13] Condon, S. (1987) Responses of lactic acid bacteria to oxygen. FEMS Microbiol. 
Rev. 46, 269-280 

[14[ Crawford, N.A.. Sutton, C.W., Yee, B.C., Johnson, T.C., Carlson, D.C., and 
Buchanan, B.B. (1984) Contrasting modes of photosynthetic enzyme regulation 
in oxygenic and anoxygenic prokaryotes. Arch. Microbiol. 139, 124-129 

[15] Dahl, M.K., Degenkolb, J., and Hillen, W. (1994) Transcription of the xyl operon 
is controlled in Bacillus subtilis by tandem overlapping operators spaced by four 
base-pairs. J. Mol Biol 243, 413-424 

[16] De Man, J . C , Rogosa, M., and Sharpe, M.E. (1960) A medium for the cultivation 
of lactobacilli. J. Appl. Bacterial 23, 217-237 



REFERENCES — . 129 

[17] De Vos, W.M. (1996) Metabolic engineering of sugar catabolism in lactic acid 
bacteria. Antonie van Leeuwenhoek 70, 127-146 

[18] De Vries. W., Gerbrandy, S.J., and Stouthamer, A.H. (1967) Carbohydrate 
metabolism in Bifidobacterium bifidum. Biochim. Biophys. Acta 136, 415-425 

[19] De Vries, W., Kapteijn, W.M.C., Van der Beek, E.G., and Stouthamer, A.H. (1970) 
Molar growth yields and fermentation balances of Laclobacülus casei L3 in batch 
cultures and in continuous cultures. J. Gen. Microbiol. 63, 

120] Deutscher. J.. Küster, E.. Bergstedt, U-, Charrier, V., and Hillen, W. (1995) Protein 
kinase-dependent HPr/CcpA interaction links glycolytic activity to carbon 
catabolite repression in gram-positive bacteria. Mol. Microbiol. 15, 1049-1053 

[21] Don, R.H., Cox, P.T., Wainwright, B.J., Baker, K., and Mattick, J.S. (1991) 
'Touchdown' PCR to circumvent spurious priming during gene amplification. 
Nucleic Acids Res. 19, 4008 

[22] Dossonnet, V., Monedero. V.. Zagorec, M.. Galinier, A., Perez-Martinez, G., and 
Deutscher, J. (2000) Phosphorylation of HPr by the bifunctional HPr Kinase/P-ser-
HPr phosphatase from Lactobacillus casei controls catabolite repression and 
inducer exclusion but not inducer expulsion. J. Bacterial. 182, 2582-2590 

[23[ Dudley, E.G., and Steele, J.L. (1994) Nucleotide sequence and distribution of the 
pepPN gene from Lactobacillus helveticus CNRZ32. FEMS Microbiol Lett. 119, 41 -45 

[24[ Dunne, C , Murphy, L., Flynn, S., O'Mahony, L., O'Halloran, S., Feeney, M.. 
Morrissey, D., Thornton, G., Fitzgerald, G., Daly, C , Kiely, B., Q-uigley, E.M., 
O'Sullivan, G.C., Shanahan, F., and Collins, J.K. (1999) Probiotics: from myth to 
reality. Demonstration of functionality in animal models of disease and in human 
clinical trials. Antonie van Leeuwenhoek 76, 279-292 

[25] Erbeznik, M., Dawson, K.A., and Strobel, H.J. (1998) Cloning and characterization 
of transcription of the xylAB operon in Thermoanaerobacter ethanolicus. J. 
Bacterial. 180, 1103-1109 

[26] Evans, CT., and Ratledge, C. (1984) Induction of xylulose-5-phosphate 
phosphoketolase in a variety of yeasts grown on D-xylose: the key to efficient 
xylose metabolism. Arch. Microbiol. 139, 48-52 

[27] Feldmann, S.D., Sahm, H., and Sprenger, G.A. (1992) Cloning and expression of 
the genes for xylose isomerase and xylulokinase from Klebsiella pneumoniae 1033 
in Escherichia coli Kl2. Mol. Gen. Genet. 234, 201-210 

[28] Fujita, Y., and Freese, E. (1979) Purification and properties of fructose-1,6-
bisphosphatase of Bacülus subtilis. J. Biol. Chem. 254, 5340-5349 

[29] Fujita, Y., Miwa, Y., Galinier. A., and Deutscher, J. (1995) Specific recognition of 
the Bacülus subtilis gnt cis-acting catabolite- responsive element by a protein 
complex formed between CcpA and seryl- phosphorylated HPr. Mol. Microbiol. 17, 
953-960 

[30] Fukui, S., Oi, A., Obayashi, A., and Kitahara, K. (1957) Studies on the pentose 
metabolism by microorganisms. 1. A new type-lactic acid fermentation of pentoses 
by lactic acid bacteria. J. Gen. Appl Microbiol. 3, 258-268 

|31] Galinier, A., Deutscher, J., and Martin-Verstraete, I. (1999) Phosphorylation of 
either Crh or HPr mediates binding of CcpA to the bacülus subtilis xyn ere and 
catabolite repression of the xyn operon. J. Mol. Biol. 286, 307-314 

[32] Galinier, A., Haiech, J., Kilhoffer, M.C., Jaquinod, M., Stülke, J., Deutscher, J., 
and Martin-Verstraete, I. (1997) The Bacülus subtüis crh gene encodes a HPr-like 
protein involved in carbon catabolite repression. Proc. Natl. Acad. Set USA 94, 
8439-8444 

[33] Galinier, A., Kravanja, M., Engelmann, R., Hengstenberg, W., Kilhoffer, M.C., 
Deutscher, J., and Haiech, J. (1998) New protein kinase and protein phosphatase 
families mediate signal transduction in bacterial catabolite repression. Proc. Natl. 
Acad. Set USA 95, 1823-1828 



130 — — REFERENCES 

[34] Gärtner, D., Degenkolb, J.. Rlpperger, J.A., Allmansberger, R., and Hillen, W. 
(1992) Regulation of the Bacillus subtûis W23 xylose utilization operon: interaction 
of the Xyl repressor with the xyl operator and the inducer xylose. Mol. Gen. Genet. 
232, 415-422 
Goldberg, M., Fessenden. J.M., and Racker, E. (1966) Phosphoketolase. Methods 
Enzymol 9, 515-520 
Goldberg, M.L., and Racker, E. (1962) Formation and isolation of a glycolaldehyde-
phosphoketolase intermediate. J. Biol. Chem 237, 3841-3842 
Gosalbes, M.J., Monedero, V., Alpert, C.A., and Perez-Martinez, G. (1997) 
Establishing a model to study the regulation of the lactose operon in Lactobacillus 
easel FEMS Microbiol Lett. 148, 83-89 
Gosalbes, M.J., Monedero. V.. and Perez-Martinez, G. (1999) Elements involved 
in catabolite repression and substrate induction of the lactose operon in 
Lactobacillus easel J. Bacterial. 181, 3928-3934 
Gösseringer, R., Küster, E., Galinier, A., Deutscher, J., and Hillen, W. (1997) 
Cooperative and non-cooperative DNA binding modes of catabolite control protein 
CcpA from Bacülus megaterium result from sensing two different signals. J. Mol. 
Biol. 266, 665-676 
Götz. F., Sedewitz, B., and Elstner, E.F. (1980) Oxygen utilization by Lactobacillus 
plantarum. I. Oxygen consuming reactions. Arch. Microbiol. 125, 209-214 
Greenley, D.E., and Smith, D.W. (1979) A novel pathway of glucose catabolism in 
Thiobacillus novellus. Arch. Microbiol. 122, 257-261 
Grundy, F.J.. Waters, D.A., Allen, S.H., and Henkin, T.M. (1993) Regulation of the 
Bacillus subttlis acetate kinase gene by CcpA. J. Bacterial. 175, 7348-7355 
Grundy. F.J., Waters, D.A.. Takova, T.Y., and Henkin, T.M. (1993) Identification 
of genes involved in utilization of acetate and acetoin in Bacillus subtilis. Mol. 
Microbiol 10, 259-271 
Hammes, W.P., and Vogel, R.F. (1995) in The genera of lactic acid bacteria (Wood, 
B.J.B., and Holzapfel, W.H., eds) Vol. 2, pp. 19-54, Blacky Academic, London 
Hastrup, S. (1988) in Genetics and biotechnology of bacilli (Cramson. A.T., and 
Hoch, J.A., eds) Vol. 2, pp. 79-84, Academic Press, Inc., New York 
Hawkins, CF., Borges, A., and Perham, R.N. (1989) A common structural motif in 
thiamin pyrophosphate-binding enzymes. FEBS Lett. 255, 77-82 
Heath, E.C., Hurwitz, J., and Horecker, B.L. (1956) Acetyl phosphate formation in 
the phosphorolytic cleavage of pentose phosphate. J. Am. Chem. Soc. 78, 5449 
Heath, E.C., Hurwitz, J., Horecker, B.L.. and Ginsburg, A. (1958) Pentose 
fermentation by Lactobacillus plantarum. I. The cleavage of xylulose-5-phosphate 
by phosphoketolase. J. BioL Chem. 231, 1009-1029 
Henriksson, A., Szewzyk, R., and Conway, P.L. (1991) Characteristics of the 
adhesive determinants of Lactobacillus j'ermentum 104. Appl Environ. Microbiol 57, 
499-502 
Heyer, H., Stal, L., and Krumbein, W.E. (1989) Simultaneous heterolactic and 
acetate fermentation in the marine cyanobacterium Oscillatoria limosa incubated 
anaerobically in the dark. Arch. Microbiol 151, 558-564 
Hueck, C.J., and Hillen, W. (1995) Catabolite repression in Bacillus subtilis: a 
global regulatory mechanism for the gram-positive bacteria? Mol Microbiol 15, 
395-401 
Hugenholtz, J., and Kleerebezem, M. (1999) Metabolic engineering of lactic acid 
bacteria: overview of the approaches and results of pathway rerouting involved in 
food fermentations. Curr. Opin. Biotechnol 10, 492-497 
Hurwitz, J. (1958) Pentose phosphate cleavage by Leuconostoc mesenteroides. 
Biochim. Biophys. Acta 28, 599-602 



REFERENCES 1 3 " 

Inada, T., Kimata, K., and Aiba, H. (1996) Mechanism responsible for glucose-
lactose diauxie in Escherichia colt challenge to the cAMP model. Genes Cells 1, 
293-301 
Jault, J.M.. Fieulaine, S., Nessler, S., Gonzalo, P., Di Pietro, A., Deutscher. J.. and 
Galinier. A. (2000) The HPr kinase from Bacälus subtilis is a homo-oligomeric 
enzyme which exhibits strong positive cooperativity for nucleotide and fructose 
1.6-bisphosphate binding. J. Biol. Chem. 275, 1773-1780 
Jones. B.E.. Dossonnet. V., Küster, E.. Hillen, W.. Deutscher. J., and Kievit, R.E. 
(1997) Binding of the catabolite repressor protein CcpA to its DNA target is 
regulated by phosphorylation of its corepressor HPr. J. Biol. Chem. 272, 26530-
26535 
Kakuda. H.. Hosono, K., Shiroishi, K., and Ichihara, S. (1994) Identification and 
characterization of the ackA (acetate kinase A)-pta (phosphotransacetylase) operon 
and complementation analysis of acetate utilization by an ackA-pta deletion 
mutant of Escherichia colt J. Biochem. (Tokyo) 116, 916-922 
Kakuda. H.. Shiroishi, K, Hosono, K., and Ichihara, S. (1994) Construction of Pta-
Ack pathway deletion mutants of Escherichia coli and characteristic growth profiles 
of the mutants in a rich medium. Biosci Biotechnol. Biochem. 58, 2232-2235 
Kandier, O. (1983) Carbohydrate metabolism in lactic acid bacteria. Antonie van 
Leeuwenhoek 49, 209-24 
Kandier, O., and Weiss, N. (1986) in Bergey's manual of systematic bacteriology 
(Sneath, P.H.A., Mair. N.S., Sharpe, M.E., and Holt, J.G.. eds), pp. 1208-1234, 
William and Wilkins, Baltimore 
Kim, J.H., Voskuil, M.I.. and Chambliss, G.H. (1998) NADP, corepressor for the 
Bacälus catabolite control protein CcpA. Proc. Natl. Acad. Set USA 95, 9590-9595 
Koksharova. O.. Schubert, M.. Shestakov. S., and Cerff. R. (1998) Genetic and 
biochemical evidence for distinct key functions of two highly divergent GAPDH 
genes in catabolic and anabolic carbon flow of the cyanobacterium Synechocystis 
sp. PCC 6803. Plant. Mol. Biol 36, 183-194 
Konings, W.N., Lolkema, J.S., and Poolman, B. (1995) The generation of metabolic 
energy by solute transport. Arch. Microbiol. 164, 235-242 
Kravanja, M., Engelmann, R., Dossonnet, V., Blüggel, M., Meyer, H.E., Frank, R., 
Galinier, A., Deutscher, J., Schnell, N., and Hengstenberg, W. (1999) The hprK 
gene of Enterococcus faecalis encodes a novel bifunctional enzyme: the HPr 
kinase/phosphatase. Mol. Microbiol 31, 59-66 
Kreuzer, P., Gärtner, D., Allmansberger, R., and Hillen, W. (1989) Identification 
and sequence analysis of the Bacillus subtilis W23 xylR gene and xyl operator. J. 
Bacterial 171, 3840-3845 
Krispin, O., and Allmansberger, R. (1998) The Bacälus subtilis AraE protein 
displays a broad substrate specificity for several different sugars. J. Bacteriol. 180, 
3250-3252 
Kumari, S., Tishel, R., Eisenbach, M., and Wolfe, A.J. (1995) Cloning, 
characterization, and functional expression of acs, the gene which encodes acetyl 
coenzyme A synthetase in Escherichia coll J. Bacteriol 177, 2878-2886 
Küster, E., Luesink, E.J.. de Vos, W.M., and Hillen, W. (1996) Immunological 
crossreactivity to the catabolite control protein CcpA Bacälus megatertum is found 
in many gram-positive bacteria. FEMS Microbiol Lett. 139, 109-115 
Lawlis, V.B., Dennis, M.S.. Chen, E.Y., Smith, D.H., and Henner, D.J. (1984) 
Cloning and sequencing of the xylose isomerase and xylulose kinase genes of 
Escherichia coll Appl. Environ. Microbiol. 47, 15-21 
Leloup, L., Ehrlich. S.D., Zagorec, M„ and Morel-Deville, F. (1997) Single-
crossover integration in the Lactobacillus sake chromosome and insertional 
inactivation of the ptsl and lacL genes. Appl. Environ. Microbiol. 63, 2117-2123 



32 REFERENCES 

[71] Liao, W.X., Earnest, L., Kok, S.L., and Jeyaseelan, K. (1996) Organization of the 
xylgenes in a thermophilic Bacülus species. Biochem. Mol. Biol Int. 39, 1049-1062 

[72] Lindner, C , Stülke, J., and Hecker, M. (1994) Regulation of xylanolytic enzymes 
in Bacillus subtilis. Microbiology 140, 753-757 

[73] Lokman, B.C., Heerikhuisen, M., Leer, R.J., van den Broek. A., Borsboom, Y.. 
Chaillou. S.. Postma, P.W., and Pouwels, P.H. (1997) Regulation of expression of 
the Lactobacillus pentosus xylAB operon. J. Bacterial. 179, 5391-5397 

[74] Lokman, B.C., Leer, R.J., van Sorge, R.. and Pouwels, P.H. (1994) Promoter 
analysis and transcriptional regulation of Lactobacillus pentosus genes involved in 
xylose catabolism. Mol. Gen. Genet. 245, 117-125 

[75] Lokman, B.C., van Santen, P., Verdoes, J.C., Kruse, J., Leer, R.J., Posno, M., and 
Pouwels, P.H. (1991) Organization and characterization of three genes involved in 
D-xylose catabolism in Lactobacillus pentosus. Mol. Gen. Genet. 230, 161-169 

[76] Luesink, E.J., van Herpen, R.E., Grossiord, B.P., Kuipers, O.P., and de Vos, W.M. 
(1998) Transcriptional activation of the glycolytic las operon and catabolite 
repression of the gal operon in Lactococcus lactis are mediated by the catabolite 
control protein CcpA. Mol Microbiol 30, 789-798 

[77] Maassen, C.B., van Holten-Neelen, C , Balk, F., den Bak-Glashouwer, M.J., Leer. 
R.J., Laman, J.D., Boersma, W.ü., and Ciaassen, E. (2000) Strain-dependent 
induction of cytokine profiles in the gut by orally administered Lactobacülus 
strains. Vaccine 18, 2613-2623 

[78] Mahr, K., Hillen, W., and Titgemeyer, F. (2000) Carbon catabolite repression in 
Lactobacillus pentosus: analysis of the ccpA region. Appl. Environ. Microbiol. 66, 
277-283 

[79] Marounek. M., and Petr, O. (1995) Fermentation of glucose and xylose in ruminai 
strains of Butyrivibriofibrisolvens. Lett. Appl. Microbiol. 21, 272-276 

[80] Martin-Verstraete, L, Deutscher, J., and Galinier, A. (1999) Phosphorylation of 
HPr and Crh by HprK, early steps in the catabolite repression signalling pathway 
for the Bacillus subtilis levanase operon. J. Bacteriol 181, 2966-2969 

[81] Matheron, C , Delort, A.M., Gaudet, G., and Forano, E. (1997) Re-investigation of 
glucose metabolism in Fibrobacter succinogenes. using NMR spectroscopy and 
enzymatic assays. Evidence for pentose phosphates phosphoketolase and 
pyruvate formate lyase activities. Biochim. Biophys. Acta 1355, 50-60 

|82] Matsudaira, P. (1987) Sequence from picomole quantities of proteins electroblotted 
onto polyvinylidene difluoride membranes. J. Biol. Chem. 262, 10035-10038 

[83] Miwa, Y., Nagura, K, Eguchi, S., Fukuda, H., Deutscher, J., and Fujita, Y. (1997) 
Catabolite repression of the Bacillus subtilis gnt operon exerted by two catabolite-
responsive elements. Mol Microbiol. 23, 1203-1213 

[84] Moezelaar, R., and Stal, L.J. (1994) Fermentation in the unicellular 
cyanobacterium Microcystis PCC7806. Arch. Microbiol. 162, 63-69 

[85] Monedero, V., Gosalbes, M.J., and Perez-Martinez, G. (1997) Catabolite repression 
in Lactobacülus casei ATCC 393 is mediated by CcpA. J. Bacteriol 179, 6657-6664 

[86] Muller, Y.A., Lindqvist, Y., Furey, W., Schulz, G.E., Jordan, F., and Schneider. G. 
(1993) A thiamin diphosphate binding fold revealed by comparison of the crystal 
structures of transketolase, pyruvate oxidase and pyruvate decarboxylase. 
Structure 1, 95-103 

187] Murphy, M.G., and Condon, S. (1984) Correlation of oxygen utilization and 
hydrogen peroxide accumulation with oxygen induced enzymes in Lactobacillus 
plantarum cultures. Arch. Microbiol. 138, 44-48 

[88] Murphy, M.G., and Condon, S. (1984) Comparison of aerobic and anaerobic 
growth of Lactobacülus plantarum in a glucose medium. Arch. Microbiol. 138, 49-53 

[89] Nihashi, J., and Fujita, Y. (1984) Catabolite repression of inositol dehydrogenase 
and gluconate kinase syntheses in Bacülus subtilis. Biochim. Biophys. Acta 798, 
88-95 



REFERENCES • . ] 33 

[90] Poolman. B. (1993) Energy transduction in lactic acid bacteria. FEMS Microbiol 
Rev. 12, 125-147 

[91) Postma. P.W.. Lengeier. J.W.. and Jacobson. G.R. (1993) 
Phosphoenolpyruvate: carbohydrate phosphotransferase systems of bacteria 
Microbiol Rev. 57, 543-594 

[92) Pouwels, P.H., Leer, R.J., Shaw, M., Heijne den Bak-Glashouwer. M.J.. Tielen, 
F.D., Smit. E.. Martinez. B.. Jore. J., and Conway, P.L. (1998) Lactic acid bacteria 
as antigen delivery vehicles for oral immunization purposes. Int J. Food Microbiol 
41, 155-167 

[93) Pouwels, P.H., van Luijk, N., Leer, R.J.. and Posno. M. (1994) Control of replication 
of the Lactobacillus pentosus plasmid p353-2: evidence for a mechanism involving 
transcriptional attenuation of the gene coding for the replication protein. Mol. Gen. 
Genet. 242, 614-622 

[94) Presecan-Siedel, E., Galinier, A.. Longin, R., Deutscher, J., Danchin, A., Glaser, 
P., and Martin-Verstraete. I. (1999) Catabolite regulation of the pta gene as part 
of carbon flow pathways in Bacûlus subtilis. J. Bacterial. 181, 6889-6897 

[95) Racker. (1962) Methods Enzymol. 5, 276-280 
[96) Ratledge, C , and Holdsworth, J.E. (1985) Properties of a pentulose-5-phosphate 

phosphoketolase from yeasts grown on xylose. Appl. Microbiol. Biotechnol. 22, 217-
221 

[97] Reinscheid, D.J., Schnicke, S., Rittmann, D., Zahnow, U., Sahm, H., and 
Eikmanns, B.J. (1999) Cloning, sequence analysis, expression and inactivation of 
the Corynebacteriumglutamicum pta- ack operon encoding phosphotransacetylase 
and acetate kinase. Microbiology 145, 503-513 

[98) Reizer, J., Hoischen, C , Titgemeyer, F., Rivolta, C , Rabus, R.. Stülke, J., 
Karamata, D., Saler, M.H., Jr., and Hillen, W. (1998) A novel protein kinase that 
controls carbon catabolite repression in bacteria. Mol. Microbiol. 27, 1157-1169 

[99] Reznikoff, W.S. (1992) Catabolite gene activator protein activation of lac 
transcription. J Bacterial 174, 655-658 

[100) Rhee, S.K.. and Pack, M.Y. (1980) Effect of environmental pH on fermentation 
balance of Lactobacillus bulgaricus. J. Bacterial. 144, 217-221 

[101] Rippka, R., Deruelles, J., Waterbury, J.B., Herdman, M., and Tanier, R.Y. (1979) 
Generic assignments, strain histories and properties of pure cultures of 
cyanobacteria. J. Gen. Microbiol. I l l , 1-61 

1102] Rutberg, B. (1997) Anütermination of transcription of catabolic opérons. Mol. 
Microbiol. 23 , 413-421 

[103] Rygus, T., Scheler, A., Allmansberger, R., and Hillen, W. (1991) Molecular cloning, 
structure, promoters and regulatory elements for transcription of the Bacillus 
megaterium encoded regulon for xylose utilization. Arch. Microbiol. 155, 535-542 

[104] Saier, M.H., Ramseier, T.M., and Reizer, J. (1996) in Escherichia coli and 
Salmonella typhimurium: Cellular and Molecular Biology (Neidhardt, F.C., Curtiss 
III, R., Ingraham, J.L., Lin, E.C.C., Low, K.B., Magasanik, B., Reznikoff, W.S., 
Riley, M., Schaechter, M., and Umbarger, H.E., eds), pp. 1325-1343, ASM Press, 
Washington, D.C. 

[105) Saier, M.H., Jr., Ye, J.J., Klinke, S., and Nino. E. (1996) Identification of an 
anaerobically induced phosphoenolpyruvate- dependent fructose-specific 
phosphotransferase system and evidence for the Embden-Meyerhof glycolytic 
pathway in the heterofermentative bacterium Lactobacillus brevis. J. Bacterial 178, 
314-316 

[106] Sambrook. J.. Fritsch, E.F., and Maniatis, T. (1989) Molecular cloning: a laboratory 
manual, 2nd éd. Ed., Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

[107] Scardovi, V., and Trovatelli, L.D. (1965) The fructose-6-phosphate shunt as 
peculiar pattern of hexose degradation in the genus Bifidobacterium. Ann. 
Microbiol. 15, 19-29 



134 REFERENCES 

[108] Schaeffer, F., and Stanier, R.Y. (1978) Glucose-6-phosphate dehydrogenase of 
Anahaena sp. Kinetic and molecular properties. Arch. Microbiol. 116, 9-19 

[109] Scheirlinck. T., Mahillon, J., Joos, H., Dhaese, P., and Michiels, F. (1989) 
Integration and expression of alpha-amylase and endoglucanase genes in the 
Lactobacillus plantarum chromosome. Appl. Environ. Microbiol. 55, 2130-2137 

[110] Scheler, A., and Hillen. W. (1994) Regulation of xylose utilization in Bacillus 
licheniformis: Xyl repressor-xyî-operator interaction studied by DNA modification 
protection and interference. Mol. Microbiol. 13, 505-512 

[111] Scheler, A., Rygus.T., Allmansberger, R.. and Hillen, W. (1991) Molecular cloning, 
structure, promoters and regulatory elements for transcription of the Bacillus 
licheniformis encoded regulon for xylose utilization. Arch. Microbiol. 155, 526-534 

[112] Schlegel. H.G. (1992) General Microbiology. 6 Ed.. University Press. Cambridge 
[113] Schmetterer, G.R. (1990) Sequence conservation among the glucose transporter 

from the cyanobacterium Synechocystis sp. PCC 6803 and mammalian glucose 
transporters. Plant. Mol. Biol. 14, 697-706 

[114] Schmiedel, D., and Hillen, W. (1996) A Bacülus subtilis 168 mutant with increased 
xylose uptake can utilize xylose as sole carbon source. FEMS Microbiol. Lett. 135, 
175-178 

[115] Schmiedel, D.. Kintrup. M.. Küster, E., and Hillen, W. (1997) Regulation of 
expression, genetic organization and substrate specificity of xylose uptake in 
Bacillus megaterium. Mol. Microbiol. 23, 1053-1062 

[116] Schramm, M., Klybas, V., and Racker, E. (1958) Phosphorolytic cleavage of 
fructose-6-phosphate by fructose-6-phosphate phosphoketolase from Acetobac ter 
xylinum. J. Biol Chem. 233, 1283-1288 

[117] Sedewitz. B., Schleifer. K.H., and Götz, F. (1984) Purification and biochemical 
characterization of pyruvate oxidase from Lactobacillus plantarum. J. Bacterial. 
160, 273-278 

1118] Sedewitz, B., Schleifer, K.H., and Götz, F. (1984) Physiological role of pyruvate 
oxidase in the aerobic metabolism of Lactobacillus plantarum. J. Bacterial. 160, 
462-465 

[119] Sgorbati. B.. Lenaz. G., and Casalicchio, F. (1976) Purification and properties of 
two fructose-6-phosphate phosphoketolases in Bifidobacterium. Antonie van 
Leeuwenhoek 42, 49-57 

[120] Shamanna. D.K., and Sanderson, K.E. (1979) Genetics and regulation of D-xylose 
utilization in Salmonella typhimurium LT2. J. Bacteriol. 139, 71-79 

[121] Shevchenko, A., Wilm, M., Vorm. O., and Mann, M. (1996) Mass spectrometric 
sequencing of proteins silver-stained Polyacrylamide gels. Anal. Chem. 68, 850-
858 

[122] Shin, B.S.. Choi, S.K., and Park. S.H. (1999) Regulation of the Bacillus subtilis 
phosphotransacetylase gene. J. Biochem. (Tokyo) 126, 333-339 

[123] Singh-Wissmann, K, and Ferry, J.G. (1995) Transcriptional regulation of the 
phosphotransacetylase-encodingand acetate kinase-encodinggenes (ptaand ack) 
from Methanosarcina thermophüa. J. Bacteriol. 177, 1699-1702 

[124] Sizemore, C , Wieland, B.. Götz, F.. and Hillen. W. (1992) Regulation of 
Staphylococcus xylosus xylose utilization genes at the molecular level. J. Bacteriol. 
174, 3042-3048 

[125] Smith, A.J. (1983) Modes of cyanobacterial carbon metabolism. Ann. Microbiol. 
(Paris) 134B, 93-113 

[126] Song, S., and Park, C. (1997) Organization and regulation of the D-xylose opérons 
in Escherichia coli K-12: XylRacts as a transcriptional activator. J. Bacteriol. 179, 
7025-7032 

[127) Stentz. R.. and Zagorec, M. (1999) Ribose utilization in Lactobacillus sakei 
Analysis of the regulation of the rbs operon and putative involvement of a new 
transporter. J. Mol. Microbiol. Biotechnol. 1, 166-173 



RéFéRENCES 135 

[128J Stiles, M.E. (1996) Biopreservation by lacüc acid bacteria. Antonie van 
Leeuwenhoek 70, 331-345 

[129] Stiles, M.E.. and Holzapfel, W.H. (1997) Lactic acid bacteria of foods and their 
current taxonomy. Int. J. Food. Microbiol. 36, 1-29 

[130] Stülke, J., Arnaud. M.. Rapoport. G., and Martin-Verstraete, I. (1998) PRD-a 
protein domain involved in FTS-dependent induction and carbon catabolite 
repression of catabolic opérons in bacteria. Mol. Microbiol. 28, 865-874 

[131] Stülke, J., and Hillen, W. (1998) Coupling physiology and gene regulation in 
bacteria.' the phosphotransferase sugar uptake system delivers the signals. 
Naturwissenschaften 85, 583-592 

[132] Stülke. J., and Hillen. W. (1999) Carbon catabolite repression in bacteria. Curr. 
Opin. Microbiol. 2, 195-201 

[133] Suzuki, K.. Nakajima, H., and Imahori, K. (1982) Acetate kinase from Bacillus 
stearothermophilus. Methods Enzymol. 90, 179-180 

[134] Takeda, Y., Takase. K.. Yamato, I., and Abe. K. (1998) Sequencing and 
characterization of the xyl operon of a gram-positive bacterium. Tetragenococcus 
halophila. Appl. Environ. Microbiol. 64, 2513-2519 

[135] Thevenot, T., Brochu, D., Vadeboncoeur. C . and Hamilton. I.R. (1995) Regulation 
of ATP-dependent P-(Ser)-HPr formation in Streptococcus mutans and Streptococcus 
salivartus. J. Bacteriol. 177, 2751-2759 

[136] Thomas, T.D.. Ellwood, D.C.. and Longyear, V.M. (1979) Change from homo- to 
heterolactic fermentation by Streptococcus lactis resulting from glucose limitation 
in anaerobic chemostat cultures. J. Bacteriol. 138, 109-117 

[137] Thompson, J. (1987) Regulation of sugar transport and metabolism in lactic acid 
bacteria. FEMS Microbiol. Rev. 46, 221-231 

[138] Thompson. J., and Chassy, B.M. (1985) Intracellular phosphorylation of glucose 
analogs via the phosphoenolpyruvatermannose-phosphotransferase system in 
Streptococcus lactis. J. Bacteriol. 162, 224-234 

[139] Tobisch, S., Zühlke, D., Bernhardt, J., Stülke, J., and Hecker, M. (1999) Role of 
CcpA in regulation of the central pathways of carbon catabolism in Bacälus 
subtilis. J. Bacteriol. 181, 6996-7004 

[140] Towbin, H., Staehelin, T , and Gordon, J. (1979) Electrophoretic transfer of 
proteins from Polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl. Acad. Sei USA 76, 4350-4354 

[141] Tseng, C.P., and Montville, T.J. (1990) Enzyme activities affecting end product 
distribution by Lactobacillusplantarumin response to changes in pH and 02 . Appl. 
Environ. Microbiol. 56, 2761-2763 

[142] Tseng, C.P., and Montville, T.J. (1993) Metabolic regulation of end product 
distribution in lactobacilli: causes and consequences. Biotechnol. Prog. 9, 113-121 

[143] Turinsky, A.J.. Grundy, F.J., Kim, J.H., Chambliss, G.H., and Henkin, T.M. (1998) 
Transcriptional activation of the Bacillus subtilis ackA gene requires sequences 
upstream of the promoter. J. Bacteriol 180, 5961-5967 

[144] Van der Oost, J.P., Bulthuis, B.A., Feitz, S., Krab, K., and Kraayenhof. R. (1989) 
Fermentation metabolism of the unicellular cyanobacterium CyanothecePCC7822. 
Arch. Microbiol. 152, 415-419 

[145] Vandamme, P., Pot, B.. Gillis, M., de Vos, P., Kersters, K., and Swings, J. (1996) 
Polyphasic taxonomy, a consensus approach to bacterial systematics. Microbiol. 
Rev. 60, 407-438 

[146] Veerkamp, J.H. (1969) Catabolism of glucose and derivatives of 2-deoxy-2-amino-
glucose in Bifidobacterium bifidum var. pennsylvanicus. Arch. Biochem. Biophys 
129, 257-263 

[147] Veiga-da-Cunha. M., Santos, H., and Van Schaftingen, E. (1993) Pathway and 
regulation of erythritol formation in Leuconostoc oenos. J. Bacteriol 175, 3941-
3948 



1 3 6 • REFERENCES 

[148] Velterop. J.S., Dijkhuizen, M.A., van' t Hof, R., and Postma. P.W. (1995) A versatile 
vector for controlled expression of genes in Escherichia coli and Salmonella 
typhimurium. Gene 153, 63-65 

[149] Veyrat, A., Gosalbes, M.J.. and Perez-Martinez. G. (1996) Lactobacillus curvatus 
has a glucose transport system homologous to the mannose family of 
phosphoenolpyruvate-dependent phosphotransferase systems. Microbiology 142, 
3469-3477 

[1501 Veyrat, A.. Monedero, V.. and Perez-Martinez, G. (1994) Glucose transport by the 
phosphoenolpyruvate: mannose phosphotransferase system in Lactobacûlus casei 
ATCC 393 and its role in carbon catabolite repression. Microbiology 140, 1141-
1149 

[151] Viana, R, Monedero, V.. Dossonnet. V., Vadeboncoeur, C., Perez-Martinez. G.. and 
Deutscher, J. (2000) Enzyme I and HPr from Lactobacillus casei their role in sugar 
transport, carbon catabolite repression and inducer exclusion. Mol. Microbiol 36, 
570-584 

[152] Warren, RA. (1996) Microbial hydrolysis of polysaccharides. Annu. Rev. Microbiol. 
50, 183-212 

[1531 Weickert. M.J., and Adhya, S. (1992) A family of bacterial regulators homologous 
to Gal and Lac repressors. J. Biol Chem. 267, 15869-15874 

[154] Weickert, M.J., and Chambliss, G.H. (1990) Site-directed mutagenesis of a 
catabolite repression operator sequence in Bacillus subtilis. Proc. Natl. Acad. Set 
USA 87, 6238-6242 

[1551 Wells, J.M., Robinson, K., Chamberlain, L.M., Schofield, K.M., and Le Page, R.W. 
(1996) Lactic acid bacteria as vaccine delivery vehicles. Antonie van Leeuwenhoek 
70, 317-330 

[156] Whitley, K., and Marshall, V.M. (1999) Heterofermentative metabolism of glucose 
and ribose and utilisation of citrate by the smooth biotype of Lactobacillus 
amylovorus NCFB 2745. Antonie van Leeuwenhoek 75, 217-223 

[157] Whitworth, DA., and Ratledge, C. (1977) Phosphoketolase inRhodotorulagraminis 
and other yeasts. J. Gen. Microbiol. 102, 397-401 

[1581 Wong, H.C., Ting, Y., Lin. H.C.. Reichert. F., Myambo, K., Watt, K.W., Toy. P.L., 
and Drummond, R.J. (1991) Genetic organization and regulation of the xylose 
degradation genes in Streptomyces rubiginosus. J. Bacterial. 173, 6849-6858 

[159] Wong, K.K., Tan, L.U., and Saddler, J.N. (1988) Multiplicity of beta-1,4-xylanase 
in microorganisms: functions and applications. Microbiol. Rev. 52, 305-317 

[160] Ye, J.J., Neal, J.W., Cui, X., Reizer, J., and Saier, M.H., Jr. (1994) Regulation of 
the glucose:H+ symporter by metabolite-activated ATP-dependent phosphorylation 
of HPr in Lactobacillus brevis. J. Bacterial. 176, 3484-3492 

[161] Ye, J.J., Reizer, J., Cui, X., and Saier, M.H., Jr. (1994) Inhibition of the 
phosphoenolpyruvatedactose phosphotransferase system and activation of a 
cytoplasmic sugar-phosphate phosphatase in Lactococcus lactis by ATP-dependent 
metabolite-activated phosphorylation of serine 46 in the phosphocarrier protein 
HPr. J. Biol. Chem. 269, 11837-11844 

[162] Ye. J.J.. Reizer. J., Cui, X., and Saier, M.H., Jr. (1994) ATP-dependent 
phosphorylation of serine-46 in the phosphocarrier protein HPr regulates 
lactose/H+ symport in Lactobacillus brevis. Proc. Natl. Acad. Sei USA 91 , 3102-
3106 

1163] Ye, J.J.. Reizer, J., and Saier, M.H., Jr. (1994) Regulation of 2-deoxyglucose 
phosphate accumulation in Lactococcus lactis vesicles by metabolite-activated, 
ATP-dependent phosphorylation of serine-46 in HPr of the phosphotransferase 
system. Microbiology 140, 3421 -3429 

[164] Ye, J.J., and Saier. M.H., Jr. (1995) Cooperative binding of lactose and the 
phosphorylated phosphocarrier protein HPr(Ser-P) to the lactose/H+ symport 
permease of Lactobacillus brevis. Proc. Natl. Acad. Sei USA 92, 417-421 



REFERENCES 137 

[165] Ye, J.J.. and Saier, M.H., Jr. (1995) Allosteric regulation of the glucose:H+ 
symporter of Lactobacillus brevis: cooperative binding of glucose and HPr(ser-P) 
J. Bacteriol. 177, 1900-1902 

[166] Ye. J.J., and Saier. M.H., Jr. (1996) Regulation of sugar uptake via the 
phosphoenolpyruvate-dependent phosphotransferase systems in Bacillus subtilis 
and Lactococcus lactis is mediated by ATP-dependent phosphorylation of seryl 
residue 46 in HPr. J. Bacteriol. 178, 3557-3563 

[167] Yebra, M.J., Veyrat. A., Santos, M.A.. and Perez-Martinez. G. (2000) Genetics of 
L-sorbose transport and metabolism in Lactobacillus easel J. Bacteriol 182 155-
163 

[168] Zalieckas. J.M., Wray, L.V.. Jr., and Fisher, S.H. (1998) Expression of the Bacillus 
subtilis acsA gene: position and sequence context affect cre-mediated carbon 
catabolite repression. J. Bacteriol. 180, 6649-6654 

[169] Zalieckas. J.M., Wray, L.V., Jr.. and Fisher. S.H. (1999) trans-acting factors 
affecting carbon catabolite repression of the hut operon in Bacillus subtilis. J. 
Bacteriol. 181, 2883-2888 

[170] Zhang, C.C., Durand, M.C., Jeanjean, R, and Joset, F. (1989) Molecular and 
genetical analysis of the fructose-glucose transport system in the cyanobacterium 
Synechocystis PCC6803. Mol Microbiol 3, 1221-1229 

[171] Zhao, G., and Winkler, M.E. (1994) An Escherichia coli K-12 tktA iktB mutant 
deficient in transketolase activity requires pyridoxine (vitamin B6) as well as the 
aromatic amino acids and vitamins for growth. J. Bacteriol 176, 6134-6138 





De fosfoketolase-route in 
Lactobacillus pentosus 

een samenvatting voor niet biologen 



VERKLARENDE WOORDENLIJST 

Acetaatkinase: enzym van de fosfoketolase-route. Verandert het twee-bouwstenenbrok 

dat vrijkomt door fosfoketolase in acetaat (azijnzuur). Bij deze omzetting wint de bacterie 

energie. 

DNA: in het DNA ligt de genetische informatie van organismen opgeslagen. DNA 

bestaat uit genen, maar ook uit stukken regel-DNA. De informatie in het DNA bepaalt 

welke enzymen een organisme kan aanmaken en onder welke omstandigheden die 

enzymen gemaakt worden. 

Embden-Meiierhoff-Parnas route (EMP-route): afbraakroute voor hexose-suikers in 

bacteriën. 

Enzym: een natuurlijke katalysator, die helpt om allerlei chemische processen in de 

natuur te versnellen. Deze processen zouden heel erg langzaam verlopen zonder de hulp 

van enzymen. De enzymen worden zelf niet verbruikt en gaan dus erg lang mee. Elk 

enzym kan vaak maar één reactie versnellen. 

Fosfoketolase: belangrijkste enzym van de fosfoketolase-route. Breekt pentose-suikers in 

een deel dat uit twee bouwstenen bestaat, en een deel dat uit drie bouwstenen bestaat. 

Fosfoketolase-route: afbraakroute voor suikers in melkzuurbacteriën, waarlangs zowel 

hexose-suikers als pentose-suikers verteerd kunnen worden. 

Gen: stukje DNA dat codeert voor een bepaald enzym. 

Hexose-suiker: een suiker die uit 6 bouwstenen bestaat. 

Katabolietrepressie: voedselvoorkeur. Speelt alleen een rol als een bacterie moet kiezen 

uit meer dan een soort voedsel. De bacterie eet eerst het voedsel op dat hij het snelst kan 

verteren, voordat hij aan het andere eten begint. Binnenin de bacterie zijn de enzymen 

die het 'andere eten' verteren niet aanwezig. 

Lactobacillus penfosus: melkzuurbacterie en hoofdrolspeler in dit proefschrift. 

Pentose-suiker: een suiker die uit 5 bouwstenen bestaat. 
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MELKZUURBACTERIëN 

Bacteriën komen overal voor en zijn heel kleine organismen die uit een 
enkele cel bestaan. Ze zijn zo klein (1 tot 5 micrometer, een micrometer is 
een duizendste millimeter} dat ze alleen zichtbaar zijn onder de microscoop 
na 1000 keer vergroten. Als bacteriën de juiste voeding krijgen, gaan ze zich 
verdubbelen. Ze worden dus niet groter, maar ze worden meer. Bacteriën 
zijn met het blote oog te zien als ze met heel veel tegelijk zijn. Dat is goed 
zichtbaar in een laboratorium, waarbij een flesje heldere vloeistof troebel is 
geworden als er bacteriën in gegroeid zijn. 

Ondanks h u n geringe grootte, kun je niet om bacteriën heen. Er zijn 
bacteriën die ontstekingen en ziektes veroorzaken, zoals de ontsteking van 
wondjes en keel- en longontstekingen. Door het innemen van antibiotica 
kunnen die ontstekingsreacties geremd worden. Bacteriën moeten niet 
verward worden met virussen, die nog veel kleiner zijn en ook ziektes 
kunnen veroorzaken (bijvoorbeeld verkoudheid of griep). Virussen kunnen 
niet zonder gastheer leven. Ze gebruiken gastheercellen, bijvoorbeeld die 
van de mens, om zichzelf te kunnen vermeerderen. In het geval van een 
virusziekte heeft het slikken van antibiotica geen zin: antibiotica remmen 
alleen de groei van bacteriën en niet die van virussen. 

Naast de schadelijke bacteriën, zijn er ook veel onschadelijke of 
nuttige bacteriën. In de darmen van ieder mens leven vele soorten bacteriën 
die meehelpen bij het verteren van stoffen die de mens zelf niet of 
nauwelijks kan afbreken. Deze bacteriën zijn onmisbaar om gezond te 
blijven. Ook worden verschillende soorten bacteriën, zoals bijvoorbeeld 
melkzuurbacteriën, gebruikt bij het bereiden van allerlei voedingsmiddelen. 
In de na tuu r kunnen melkzuurbacteriën op allerlei plaatsen gevonden 
worden: ze komen voor in planten, maar er leven ook melkzuurbacteriën in 
het maagdarmkanaal van mensen en dieren. Door melkzuurbacteriën te 
laten groeien in voedingsmiddelen, krijgen deze voedingsmiddelen hun 
bekende smaak, geur en structuur. Een duidelijk voorbeeld hiervan is het 
maken van yoghurt: door de melkzuurbacteriën wordt de melk zuur en 
krijgt het de smaak en dikkere s t ructuur van yoghurt. Ook remmen 
melkzuurbacteriën de groei van voedselbedervende of schadelijke 
organismen, zoals schimmels en planten. De voedingsmiddelen die met 
behulp van melkzuurbacteriën worden gemaakt zijn heel divers: allerlei 
zuivelproducten zoals kaas en yoghurt, maar ook in de productie van 
zuurkool, worst en wijn spelen deze bacteriën een rol. Dat 
melkzuurbacteriën nuttig zijn bij het bereiden van voedsel, is duizenden 
jaren geleden waarschijnlijk bij toeval ontdekt doordat voedsel dat tijdens 
de opslag eigenlijk bedorven was, toch best lekker bleek te zijn om te eten 
of drinken. Tegenwoordig weet men veel meer over het hoe en waarom van 
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de melkzuurbacteriën, en kan men in de industrie het bereiden van 
levensmiddelen veel beter controleren dan vroeger. 

Men denkt ook dat het innemen van melkzuurbacteriën de gezondheid 
zou bevorderen, doordat ze de werking van het immuunsysteem zouden 
stimuleren. Daarom worden ze aan de drankjes van Yakult en Mona Vifit 
toegevoegd. Kortom, vanwege h u n belang in de voedingsmiddelenindustrie 
wordt er veel onderzoek gedaan aan melkzuurbacteriën. 

HET VERTEREN VAN SUIKERS DOOR MELZUURBACTERIëN 

Tijdens het bereiden van levensmiddelen draait het om het verteren van 
eten. Net als mensen, dieren en planten hebben bacteriën eten nodig om te 
kunnen groeien. Melkzuurbacteriën halen hun voedingsstoffen uit de 
directe omgeving om hen heen; ze drijven in feite in h u n eten. De vertering 
van die voedingstoffen geeft de bacteriën energie en de bouwstoffen die ze 
nodig hebben om te verdubbelen. Tijdens de vertering worden ook 
afvalstoffen gemaakt, die de bacteriën weer uitscheiden in de omgeving om 
hen heen. De afvalstoffen van melkzuurbacteriën zijn precies die stoffen 
waarin de mensen uit de industrie en ook de consument geïnteresseerd 
zijn: dit zijn namelijk de geur- en smaakstoffen. Het belangrijkste en 
bekendste 'afvalproduct' van melkzuurbacteriën wordt lactaat genoemd, 
ofwel melkzuur. Aan dit stofje danken de melkzuurbacteriën h u n naam. 

Eten bij een bacterie begint met het verplaatsen van de voedingstoffen 
vanuit leefomgeving in de cel, ook wel ' transport ' of 'opname' genoemd. 
Binnenin de bacterie worden die stoffen in een aantal stappen in kleinere 
brokjes afgebroken. Dit gebeurt door zogenoemde enzymen: de vertering zou 
zonder de hulp van enzymen maar heel langzaam plaatsvinden. Daarom 
helpen enzymen de na tuur een handje. Enzymen zijn een soort 
katalysatoren die ervoor zorgen dat de afbraak van voedingsstoffen versneld 
wordt, zonder dat ze zelf kapotgaan. Ze gaan dus erg lang mee (en dat is 
precies de kracht van het enzym). Een andere belangrijke eigenschap van 
enzymen is dat ze heel specifiek zijn voor een reactie: elk enzym kan maar 
één reactie versnellen. 

In dit proefschrift gaat het om het verteren van suikers door 
melkzuurbacteriën. Er zijn een heleboel verschillende soorten suikers in de 
natuur . Veel mensen kennen bijvoorbeeld kristalsuiker en druivensuiker. 
Maar er zijn er veel meer. Voor dit proefschrift waren twee groepen suikers 
belangrijk: suikers die uit 6 bouwstenen bestaan en suikers die maar 5 
bouwstenen hebben. De suikers uit de eerste groep worden ook wel 'hexose-
suikers' genoemd, naar het Griekse woord voor zes (e§), terwijl suikers uit 
de tweede groep 'pentose-suikers' worden genoemd, naar het Griekse woord 
voor vijf (névxe). 
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Embden-Meijerhoff-Parnas Fosfoketolase-
route route 

Figuur A. Schematische tekening van de twee suikerafbraakroutes in 

melkzuurbacter iën, de Embden-Mei jerhoff -Parnas route en de fosfoketolase-route. De 

pijltjes geven het verplaatsen van de suiker van de omgeving in de cel en de daaropvolgende 

afbraakstappen weer. De gestippelde pijltjes geven aan dat meerdere enzymen betrokken zijn 

bij de omzettingen. De ovalen met FK en AK erin laten zien op welke plaats de enzymen 

fosfoketolase en acetaatkinase actief zijn. 

In figuur A is een schema getekend om de afbraak van suikers in 
melkzuurbacteriën te verduidelijken. Hexose-suikers kunnen op twee 
manieren verteerd worden: via een route die de 'Embden-Meijerhoff-
Parnas'-route genoemd wordt, naar de ontdekkers, of via de fosfoketolase-
route. In de eerste route, wordt de hexose-suiker door de werking van 
achtereenvolgende enzymen in twee brokken gesplitst die beide uit drie 
bouwstenen bestaan. De chemische s t ructuur van die brokken wordt in een 
paar stappen nog een beetje veranderd waarbij de bacterie energie kan 
winnen. Het eindproduct van de chemische veranderingen is lactaat 
(melkzuur). 

Via de fosfoketolase-route wordt er eerst een bouwsteen van de 
hexose-suiker afgehaald, waarna het belangrijkste enzym van de route, 
fosfoketolase genaamd, de overgebleven suiker in een deel van drie en een 
deel van twee bouwstenen opsplitst. De eerste ondergaat dezelfde 
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chemische veranderingen als bij de Embden-Meijerhoff-Parnas-route en 
wordt melkzuur. Het deel dat uit twee bouwstenen bestaat, wordt in één 
stap veranderd door het enzym dat 'acetaatkinase' wordt genoemd. Ook bij 
deze stap krijgt de bacterie extra energie. Dit eindproduct heet acetaat of 
azijnzuur. De enkele bouwsteen uit de eerste stap is ook bekend als de 
bubbels in frisdrank: koolzuur. Sommige melkzuurbacteriën kunnen naast 
hexose-suikers ook pentose-suikers afbreken. Dit gebeurt altijd via de 
fosfoketolase-route (zie figuur). 

Op basis van h u n manier van suikers afbreken, kunnen 
melkzuurbacteriën in drie groepen worden ingedeeld. De eerste groep heeft 
alleen de enzymen van de Embden-Meijerhoff-Parnas-route (EMP-route), en 
kunnen de fosfoketolase-route niet gebruiken. Zij kunnen daarom ook geen 
pentose-suikers verteren. De tweede groep gebruikt de fosfoketolase-route 
voor het verteren van hexose-suikers, en zij kunnen juist wel pentose-
suikers afbreken. De derde groep bacteriën gebruikt de EMP- route om 
hexose-suikers te verteren, maar heeft ook de enzymen van de 
fosfoketolase-route. Die laatste gebruiken ze alleen voor de afbraak van 
pentose-suikers. 

D E F O S F O K E T O L A S E - R O U T E I N LACTOBACILLUS PENTOSUS 

Het onderzoek dat beschreven staat in dit proefschrift is uitgevoerd met de 
melkzuurbacterie Lactobacillus pentosus. Zoals gebruikelijk is in de biologie, 
wordt de officiële naam van een organisme (bacteriën, maar ook van 
planten en dieren) cursief geschreven. De officiële naam is vaak afgeleid uit 
het Grieks of Latijn. Lactobacillus is de naam van de familie waartoe deze 
bacterie behoort. Lacto is afgeleid van lactaat, de wetenschappelijke naam 
voor melkzuur; bacillus verwijst naar de vorm van de bacterie zoals je die 
kan zien onder de microscoop, namelijk een klein staafje. De naam 
pentosus geeft aan dat deze bacterie pentose-suikers kan afbreken. Van 
nature komt deze bacteriestam voor in planten. In deze bacterie hebben we 
de enzymen fosfoketolase en acetaatkinase onderzocht. De resultaten van 
dat onderzoek s taan beschreven in de Hoofdstukken 2 en 3 van dit 
proefschrift: 

Lactobacillus pentosus behoort tot de hierboven beschreven derde 
groep van melkzuurbacteriën. Hij verteert hexose-suikers dus via de EMP-
route, maar hij kan ook pentoses-suikers afbreken via de fosfoketolase-
route. Echter, ook al kan een bacterie uit de derde groep in principe beide 
routes gebruiken, dat betekent niet dat dat ook werkelijk gebeurt. Het blijkt 
dat bacteriën bepaalde routes aan en uit kunnen zetten door de enzymen 
van die route aan te maken of af te breken, afhankelijk van welke 
voedingsstoffen (in dit geval suikers) in h u n omgeving aanwezig zijn. 
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We hebben onderzocht wanneer de fosfoketolase-route aan- of uitstaat 
in Lactobacillus pentosus door naar de aanwezigheid van fosfoketolase-
enzym te kijken: als het enzym er niet is, s taat de route uit, is hij er wel, 
dan staat de route aan. Het bleek dat de route uitstaat, als de bacterie in 
een omgeving met alleen hexose-suikers drijft. De hexose-suikers worden 
immers afgebroken via de EMP- route. Als de bacterie zich bevindt in een 
omgeving met alleen pentose-suikers, is de fosfoketolase-route wel weer 
nodig en staat de route dus aan. In een derde situatie, namelijk als er zowel 
hexose- als pentose-suikers in de omgeving van de bacterie zijn, blijkt de 
fosfoketolase-route weer uit te staan. Dit heeft te maken met een 
verschijnsel dat 'katabolietrepressie' wordt genoemd. 

Katabolietrepressie heeft te maken met lievelingseten: iedereen vindt 
sommige dingen lekkerder om te eten dan andere dingen. Veel kinderen 
eten bijvoorbeeld liever eerst het toetje. Het verschijnsel dat het ene voedsel 
lekkerder wordt gevonden dan het andere, komt ook voor bij bacteriën, 
maar bij hen is die lekkere trek eerder een overlevingstrategie. Het 
zogenaamde lekkere eten geeft hen ook het snelst de meeste energie en dus 
de hoogste overlevingskansen. Dus eerst het lekkere en energierijke eten, 
pas als dat opgegeten is beginnen ze aan ander aanwezig voedsel. 
Lactobacillus pentosus vindt hexose-suikers lekkerder dan pentose-suikers. 
Hij gaat dus pas pentose-suikers eten, als de hexose-suikers helemaal op 
zijn. Tot die tijd wordt de fosfoketolase-route niet gebruikt. 

Zoals verwacht kan de bacterie geen pentose-suikers meer verteren 
als we het enzym fosfoketolase weghalen uit Lactobacillus pentosus. 
Hetzelfde geldt voor acetaatkinase: ook dit enzym is perse noodzakelijk om 
pentose-suikers af te kunnen breken. Echter, het enzym acetaatkinase 
blijkt, in tegenstelling tot fosfoketolase, altijd aanwezig te zijn, ook als de 
bacterie in een omgeving met alleen hexose-suikers ronddrijft. We weten 
niet precies waarom we dit gevonden hebben: blijkbaar worden niet alle 
enzymen volledig uitgeschakeld, ook al zijn ze niet direct nodig. 

De informatie die bepaalt hoe een enzym er uitziet, wanneer een 
enzym aangemaakt wordt en of de aanmaak van een enzym gevoelig is voor 
katabolietrepressie, ligt opgeslagen in het DNA. Het DNA bestaat uit 
zogenoemde genen, s tukken DNA die beschrijven hoe enzymen eruit zien, 
met daaromheen stukken regel-DNA. Wij hebben de genen die coderen voor 
fosfoketolase en acetaatkinase opgezocht en bekeken. Zo konden we 
bestuderen hoe beide enzymen er uitzien. We vonden bij het gen van 
fosfoketolase een stukje regel-DNA dat bepaalt dat katabolietrepressie een 
rol speelt bij het aanmaken van dit enzym. Dit kwam overeen met de al 
eerder beschreven resultaten. 

In Hoofdstuk 4 hebben we de fosfoketolase-route bekeken in meerdere 
melkzuurbacteriën. Melkzuurbacteriën zijn vaak ingedeeld aan de hand van 



146 LEKENSAMENVATTING  

de eindproducten die ze maken (melkzuur, als de suikerafbraak via de 
EMP-route gaat; en melkzuur, azijnzuur en koolzuurgas, als de afbraak via 
de fosfoketolase-route verloopt) en of ze hexose- en/of pentose-suikers 
kunnen verteren. We konden bevestigen dat er inderdaad drie groepen van 
melkzuurbacteriën zijn, zoals boven beschreven, en dat het wel of niet 
aanwezig zijn van het enzym fosfoketolase daarmee samenhangt. 

In het laatste hoofdstuk, Hoofdstuk 5, hebben we een enzym 
bestudeerd dat sterk lijkt op fosfoketolase, maar voorkomt in een bacterie 
die niet tot de melkzuurbacteriën behoort, namelijk Synechocystis. Deze 
bacterie kan echter geen pentose-suikers verteren en hexose-suikers 
worden via de EMP-route of zelfs nog via een andere route afgebroken. Toch 
wilden we kijken of dit enzym een zelfde functie zou hebben als 
fosfoketolase in Lactobacillus, wat we vermoedden door de sterke gelijkenis. 
Helaas konden we dat niet aantonen. Het blijft dus voorlopig een raadsel 
waarom Synechocystis dit enzym nodig zou hebben. 
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