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General introduction 

 
 

 
 
Preface 

 
This introduction reviews current knowledge of the topics addressed in this thesis. 

The first section reviews polysaccharides and their applications. Exopolysaccharides can, 
based on their monosaccharide composition and biosynthetic pathway, be divided into two 
classes, heteropolysaccharides and homopolysaccharides. Homopolysaccharides consisting of 
fructosyl units (fructans), and their structures, are described in more detail. The second 
section focusses on fructan production by plants, fungi, yeast, and bacteria, with emphasis on 
lactic acid bacteria. Lactobacillus reuteri 121, the strain used for the research described in 
chapters 2 - 5, is introduced. The limited biochemical information available on sucrase 
enzymes from various organisms producing fructan polymers (fructosyltransferases, FTFs) is 
presented in the third section. Section four contains a brief overview of protein anchoring 
systems in lactic acid bacteria focussing on a cell-wall anchoring system observed in the 
amino acid sequences of FTFs described in chapters 2 and 4. Finally, an outline of this thesis 
is presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
S.A.F.T. van Hijum, S. Kralj, L. Ozimek, L. Dijkhuizen, G.H. van Geel-Schutten, 
“Homopolysaccharides and lactic acid bacteria: enzymes involved and applications”, 
submitted for publication. 
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1. Carbohydrates 
 

Carbohydrates are widely distributed on Earth, occur in many different forms, and are 
present in a wide variety of substances and materials. Carbohydrates play a crucial role in 
photosynthesis, which is the process in which the sun’s energy is converted into chemical 
energy. During this process carbon dioxide and water are combined to form glucose and 
oxygen. The carbohydrates produced by photosynthizing organisms are in their turn degraded 
by non-photosynthesizing organisms during respiration and glycolysis. Production and 
conversion of carbohydrates are essential parts of the carbon cycle of our planet. It is 
estimated that yearly about 3.4 x 1014 kg of carbohydrates are synthesized by plants and 
photosynthesing microorganisms. They make up an important part of our diet and form more 
than half of the calories consumed daily.  

The general formula for carbohydrates is Cn(H2O)n. In the nineteenth century it was 
thought that they consisted of hydrates of carbon, hence the name carbohydrates. The exact 
nature, however, is that they contain hydroxyl and carbonyl groups and are polyhydroxy 
aldehydes or ketons. Carbohydrates can be divided in structural and non-structural 
components of organisms. Structural carbohydrates are found as components of the cell-wall 
and cytoskeleton. Non-structural carbohydrates are known as energy-rich compounds used 
for metabolism and energy storage compounds. The research described in this thesis focusses 
on the non-structural bacterial carbohydrates in the form of common and special fructose 
polymers, also called fructans. Before describing details on these fructans, a short overview 
of some (non-) structural carbohydrates, is given. 

 
  

1.1 Structural carbohydrates 
 

Chitin is a polymer composed of D-glucopyranose units with an N-acetylamino 
group at the C2 position of the glucopyranosyl ring. It can be found in anything from the 
shells of beetles to webs of spiders. Chitin is very similar to cellulose. Cellulose contains a 
hydroxy group, while chitin contains acetamide. When applied to human wounds and surgical 
cloths, it accelerates the skin healing process. An acidic mixture of chitin, when applied to 
burns, also accelerates the healing process. Left on for a few days, it can heal a third-degree 
bun completely. Chitosan is a molecule that is chemically derived from chitin by strong alkali 
treatment. This process is also called "N-deacylation", converting the chitin amide group to 
an amine group. Chitosan is used to dye shirts and jeans in the clothing industry. Because 
chitosan cannot be digested in the intestinal tract, it can be used within the human body to 
regulate diet programs.  

Murein (peptidoglycan) is a cell-wall structure in bacteria. G. Gram invented a 
staining method for murein using the dye “crystal violet”. Gram-positive bacteria can be 
stained with this dye, whereas Gram-negative bacteria can not be stained due to the presence 
of an impermeable outer membrane. Murein is a polymer consisting of the hexoses N-
acetylglucosamin and N-acetyl-muramic acid linked via a β(1→4) bond, crosslinked by short 
oligopeptides. Although there are other kinds of carbohydrates in the bacterial cell-wall, 
murein is the major structural component. The other cell-wall carbohydrates are more diverse 
and distinctive in various bacteria. 

Pectins are large molecules typically consisting of 100,000 units. They occur 
primarily in plant cell-walls, albeit in relatively low amounts (1-5% of total carbohydrates). 
In fruits, however, they are more abundant (10-30% of total carbohydrates). Pectins act as 



Bacterial fructosyltransferases 

  11 

intracellular cementing material, giving body to fruits, helping them to keep shape [149]. 
Pectin consists of stretches of partially methylated poly-α(1→4)-D-galacturonic acid residues 
occasionally interrupted with alternating α(1→2)-L-rhamnosyl-α(1→4)-D-galacturonosyl 
sections. These sections contain branch-points with mostly neutral side chains (1 - 20 
residues) of mainly L-arabinose and D-galactose but may also contain other residues such as 
D-xylose, L-fucose and D-glucuronic acid. Pectins are mainly used as gelling agents, but can 
also act as thickener, water binder and stabilizer. 

Cellulose is an abundant carbohydrate of commercial and biological importance, 
found in all plants as the major structural component of the plant cell-wall.  It consists of 
unbranched polymers of β(1→4) linked D-glucopyranose residues arranged in linear chains, 
where every other residue is rotated approximately 180°. Intermolecular hydrogen bonds, van 
der Waals interactions, and the β(1→4) linkages make that cellulose forms a very strong 
matrix for the cell-walls of plants. 
 
 

1.2 Non-structural carbohydrates 
 

Glucose and fructose are carbohydrates found naturally in every fruit and vegetable. 
These sugar molecules are the major products of photosynthesis. Glucose is a building block 
of cellulose, starch, sucrose (Fig. 3A), raffinose (Fig. 3B), lactose, glucans, and α,α-
trehalose. It is also found in a free state in a number of materials such as honey, grapes, and 
raisins. Glucose plays an important role in the blood of all animals, where it serves as an 
immediate source of energy and as a stabilizer of the osmotic pressure of the blood. It further 
serves as a precursor for the formation of glycogen and fat. Fructose is found in polymeric 
forms (fructans) in plants, fungi, and bacteria.  
 
 

 
 
Figure 1. α-D-glucopyranose (D-glucose) projections. From left to right are drawn (i) a pyranose ring with 
carbon atom numbering, (ii) a Fischer projection with carbon atom numbering, (iii) a Haworth projection 
(commonly used to depict glucose) with carbon atom numbering, (iv) a chair conformation, and (v) a boat 
conformation. From [149]. 
 
 
Glucose is a hexose belonging to the D-family of aldoses. It is a straight chain 
polyhydroxylated aldehyde (aldose) that forms a pyranose ring composed of 5 carbon atoms 
(Fig. 1). Fructose is a hexose of the D-family of ketoses. It is a straight chain 
polyhydroxylated ketone (ketose) that forms a furanose ring of 4 carbon atoms (Fig. 2). In 
aldoses and ketoses, carbon atom numbering starts at the terminal carbon atom closest to the 
aldehyde or ketone group (Figs. 1 and 2). The spatial relationships of the atoms of the 
furanose and pyranose ring structures are more correctly described by the two conformations 



Chapter 1 

 12 

identified as the the more stable chair- and 
the boat forms; for glucose both forms are 
depicted in Figure 1. Constituents of the 
ring that project above or below the plane of 
the ring are axial and those that project 
parallel to the plane are equatorial. In the 
chair conformation, the orientation of the 
hydroxyl group of the anomeric carbon 
(carbon atom 1) is axial in α-D-glucose and 
equatorial in β-D-glucose. 

  
 
Disaccharides. Sucrose, α,α-

trehalose and lactose are the only naturally 
occurring disaccharides. Sucrose (Fig. 3A) 
is a non-reducing heterodisaccharide 
composed of α-D-glucopyranose and β-D-
fructofuranose. Sucrose, or as it is 
commonly named, ‘sugar’, is present in 
small amounts in all plants; high amounts of 
sucrose are present in sugar cane and  sugar 
beet, both used as a source for table sugar 
[149]. Lactose is a naturally occurring 
heterodisaccharide of a β-D-
galactopyranosyl and α-D-glucopyranosyl 
linked via an α(1→4) bond. It can be found 
in the milk of mammals and serves as the 
principal source of carbohydrate and energy 
for their young. α,α-Trehalose is also a 
naturally occurring non-reducing 
disaccharide composed of two α-D-
glucopyranosyl units linked via an α(1→1) 
bond. It can be found in yeasts and the 
spores and fruiting bodies of fungi. Another 
source of α,α-trehalose is the hemolymph 
fluid of insects, where it serves as a source of energy. Its function in insects is similar to that 
of glucose in mammalian blood. 

Trisaccharides. Raffinose (Fig. 3B) is a non-reducing trisaccharide composed of an 
1,6 linked α-D-galactopyranosyl unit to the glucose part of sucrose (Fig  3A). It is found in 
lesser amounts primarily in sugar beets. Other naturally occurring trisaccharides are 
melezitose, melibiose, turanose, and panose. 

Starch is next to cellulose the most abundant carbohydrate. It constitutes the main 
form for storage of energy in plants. The starch granule is composed of two polymers: 
amylose and amylopectin. The amylose molecules are essentially linear α(1→4) linked 
glucan chains containing low amounts of α(1→4) linked glucose residues. Amylopectin 
molecules are α(1→4) linked glucose polymers with on average 5% α(1→6) linked glucose 
branches. Amylopecting often contains small amounts of covalent bound phosphate. 

Glycogen is the major form of stored carbohydrate in animals. It is a homopolymer of 
α(1→4) linked glucose residues with every 8 - 10 residues an α(1→6) linked glucose branch. 

Figure 2. β-D-fructofuranoside (D-fructose) 
projections. Left: a furanose ring with carbon 
atom numbering; right: a Haworth projection 
(commonly used to depict fructose) with 
carbon atom numbering. From [149]. 

A 

B 

Figure 3. Sucrose (A) consists of an α-D-
glucopyranosyl unit linked 1→2 to a β-D-
fructofuranoside. Raffinose (B) is a non-reducing 
trisaccharide of α-D-galactopyranose linked 1→6 
to the glucose part of sucrose. From [149]. 
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Glycogen is a very compact structure that results from the coiling of the polymer chains. This 
compactness allows large amounts of carbon energy to be stored in a small volume, with little 
effect on cellular osmolarity. 

Fructans. Most plants store starch or sucrose as reserve carbohydrates, but about 15% 
of all flowering plant species store fructans. Among the plants storing fructans are many of 
significant economic importance, such as cereals (barley, wheat and oat), vegetables (chicory, 
onion, lettuce), ornamentals (tulip, dahlia), and forage grasses [70]. More details on fructans 
will be given in the next section. 
 
 

1.3 Exopolysaccharides 
 

Intracellular storage polysaccharides are produced by plants (starch, inulin) and 
animals (glycogen) and, with fewer examples, by microorganisms (e.g. glycogen). 
Extracellular polysaccharides (exopolysaccharides; EPS) occur widely among bacteria and 
microalgae and, less frequently, among yeasts and fungi [42, 57, 142]. Bacterial EPS are 

molecules with molecular masses varying between 10 to 104 kDa (approximately 50 to 
50,000 glycosyl units). The degree of polymerization (DP; number of residues) describes the 
number of monomeric residues making up a carbohydrate polymer molecule. Depending on 
their composition and mechanism of biosynthesis, bacterial EPSs can be divided into two 
classes: heteropolysaccharides and homopolysaccharides. 
 
Bacterial heteropolysaccharides 

Heteropolysaccharides are composed of a variety of sugar residues, mostly glucose, 
fructose, galactose and rhamnose. In some cases charged groups such as acetate, phosphate or 
glycerolphosphate are present. Heteropolysaccharides are usually produced in amounts below 
100 mg/l. Heteropolysaccharides are synthesized at the cytoplasmic membrane by (a series 
of) glycosyltransferases, using intracellularly formed energy-rich precursors. These energy-
rich precursors provide the energy for the polymerization reaction. The biosynthetic pathways 
of heteropolysaccharides show some similarities with the biosynthesis of the cell-wall 
components such as lipopolysaccharides, peptidoglycan and teichoic acid. Sugar nucleotides 
serve as precursors in the biosynthesis of different cell-wall components as well as in the 
biosynthesis of heteropolysaccharides [42, 43, 127]. Several enzymes involved in the 
biosynthesis of these sugar nucleotides are not necessarily unique to EPS formation, but may 
also play important roles in other metabolic pathways, such as metabolism of sugars. 
Heteropolysaccharides are mainly produced by lactic acid bacteria such as Bifidobacterium 
adolescentis [78], Lactobacillus sake [200], Lactobacillus casei [91], Lactobacillus 
delbrueckii spp bulgaricus [27, 60], Lactobacillus rhamnosus [55], Streptococcus salivarius 
ssp thermophilus [185], and various Lactococcus strains [25, 91, 198]. 
 
Bacterial homopolysaccharides 
 Bacterial homopolysaccharides are composed of only one type of glycopyranosyl 
residue. They may consist of either glucose (polymer: glucan) or fructose (polymer: fructan) 
residues with varying binding types and branching degree. They are synthesized on the 
outside of the cell by enzymes of the sucrase type in the presence of a donor molecule, e.g. 
sucrose, and an acceptor molecule, e.g. the growing polymer molecule, sucrose, raffinose, or 
water. Major differences with respect to the biosynthetic pathway of heteropolysaccharides 
are that only a single sucrase enzyme is involved in homopolysaccharide synthesis and that 
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sucrose instead of activated sugars is used as substrate. Differences between bacterial 
homopolysaccharides and heteropolysaccharides are listed in Table 1. 

Some of the sucrase enzymes can also be used to synthesize oligosaccharides such as 
fructo-oligosaccharides and glucooligosaccharides. These oligosaccharides may contain 
several types of linkages between the glucose- or fructose moieties depending on the enzyme 
and conditions used for synthesis. There is a growing interest in oligosaccharides for instance 
for prebiotic purposes [125, 182]. In the case of glucooligosaccharides, the synthesis reaction 
of the oligo (also referred to as acceptor reaction) is different from the polysaccharide 
synthesis reaction: in addition to sucrose, the substrate of sucrases, an acceptor molecule such 
as maltose is required for the acceptor reaction to proceed. Depending on for instance the 
nature of the acceptor molecule and sucrose concentration, different oligosaccharides can be 
obtained [51, 113]. 
 
Glucans 

Bacterial glucans are 
polymers of glucose residues 
synthesized by sucrase type of 
enzymes (glucansucrases). 
These enzymes cleave sucrose 
(Fig. 3A) and use the energy 
released (between the glucose 
and fructose; Figs. 1 and 2) to 
couple a glucosyl unit to a 
growing glucan (polyglucose) 
chain [112]. There is 
considerable variation in 
glucans due to differences that 
occur in the type of linkages, 
degree and type of branching, 
length of the glucan chains, 
molecular weight, and conformation of the polymers. As a result, there are large variations in 
solubility and other physical characteristics of the glucans. These differences reflect the 
complexity of extracellular polysaccharide synthesis from sucrose [112]. Many factors, 
including the growth media, incubation time, sucrose concentration used, and the presence of 
polysaccharide degrading enzymes, influence the molecular weight, structure, and physical 
characteristics of the polymers synthesized. Almost all glucans produced by lactic acid 
bacteria are composed of α-glucopyranosyl moieties; the various type of glucan differs in 
their linkages [112].  

Examples of glucan production by lactic acid bacteria are (i) a glucan with α(1→6), 
α(1→4), and α(1→6→4) glucosidic bonds branching points (Lactobacillus reuteri 121) 
[204], (ii) dextran with contiguous α(1→6) linked glucopyranosyl units in the main chain and 
α(1→6→2), α(1→6→3), and / or α(1→6→4) branching points (Leuconostoc mesenteroides, 
and Lactobacillus hildegardii), (iii) mutan, a linear unbranched polyglucose with α(1→3) 
linkages (various streptococci), and (iv) alternan with alternating α(1→6) and α(1→3) linked 
D-glucopyranosyl units in the main chain and α(1→6→3) branches (Ln. mesenteroides) [25, 
47, 63, 108, 137, 168, 172].  

Table 1 Differences in synthesis and composition of bacterial 
homopolysaccharides and heteropolysaccharides  
 

Heteropolysaccharides Homopolysaccharides 
   
Quantity  low (mg.l-1)  high (g.l-1) 
produced 
 
Building blocks several per polymer one per polymer 

rhamnose, fucose, glucose, fructose 
arabinose, xylose,  
mannose, galactose,  
glucose, glucuronic acid 

 
Source  activated sugars  sucrose  
 
Enzymes several intracellular one extracellular 
involved  membrane associated 
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Fructans 
Bacterial fructans (Fig. 4) are polymers of fructose residues synthesized by a second 

class of sucrase type of enzymes, the fructosyltransferases (FTF). These enzymes cleave 
sucrose (Fig. 3A) and use the energy released (between the glucose and fructose; Figs. 1 and 
2) to couple a fructosyl unit to a growing fructan (polyfructose) chain, sucrose, or water. In 
many cases, FTFs also use raffinose (Fig. 3B) as substrate. There are at least two types of 
FTFs: (i) those from plants and (ii) those from microorganisms. 

In plants, two FTF enzymes are involved in fructan synthesis. The first FTF cleaves 
sucrose and couples the fructosyl unit to the fructose part of another sucrose, thereby making 
a primer for the second FTF, which couples a fructosyl unit of sucrose to this primer 
molecule [210].  

Bacterial FTFs synthesize fructans from sucrose in a similar way, but use only one 
enzyme that generates the primer molecules and subsequently elongates these to synthesize 
the fructan. Because sucrose is used as acceptor in the initial primer reaction, both plant and 
bacterial fructans contain a non-reducing sucrose unit at the end of the chain [54]. 

 
 
 

 
 
Figure 4. Structures of fructans: A, structure of inulin (where n=20-
10000); B, structure of levan (where m=0-2). From [149]. 
 
 
 
 
 
 

 
 
 
 
Fructans may contain linkage types β(2→1), β(2→6), and β(2→1→6) branching 

points in any combination (Fig. 4). Fructans containing primarily (in the backbone) β(2→6) 
linked fructosyl units are referred to as levans; fructans containing primarily β(2→1) linked 
fructosyl units are referred to as inulins [210]. Plants predominantly produce fructans of the 
inulin type with a relatively low molecular weight (typically 4 – 10 kDa), whereas bacteria 
produce mostly high molecular weight fructans (typically 10 – 104 kDa) of the levan and 
inulin types [210]. 
 

A 

B 
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Levan and inulin production by bacteria 
Levan production has been frequently studied in Gluconacetobacter diazotrophicus 

[161], Zymomonas mobilis [95, 179], and Bacillus sp. [102, 135, 190]. However, limited 
information is available on levan production by lactic acid bacteria: it has only been 
described for streptococci [22, 66, 172], Ln. mesenteroides [150], L. reuteri 121 [204], and is 
described in Chapters 3 and 4 of this thesis. Also Lactobacillus sanfranciscensis was found 
to produce fructans, but the fructan binding types have not been determined [93, 94]. 

Inulin production has only been described for several Streptococcus mutans 
subspecies, i.e. S. mutans Inbritt [151] and S. mutans GS-5 [168], and recently Leuconostoc 
citreum [131]. In Chapters 2 and 5 of this thesis the first inulosucrase and its encoding gene 
from a Lactobacillus species is introduced. Furthermore, in Chapter 2, first observations of 
inulin oligosaccharide production from L. reuteri are described. 

 
 

1.4 Physiological function of EPS 
 

The physiological role of EPS in bacteria has not been clearly established, and is 
probably diverse and complex. EPS are thought to play a role in the protection of the 
microbial cell in their natural environment, against desiccation, phagocytosis and phage 
attack, antibiotics or toxic compounds (e.g. toxic metal ions, sulfur dioxide, ethanol), 
predation by protozoans, osmotic stress, adhesion to solid surfaces and biofilm formation, 
and also in cellular recognition (e.g. via binding to a lectin) [25]. It is not likely that EPS 
serves as a food reserve for the bacteria producing them, because most slime-forming bacteria 
are not capable of metabolizing the EPS they produce [25]. The combination of a 
biosynthetic and a degrading enzyme has been reported in Lactobacillus plantarum [120], 
Paenibacillus polymyxa [17, 18], Z. mobilis [62], and S. mutans [20, 162]. EPS may also 
contribute to the provision of reduced oxygen tension and participate in the uptake of metal 
ions [25]. Furthermore, EPS may function as adhesive agents and facilitate interactions 
between plants and bacteria, i.e. levan production by the root of the sugar cane invading G. 
diazotrophicus [71]. Homopolysaccharides (glucans and fructans) formed by oral 
streptoccocci have a major influence on the formation of dental plaque. They are involved in 
adherence of bacteria to each other and to the tooth surface, modulating diffusion of 
substances through plaque and serving as extracellular energy reserves [154]. Furthermore, 
fructans aid in the adhesion of bacterial cells to plant cell surfaces [71]. 
 
 
1.5 Applications 
 

A probiotic is a mono- or mixed culture of living microorganisms which, applied to 
animal or man, beneficially affects the host by improving the properties of the indigenous 
population of gastrointestinal microorganisms [67]. Probiotic effects are considered to 
include inhibition of pathogenic microorganisms, antimutagenic and anticarcinogenic 
activity, increase of the immune response and reduction of cholesterol levels [45]. 
Bifidobacteria and lactobacilli have been used as probiotics to control intestinal disorders 
such as lactose intolerance, acute gastroenteritis due to rotavirus and other enteric pathogens, 
adverse effects of pelvic radiotherapy, constipation, inflammatory bowel disease, and food 
allergy [155, 158, 169]. These beneficial effects of lactobacilli have been attributed to their 
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ability to suppress the growth of pathogenic bacteria, possibly by secretion of antibacterial 
substances such as lactic acid, peroxide and bacteriocins [158]. Their survival during the 
passage through the human gut, when administered in fermented milk products, has been 
investigated intensely in recent years. Well-controlled, small-scale studies on diarrhea in both 
adults and infants have shown that probiotics are beneficial and that they survive in sufficient 
numbers to affect gut microbial metabolism. Survival rates have been estimated at 20-40% 
for selected strains, the main obstacles to survival being gastric acidity and the action of bile 
salts. Examples of probiotic food enchancers are: (i) Yakult (Yakult, Japan) with L. casei 
Shirota; (ii) Vivit (Mona, The Netherlands) with L. casei GG; (iii) Actimel (Danone, France) 
with L. casei Immunitas; (iv) Fysiq (Mona, The Netherlands) containing both prebiotic 
additives and Lactobacillus acidophilus Gilliland; and (v) L. reuteri 
(http://www.reuteri.com). 

Prebiotics are defined as enhancers of probiotic strains or of beneficial endogenic 
strains of the gastrointestinal tract. Certain oligosaccharides and polysaccharides (lactulose 
and fructans) for instance are resistant to digestion by enzymes of the gastro-intestinal tract, 
because of the presence of fructose units in the β-form. They can, however, be fermented by 
beneficial microorganisms, such as bifidobacteria. Prebiotics therefore, selectively stimulate 
the growth of these microorganisms [24, 158]. Examples of fructo-oligosaccharides added to 
food are: (i) Nutrilon and Omneo baby-food (Numico, The Netherlands) to improve digestion 
and increase natural resistance; (ii) Fysiq (Mona, The Netherlands) contains inulin and a 
Lactobacillus strain; and (iii) LC1 Go (Nestlé, France). 

Many food grade microorganisms, in particular lactic acid bacteria [25, 26], 
propionibacteria [26] and bifidobacteria [1, 147] produce EPS. Most of the EPS-producing 
lactic acid bacterial strains studied in more detail have been isolated from dairy products, e.g. 
Scandinavian ropy fermented milk products [53, 105, 118, 195], various yoghurts [6, 27, 28] 
and fermented milks [55], and kefir grains  [97, 137]. Also cheese [91] and fermented meat 
and vegetables [200] served as source of EPS-producing lactic acid bacteria. 

EPS can be used as viscosifying, stabilizing, emulsifying, gelling or water binding 
agent in the food as well as in the non-food industry [90, 187, 188, 211]. It is also used as a 
prebiotic (for description: see below) additive to food products [24]: some polysaccharides 
may contribute to human health, either as non-digestible food fraction, or because of their 
antitumoral, antiulcer, immunomodulating or cholesterol lowering activity [42, 50]. Various 
fructo-oligosaccharides are non-digestible oligosaccharides (a prebiotic), passing through to 
the mammalian gut system without being digested [10, 37, 153], except by some probiotic 
organisms such as bifidobacteria [207]. Synbiotic mixtures of L. acidophilus 74-2 and fructo-
oligosaccharides gave rise to an increase of bifidobacteria in an artificial human intestinal 
microbial ecosystem [59]. Addition of fructo-oligosaccharides also caused an increase in the 
number of bifidobacteria [130]. A beneficial effect observed was that the number of lactic 
acid bacteria increased dramatically upon administration of honey (honey contains in 
decreasing order fructose, glucose, maltose, and sucrose) to rats [167]. 

Also medical uses of plant and / or bacterial EPS have been reported. It was shown 
that orally applied inulin reduces the colitis (inflammatory bowel disease) in rat intestine 
[209]. It was also shown that the bacterial flora of a prebiotic yoghurt containing 
Streptococcus thermophilus, L. acidophilus, enriched with L. casei GG did not influence the 
vitamin B1, B2 and B6 status of humans [49]. In short, fructans (fructo-oligosaccharides and 
inulin) are of increasing interest to clinical nutritionists as functional food additives. 
 Several patent applications have been filed for fructans, their production and 
applications. Examples are (i) Novel fructosyltransferases from L. reuteri 121 (US patent no: 
09/604,958) [206]; (ii) Branched fructo-oligosaccharides, methods to obtain them and the use 
of products containing them (US Patent no: 5,659,028); (iii) Production of fructan (levan) 
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polymers using P. polymyxa (US Patent no: 5,547,863); (iv) Fructan-containing baby food 
compositions and methods therefor (US Patent no: 5,840,361); and (v) Fructosyltransferase 
enzyme from G. diazotrophicus, method for its production and DNA encoding the enzyme 
(US Patent no: 5,731,173). 

Several companies are specialized in the use of fructans in food (both as nutrient and 
as pharmaceuticals; nutraceuticals). Examples are (i) Vitafoods International Ltd. (UK; 
http://www.vitafoods.co.uk/), (ii) Nutraceutix (USA; http://www.nutraceutix.com), (iii) Arla 
Foods Amba (Denmark; http://www.arlafoods.com), (iv) Biogaia (Sweden; 
http://www.biogaia.com), and (v) Degussa Bioactives (Germany; http://www.degussa-
bioactives.com). 

 
 
2. Organisms producing fructans 

 
A large variety of organisms produce fructan polymers from the naturally occurring 

substrates sucrose or (in some cases) raffinose. In plants these polymers are produced 
intracellularly, whereas bacteria and fungi produce them extracellularly. In plants a two-
component enzyme system is used for the production of fructans. Bacteria and fungi produce 
fructans with only one enzyme. Before extensively describing bacteria that produce fructans, 
other organisms producing fructans will be discussed briefly. 

 
 
2.1 Eukaryotic organisms 

 
Plants 

Fructan synthesis in plants is modulated by light, affecting the availability of sucrose 
in the cell [210]. The substrate for plant fructan synthesis is sucrose, which is synthesized in 
the cytoplasm, but stored in the plant vacuole. In some cases raffinose, widely distributed in 
plants, is used as substrate. Fructans are produced in the vacuole by the fructosyltransferase 
enzymes using the stored sucrose as substrate [44]. Fructan accumulation in roots rather than 
leaves was found for Taraxacum officinale (Dandelion, Lion's tooth) [202]. The fructosyl 
chain length of fructans in plants varies greatly from 30 to 50 residues in general to 
occasionally 200 residues. Plant fructans are much smaller than bacterial fructans. Plant 
fructans can be divided into five major classes of structurally different polymers: inulin, 
levan, mixed levan, inulin neoseries, and levan neoseries [210]. Plant and bacterial inulin and 
levan share the same structure (see below). They are found in plants belonging to Asterales 
and some grasses. Mixed levan is composed of both β(2→1) and β(2→6) linked fructosyl 
units. This type of fructan is found in most plant species belonging to the Polaes, such as 
wheat and barley [23]. The inulin neoseries are linear β(2→1) linked fructosyl units linked to 
both C1 and C6 of the glucose moiety of the sucrose molecule. These fructans are found in 
plants belonging to the Liliaceae (onion and asparagus). The levan neoseries are polymers of 
predominantly β(2→6) linked fructosyl residues on either end of the glucose moiety of the 
sucrose molecule. These fructans are found in a few plant species belonging to the Polaes 
[210]. Although most plant fructan molecules consist of fructosyl residues linked to sucrose, 
also fructan molecules containing only β(2→1) linked fructose molecules have been isolated 
from species of the Asteraceae [210].  
 



Bacterial fructosyltransferases 

  19 

Yeasts 
Thusfar no fructan production or fructan hydrolysis has been reported for yeast. There 

are, however, reports on the presence of sucrose hydrolyzing activities (invertase of glycoside 
hydrolase family 32; see below) in various yeasts: Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, Schwanniomyces occidentalis (website: http://afmb.cnrs-
mrs.fr/~cazy/CAZY/GH_32.html). Yeast is frequently used as host for the heterologous 
expression of fungal FTFs [75, 77, 144]. 
 
Fungi 

Fructan production and hydrolysis has been reported for several fungi. They produce 
inulin polymers which resemble plant inulin with respect to binding types and the low degree 
of polymerization (resulting in low molecular weight inulin polymers). FTF genes of fungi 
were recently identified in Aspergillus sydowi [75], Aspergillus niger [96], Aspergillus 
foetidus [144], and Penicillium roquefortii [84]. These genes share a higher sequence 
homology with plant 1-SST than with bacterial FTFs (Fig. 7). 
 
 

2.2 Bacteria 
 
In general, bacteria produce fructans consisting mainly of β(2→6) linked fructosyl 

residues, occasionally containing β(2→1) linked branches. These fructans are called levans 
and can reach a degree of polymerization of more than 100,000 fructosyl units, resulting in 
fructan molecules with molecular weights of about 20 MDa (Table 2). Some bacteria, such as 
Z. mobilis, G. diazotrophicus (Table 2), and L. reuteri (Table 2; Chapter 2) additionally 
produce oligosaccharides. Bacterial inulin production (β(2→1) linked fructosyl residues in 
the backbone of the polymer) has been observed only in some dental pathogenic S. mutans 
strains, Ln. citreum (Table 2), and L. reuteri (Table 2; Chapters 2 and 5). Fructan production 
has been reported more often for Gram-positive bacteria, although fructan production in 
Gram-negative bacteria appears to involve a larger variety of bacterial species (Table 2).  

 
Gram-negative bacteria 

Gram-negative bacteria are known to produce levan polymers when incubated with 
sucrose. The physiological function of the production of these fructan polymers are in some 
cases attributed to: (i) the adhesion to sugar cane roots enabling G. diazotrophicus to invade 
the plant roots [71], and (ii) the persistence and virulence of Actinomyces naeslundii and 
Actinomyces viscosus in the mammalian oral cavity [16]. The function of fructan production 
in soil bacteria such as Pseudomonas is not yet known. The sizes of the fructans produced (if 
determined) show a large variation from 1 × 105 to 50 × 106 Da (Table 2). G. diazotrophicus 
and two Z. mobilis strains show besides the production of fructan polymer also production of 
the oligofructan kestose (a fructosyl unit coupled to the fructosyl part of sucrose; Fig. 3A). 
This might be caused by fructotransferase activities converting the fructans into kestose. 
Fructotransferase enzymes produce oligo-fructans from levan (levan fructotransferase; no 
E.C. number assigned) or from inulin (inulin fructotransferase; E.C. 2.4.1.200). Examples are 
found in Arthrobacter sp. [156, 157, 178] and Microbacterium sp. [29]. 
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Table 2. Bacterial fructan production and FTFs identified. 
 
Strain Fructan Fructan size Oligo Mr FTF Gene Reference 
  (Da)  (kDa) 
 
Arthrobacter sp. K-1 levanΦ n.d. n.d. 63 bff AB062134 
Bacillus amyloliquefaciens ATCC 23350 levanΦ n.d. n.d. 50 - [106] 
Bacillus amyloliquefaciens ATCC 23844 levanΦ n.d. n.d. 50 sacB [192] 
Bacillus circulans levanΦ n.d. n.d. 52 - [135] 
Bacillus natto 90% β(2→6) 2.5×106 - n.d. - [80] 
 10% β(2→1→6) 
Bacillus subtilis BS5C4 levanΦ > 10×106 - 50 - [35] 
Bacillus subtilis QB112 levanΦ n.d. n.d. 50 sacU [32] 
Bacillus subtilis var. saccharolyticus levanΦ 2×104 n.d. n.d. - [190] 
Bacillus subtilis W168 levanΦ n.d. n.d. 52 sacB [183] 
Clostridium acetobutilicum levanΦ n.d. n.d. 53 ftf [126] 
Geobacillus stearothermophilus ATCC 12980 levanΦ n.d. n.d. 50 surB [102] 

Lactobacillus reuteri 121 β(2→6) 97% 2×104 - 90 lev Ch 3,4 
  3% (3-4)×106 

Lactobacillus reuteri 121 β(2→1) > 1×107 1-kestose 90 inu  Ch 2,5 
Lactobacillus sanfranciscensis fructanΦ n.d. n.d. n.d. - [93, 94] 
Leuconostoc citreum > 95% β(2→1) n.d. n.d. 170 - [131] 
Paenibacillus polymyxa CF43 levanΦ > 5×106 kestoseΨ 52 sacB [17] 
Paenibacillus polymyxa NRRL B-18475 88% β(2→6) 2×106 - 52 - [64, 65] 
 12% β(2→1→6) 
Streptococcus mutans AHT inulinΦ n.d. n.d. - - [47] 
Streptococcus mutans BHT 90% β(2→1) n.d. n.d. - - [47] 
 10% β(2→1→6) 
Streptococcus mutans GS-5 inulinΦ (60-90)×106 - 88 ftf  [74, 162] 
Streptococcus mutans Ingbritt inulin# n.d. n.d. 70-94 - [3] 
Streptococcus mutans JC1 95% β(2→1) n.d. n.d. - -  [47] 
 5% β(2→1→6) 
Streptococcus mutans JC2 94% β(2→1) > 2×106 n.d. - -  [22, 151] 
 6% β(2→1→6) 
Streptococcus mutans OMZ 176 levan∀ n.d. n.d. - - [36] 
Streptococcus salivarius ATCC 13419 levanΦ 20×106 n.d. - - [123] 
Streptococcus salivarius ATCC 25975 70% β(2→6) (20-100)×106 - 100 ftf  [47, 177] 
 30% β(2→1) 
Streptococcus salivarius HHT 90% β(2→6) n.d. n.d. - - [47] 
 10% β(2→1→6) 
Streptococcus salivarius S1 86% β(2→6) n.d. - - - [66] 
 14% β(2→1→6)  
Streptococcus salivarius SS2 70% β(2→6) n.d. n.d. - - [172] 
 30% β(2→1) 
Actinomyces naeslundii WVU45 levanΦ n.d. - 68 ftf [16] 
Actinomyces viscosus T14 >50% β(2→6)# 50×106 - 240* - [133] 
 <50% β(2→1)# 
Aerobacter levanicum levanΦ 50×106 n.d. 22 - [46] 
Erwinia amylovora Ea7 / 74 levanΦ n.d. n.d. 44 lsc [56, 61] 
Gluconacetobacter diazotrophicus SRT4 levanΦ > 2×106 1-kestose 58 lsdA [7, 71] 
Gluconacetobacter xylinum NCI 1005 β(2→6) n.d. n.d. 47 lsxA [189] 
Pseudomonas syringae  
  pv. glycinea PG4180 levanΦ n.d. - 44 lsc/B/C [73] 
  pv. phaseolicola NCPPB 1321 levanΦ (1-100)×105 - 44 lsc  [72, 73] 
Pseudomonas aurantiaca levanΦ n.d. n.d. 47 lscA AF306513 
Rahnella aquatilis ATCC 33071 β(2→6) n.d. - 43 lsrA [166]  
Rahnella aquatilis JCM-1683 levanΦ n.d. n.d. 62 - [129] 
Zymomonas mobilis ATCC 10988 / ZM1 β(2→6) n.d. 1-kestose 47 levU [179, 180] 
Zymomonas mobilis IFO 13756 / Z6 levanΦ n.d. kestose 56 sucE2 [95, 215] 
Zymomonas mobilis NRRL B806 levanΦ n.d. n.d. 47 sacB [62] 
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Table 2. Continued. 
 
 
* Mr of this multi-subunit enzyme was determined by gel-filtration. 
# Binding types were identified by mouse antibodies raised against plant inulin polymers. 
Φ The binding types of these fructans have not been reported, nor were the standard methods used (methylation, NMR, 

or antibodies). 
∀ Binding types were determined by partial fructan hydrolysis and comparison with inulin and levan standards on TLC. 
Ψ Minor amounts were detected. 
n.d. Not determined. 

 
 
 
Bacilli 
 Fructan production has been reported for several Bacillus strains, i.e. B. 
amyloliquefaciens, B. circulans, B. subtilis, P. polymyxa and B. natto (Table 2). All of the 
fructans produced have been identified as levan polymers; only in the case of B. natto the 
binding type analysis was detailed enough to report the presence of 10% β(2→1→6) 
branching points. These organisms are associated with soil. A possible function of fructan 
production for these bacteria might be extracellular energy storage, enabling the organism to 
store carbohydrates in a soluble form, but inaccessible to organisms lacking fructan 
degrading activities. Levanase (EC 3.2.1.65) activities have been reported for P. polymyxa 
[18], and fructan degrading genes were reported for L. plantarum [120], providing further 
support for this hypothesis. Another function of fructan polymers in bacilli may be the 
attachment of cells to soil particles, but no reports providing clear experimental evidence 
have been published. 
 
Streptococci 

Limited information is available about fructan synthesis by lactic acid bacteria. Most 
attention has been focussed on oral streptococci because of their role in dental caries 
formation [11]. Both glucans and fructans formed by oral streptococci apparently have a 
major influence on the formation of plaque. They are involved in adherence of bacteria to 
each other and to tooth surface, modulating diffusion of substances through plaque and 
serving as extracellular energy reserves [154]. In the case of glucan synthesis, the fructose 
moiety of sucrose is fermented [9]. Streptococci produce both fructans of the levan type with 
β(2→6) linked fructosyl units, and of the inulin type with ß(2→1) linked fructosyl units. S. 
mutans JC2 for instance produces a fructan consisting mainly of ß(2→1) linked fructosyl 
units with 6% ß(2→6) branches [47, 151]. The fructan produced by S. mutans Ingbritt 
contains only ß(2→1) linked fructosyl units [3]. In some streptococci, the fructose moiety of 
sucrose can be used for polymer synthesis. In this way, levan and inulin-like polymers are 
formed.  
 
Lactobacilli - general 

Members of the genus Lactobacillus are facultatively anaerobic Gram-positive 
microorganisms that produce lactic acid as the major end product during the fermentation of 
carbohydrates. Lactobacilli are found in habitats where rich, carbohydrate containing 
substrates are available. Examples of such habitats are mucosal membranes of man and 
animal (oral cavity, intestine and vagina), plants or material of plant origin, manure, and man-
made habitats such as sewage, spoiled food and fermenting food [213]. Together with the 
genera Streptococcus, Lactococcus, Leuconostoc, Pediococcus, Aerococcus, Alloicoccus, 
Dolosigranulum, Enterococcus, Globicatella, Lactospaera, Oenococcus, Carnobacterium, 
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Tetragenococcus, Vagococcus and Weissella, lactobacilli belong to the lactic acid bacteria 
[184] (Fig. 5). 

Historically, the genera Lactobacillus, Leuconostoc, Pediococcus and Streptococcus 
form the core of the lactic acid bacteria group [9]. They possess the GRAS (Generally 
Regarded As Safe) status and are known to produce an abundant variety of homo- and 
heteropolysaccharides [42]. Members of these genera play an essential role in the 
fermentation of food (for instance cheeses, milks, breads, wines, pickles and meats) and feed. 
Lactic acid bacteria contribute to the natural preservation of the fermented products by 
lowering the pH due to the production of lactic acid, and in some cases by the production of 
antimicrobials. In addition to providing this effective form of natural preservation, they are of 
influence on the flavor, texture and, frequently, the nutritional attributes of the products [9]. 
The biochemical processes of lactic acid bacteria, which are of technological importance, are 
carbohydrate and citrate metabolism, proteolysis, and production of antimicrobials and 
exopolysaccharides [38]. 

Lactobacillus polysaccharides are of special interest because they may also contribute 
to human health as prebiotics [24], or because of their antitumoral [41], antiulcer [128], 
immunomodulating [164], or cholesterol-lowering [146] activity. Moreover, some strains 
(e.g. L. reuteri) have been designated as probiotics. They may have beneficial effects on the 
host by improving the properties of the indigenous population of gastrointestinal micro-
organisms [24, 58, 67]. Such beneficial properties of lactobacilli may be based on the 
polysaccharides produced.  

 
Lactobacilli - physiology 

The general metabolism and physiology of lactobacilli reflects their adaptation to 
niches rich in nutrients and energy sources. They have dispensed with biosynthetic capability 
and developed very efficient transport systems, which enable them to quickly take up the 
necessary solutes. Carbohydrates are metabolized very rapidly via fermentation [9], which, 
coupled to substrate level phosphorylation, is an essential feature of the metabolism of 
lactobacilli. 

Transport and phosphorylation of glucose may occur by transport of the free sugar 
and phosphorylation by an ATP-dependent glucokinase. However, most species use the 
phosphoenolpyruvate sugar phosphotransferase system (PTS) for transport and concomitant 
phosphorylation of sugars. In either case, a high-energy phosphate bond is required for the 
activation of the sugar [9]. Utilizing glucose or another hexose as a carbon source, lactobacilli 
may be either homofermentative or heterofermentative. Homofermentative strains only 
produce lactic acid from hexoses, whereas equimolar amounts of lactate, CO2 and ethanol 
(and / or acetic acid) are produced by heterofermentative strains.  In general, hexoses are 
metabolized via the Embden-Meyerhoff-Parnas (glycolysis) pathway in homofermentative 
lactobacilli, whereas the 6-phosphogluconate / phosphoketolase pathway is used in 
heterofermentative strains. Various compounds (e.g. citrate, malate, tartrate, quinolate, 
nitrate, nitrite, etc.) may be metabolized, and used as energy sources (e.g. by generating a 
proton motive force) or as electron acceptors [9]. 

Depending on the mode of transport, disaccharides enter the cell either as free sugars 
or as sugar phosphates. In the former case, the free disaccharides are split by specific 
hydrolytic enzymes to monosaccharides, which enter the major pathways described above. 
When a PTS is involved, specific phosphohydrolases split the disaccharide phosphate into 
free monosaccharide and monosaccharide phosphates.  

Sucrose fermentation mediated by a permease system is initiated by the cleavage of 
the sugar by sucrose hydrolase to yield glucose and fructose, which enter the major pathways. 
In some lactococci sucrose is transported by sucrose-PTS and a specific sucrose 6-phosphate 
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hydrolase cleaves the sucrose-6-phosphate into glucose-6-phosphate and fructose. The 
sucrose-PTS and sucrose-6-phosphate hydrolase are induced by the presence of sucrose.  

 

 
 
Figure 5. Schematic, unrooted phylogenetic tree of lactic acid bacteria, including some aerobic and facultative 
anaerobic Gram-positive bacteria of the low G + C subdivision (A). From [9]. Phylogenetic tree of the 
Lactobacillus casei-Pediococcus group to which L. reuteri is related (B). L. sanfransisco was renamed to L. 
sanfranciscensis. The horizontal bar indicates 10% expected divergence. From [165].  
 
 

A 

B 
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Sucrose may also act as a donor of monosaccharides for exopolysaccharide (EPS) 
formation in certain lactic acid bacteria. Recently, the molecular structure of the L. plantarum 
sucrose utilization locus was published, providing Lactabacillus genes to utilize various 
sugars including sucrose and raffinose. The locus showed to be highly similar to the plasmid 
oriented sucrose utilization locus of a Pediococcus strain, which is normally not able to 
catabolize sucrose [120]. Both loci contained sucrose degradative enzymes belonging to the 
glycoside hydrolase family 32 (see below).  
 
Lactobacillus reuteri 

L. reuteri belongs to the obligately heterofermentative lactobacilli. The species was 
originally isolated from human breast milk [88]. Its ecosystem is the gastrointestinal tract of a 
broad spectrum of hosts, including humans, mammals, and birds. It is the major component 
of the gut lactobacilli and the only enterolactobacillus known to be indigenous to such a 
broad spectrum of hosts [24]. 

An exclusive property of L. reuteri is the production and secretion of the 
antimicrobial metabolite reuterin (3-hydroxypropanal), which is synthesized in the presence 
of glycerol. Reuterin is active against a broad spectrum of microorganisms, including Gram-
negative and Gram-positive bacteria, yeasts, fungi, and protozoa [24, 184]. Although there 
are no reports on the possible effects of reuterin on host cells, reuterin is thought to act 
against sulfhydryl enzymes. It was shown to be an inhibitor of the substrate binding subunit 
of ribonucleotide reductase, thereby interfering with DNA synthesis [132].  

Because of this reuterin production, L. reuteri strains are of interest for various 
applications. For instance, [48] suggested that reuterin, or L. reuteri together with glycerol, 
could be applied either as a biopreservative or as a tool for decontamination to enhance the 
safety of raw meat. Another bacteriocin synthesized by L. reuteri is reutericin 6. This 
bacteriocin is produced by a strain isolated from human infant faeces and has antibacterial 
activity against some food-borne pathogenic bacteria. The purified substance also showed 
lytic activity against L. delbrueckii subsp. bulgaricus [86]. 
 
Lactobacillus reuteri and pre- and probiotics 

The efficacy of some strains of L. reuteri as a probiotic has been demonstrated in 
various animals, such as poultry, and in humans [24]. There is even an internet site devoted to 
L. reuteri (http://www.reuteri.com). Administration of L. reuteri to pigs for instance, resulted 
in significantly lower serum total and LDL-cholesterol levels. Pigs are frequently selected as 
experimental animals because their digestive tract and circulation systems are comparable to 
those of humans [45]. In humans, L. reuteri is, for example, effective as a therapeutic agent 
against acute rotavirus diarrhea in children. Administration of L. reuteri to patients 
hospitalized with diarrhea resulted in shortening and amelioration of acute diarrhea. These 
therapeutical benefits were observed within 24 hours of the onset of treatment [169].  The 
effectiveness of L. reuteri as a probiotic apparently is very broad: [24] have proposed that 
strains of L. reuteri can manifest a probiotic effect on their hosts when these are challenged 
by bacterial, viral, or protozoal stressors. 

L. reuteri 's mode of action as a probiotic remains to be determined. A particular L. 
reuteri strain bound specifically to a glycoconjugate present on mucosal cell surfaces [115]. 
These authors concluded that the carbohydrate-binding ability of this L. reuteri might be 
responsible for the adhesion to the mucosal surface of the intestine. Preliminary studies 
indicate that gut colonization by L. reuteri may be of importance in (i) immunopotentiating 
the host's cell-mediated and humoral immune responses and (ii) the regulation and 
maintaining of a balance among the numerous members of the gastrointestinal 
microorganisms, thereby optimizing this line of resistance to an assortment of diseases that 
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can be spawned within the enteric ecosystem [24]. For some strains, the mode of action as a 
probiotic may reside in the ability to produce polysaccharides. In these strains 
exopolysaccharides are possibly playing a role in the gut colonization. Furthermore, the 
exopolysaccharides produced by the strain could act as prebiotic substrates. 

L. reuteri has already been selected as an additional probiotic culture to supplement 
the more commonly used L. acidophilus and Bifidobacterium species. Milk to which the three 
cultures were added, named "BRA" milk, has been introduced on the Swedish market [181]. 
A "probiotic enhanced" (symbiotic) yogurt (SymBalance, ToniLait AG, Bern, Switzerland) 
has recently been introduced on the market. It contains four human probiotic bacteria, 
including L. reuteri, and inulin as a prebiotic, that selectively stimulates bifidobacteria 
growth in the human colon [24]. L. reuteri strain SD2112 is commercially exploited as a 
health promoting strain by BioGaia (Raleigh, North Carolina, USA) [160]. 
 Only recently, the identification of a levan producing Lactobacillus strain (L. reuteri 
121) [204] has been reported. In Chapters 3 and 4 the isolation of the levansucrase protein 
and its encoding gene are described. In Chapter 2 we describe the isolation of an 
inulosucrase enzyme synthesizing inulin and inulin fructo-oligosaccharides. Furthermore, 
inulin-oligosaccharide production was observed for L. reuteri (Chapter 2). Because bacterial 
fructan production has been reported only for lactic acid bacteria involved in dental decay, 
the identification of a (prebiotic) fructan-producing lactic acid bacterium with potential 
probiotic properties is significant. These properties of L. reuteri were also filed in a patent 
titled: Novel fructosyltransferases from L. reuteri 121 (US patent no: 09/604,958) [206]. 

 
 
3. Enzymes synthesizing fructans 

 
In bacteria, inulin is synthesized by inulosucrase (sucrose: 2,1-β-D-fructan 1-β-D 

fructosyltransferase; E.C. 2.4.1.9; reaction 1) and levan is synthesized by levansucrase 
(sucrose: 2,6-β-D-fructan 6-β-D fructosyltransferase; E.C. 2.4.1.10; reaction 2), according to 
the following reactions: 

 
(1) sucrose + (2,1-β-D-fructosyl)n   D-glucose + (2,1-β-D-fructosyl)n+1 

 
(2) sucrose + (2,6-β-D-fructosyl)n   D-glucose + (2,6-β-D-fructosyl)n+1 

 
 These enzymes are commonly referred to as fructosyltransferases (FTFs). The only 

naturally occurring donor molecules are sucrose and in some cases raffinose. Unlike enzymes 
producing heteropolysaccharides, enzymes using sucrose (raffinose) as donor molecule (FTFs 
and enzymes producing polyglucose polymers), don’t require activated sugars to provide the 
energy needed for the polymerization reaction (Table 1). This energy comes from the 
cleavage of the osidic bond between the glucose and fructose residue in sucrose (for FTFs 
and GTFs) or raffinose (some FTFs). In the initial reaction of FTFs, the fructose of a sucrose 
molecule is coupled by the enzyme to another fructose moiety of a sucrose or raffinose 
molecule. This is also referred to as the primer reaction. In subsequent steps, the enzyme 
elongates the primer. 
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A schematic representation of the 
various FTF catalyzed reactions is presented in 
Figure 6. All known bacterial FTFs catalyze the 
fructosyl transfer from sucrose (or raffinose) to 
a number of acceptors other than fructan 
polymer. Examples of possible acceptors are 
water (hydrolysis of sucrose), sucrose or 
raffinose (yielding a tri- or tetrasaccharide, 
respectively), short chain acylalkohols and 
various mono- and disaccharides [33]. A 
phylogenetic tree of FTFs, invertases, and 
fructan degrading enzymes (Fig. 7) shows a 
clustering of FTFs from Gram-positive (group 
II) and Gram-negative bacteria (group I). 
Exceptions in group 1 are: (i) A. viscosus 
levansucrase; (ii) Z. mobilis SacC invertase 
showing very high homology to other Z. mobilis FTFs; and (iii) Arthrobacter Bff. Exception 
in group II is the protozoal Leishmania major FTF. Group III represents a mixture of plant 
FTFs, invertases (from yeast, fungi, and bacteria), and fructan degrading enzymes for various 
origins. Within group III, plant FTFs form a separate cluster. Both the inulosucrase 
(Chapters 2 and 5) and the levansucrase (Chapters 3 and 4) from L. reuteri 121 clearly 
cluster with FTFs from lactic acid bacteria (Fig. 7). 
 
 

3.1 Eukaryotic enzymes 
 
Plants 

The fructan biosynthetic enzymes are evolutionarily related to invertases, enzymes 
that hydrolyze sucrose [201]. Several different enzymes are involved in plant fructan 
biosynthesis. A general model of fructan biosynthesis in plants was proposed based on the 
activity of cloned fructosyl transferases [210]. In this model sucrose is the starting point for 
fructan biosynthesis. Sucrose:sucrose 1-fructosyltransferase (1-SST) initiates de novo fructan 
synthesis by catalyzing the transfer of a fructosyl residue of sucrose to another sucrose 
molecule, resulting in 1-kestose (precursor for levan and inulin synthesis) and glucose. A 
second enzyme, fructan: fructan 1-fructosyltransferase (1-FFT), transfers fructosyl residues 
from fructan (DP ≥ 3) to another fructan molecule or sucrose [210]. The resulting inulins are 
relatively small polymers usually consisting of 20 to 50 fructosyl units per fructan molecule 
(resulting in fructans with Mr’s of 3,000 to 10,000). 

Other plant fructans are neokestose, levan, and mixed levan. Neokestose is 
synthesized from 1-kestose and sucrose by fructan:fructan 6G-fructosyltransferase (6G-FFT). 
Elongation of neokestose by 1-FFT results in fructans of the inulin neoseries type. The 
enzyme 6-SFT synthesizes bifurcose from 1-kestose and sucrose. Elongation of bifurcose by 
1-FFT or 6-SFT results in a mixed type of levan. If only sucrose is available 6-SFT produces 
6-kestose, and elongation by 6-SFT resulted in the production of levan type of fructans [210]. 
Most FTF enzymes display standard Michaelis-Menten kinetics, but both 1-SST and 1-FFT 
enzymes show unusual kinetics: these enzymes cannot be saturated by their substrate sucrose 
[92].  
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Figure 6. Transfructosylation reaction of 
FTF enzymes. E, S, G, F, and A represent 
enzyme, sucrose, glucose, fructose, and 
fructosylacceptor, respectively.  
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Fungi 
A number of genes encoding FTFs have been reported for Aspergillus sp. [75, 144]. 

These genes encode extracellularly located FTFs. Expression of these genes in heterologous 
hosts showed that these enzymes produced 1-kestose from sucrose. These enzymes as well as 
plant 1-SST enzymes synthesize identical products (1-kestose). However, a comparison of 
the biochemical properties of fungal FTFs, plant FTFs, and bacterial FTFs remains to be 
carried out. 

 
 
3.2  Bacterial enzymes 

 
FTFs have been reported for a number of Gram-negative and Gram-positive bacteria 

(Table 2). Bacterial FTFs mostly produce levan polymers, the only exceptions are 
inulosucrases from S. mutans, Ln. citreum (Table 2), and L. reuteri (Chapter 2). Information 
on the binding types and molecular weights of the fructan polymers are diverse and usually 
incomplete. Mr’s of bacterial levans and inulins show a large variation, those for bacterial 
inulins are much higher than those reported for plant fructans. Based on the phylogenetical 
distance, bacterial FTFs can be subdivided into FTFs from (i) bacilli, (ii) lactic acid bacteria, 
(iii) Gram-negative bacteria (Fig. 7). 
 FTFs from Gram-negative bacteria are proteins with an average Mr of 50,000 (Table 
2). The limited data available on fructans produced by Gram-negative FTFs show that they 
are without exception levan polymers (β(2→6) linked fructosyl units) with a large variety in 
the percentage of branches (β(2→1→6) linked fructosyl units) present. Their Mr’s are around 
1,000,000 and only in a few cases (G. diazotrophicus and Z. mobilis) kestose production was 
reported. The ftf’s from G. diazotrophicus and Z. mobilis have been studied most intensively. 

FTFs from bacilli form a separate group from the streptococcal FTFs. This is not only 
based on primary sequence data (Fig. 7), but also on the sizes of enzymes (Table 2). An 
exception is the unique multi-subunit levansucrase from A. viscosus with a Mr of 240,000 
(consisting of 4 sub-units; Table 2). Bacilli have been found to produce levan polymers. In 
lactic acid bacteria, levan synthesis has been found only in S. salivarius, S. mutans, and 
recently L. reuteri (Table 2). Bacterial inulosucrase genes have been isolated from S. mutans 
GS5 (Table 2) and L. reuteri (Chapter 2). Until now no detailed biochemical data is 
available on bacterial inulosucrases. In Chapter 5, we present the first biochemical 
characterization of a bacterial inulosucrase. 
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Figure 7. Unrooted phylogenetic tree of FTFs and some invertases from bacteria, plants, fungi, and a protozoa. 
The bar indicates 10% difference at the amino acid level. Alignments were made with ClustalW 1.74 [194] 
using a gap opening penalty of 30 and a gap extension penalty of 0.5. Dendrogram construction was done with 
TreeCon 1.3b [199] using the neighbour joining method with no correction for distance estimation. Bootstrap 
values (in percentage) are indicated at the branching points. FTFs from Gram-positive bacteria: A. naeslundii Ftf 
(AF228582); Arthrobacter sp. K1 Bff (AB062134); C. acetobutylicum levansucrase (AAK79737.1); S. mutans 
Ftf (M18954); S. salivarius Ftf (L08445); P. polymyxa SacB (AJ133737); B. subtilis SacB (X02730); G. 
stearothermophilus SurB (U34874); B. amyloliquefaciens SacB (X52988); L. reuteri Inu and Lev (Chapters 2 
and 4). Fungal FTFs: A. sydowii Sft (ASY289046), and A. foetidus 1-SST (CAA04131). FTFs from Gram 
negative bacteria: P. syringae pv. phaseolicola Lsc (AF052289); P. syringae pv. glycinea LscB (AF345638), 
LscC (AF346402), and Lsc (AF037443); R. aquatilis LsrA (U91484), and levansucrase (AY027657); E. 
amylovora Lsc (X75079); P. aurantiaca LscA (AF306513); G. xylinus LsxA (AB034152); Z. mobilis SucE2 
(D17524), SacB (L33402), and LevU (AF081588); G. diazotrophicus LsdA (L41732). Levansucrase from the 
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Figure 7.  Continued. 
 
protozoal eukaryotic parasite L. major (CAC00286). Some plant FTFs: C. intybus F-1-FF (AAD00558); H. 
tuberosus S-1-FT (CAA08812); A. sativum 1-SST (AAM21931); L. perenne FT2 (AAL92880) and 6-FT 
(AAM14603); P. secunda 6-SFT (AF192394-1). Fructan degrading enzymes: S. mutans FruA (Q03174); A. 
nicotinovorans Lft (AB001984); A. niger endoinulinase (AF435736); A. ficuum Inu2 (AJ006951); X. oryzae Cft 
(AY077612), and Inu3 (AY077613). Invertases: Z. mobilis invertase (JU0460), SacA (M62718), and SacC 
(AAC36942); T. maritima BfrA (O33833); K. pneumoniae ScrB (S62332); S. cerevisiae Suc1 (X07570), Suc2p 
(NP012104), and Suc4 (X07572); S. occidentalis Inv (X17604); S. pombe invertase (CAA07622). The tree is 
divided into groups: (i) from Gram-negative bacteria, with exceptions of Arthrobacter Bff, Z. mobilis SacC, and 
Actinomyces Ftf; (ii) from Gram-positive bacteria, with exception of L. major levansucrase; (iii) contains FTFs, 
invertases, and fructan degrading enzymes from various origins. 

 
 

 

3.3  Biochemical properties of FTFs 
 
Limited information is available on the biochemical properties of bacterial and plant 

FTFs. Based on the reaction catalyzed they were assigned to the family 68 of glycoside 
hydrolases, but due to a lack of structural protein data an exact family could not be assigned 
(website: http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). A group of enzymes, closely 
related to the FTFs, are the glucansucrase (Glucosyltransferase; GTF) enzymes. These 
enzymes produce glucose polymers from sucrose. They belong to the family 70 of glycoside 
hydrolases with a circularly permuted (β/α)8 barrel structure [104]. Typically, this motif 
consists of 8 β-strands located in the core of the protein alternated with 8 α-helices located at 
the surface of the protein. Because of the limited information available on FTFs, and the 
common use of sucrose as donor molecule, we will briefly discuss some basic properties of 
GTFs prior to discussing biochemical data on FTFs. 
 
Glucansucrases 

GTFs are extracellular enzymes synthesizing various glucans from their only natural 
substrate sucrose. As in FTFs, the energy necessary to catalyze the reactions is provided by 
the cleavage of the osidic bond in sucrose. Glucans are produced by numerous lactic acid 
bacteria, e.g. by various species of Leuconostoc and Streptococcus, lactococci and by some 
species of Lactobacillus [170] including L. reuteri 121 [204]. An example is dextran, that is 
synthesized by dextransucrase (sucrose: 1,6-α-D-glucan 6-α-D glucosyltransferase, E.C. 
2.4.1.5) according to the following reaction: 
 
sucrose + (1,6-α-D-glucosyl)n   D-fructose + (1,6-α-D-glucosyl)n+1 
 

GTFs are large proteins with average Mr’s of 160,000. Because more biochemical 
work has been done on GTFs than on FTFs, more is known about the reaction mechanism of 
GTFs. 
 
 
Reaction mechanism glucansucrases 

The catalytic mechanism of glucansucrase is very complicated and still not fully 
understood. There are several aspects complicating the elucidation of the reaction 
mechanism. As outlined above, various glucan structures can be synthesized as well as 
oligosaccharides. These oligosaccharides are produced in a separate acceptor reaction when 
other carbohydrates are present in addition to sucrose, acting as donor substrate. A broad 
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spectrum of carbohydrates can be used as acceptors. Also a range of non-carbohydrate 
substrates can be used as acceptor substrates [193, 214]. GTF enzymes are also capable of 
hydrolyzing sucrose without glucan synthesis. Here, water serves as an acceptor for the 
transfer of a glucosyl moiety of sucrose. Furthermore, branching reactions can also occur, 
indicating that one enzyme is capable of synthesizing different kinds of linkages [112].  

α-Amylase type of enzymes are closely related to glucansucrases but belong to family 
13 of glycoside hydrolases. In this type of enzymes, a catalytic triad consisting of two 
Aspartate and one Glutamate amino acid residue, plays a key role in catalysis [186]. As in α-
amylase enzymes, glucan synthesis in glucansucrases occurs via the formation of covalent 
glucosyl- and glucanyl-enzyme complexes [114]. The glucosyl residue from sucrose is then 
transferred to the reducing end of the glucan chain in glucan synthesis or, in the acceptor 
reaction, to the non-reducing end of the acceptor molecule. The formation of the covalent 
glucosyl-enzyme complex is the only reversible step in the catalytic reaction [148]. For the 
Streptococcus sobrinus GTF enzyme, a covalent glucosyl-enzyme complex has been isolated. 
An Aspartate residue was found to be covalently attached to the glucosyl unit of sucrose 
[114]. Furthermore, additional Aspartate, Glutamate, and Histidine amino acid residues were 
found to be vital for enzyme GTF activity [110, 111]. However, no three-dimensional 
structure of a glucansucrase protein has been reported. Another, and closely related group of 
enzymes are amylosucrases. They synthesize amylose glucans, and belong to the family of α-
amylases. Site-directed mutagenesis revealed that the amylosucrase from Neisseria 
polysaccharea also contains an Aspartate amino acid residue frunctioning as catalytic 
nucleophile, a Glutamate amino acid residue as general acid base catalyst, one Aspartate, and 
two histidine amino acid residues essential for catalytic activity [161, 174]. Recently, a three-
dimensional structure of the same amylosucrase protein was reported showing an active site 
mutant in complex with its substrate sucrose [109, 175].  

 
Reaction mechanism FTFs 

Although the reactions performed by FTFs and GTFs are similar with respect to the 
use of sucrose as donor- and acceptor molecule, the proteins involved do not share the same 
overall structure. Until now, nucleotide sequences of 19 bacterial ftf genes have been 
described. Based on amino acid sequence alignments, levansucrases (E.C. 2.4.1.10) belong to 
the glycoside hydrolase family 68 (of levansucrases and invertases). Plant FTFs belong to the 
glycoside hydrolases family 32 (of invertases and fructan degrading enzymes). However, 
bacterial inulosucrases (E.C. 2.4.1.9) have not yet been assigned to a family. No common 
tertiary structure has been identified and only a low-resolution (3.8 Å) three-dimensional 
protein structure of a B. subtilis levansucrase is available [99]. Comparison of the amino acid 
sequences of glycoside hydrolase families 43 (of bifunctional beta-xylosidases and alpha-L-
arabinofuranosidases) and 68 revealed that they are related in a region in the central part of 
the sequences. An invariant Glutamate residue showing up in the alignments between 
members of both families was considered to be a component of their active centers [119]. For 
a related group of enzymes, family 32 (of invertases and fructan degrading enzymes), a three-
dimensional protein structure was modelled by using common prediction software. This 
structure consisted of a β-propeller fold [139].  A sequence-structure compatibility search 
using TOPITS, SDP, 3D-PSSM, and SAM-T98 programs identified a similar β-propeller fold 
with scores above the confidence threshold, thus indicating a structurally conserved catalytic 
domain in FTFs of diverse origin and substrate specificity. The predicted fold appeared 
related to those of neuraminidase and sialidase, of glycoside hydrolase families 33 and 34, 
respectively [138]. More conclusive evidence concerning the validity of these predicted 
three-dimensional structure models could be obtained by protein crystals and subsequent 
protein structure determination. Crystals diffracting at 1.5 Å, but not yet a three-dimensional 
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protein structure, were obtained for the exo-inulinase (glycoside hydrolase family 32) enzyme 
of Aspergillus awamori [5]. A detailed biochemical and structure / function characterization 
of FTFs is complicated by the fact that during the reaction FTFs generate new fructan 
molecules, which in turn can be used as acceptor molecule.  

A proposed mechanism of catalysis for FTFs is a two-step mechanism, as in enzymes 
from the α-amylase family, involving a bifunctional catalysis in which an acidic group and a 
nucleophilic group of the protein are important for transfructosylation [173]. A stabilized 
enzyme-fructosyl complex of the levansucrase of B. subtilis and its substrate sucrose was 
obtained by quenching the enzyme with its substrate and subsequent chemical analysis of the 
amino acid covalently bound to the fructosyl unit. A β-carboxy group of an Aspartate amino 
acid residue had been identified as the nucleophilic group binding to the fructosyl group of 
sucrose [30]. The position and identity of the Aspartate residue in the protein, however, 
remains unknown. In the S. salivarius levansucrase, mutation of an Aspartate residue into a 
Serine residue in an Arginine / Aspartate / Proline amino acid motif (RDP) resulted in a 
catalytically inactive enzyme [176]. Mutation of the corresponding Aspartate residue to an 
Asparagine residue in the G. diazotrophicus levansucrase yielded an enzyme with a 75-fold 
decrease in catalytic activity (Kcat) [15]. These findings support the assumption that FTFs, 
although not sharing a common overall protein structure with family 13 and 70 enzymes, 
make use of a reaction mechanism involving similar amino acid residues as found in family 
13 and 70 enzymes. 

An interesting question is what determines the specificity of β(2→6) versus β(2→1) 
linkages and the sizes of fructans produced. A shift from high molecular weight fructan to the 
formation of fructo-oligosaccharides was found after mutating an Arginine residue into a 
histidine (Arg331His) [33]. Analysis of the B. subtilis levansucrase gene sequence showed 
that after the native stop codon, an in-frame DNA sequence was present encoding an 
additional stretch of amino acids followed by another stop codon. Deletion of this stop codon 
sequence resulted in an increased Mr of the levansucrase protein from 50,000 to 53,000. 
Analysis of the fructan products of the C-terminally enlarged levansucrase revealed an 
increase in fructan Mr. This C-terminally enlarged protein synthesized a fructan with a higher 
Mr, due to an increase in the number of branches present in the fructan [34]. 

Thus far, no mutants of bacterial inulosucrases have been reported. By comparing 
detailed biochemical data on (mutated) inulosucrase enzymes with (new) data available for 
levansucrase enzymes, more insight could be given in structure / function relationships of 
FTF enzymes. Questions to be answered are (i) which factors determine the fructan binding 
type specificity and (ii) what determines the fructan molecular weight. Subsequently, tailor-
made enzymes could be created, producing (hybrid) fructans with specific sizes and / or 
containing specific binding types. 

 
 

4. Anchoring of proteins to lactic acid bacteria 
 
When characterizing the L. reuteri FTFs we discovered that these enzymes share a 

common C-terminal LPXTG cell-wall anchoring motif (Chapters 2 and 4). These LPXTG 
cell-wall anchoring motifs are well-known for a variety of proteins from many Gram-positive 
organisms such as Staphylococcus aureus [107], Listeria monocytogenes [21], and 
Streptococcus pyogenes [12]. Thus far, no LPXTG cell-wall anchoring motif had been 
reported for FTFs. Some FTFs are attached to their natural hosts, a few examples are L. 
reuteri levansucrase [204], S. salivarius FTF [143], the periplasmic Pseudomonas syringae 
LscC [101], and A. viscosus levansucrase [133]. Only for the S. salivarius FTF a putative 
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cell-wall binding domain was found in its amino acid sequence. For the other cell-associated 
FTFs no amino acid sequences involved in the cell-attachment process have been reported. 
Therefore, a summary of different protein anchoring systems is given with emphasis on the 
LPXTG cell-wall anchor. 

Proteins displayed on the bacterial surface may have various functions for the 
bacterial cell. For the pathogens S. aureus and Enterococcus faecium, surface proteins are 
thought play a major role in the infection process in humans [196]. Surface proteins from 
lactobacilli mediate the adhesion with tissue cells [79, 171] and play a role in the 
maintenance of a healthy urogenital microflora. One strain, Lactobacillus fermentum RC-14, 
releases surface-active components which can inhibit adhesion of uropathogenic bacteria 
[68]. Anchoring of proteins to the cell surface of bacteria raises many questions, such as: (i) 
what underlies the process of displaying proteins at the cell surface, (ii) what are the 
interactions between bacteria and its environment, (iii) what are biotechnological applications 
of protein anchoring (oral vaccination), and (iv) how could we use protein anchoring to cell-
walls to target bacterial cells to pathogens for therapeutic purposes (e.g. antibiotic therapy). 
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Figure 8. Schematic representation of the consecutive steps in linking a protein with an LPXTG motif to the 
cell-wall peptidoglycan layer. The spacer region consists of 50 – 125 amino acids. The C-terminal hydrophobic 
domain consists of about 30 amino acids. K/R/H are C-terminally located positively charged amino acids. 
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Currently, five different types of anchoring domains from lactic acid bacteria have 
been described [100]: (i) transmembrane, (ii) lipoprotein, (iii) AcmA-repeats, (iv) surface-
layer-protein, and (v) LPXTG motif. Transmembrane anchors: These proteins contain an N-
terminal hydrophobic domain, enabling them to reside in the membrane. They are not 
exposed at the cell surface, because at least 100 amino acids are needed for the protein to 
cross the peptido glycan layer [100]. Lipoprotein anchors: these proteins are coupled 
covalently to the lipid bilayer by the modification of a cysteine residue located adjacently to 
the signal peptidase cleavage site [100]. AcmA-repeats anchor: these repeats can be located in 
various regions of proteins. The mode of binding to the cell-wall is unclear, but probably 
non-covalent [100]. Surface-layer-protein anchor: some lactic acid bacteria contain a layer of 
proteins (S-layer) outside the cell-wall. These S-layer proteins contain a large C-terminal 
region comprising one-third of the total protein size that is thought to interact with the cell-
wall [141]. 

LPXTG motif cell-wall anchors. Figure 8 shows a schematic representation of the 
attachment of a protein carrying the LPXTG motif to the cell-wall. The LPXTG motif cell-
wall anchor is a C-terminally located domain consisting of (i) a spacer region (of 50 to 125 
amino acid residues) rich of Proline/Glycine and / or Threonine/Serine residues [52], (ii) the 
well-conserved sorting signal LPXTG [52], (iii) a stretch of hydrophobic amino acids (about 
30) [122], and (iv) two to three positively charged amino acids (Lysine, Arginine, and 
Histidine). In this model, the stretch of hydrophobic residues acts as a membrane spanning 
region with the positively charged amino acid residues directed towards the cytosol. The 
protein is located outside the cytoplasmic membrane with an N-terminal region signal 
sequence attached to the membrane. After proteolytic cleavage by signal peptidase (SPase), 
the N-terminal part of the protein, spaced by the Proline/Glycine and/or Threonine/Serine 
rich region, is directed outwards of the cell. Subsequently the LPXTG motif is proteolytically 
cleaved between the Threonine and the Glycine residues by a sortase enzyme and covalently 
linked to the peptido glycan layer [121, 122].  

None of the five previous mentioned anchoring methods have been described for 
bacterial FTFs. For the cell-wall associated S. salivarius FTF, however, a C-terminal region 
that resembles the LPXTG cell-wall anchoring motif but lacks the actual LPXTG amino acid 
motif, was reported [143]. A LPXTG cell-wall anchoring motif has been reported for the exo-
fructanase gene from S. mutans [20]. In Chapters 2 and 4 we report details of the first 
LPXTG-carrying FTFs as present in L. reuteri 121. 
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5. Outline of this thesis  
 
 In previous studies [205] a screening of more than 180 lactobacilli for EPS production 
had been performed. This yielded only one strain producing large amounts of a fructan (and a 
glucan) polymer, L. reuteri 121. This strain was selected for further investigation of the 
fructan polymer structure, polymer synthesis, and enzymes involved in polymer synthesis. L. 
reuteri is a Generally Regarded As Safe (GRAS) bacterium, inhabiting the mammalian 
intestine, with well-characterized probiotic properties. Analysis of the fructan polymer 
produced by strain 121 showed that it contained mainly ß(2→6) linked fructosyl units, thus 
representing an almost unbranched levan polymer [204]. 

The aim of this thesis was to gain insight in the molecular and biochemical processes 
underlying the synthesis of the levan polymer in L. reuteri 121. Chapter 1 reviews current 
knowledge of the synthesis of fructans and the biochemical properties of bacterial FTFs. At 
the start of our studies (Chapter 2), a molecular approach was chosen to clone the gene 
encoding the levansucrase enzyme, responsible for levan synthesis. Using degenerate PCR 
primers based on homologous regions present in bacterial FTFs, and a combination of PCR 
techniques, an ftf gene was obtained. However, following expression of this gene, supposedly 
encoding the levansucrase, in Escherichia coli, incubation with sucrose resulted in production 
of an inulin polymer and large amounts of fructo-oligosaccharides. Unexpectedly, we had 
isolated an inulosucrase gene from strain 121. Subsequent analysis of L. reuteri 121 cultures 
for inulosucrase activity yielded negative results. No expression of the inulosucrase gene was 
detected under the conditions tested. However, large amounts of β(2→1) fructo-
oligosaccharides (1-kestose and nystose) were found in culture supernatants of strain 121 
grown on sucrose, suggesting that an inulosucrase was active in vivo. 

Levansucrase activity was clearly present and was purified from L. reuteri 121 culture 
supernatants and characterized (Chapter 3). Conclusive evidence is presented that this 
purified levansucrase is responsible for the levan production by L. reuteri 121. In a reverse 
genetics approach the gene encoding the levansucrase enzyme was subsequently cloned, 
expressed in E. coli, and the enzyme biochemically characterized (Chapter 4). This revealed 
striking similarities, but also some differences, with the strain 121 inulosucrase. 

In Chapter 5 a biochemical and kinetic characterization of the L. reuteri 121 
inulosucrase is presented. This enzyme shows unusual kinetics not seen before for bacterial 
FTFs. In Chapter 6 the results reported in this thesis are summarized and discussed. 
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SUMMARY 

Fructosyltransferase (FTF) enzymes produce fructose polymers (fructans) from 
sucrose. Here we report the isolation and characterization of an FTF encoding gene from 
Lactobacillus reuteri 121. A C-terminally truncated version of the ftf gene was successfully 
expressed in Escherichia coli. When incubated with sucrose, the purified recombinant FTF 
produced large amounts of fructo-oligosaccharides (FOS) with β(2→1) linked fructosyl units, 
plus a high molecular weight fructan polymer (>1×107) with β(2→1) linkages (an inulin). 
FOS, but not inulin, was found in supernatants of L. reuteri 121 cultures grown on media 
containing sucrose. Bacterial inulin production has been reported only for Streptococcus 
mutans strains. FOS production has been reported for a few bacterial strains. This paper 
reports the first-time isolation and molecular characterization of a (i) Lactobacillus ftf gene, 
(ii) an “inulosucrase” associated with a Generally Regarded As Safe (GRAS) bacterium, (iii) 
an FTF enzyme synthesizing both a high molecular weight inulin and FOS, and (iv) an FTF 
protein containing a cell-wall anchoring LPXTG motif. The biological relevance and 
potential health benefits of an “inulosucrase” associated with a L. reuteri strain remains to be 
established. 

 
 

INTRODUCTION 
 

Fructose polymers (fructans) are produced by a wide range of bacteria. Limited 
information is available about fructan synthesis by lactic acid bacteria. Most attention has 
been focussed on oral streptococci because of their role in dental caries formation [11]. 
Streptococci produce both fructans of the levan type [47, 66] with β(2→6) linked fructosyl 
units, and of the inulin type with ß(2→1) linked fructosyl units. S. mutans JC-2 for instance 
produces a fructan consisting mainly of ß(2→1) linked fructosyl units with 5% ß(2→6) 
branches [47, 151]. The fructan produced by S. mutans Ingbritt contains mainly ß(2→1) 
linked fructosyl units [3]. Previously, we have reported that L. reuteri 121 cultivated on 
media containing sucrose produces both a glucan and a fructan polymer [204]. The fructan 
polymer is a linear levan, consisting of only β(2→6) linked fructosyl residues, with an 
estimated size of 150,000 [204].  

The enzymes responsible for the synthesis of fructans are generally referred to as 
fructosyltransferases (FTF), or more specifically, levansucrase (in case of levan synthesis) 
and inulosucrase (in case of inulin synthesis). Inulosucrase (sucrose: 2,1-β-D-fructan 1-β-D 
fructosyl-transferase, E.C. 2.4.1.9) catalyzes the following reaction: 
 

sucrose + (2,1-β-D-fructosyl)n → D-glucose + (2,1-β-D-fructosyl)n+1 
 

Bacterial inulosucrases have only been described for S. mutans strains [36, 151, 162]. 
Levansucrase enzymes have been found in for instance Zymomonas mobilis [215], Erwinia 
amylovora [61], Gluconacetobacter diazotrophicus [71], Bacillus amyloliquefaciens [192], 
and Bacillus subtilis [183, 192]. Amongst lactic acid bacteria, levansucrase enzymes have 
been reported for Leuconostoc mesenteroides [150], Streptococcus salivarius [47, 66], and L. 
reuteri (Chapter 3). Recently, we have reported purification of the levansucrase enzyme 
responsible for levan formation in L. reuteri 121 (Chapter 3). 

The Lactobacillus polysaccharides are of special interest because they may also 
contribute to human health as prebiotics [24], or because of their antitumoral [41], antiulcer 
[128], immunomodulating [164], or cholesterol lowering [146] activity. Moreover, some 
strains (e.g. L. reuteri) have been designated as probiotics [24, 58, 67]. 
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 Here we report the molecular characterization of a novel ftf gene from L. reuteri 121, 
including analysis of the products synthesized from sucrose by the enzyme expressed in E. 
coli. The enzyme is an inulosucrase, synthesizing both inulin fructo-oligosaccharides and a 
high molecular weight inulin. 

 
 

MATERIALS AND METHODS 
 

Strains, media, and growth conditions. L. reuteri 121 (culture collection TNO 
Nutrition and Food Research, Zeist, the Netherlands) was grown anaerobically at 37 ºC in 
MRS medium [40], or in modified MRS medium containing 50 g.l-1 sucrose (MRS-S), 
instead of 20 g.l-1 glucose. Because phosphate and citrate interfered with HPLC, 
fructo-oligosaccharide (FOS) production by L. reuteri was studied using cultures grown in 
modified MRS-S medium in which phosphate was omitted and ammonium citrate was 
replaced by ammonium nitrate. 

E. coli strains JM109 (Phabagen, Utrecht, the Netherlands) and Top10 (Invitrogen, 
Carlsbad, Calif.) were used as hosts for cloning. E. coli strains were grown aerobically at 
37ºC in Luria-Bertani (LB) medium [8], when appropriate supplemented with 50 µg.ml-1 
ampicillin for maintaining plasmids, or with 0.02% arabinose (w/v) for induction of ftf gene 
expression. Agar plates were made by adding 1.5% (w/v) agar to the media. 

General molecular techniques. L. reuteri chromosomal DNA was isolated according 
to [208] as modified by [117]. E. coli plasmid DNA was isolated using a Wizard Plus SV 
plasmid extraction kit (Promega, Madison, Wisc.). General procedures for cloning, DNA 
manipulations, and agarose gel electrophoresis were as described [159]. Restriction 
endonuclease digestions and ligations with T4 DNA ligase were performed as recommended 
by the suppliers (GIBCO BRL Life Technologies, Breda, The Netherlands; New England 
Biolabs Inc., Beverly, Mass.; Roche Biochemicals, Basel, Switzerland). DNA was amplified 
with PCR techniques (DNA Thermal Cycler 480, Applied Biosystems, Foster City, Calif.), 
using Pwo DNA polymerase (Roche Biochemicals) for the standard PCR reactions and High-
Fidelity DNA polymerase (Roche Biochemicals) for inverse PCR reactions. Oligonucleotides 
were purchased from Amersham Pharmacia Biotech Inc. (Piscataway, N.Y.). DNA fragments 
were isolated from agarose gels using a Qiagen extraction kit, following the instructions of 
the supplier (Qiagen Inc., Chatsworth, Calif.). E. coli transformations were performed by 
electroporation in 0.2 mm cuvettes using the Bio-Rad gene pulser apparatus (Bio-Rad 
Laboratories, Hercules, Calif.) at 2.5 kV, 25 µF and 200 Ω, following the instructions of the 
manufacturer. 

For Southern hybridization studies, DNA was restricted, separated by agarose gel 
electrophoresis, and transferred to a Hybond nylon membrane (Amersham Pharmacia 
Biotech, Uppsala, Sweden). Probes were labelled using the DIG DNA random primed 
labelling and detection kit (Roche Biochemicals), following the manufacturer’s instructions. 
Stringent hybridizations were done at 62 °C; non-stringent hybridizations were done at 45°C 
(followed by washing with 0.5 × SSC / 0.1 SDS). 

Identification and nucleotide sequence analysis of the fructosyltransferase gene.  
Using the degenerated primers 5FTF and 6FTFi, based on conserved amino acid sequences of 
FTFs of Gram-positive origin (Fig. 1), chromosomal DNA of L. reuteri 121, and DNA 
polymerase, a PCR product of 234 bp was obtained (Fig. 2A). This fragment was cloned in E. 
coli JM109 using the pCR2.1 (Invitrogen) vector and sequenced. Primer 7FTF (Table 1) was 
designed based on this fragment, and primer 12FTFi was based on conserved amino acid 
sequences of FTFs of Gram-positive bacteria (Fig. 1). PCR with primers 7FTF and 12FTFi 
gave a product of 948 bp (Fig. 2B), which was cloned in pCR2.1 and sequenced. The 948 bp 
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product was used to design primers 
FTFC1i (Table 1) and FTFC2 (Table 1) 
for inverse PCR purposes. L. reuteri 
DNA was cut with NheI, ligated, and 
used in a PCR reaction with the primers 
FTFC1i and FTFC2 generating a 1438 
bp fragment (Fig. 2C) which was cloned 
and sequenced. 

The remaining 5' fragment of the 
putative ftf gene was isolated by 
standard and inverse PCR techniques. 
The 234 bp fragment (Fig. 2A) was used 
to design primer 8FTFi (Table 1) for 
inverse PCR purposes. L. reuteri DNA 
was cut with several restriction enzymes 
and ligated. PCR with primers 7FTF and 
8FTFi, using the ligation product as 
template, yielded in all cases a PCR 
product of approximately 400 bp, which 
was cloned into pCR2.1 and sequenced 
(379 bp; Fig. 2D). This revealed that 
primer 8FTFi had annealed aspecifically 
(from position 1896 to 1917) as well as 
specifically (from position 2275 to 
2254). This fragment was used to design 
primer 20FTFi (Table 1). Based on 7 
amino acids (YNGVAEV) from an 
N-terminal amino acid sequence 
(QVESNNYNGVAEVNTERQANGQI) 
of a levansucrase enzyme purified from 
L. reuteri 121 (Chapter 3) a 
degenerated primer 19FTF (Table 1) was designed. PCR with primers 19FTF and 20FTFi 
gave a 754 bp PCR product (Fig. 2E), which was cloned into pCR2.1 and sequenced. Two 
inverse PCR primers FTFN1i (Table 1) and FTFN2 (Table 1) were designed based on this 
fragment. Strain 121 DNA was cut with BclI, ligated, and used in a PCR with primers 
FTFN1i and FTFN2 yielding a 1752 bp PCR product (Fig. 2F). Both DNA strands of the 
fragments comprising the entire contig were sequenced. In this way the sequence of a 3983 
bp region of L. reuteri 121 genomic DNA, containing the ftf gene, was obtained. 

5FTF 
B. amy SacB 80 GLDVWDSWPLQNAD 93 

B. sub SacB 82 GLDVWDSWPLQNAD 95 

S. mut FTF 243 DLDVWDSWPVQDAK 256 

S. sal FTF 282 EIDVWDSWPVQDAK 295 

   :*******:*:*. 

6FTFi 
B. amy SacB 56 QTQEWSGSATFTSDGK 171 

B. sub SacB 158 QTQEWSGSATFTSDGK 173 

S. mut FTF 312 LTQEWSGSATVNEDGS 327 

S. sal FTF 351 DDQQWSGSATVNSDGS 366 

    *:******...**. 

12FTFi 
B. amy SacB 440 KATFGPSFLMN 450 

B. sub SacB 440 QSTFAPSFLLN 450 

S. mut FTF 609 NSTWAPSFLIQ  619 

S. sal FTF 655 KSTWAPSFLIK 665 

  ::*:.****:: 

 
Figure 1. Parts of an alignment of amino acid 
sequences from four bacterial FTFs. The amino acid 
sequences are from B. amyloliquefaciens SacB 
(X52988), B. subtilis SacB (X02730), S. mutans FTF 
(M18954), and S. salivarius FTF (L08445). 
Sequences in bold indicate the consensus sequences 
used to construct the degenerated primers 5FTF (5’-
GAYGTNTGGGAYWSNTGGGCC-3’), 6FTFi (5’-
GTNGCNSWNCCNSWCCAYTSYTG-3’) and 
12FTFi (5’-ARRAANSWNGGNGCVMANGTNSW 
-3’). Sequences are according to International Union 
of Biochemistry (IUB) group codes (N=any base; 
M=A or C; R=A or G; W=A or T; S=C or G; Y=C or 
T; K=G or T; B= not A; D=not C; H=not G; V=not 
T). 
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Table 1. Primers used in this study. Degenerated bases are according to IUB codes shown in the legends to Fig. 
1. In the primer sequences, NcoI and BglII restriction sites are underlined and stop codons introduced are in 
bold. 
  
Primera  Sequence (5’ to 3’)      Use 
 
7FTF  GAATGTAGGTCCAATTTTTGGC    PCR 
FTFC1i  GTGATACATTTCCATTATTATCAG    inverse PCR 
FTFC2  CTATTACTACCAAACTTATGATCATG    inverse PCR 
8FTFi  CCTGTCCGAACATCTTGAACTG    inverse PCR 
20FTFi  CCGACCATCTTGTTTGATTAAC    PCR 
19FTF  TAYAAYGGNGTNGCNGARGTNAA    PCR 
FTFN1i  GAGAGTGTAACGACTGCCCAATTTTTACCGC   inverse PCR 
FTFN2  CTGCTAATGCAAATAGTGCTTCTTCTGCCGC   inverse PCR 
FTF1  CCATGGCCATGGTAGAACGCAAGGAACATAAAAAAATG pBAD 
FTF2i  AGATCTAGATCTGTTAAATCGACGTTTGTTAATTTCTG pBAD 
FTF2iB  AGATCTAGATCTTTAGTTAAATCGACGTTTGTTAATTTCTG pBAD 
FTFrp2  AGATCTAGATCTTTTTAATCCATAACCAATTAAG  pBAD 
FTFrp2B AGATCTAGATCTTTATTTTAATCCATAACCAATTAAG  pBAD 
 
a  i, rp = reverse. 
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Figure 2. Strategy used for the isolation of the ftf gene from L. reuteri 121 chromosomal DNA. 
 

Construction of plasmids for expression of the ftf gene in E. coli. Four primer sets 
were designed for expression of the ftf gene in E. coli, (i) a full-length ftf (nucleotides 1432 to 
3825) with a C-terminal myc epitope and poly Histidine tag (InuHis) was generated with 
primers FTF1 (Table 1) and FTF2i (Table 1); (ii) a full-length ftf (Inu) was generated with 
primers FTF1 and FTF2iB (Table 1); (iii) a truncated ftf (nucleotides 1432 to 3525) encoding 
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an FTF C-terminally truncated from amino acid 699 onwards with a C-terminal myc epitope 
and poly Histidine tag (Inu∆699His) was generated with primers FTF1 and FTFrp2 (Table 1); 
(iv) a truncated ftf encoding an FTF C-terminally truncated from amino acid 699 onwards 
(Inu∆699) was generated with primers FTF1 and FTFrp2B (Table 1). Primer FTF1 introduces 
a mutation in the ftf sequence, changing the second (Leucine) codon into a Valine codon, 
necessary for introduction of the NcoI restriction site. PCR with L. reuteri genomic DNA 
(approximately 1 µg), Pwo DNA polymerase, and the primer sets, yielded the ftf gene 
derivatives flanked by NcoI and BglII restriction sites. The PCR products were cut with NcoI 
and BglII and ligated into the expression vector pBAD/myc-his C (Invitrogen), downstream 
of the inducible arabinose promoter and in frame upstream of a myc epitope and a poly 
Histidine tag. The resulting constructs were transformed to E. coli Top10 and used to study 
FTF expression. Correct construction of the plasmids containing the four ftf gene derivatives 
was confirmed by sequence analysis of both DNA strands of the inserts. 

FTF purification. Cells of E. coli Top10 harbouring the ftf gene (InuHis and 
Inu∆699His constructs) were grown overnight in 400 ml LB medium with 0.02% arabinose 
to an OD600 of approximately 0.9. The pellets were washed with 50 ml binding buffer (50 
mM Na2HPO4/NaH2PO4, pH 8.0) containing 5 mM β-mercaptoethanol, centrifuged, and 
resuspended in binding buffer containing 5 mM β-mercaptoethanol. Cells were broken by 
ultrasonication (7 × 10 sec at 6 microns with 20 sec intervals), followed by centrifugation for 
30 min at 10,000 × g. The resulting cell free extracts (CE) were used in enzyme assays, or in 
the case of Inu∆699His, for Nickel-affinity purification. A bed volume of 600 µl Ni-NTA 
resin (Qiagen) was used to bind protein from 11.6 ml CE (3.0 mg protein ml-1). The resin was 
washed with 6 ml of demineralized water and 3 ml binding buffer prior to applying CE. CE 
was added to the washed Ni-NTA agarose and gently shaken at 4 °C for 1 h. After washing 
with 3 ml binding buffer, the bound protein was eluted from the affinity resin with 3 ml of 
binding buffer containing 200 mM imidazole and 1 mM β-mercaptoethanol. The eluted 
fractions were dialyzed against a phosphate solution (5 mM, pH 8) and stored at 4 °C. The 
dialyzed Ni-NTA elution fractions (3 ml; 2.0 mg protein ml-1) were adjusted to a volume of 5 
ml in a Tris buffer (20 mM, pH 8.0). An anion exchange column (Amersham Pharmacia  
Biotech; Resource-Q; 1 ml column volume; flow rate 1 ml.min-1) was equilibrated with a Tris 
buffer (20 mM, pH 8.0; A) and the sample (5 ml) was loaded on the column. After eluting the 
column with Tris buffer (20 mM, pH 8.0, 0.5 M NaCl; B), fractions were collected from 20% 
B to 80% B and screened for FTF activity (glucose release from sucrose; see below). Positive 
fractions were checked on SDS-PAGE [98], using a mini-Protean II slab gel system (Bio-
Rad), and fractions showing only the FTF protein band were pooled (11.7 ml; 0.038 mg 
protein ml-1), dialyzed overnight against a sodium acetate (NaAc) buffer (20 mM, pH 5.4), 
and stored at 4 °C for further analysis. 

Biochemical characterization of the recombinant FTF enzyme. (i) N-terminal 
amino acid sequencing. Protein (approximately 10 µg) was run on SDS-PAGE and 
transferred to a PVDF membrane (Millipore Inc., Bedford, Mass.) by Western blotting [159]. 
After staining the PVDF membrane with Coomassie Brilliant Blue [159], the corresponding 
bands were cut from the PVDF membrane and subjected to amino acid sequence 
determination (Nucleic Acid Protein equence Unit, Biotechnology Laboratory, University of 
British Columbia, Vancouver, Canada) using standard Pulsed-Liquid Edman chemistry on a 
Procise protein sequencing system (model 494; Applied Biosystems). 
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(ii) Sucrase enzyme activity assays. Sucrose conversion by FTF yields glucose (and 
fructose, which is partly built into the fructan polymer) in a 1:1 molar ratio to the amount of 
sucrose used. The amount of glucose released allows determination of the overall enzyme 
activity (total amount of sucrose converted). Glucose was measured as described (Chapter 
3). FTF enzyme activity was measured in a NaAc buffer (25 mM; pH 5.4) with 250 mM 
sucrose and 1 mM CaCl2. Preliminary experiments showed that the recombinant FTF enzyme 
had highest glucose releasing activity from sucrose at 50 °C. Therefore, specific activity 
measurements were done at 50 °C. One unit of enzyme is defined as the release of 1 µmol 
glucose per min. 

(iii) SDS-PAGE activity staining. In order to measure enzyme activity in SDS-
PAGE gels, a periodic acid Schiffs reagent staining (PAS) [89] was done. Protein 
(approximately 1 µg) was run on SDS-PAGE, followed by washing in a preincubation buffer 
(25 mM NaAc pH 5.4; 1 mM CaCl2; 0.5% Triton X-100), and overnight incubation in 
preincubation buffer with 50 mM sucrose or 50 mM raffinose. The gel was washed 30 min in 
a 12.5 % trifluoro acetic acid solution, in demineralized water, and incubated for 50 min in a 
1 % periodic acid / 3 % HAc buffer. The periodic acid was washed away carefully with 
demineralized water, after which the gel was stained with Schiffs reagent (Sigma-Aldrich, St. 
Louis, MO) yielding purple spots where fructan polymer was produced.  

Characterization of fructan and FOS. The FTF enzyme had an optimum 
temperature of 50 °C for the release of glucose from sucrose. L. reuteri 121, however, shows 
optimal growth at 37 °C. The reaction products of FTF were determined following 
incubations at the physiological temperature of strain 121 (37 °C). Fructan and FOS synthesis 
was studied in cell extracts of E. coli cells with InuHis (96 U.l-1) and with the purified 
Inu∆699His (83 U.l-1). FTF protein was incubated for 17 h at 37 °C in 250 ml NaAc buffer 
(25 mM, pH 5.4) containing 90 g.l-1 sucrose and 1 mM CaCl2. Polymeric fructan material 
was precipitated with 2 volumes of 96% ethanol followed by 10 min centrifugation at 10,000 
× g. The pellet was resuspended in demineralized water during 16 h at 4 °C after which it was 
dialyzed against demineralized water. Subsequently, polymer was precipitated as described 
above and freeze dried for further analysis. Inulin and FOS synthesis was also studied in 
cultures of L. reuteri 121 grown overnight in modified MRS-S media. For anion-exchange 
chromatography (Dionex), samples were centrifuged for 30 min at 10,000 × g and diluted 
200 times in a 100% DMSO solution. An inulin digest (with a degree of polymerization of 
1-20), 1-kestose (8 mg.l-1), or nystose (6 mg.l-1; Fluka Chemie, Milwaukee, Wisc.) were used 
as a standard. Separation was achieved with a CarboPac PA1 anion exchange column (250 × 
4 mm; Dionex, Sunnyvale, Calif.) coupled to a CarboPac PA1 guard column (Dionex). The 
following gradient was used: 5 % eluent B (0 min); 35% (10 min); 45% (20 min); 65% (50 
min); 100% (54-60 min); 5% (61-65 min). Eluent A was sodium hydroxide (0.1 M) and 
eluent B was NaAc (0.6 M) in sodium hydroxide (0.1 M). Detection was done with an ED40 
Electrochemical Detector (Dionex) with an Au working electrode and a Ag/AgCl 
reference-electrode with a sensitivity of 300 nC. The pulse program used was: +0.1 Volt 
(0-0.4 s); +0.7 Volt (0.41-0.60 s); -0.1 Volt (0.61-1.00 s). Data were integrated using a 
Turbochrom (Applied Biosystems) data integration system. For cation-exchange 
chromatography, samples were centrifuged for 30 min at 10,000 × g and diluted 5 times in 
demineralized water. A cation exchange column in the calcium form (at 85°C; Benson 
BCX4, particle size 15-20 µm, column size 250 × 10 mm; 0.4 ml.min-1; Benson polymeric / 
Sierra separations, Sparks, Nevada) with a mobile phase of calcium-EDTA in demineralized 
water (100 ppm) was used. Detection was done by using an 830-RI refractive index detector 
(Jasco International Co. Ltd., Tokyo, Japan; at 40 °C). The amounts of FOS, glucose, 
fructose, and sucrose were estimated by comparing the RI signals with those of glucose 
reference solutions. Methylation analysis of fructan was performed by permethylation using 
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methyl iodide and solid sodium hydroxide in methyl sulfoxide. After hydrolysis with 2 M 
TFA (2 h, 120 °C), the partially methylated monosaccharides were reduced with NaBD4. 
After neutralization, removal of boric acid by co-evaporation with methanol, and acetylation 
with acetic acid anhydride (3 h, 120 °C), the mixtures of partially methylated alditol acetates 
obtained were analyzed by gas-liquid chromatography on CP-Sil 43 CB (Merck, KGaA, 
Darmstadt, Germany) and by gas-liquid chromatography-mass spectrometry on DB-1 
(Agilent Technologies Inc., Palo Alto, Calif.)  [85, 87]. The molecular weight of the polymer 
was determined by high performance size exclusion chromatography (HPSEC) coupled 
on-line with a multi angle laser light scattering (MALLS) and differential refractive index 
detection (RI; Schambeck SDF, Bad Honnef, Germany). The HPSEC system consisted of an 
isocratic pump, an injection valve, a guard column, and a set of two size exclusion 
chromatography columns in a series (a Shodex SB806MHQ column [Showa Denko, K.K., 
Kawasaki, Japan] and a TSK gel 6000PW column [Thomson, Clearbrook, Vancouver, 
Canada]). A Dawn-DSP-F (Wyatt Technology, St. Barbara, Calif.) laser photometer HeNe (λ 
= 623.8 nm) equipped with a K5 flow cell, and thermostatted by a Peltier heating system, was 
used as MALLS detector. Samples were filtered through a 0.45 µm filter (Millipore Inc.) and 
the injection volume was 220 µl. Na2SO4 (0.1 M) was used as eluent at a flow rate of 0.8 
ml.min-1. Pullulan and dextran samples with sizes ranging from 40,000 to 2,000,000 were 
used as standards. Determinations were performed in duplicate. 

Nucleotide sequence accession number. The Genbank nucleotide accession number 
for the L. reuteri 121 gene encoding the inulosucrase enzyme and its flanking regions is 
AF459437. 

 
 

RESULTS 
 
Isolation and nucleotide sequence analysis of the L. reuteri 121 ftf gene. PCR with 

degenerated primers, based on conserved amino acid sequences deduced from alignment of a 
number of FTFs of Gram-positive bacteria (Fig. 1), using chromosomal DNA of L. reuteri 
121 as template, yielded a single amplicon of 234 bp (Fig. 2A). Sequence analysis confirmed 
its ftf identity. With (inverse) PCR techniques we obtained a large part of ftf ORF including 
its 3’ end (Fig. 2B-C). The 5’ of the ftf ORF was isolated in a PCR step with a degenerated 
primer based on the N-terminal amino acid sequence of the purified strain 121 levansucrase 
protein (Chapter 3; Fig. 2E). In total, a DNA fragment of 3983 bp was sequenced. This 
fragment contained an open reading frame (ORF1) of 2370 bp (starting at 1432 bp), encoding 
a putative FTF, and an ORF of 852 bp (ORF2), located upstream of, and divergently 
transcribed from, ORF1. To our surprise, we could not locate the N-terminal amino acid 
sequence of the strain 121 levansucrase protein in the ORF1 deduced amino acid sequence. 
The degenerated primer used had misannealed, nevertheless yielding an amplicon. ORF1 
does not encode the strain 121 levansucrase protein. Southern hybridization under non-
stringent conditions with the 234 bp (Fig. 2A) and the 1438 bp (Fig. 2C) PCR fragment and 
L. reuteri chromosomal DNA revealed only one hybridizing fragment. 

No clear promoter and Shine-Dalgarno sequences that meet the consensus sequences 
could be identified in the DNA sequence upstream of ORF1. Two putative start codons were 
present in ORF1: (i) an ATG codon at position 1432, (ii) and an ATG codon located at 
position 1459. The ATG codon at position 1459 had an imperfect Shine-Dalgarno sequence 
(AAGGAA) 13 bp upstream. The consensus Shine-Dalgarno sequence is AGGAGG, which 
was found for instance for the Acyl CoA hydrolase from L. reuteri (AY082385). According 
to consensus promoter sequences described for lactobacilli [140] the consensus sequence for 
-35 is TTGCTG and the consensus sequence for -10 is AATAAT, although the -10 sequence 
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can vary among species. An imperfect promoter sequence could be identified (173 bp from 
ATG codon at position 1432) with putative –35 and –10 sequences (TTGATG and 
TTACAA, and a spacing of 19 nucleotides). Starting at position 1432, the putative protein 
(798 amino acids) had a deduced molecular weight of 86,778 Da and a pI of 4.62. Starting at 
position 1459, the putative protein (789 amino acids) had a deduced molecular weight of 
85,598 Da and a pI of 4.51. 
 Amino acid sequence alignments and specific features of the strain 121 FTF. 
Blast searches with the deduced ORF1 amino acid sequence revealed highest similarities with 
S. mutans FTF (P11701; 58% identity and 73% similarity in 686 amino acids) and S. 
salivarius FTF (Q55242; 49% identity and 67% similarity in 756 amino acids). In the 
deduced ORF1 sequence, a core region of 436 amino acids could be identified belonging to 
the Glycoside Hydrolase family 68 of levansucrases and invertases (Fig. 3; 43% identity and 
56% similarity in amino acid residues 210 to 661) (Pfam02435) (http://pfam.wustl.edu/). 
Family 68 was identified based on aligments between several FTFs and invertases. As of yet, 
no common structure could be assigned to family 68 enzymes. An alignment of the deduced 
ORF1 amino acid sequence with streptococcal FTFs is shown in Figure 3. This alignment 
revealed very limited similarity in the N-terminal amino acid sequences of the FTFs. Very 
limited information is available on the role of specific amino acids or regions in the catalytic 
mechanism of bacterial FTFs (Fig. 3). Based on literature, conserved amino acids found to be 
involved in catalysis were all present in the strain 121 FTF sequence (Fig. 3). A putative 
signal peptidase cleavage site [124] is present between amino acids ASA and DT (Fig. 3). 
The C-terminus of the deduced ORF1 amino acid sequence contains a 20-fold repeat of the 
motif PXX, an LPXTG motif, a hydrophobic stretch of amino acids, and the protein is 
terminated by 3 positively charged amino acids (Fig. 3). Also in the S. salivarius FTF a 
Proline-rich region is present. Alignment of the Proline-rich regions of both FTFs does not 
yield significant similarities (Fig. 3). A dendrogram (Fig. 4), constructed on the basis of 
alignments of the deduced ORF1 amino acid sequence with some bacterial FTFs, revealed 
that L. reuteri 121 FTF is most closely related with FTFs from Gram-positive bacteria, in 
particular with streptococcal FTFs. Lower similarities were observed with FTFs from Gram-
negative bacteria. FTFs of Gram-positive bacteria form a separate group from FTFs of Gram-
negative bacteria.  

Blast searches with the deduced amino acid sequence of ORF2 revealed high 
similarity (41 – 57%) to several members of the uncharacterized protein family UPF0028 
(Pfam entry: 01173). Similarities were also found with a protein with unknown function from 
Pastereurella multocida (AAK02722; 39% identity and 60% similarity in 273 amino acids) 
and with a predicted phosphoesterase from Clostridium acetobutylicum (AAK80379; 34% 
identity and 54% similarity in 279 amino acids). 

Expression of the ftf gene in E. coli and recombinant FTF purification. Analysis 
of ORF1 showed that it contained two putative translation start codons. No data is available 
on the N-terminal amino acid sequence of the mature FTF protein. We decided to express 
ORF1 in E. coli starting from the start codon at position 1432. In total, four ftf derivatives 
were constructed for expression studies in E. coli. A full-length Inu construct did not yield 
any transformants. Transformants were obtained with the InuHis construct. Extracts of E. coli 
Top10 cells containing the InuHis construct clearly possessed sucrose hydrolyzing activity 
(1050 U.l-1). SDS-PAGE of cell extracts showed the InuHis protein to be present as a smear 
(results not shown). Furthermore, the protein could not be purified with nickel column 
purification and antibodies against the poly Histidine tag could not detect the His-tag. 
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Figure 3. 
                                                               ↓ 
                         1                  20                  40 
L.reut FTF    -----------MLERKEHKKMYKSGKNWAVVTLSTAALVFGATTVNASADTNIENNDSST 
S.mut FTF     ----------------------------------METKVRKKMYKKGKFWVVATITTAML 
S.sal FTF     MDITVNSQSNTVAPKQAECKKMRYSIRKVATVGATSALVGTLAFLGATQVKADQVTETAP 
                                                  : *       ..       . :   
 
                        60                  80                  100 
L.reut FTF    VQVTTGDNDIAVKSVTLGSGQVSAASDTTIRTSANANSASSAANTQNSNSQVASSAAITS 
S.mut FTF     TGIGLSSVQADEANSTQVSSELAERSQVQENTTASSSAAENQAKTEVQETPSTNPAAATV 
S.sal FTF     AVATATATPETSTASLTVASETATSVATSEAVESSVAHSEVATKPVTETQPSNTTPSVVE 
              .                 :.: :    .   . :.   :.  ::.  .     ...: .  
 
                        120                 140                 160 
L.reut FTF    STSSAASSNNTDSKAAQENTNTAKNDDTQKAAPANESSEAKNEPAVNVNDSSAAKNDDQQ 
S.mut FTF     ENTDQTTKVITDNAAVESKASKTKDQAATVTKTAASTPEVG-QTNEKDKAKATKEADITT 
S.sal FTF     EKASSTVVTSSSDATTPSATVAAVSAPAHTSEAAVEAPTSTASSEAADTHTEVDLKVSEN 
              ..:. :    :.. :. . :  : .  :  : .* .:.    ..    . . .        
 
 
                        180                   200                   220 
L.reut FTF    SSKKNTTAKLNKDAENVVKKAGID--PNSLTDDQIKALNKMNFSKAAKS--GTQMTYNDF 
S.mut FTF     PKNTIDEYGLTEQARKIATEAGIN--LSSLTQKQVEALNKVKLTSDAQT--GHQMTYQEF 
S.sal FTF     SAANANLSKLNGRIKSIVEENMTSDQIVALTEEEIKALNKVDFSDDAIKGTGTSLTYRNL 
              .  .     *.   ..:. :   .    :**:.:::****:.::. * .  * .:**.:: 
 
 
                            240                 260                 280 
L.reut FTF    QKIADTLIKQDGRYTVPFFKASEIKNMPAATTKDAQTNTIEPLDVWDSWPVQDVRTGQVA 
S.mut FTF     DKIAQTLIAQDERYAIPYFNAKAIKNMKAATTRDAQTGQIADLDVWDSWPVQDAKTGEVI 
S.sal FTF     KDIVASFLKQDSKLAVPYFKADTIINMPAFNTVDAQTMKKEEIDVWDSWPVQDAKSGVVS 
              ..*. ::: ** : ::*:*:*. * ** * .* ****     :**********.::* *  
 
 
                            300                 320                 340 
L.reut FTF    NWNGYQLVIAMMGIPNQNDNHIYLLYNKYGDNELSHWKNVGPIFGYNSTAVSQEWSGSAV 
S.mut FTF     NWNGYQLVVAMMGIPNTNDNHIYLLYNKYGDNNFDHWKNAGSIFGYNETPLTQEWSGSAT 
S.sal FTF     NWNGYQLVISMAGAPNKNSNHIYLLYRKYGDNDFTHWKNAGPIFGYNALEDDQQWSGSAT 
              ********::* * ** *.*******.*****:: ****.*.*****     *:*****. 
 
 
                            360                 380                   400 
L.reut FTF    LNSDNSIQLFYTRVDTSDNNTNHQKIASATLYLTDNNGNVSLAQVANDHIVFEG--DGYY 
S.mut FTF     VNEDGSLQLFYTKVDTSDKNSNNQRLATATVNLGFDDQDVRILSVENDKVLTPEGVMAYH 
S.sal FTF     VNSDGSIQLYYTKNDTSGGKLNWQQLASATLNLAVENDEVVIKSVENDHILFGG--DNYH 
              :*.*.*:**:**: ***. : * *::*:**: *  :: :* : .* **:::       *: 
 
 
                                        420                 440 
L.reut FTF    YQTYDQWKATNKG----------ADNIAMRDAHVIEDDNGDRYLVFEASTGLENYQGEDQ 
S.mut FTF     YQSYQQWRSTFTG----------ADNIAMRDPHVIEDENGDRYLVFEASTGTENYQGEDQ 
S.sal FTF     YQSYPKFMSTFDDDHNHDGNPDRTDNYCLRDPHIIED-NGSRYLIFESNTGDENYQGEKQ 
              **:* :: :*  .          :** .:**.*:*** **.***:**:.** ******.* 
 
 
                    460                 480                 500 
L.reut FTF    IYNWLNYGGDDAFNIKSLFRILSNDDIKSRATWANAAIGILKLNKDEKNPKVAELYSPLI 
S.mut FTF     IYNFTNYGGSSAYNVKSLFRFLDDQDMYNRASWANAAIGILKLKGDKKTPEVDQFYTPLL 
S.sal FTF     IYKWSNYGGDDAFNLKSFLNIVNNKHLYNLASWANGSIGILKLDDNEKNPSVAELYTPLV 
              **:: ****..*:*:**::.::.:..: . *:***.:******. ::*.*.* ::*:**: 
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                    520                 540                 560 
L.reut FTF    SAPMVSDEIERPNVVKLGNKYYLFAATRLNRGSNDDAWMNANYAVGDNVAMVGYVADSLT 
S.mut FTF     SSTMVSDELERPNVVKLGDKYYLFTASRLNHGSNNDAWNKANEVVGDNVVMLGYVSDQLT 
S.sal FTF     TSHMVTDEVERPSVVKMGGKYYLFTASRINKSTDAEGTVAAREAVGDDVVMLGFVSDSLR 
              :: **:**:***.***:*.*****:*:*:*:.:: :.   *. .***:*.*:*:*:*.*  
 
 
                    580                 600                 620 
L.reut FTF    GSYKPLNDSGVVLTASVPANWRTATYSYYAVPVAGKDDQVLVTSYMTNRNGVAGKGMDST 
S.mut FTF     NGYKPLNNSGVVLTASVPADWRTATYSYYAVPVAGSSDTLLMTAYMTNRNEVAGKGKNST 
S.sal FTF     GKYRPLNGSGVVLTASVPADWRTSTYSYYAVPVEGSSDTLLVTSYMTNRGGIAGAENKST 
              . *:***.***********:***:********* *..* :*:*:*****. :**   .** 
 
 
                    640                 660                 680 
L.reut FTF    WAPSFLLQINPDNTTTVLAKMTNQGDWIWDDSSENLDMIGDLDSAALPGERDKPVDWDLI 
S.mut FTF     WAPSFLIQVLPDGTTKVLAEMTQQGDWIWDEPSRTTDTVGTLDTAYLPGENDGYIDWNVI 
S.sal FTF     WAPSFLIKMNADDTTEVLPKMTNQGDWIWDKSSESLVHVGDQNSAKLPNE-DFNVDYYAV 
              ******::: .*.** **.:**:*******..*..   :*  ::* **.* *  :*:  : 
 
                     700                      720                     740 
L.reut FTF    G-YGLKPHDP--------ATPNDPETPTTPETPETPNTPKTPKTPE-NPGTPQTPNTPNT 
S.mut FTF     GGYGLKPHTPGQYQPTVPSTPIHTDDIISFEVSFDGHLVIKPVKVN-NDSAGRIDQSRNS 
S.sal FTF     SGYGLKPHTYPTVDGSTGVSEAHGVLTVTVKDGKDKKADKPETPVSPTEGNHSVDDKTNK 
              . ******           :  .     : :     :        . . .     :. *. 
 
                                           760                 780 
L.reut FTF    P-------------EIPLTPETPKQPETQTNNRLPQTGNNANKAMIGLGMGTLLSMFGLA 
S.mut FTF     GGSLNVAFNVSAGGNISVKPSQKSINNTKETKKAHHVSTEKKQKKGNSFFAALLALFSAF 
S.sal FTF     PGTSKPADNNQPSADKEDKPTNPTNPDSPARTPFPYYGDHSNDNNSSNDHHVAVPVKPST 
                            :   .*   .  ::   .     . . :.   .    . :.:     
               
L.reut FTF    EINKRRFN---------------------------------------------------- 
S.mut FTF     CVSIGFK----------------------------------------------------- 
S.sal FTF     GDSVGDRRPVAQAAEIATPVPKTIVATGPTVPTNTVKEESVTETEAPKPVKSEEKVQSHG 
                .                                                          
 
L.reut FTF    ------------------------------------------------------------ 
S.mut FTF     ------------------------------------------------------------ 
S.sal FTF     VDKANEVTKSDESSKGNNTKVAAKLATTPKTPSDSEGSNSNILSILATIFAAIASLALLG 
                                                                              
 
L.reut FTF    ------------- 
S.mut FTF     ------------- 
S.sal FTF     YGLVTGKIHLPKK 

 
Figure 3. Multiple sequence alignments of bacterial FTFs. Alignments were made with ClustalW 1.74 [194] 
using a gap opening penalty of 30 and a gap extension penalty of 0.5. FTF amino acid sequences are from L. 
reuteri 121 (L. reut FTF; the ORF1 deduced amino acid sequence from 1432 to 3825 bp), S. mutans (S. mut. 
FTF; M18954), and S. salivarius (S. sal. FTF; L08445). (*) indicates a position with a fully conserved amino 
acid residue, (:) indicates a position with a fully conserved 'strong' group: STA, NEQK, NHQK, NDEQ, QHRK, 
MILV, MILF, HY, FYW, and (.) indicates a position with a fully conserved 'weaker' group: CSA, ATV, SAG, 
STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM, HFY. Amino acid groups are according to 
the Pam250 residue weight matrix [4]. Key amino acids D349 [176], D424 [15], R541 [33], G583 [136], and 
regions with strong homologies among FTFs and invertases (at positions 341 and 354) [163] are shown by 
letters in boxes. Two N-terminal amino acids (at positions 1 and 10) are underlined and in boldface. The N-
terminal amino acid sequence determined from the recombinant FTF is underlined starting at position 39. A 
signal peptidase cleavage site (between position 38 and 39) is indicated with an arrow above the sequence. The 
core region belonging to Glycoside Hydrolase family 68 (residues 210 to 661) is indicated with a dashed arrow 
above the sequence. Other features for the strain 121 FTF are: a putative spacer region with twenty times the 
amino acid motif PXX (in bold at position 699-758), a cell-wall anchoring LPXTG motif (underlined at position 
764), a hydrophobic stretch of amino acids (in bold at position 776-791), and three positively charged amino 
acids KRR (underlined at position 794). 
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Figure 4. A dendrogram of bacterial FTFs. Alignments were made with ClustalW 1.74 [194] using a gap 
opening penalty of 30 and a gap extension penalty of 0.5. Dendrogram construction was done with TreeCon 
1.3b [199] using the neighbour joining method with no correction for distance estimation. The length of the bar 
indicates 10% difference at the amino acid level. Bootstrap values were all 100% (100 samples). FTFs from 
Gram-positive (G+) bacteria are L. reuteri 121 FTF (this work), S. mutans FTF (M18954), and S. salivarius FTF 
(L08445), B. subtilis SacB (X02730). FTFs from Gram-negative (G-) bacteria are G. diazotrophicus LsdA 
(L41732), Z. mobilis SacB (L33402), and E. amylovora Lsc (X75079). 
 
 

Because expression 
and cloning problems were 
encountered with the full-
length FTF, an FTF variant 
was constructed with C-
terminal truncation from 
the PXX amino acid 
residues onwards. 
Expression of the two 
truncated ftf derivatives 
(Inu∆699 and Inu∆699His) in E. coli yielded protein present on SDS-PAGE gels as intense 
bands, which did not appear to be smeared, at about 85,000 and clear FTF activities in E. coli 
extracts (both at about 1600 U.l-1). The Inu∆699His protein was purified to homogeneity in 
two chromatography steps (Table 2). From SDS-PAGE the Mr of Inu∆699His was estimated 
to be 84,000 (results not shown). The N-terminal sequence of Inu∆699His was determined as 
DTNIEN(N)(D) (with ambiguous residues shown between parentheses). These amino acids 
corresponded to the deduced FTF amino acid sequence following the predicted signal 
peptidase cleavage site (Fig. 3). 

Basic recombinant FTF enzymatic properties. The Inu∆699His enzyme showed 
highest activity at 50 °C and pH 5 to 5.5 (measured as glucose release from sucrose in the 
presence of 1 mM calcium chloride). At 37 °C, 50 ± 0.4 % enzyme activity was observed (in 
the presence of 1 mM calcium chloride). In the absence of calcium chloride the enzyme 
activity decreased to 79 ± 0.6 %.  

Analysis of products synthesized from sucrose by L. reuteri wild type and the 
recombinant FTF. Upon incubation with sucrose the Inu∆699His protein produced both 
fructo-oligosaccharides (FOS) and fructan. After 17 h of incubation with 90 g.l-1 sucrose, 
16.5 g.l-1 of the sucrose was consumed, and 5.1 g.l-1 FOS and 0.8 g.l-1 fructan were 
synthesized. Furthermore, 2.6 g.l-1 fructose and 6.0 g.l-1 glucose were produced from sucrose. 
Similar amounts of polymer and FOS were produced by cell extracts of arabinose induced E. 
coli with the full-length FTF (InuHis), which might indicate that the C-terminal truncation of 

Table 2. Purification of Inu∆699His enzyme from E. coli cells. 
 
Purification Total activity Specific activity Purification Yield 
step (U) (U.mg-1 protein) (-fold) (%) 
 
Cell lysate 631 18.0 1 100 
Ni-NTA1 538 88.3 4.9 85 
Resource-Q 46.0 103.7 5.8 7 
 
1 Nickel resin chromatography purification step 
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FTF does not have a significant effect on 
product formation. Anion-exchange 
chromatography (Dionex; Fig. 5) revealed 
that the FOS produced were 1-kestose (a 
β(2→1) linked fructosyl unit to the fructosyl 
of sucrose; at 6.5 min) and nystose (a β(2→1) 
linked fructosyl unit to the terminal fructosyl 
of 1-kestose; at 8.0 min). In Fig. 5, the large 
peaks in panels A and B at 5.2 to 6.0 min 
represent sucrose. Cation exchange 
chromatography showed that the majority of 
FOS was 1-kestose (95% w/v) and a minor 
amount of nystose (5% w/v). Methylation 
analysis of the polymer revealed the presence 
of 93% 3,4,6-tri-O-methylfructose units 
(β(2→1) linkages) and 7% 3,4-di-O-
methylfructose units (β(1→2→6) linked 
branchpoints). HPSEC/MALLS analysis of 
the in vitro produced fructan polymer 
indicated that it was of high molecular weight 
(> 107 Da). In view of the production of inulin 
polymer by the recombinant FTF, we 
designated the L. reuteri 121 FTF as Inu and 
the corresponding gene as inu. 

As shown previously, L. reuteri 
culture supernatants incubated with sucrose 
produced a single fructan (7 g.l-1) with 
β(2→6) linked fructosyl units only (a levan) with an average molecular weight of 150,000 
[204]. Searching for Inu activity in L. reuteri strain 121, we analyzed the fructan products of 
strain 121 grown on media containing sucrose. In the present study we observed that L. 
reuteri incubated with sucrose also produced approximately 10 g.l-1 fructo-oligosaccharides 
(FOS). These FOS consisted of 1-kestose (95%) and of nystose (5%). Previous experiments 
have shown that the strain 121 levansucrase protein produces a levan polymer that is not 
PAS-stainable [204]. The recombinant Inu∆699His protein produced an inulin polymer that 
was PAS stainable (results not shown) on SDS-PAGE gels. However, no PAS stainable 
polymeric bands were observed with L. reuteri 121 cells, cell extracts, and fractionated cell-
wall material. Also incubations of the same fractions in a buffer containing sucrose did not 
yield inulin polymer. 

 
 

DISCUSSION 

 
This paper reports the isolation and characterization of the first Lactobacillus (L. 

reuteri) gene (inu) encoding a FTF (Inu), producing in E. coli a high molecular weight inulin 
with β(2→1) glycosidic bonds only and inulin fructo-oligosaccharides (FOS; mainly 
consisting of 1-kestose). FOS production was also observed with L. reuteri 121 cells but no 
inulin formation was detected. In further work, we have raised antibodies in rabbits against 
the purified recombinant Inu protein (unpublished results). Unfortunately, no specific 
immunostaining was observed with L. reuteri cells, culture supernatants, or cell-wall 
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Figure 5. Dionex analysis of the fructo-
oligosaccharides synthesized by recombinant 
Inu∆699His. Panel A: Inu∆699His products; 
panel B: Inu∆699His products spiked with 1-
kestose (6.5 min) and nystose (8.0 min); Panel 
C: 1-kestose (6.5 min) and nystose (8.0 min). 
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material. In these studies we observed a high background response. Very likely, the rabbits 
used to raise antibodies contained endogenous lactobacilli. Northern blot hybridization 
experiments, with a probe comprising the region in inu corresponding to the family 68 core 
region, did not reveal presence of inu mRNA. In summary, FOS synthesis was observed in L. 
reuteri culture supernatants, but the inulin type of fructan produced by the recombinant Inu 
has not been observed in L. reuteri 121. Possible explanations for this clear discrepancy are: 
(i) the inu gene is silent in L. reuteri or not expressed under the growth conditions tested, (ii) 
the Inu enzyme only synthesizes FOS under the conditions tested in its natural host, (iii) the 
inulin polymer already has been degraded at the time of harvesting of the cultures (no 
evidence, however, has been found for the presence of inulin-degrading activities in L. 
reuteri 121 supernatants), or (iv) Inu has other activities in E. coli extracts than in L. reuteri 
121. InuHis protein produced in E. coli showed smearing on SDS-PAGE gels, and the His-
tag could not be detected. These observations may suggest that in E. coli the InuHis protein is 
in fact truncated at its C-terminus. At present we cannot exclude the possibility that the 
products synthesized by the L. reuteri Inu protein are different from the products synthesized 
by the recombinant Inu(∆699)His protein.  

In the process of cloning the inu gene from L. reuteri 121, a PCR step was performed 
with a specific primer based on the (incomplete) inu sequence (20FTFi) and a degenerate 
primer based on an N-terminal amino acid sequence of a previously purified levansucrase 
protein from L. reuteri 121. Misannealing of the degenerate primer (19FTF) yielded an 
amplicon overlapping with the inu DNA sequence. This PCR was done at 50 °C, with a 
proof-reading DNA polymerase. The calculated melting temperature of the DNA sequence to 
which the primer 19FTF annealed (5’-TAAACGTTTAGCAAAAAGGTAAA-3’) was 36 °C 
(based on the formula melting temperature = 2×AT + 4×CG + 4). This result might be 
explained by misannealing of the primer at the start of the PCR reaction. A “hot-start” 
involving separation of the DNA polymerase from the PCR mixture at temperatures lower 
than 90 °C assures that no misannealing takes place [14]. Conceivably, no PCR product had 
been obtained when such a “hot-start” had been used in the PCR reaction involving primers 
19FTF and 20FTFi. 
 A typical secretion signal peptide [124] is present in the N-terminus of the Inu 
protein, with a possible initiation from either translation start codons at positions 1432 and 
1459. The N-terminal amino acid sequence of the purified recombinant Inu∆699His protein 
corresponded to the amino acid sequence following the predicted signal peptidase cleavage 
site in the deduced Inu sequence. The lack of FTF activity (glucose release from sucrose) in 
arabinose induced E. coli (harbouring the inu gene) culture supernatants (results not shown) 
indicates that the recombinant Inu∆699His protein is not secreted by E. coli. N-terminal 
amino acid sequence analysis of purified Inu∆699His protein from E. coli cells shows that E. 
coli does cleave the signal sequence from the Inu protein, and thus that the E. coli protein 
export machinery recognizes the signal sequence. A similar observation was done for the S. 
salivarius FTF [176]. Most likely the Inu protein is present either in the cell membrane, or in 
the periplasmic space of the E. coli cells.  

A cell-wall anchoring motif reported for various Gram positive cell-wall associated 
proteins (Chapter 1), was present at the C-terminus of the deduced Inu amino acid sequence. 
It consisted of a 20 times repeat of the amino acids PXX, an LPXTG motif, a hydrophobic 
domain, and was ended by three positively charged amino acids (Fig. 3). This is the first 
report of this motif for a FTF enzyme. Major problems arose, when attempting to introduce 
and express the full-length Inu (no transformants) and InuHis (protein smears on gel) 
constructs in E. coli. Introduction and expression in E. coli of the Inu∆699 and Inu∆699His 
contructs was straightforward. Apparently the C-terminal region of Inu is problematic for the 
E. coli protein expression machinery.  
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The products of L. reuteri 121 Inu incubated with its substrate sucrose were mainly 1-
kestose and an inulin of high molecular weight. High molecular weight inulin production was 
reported before only in S. mutans sp. [36, 47, 151]. The inulin polymers produced by L. 
reuteri and streptococci, contain β(2→6) branches (5-7%). Exclusive production of 1-kestose 
has been reported for Aspergillus niger [76]. Plant FTFs are known to synthesize 1-kestose as 
primer for the production of inulin polymers [210]. The combined production of 1-kestose 
and a levan polymer has been reported for the G. diazotrophicus levansucrase enzyme [71]. 
The combination of the production of 1-kestose and levan is remarkable, because levan 
polymers consist of β(2→6) linked fructosyl units, while 1-kestose consists of a β(2→1) 
coupled fructosyl unit to sucrose. The production of 1-kestose by Inu is the first elongation 
step in the polymerization reaction. The large amounts of FOS formed under the incubation 
conditions used thus may represent aborted polymerization attempts of the Inu enzyme. 

The deduced amino acid sequence of the Inu protein of the Generally Regarded As 
Safe (GRAS) bacterium L. reuteri shows highest homology to FTFs from streptococcal 
origin. Streptococci are well-studied inhabitants of the oral cavity, with fructan synthesized 
from sucrose most likely contributing to the cariogenicity of dental plaque formation [152]. 
L. reuteri strains, in contrast, are residents of the mammalian gut system. It will be interesting 
to study the in situ functional properties of L. reuteri 121 and the fructans produced and their 
possible roles in the probiotic properties attributed to L. reuteri strains [41, 146]. 

Previously, we reported the presence of a levansucrase in L. reuteri 121 [204] 
(Chapter 3). Here we report the isolation and characterization of a novel inulosucrase 
encoding gene from L. reuteri 121. Southern hybridization studies under non-stringent 
conditions with two probes against the inulosucrase gene and strain 121 chromosomal DNA 
revealed one hybridizing band. The N-terminal sequence as well as the internal amino acid 
sequences determined for the purified levansucrase from L. reuteri 121 (Chapter 3) could 
not be identified in the deduced strain 121 inulosucrase sequence. L. reuteri 121 thus contains 
both a levansucrase gene and an inulosucrase gene. Apparently, these two ftf genes are 
significantly different not only in products formed, but also in amino acid sequence. 

Future work will involve (i) a detailed biochemical characterization of the 
recombinant Inu enzyme, and (ii) inu gene expression studies in L. reuteri 121. This will 
enable a more detailed investigation of the catalytic mechanism of FTF enzymes producing 
inulin polymers, and analysis of the Inu activities and products in L. reuteri itself. The 
biological relevance and potential health benefits of an “inulosucrase” associated with a 
Lactobacillus reuteri strain remains to be established.  
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SUMMARY 
 
 Fructosyltransferase (FTF) enzymes have been characterized from various Gram-
positive bacteria, but not from Lactobacillus sp. In a screening of 182 lactobacilli for 
polysaccharide production only one strain, Lactobacillus reuteri 121, was found to produce a 
fructan being a levan. Here we report the first-time identification and biochemical 
characterization of a Lactobacillus FTF enzyme. When incubated with sucrose the enzyme 
produced a levan that is identical to that produced by L. reuteri 121 cells. 
 
 
 
INTRODUCTION 
 
 Lactic acid bacteria are a group of Gram-positive, food-grade microorganisms 
consisting of many genera, e.g. Lactococcus, Streptococcus, and Lactobacillus. Members of 
these genera possessing the Generally Regarded As Safe (GRAS) status find application in 
the production of food and feed [103]. Lactic acid bacteria are known to produce an abundant 
variety of exopolysaccharides (EPS) [42] that are of interest for the development of a new 
generation of food-grade ingredients. EPS from lactic acid bacteria may contribute to human 
health as prebiotics [24], or because of their antitumoral [41], immunomodulating [164], or 
cholesterol-lowering activity [146].  
 When screening 182 lactobacilli for EPS production only one strain, L. reuteri 121, 
was found to produce large amounts of both glucan and fructan homopolymers from sucrose. 
All other positive strains synthesized polymers consisting of glucose or other sugars [205]. 
The fructan, a linear polymer consisting of only ß(2→6) linked fructosyl residues (a levan), 
had an estimated size of 150,000 [204]. 
 Enzymes synthesizing levans, fructosyltransferases or levansucrases (sucrose: 2,6-β-
D-fructan 6-β-D fructosyltransferase, E.C. 2.4.1.10), catalyze the following reaction: 
  
  sucrose + (2,6-β-D-fructosyl)

n
    →   D-glucose + (2,6-β-D-fructosyl)n+1 

 
 Levan polymers are either linear or branched (to varying degrees) at the C1 position, 
with molecular weights varying between 20 kDa and several MDa. Levan synthesis has been 
studied most extensively in Zymomonas mobilis [215], Streptococcus salivarius [177], and 
Bacillus subtilis [35]. 
 This paper describes the purification and biochemical characterization of a novel FTF 
enzyme from L. reuteri 121 culture supernatants. 

 
 

MATERIALS AND METHODS 
 

Strains, media and growth conditions. L. reuteri 121 (culture collection TNO 
Nutrition and Food Research, Zeist, the Netherlands) was grown at 37 ºC in MRS medium 
[40], or in modified MRS medium containing 50 g.l-1 raffinose (MRS-R) or 50 g.l-1 maltose 
(MRS-M), instead of the 20 g.l-1 glucose normally present in MRS medium. 

Protein purification. Sucrase activity and protein content were determined in 
samples from each purification step. One litre of an overnight culture of L. reuteri 121 cells 
grown on MRS-M medium was centrifuged for 15 min at 10,000 x g. A saturated ammonium 
sulphate solution (1.5 l) was added to the supernatant (940 ml) at a rate of 50 ml per min 
under continuous stirring. The resulting 60% ammonium sulphate solution was centrifuged 
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for 15 min at 10,000 x g. The precipitate was resuspended in 10 ml sodium phosphate buffer 
(10 mM, pH 6.0) and dialyzed overnight against 2 l sodium phosphate buffer (10 mM, pH 
6.0). The dialyzed sample (11 ml) was loaded on a hydroxyapatite column (BioRad; 10x6 
cm; flow rate 1 ml.min-1) equilibrated with sodium phosphate buffer (10 mM, pH 6.0; A). 
The column was eluted with sodium phosphate buffer (200 mM, pH 6.0; B; flow rate 1 
ml.min-1) and fractions collected from 0% B to 40% B were screened for sucrase activity. 
Positive fractions were pooled (7.7 ml), diluted 1:1 (v/v) with 25 mM sodium acetate, 2 M 
ammonium sulphate pH 5.4, and loaded on a phenyl superose hydrophobic interaction 
column (HR 5/5; flow rate 0.5 ml.min-1; Pharmacia) equilibrated with a 25 mM sodium 
acetate, 1 M ammonium sulphate (pH 5.4) buffer. A gradient from 25 mM sodium acetate, 1 
M ammonium sulphate pH 5.4 (A) to 25 mM sodium acetate pH 5.4 (B) was applied and 
fractions were collected from 35% B to 50% B. Fractions with sucrase activity were pooled 
(3 ml), loaded on a superdex 200 gel-filtration column (XK 16/60; flow rate 1 ml.min-1; 
Pharmacia), and eluted with acetate buffer (25 mM, pH 5.4 containing 0.1 M sodium 
chloride). Fractions with sucrase activity were pooled (10 ml), dialyzed against 2 l sodium 
acetate buffer (25 mM, pH 5.4), and stored at -20 °C for further studies. 
 Sucrase enzyme activity assay. Sucrose conversion by levansucrase yields glucose 
(and fructose, which is partly built into the fructan polymer) in a 1:1 molar ratio to the 
amount of sucrose used. The amount of glucose released allows determination of the overall 
enzyme activity (total amount of sucrose converted). Glucose was measured with Hexokinase 
(HK; Roche Biochemicals, Switzerland) and Glucose-6-Phosphate dehydrogenase (G6PDH; 
Roche Biochemicals) as coupling enzymes. The remaining fructose (as fructose-6-phosphate 
after HK action) was measured by adding phosphoglucose isomerase (PGI; Roche 
Biochemicals). Levansucrase activity was assayed at 37 °C in a sodium acetate buffer (25 
mM; pH 5.4) with 100 mM sucrose (unless stated otherwise) and 1 mM calcium chloride [22, 
35, 177]. Samples were taken at 3 min time intervals and added to 1/10 volume 1 M sodium 
hydroxide to stop the reaction. Subsequently, the glucose and fructose contents were 
determined. One unit of enzyme activity is defined as the release of 1 µmol glucose (total 
enzyme activity) per min. Enzyme kinetics was studied using standard assay conditions and 
varying substrate concentrations. Data were fitted with Sigma Plot for Windows 4.0 (Jandell 
Scientific Software) according to the Michaelis-Menten equation. 

Polymer production and characterization. Polymer was produced by incubating 
purified levansucrase (1 µg.ml-1; final concentration) in a sodium acetate buffer (25 mM, pH 
5.4; 1 mM calcium chloride) with 20% sucrose at 37 °C for 16 h. Polymeric material was 
precipitated with 2 volumes of 96% ethanol followed by 10 min centrifugation at 10,000 x g. 
The pellet was resuspended in demineralized water at 4 °C during 16 h followed by dialysis 
overnight against demineralized water. Subsequently, the polymer was precipitated with 2 
volumes of 96% ethanol, centrifuged for 10 min at 10,000 x g, freeze dried and stored at –
20°C for further analysis. 

The purified polymer was characterized using nuclear magnetic resonance (NMR; 
CASS University of Groningen, The Netherlands) for determination of binding types present, 
and high performance liquid chromatography gel-filtration chromatography (HPLC-GFC) 
analysis for molecular weight determinations. Prior to NMR spectroscopic analysis, the 
fructan was dissolved in 99.9 atom% D2O (Isotec Inc.). 1H and 13C NMR spectra were 
recorded on a Varian UNITY-500 spectrometer (at 500 MHz and 125 MHz, respectively) at a 
probe temperature of 80 °C. The HOD signal was suppressed by applying presaturation 
during relaxation delay for 2 s. Chemical shifts are reported in ∆ units (ppm) relative to: the 
residual deuterated solvent signals for 1H: ∆ 4.60 ppm, or for the internal standard methanol 
for 13C: ∆ 3.35 ppm. For HPLC-GFC analysis fructan was dissolved in elution buffer (20 g.l-1 
in a 0.15 M sodium sulphate solution) and run on a Polysep GFC-P5000 column (300 x 7.8 
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mm; flow rate 1 ml.min-1; Phenomenex, Torrence, CA, USA) with an isocratic HPLC pump 
at 30 °C equipped with a Polysep GFC-P5000 guard column (30 x 7.86 mm; Phenomenex). 
Fructose dissolved in elution buffer was used as reference. Data integration was done with a 
Waters Millenium32 (Waters, Milford, MA, USA) software system. 

Sucrose and polymer hydrolysis. Following incubation of MRS-R culture 
supernatants (1/20 diluted) and the purified levansucrase (1 µg.ml-1; final concentration) in 
assay buffer with 50 mM sucrose for 16 h, the amounts of sucrose consumed, and glucose, 
fructose, and polymer formed, were determined. Sucrose was hydrolyzed by incubation with 
ß-fructosidase (Sigma-Aldrich, MO, USA). Polymer was isolated as described above. Fructan 
was hydrolyzed by incubation in a 0.5 M trifluoro acetic acid solution at 50 °C for 16 h. 
Glucan was hydrolyzed by incubation in a 1 M hydrochloride solution at 100 °C for 1 h. The 
acid hydrolyzed samples were neutralized with equimolar amounts sodium hydroxide. The 
glucose and fructose contents of the samples were determined with the HK/G6PDH and PGI 
assays (see above). 

Amino acid sequences of levansucrase peptide fragments. Purified levansucrase 
(approximately 12 µg) was run on SDS-PAGE gels and transferred to PVDF membranes 
(Millipore Inc.) by Western blotting. After staining with Coomassie Brilliant Blue without 
acetic acid and destaining with 50% methanol, the levansucrase protein band was cut out of 
the PVDF membranes and subjected to N-terminal amino acid sequencing. The protein was 
digested with chymotrypsin and peptide fragments were separated on an RP-HPLC (Model 
120A, Applied Biosystems). Peptide sequencing was performed on an Applied Biosystems 
model 477A/120A automated gas-phase sequencer equipped with on-line RP-HPLC for 
detection of the phenylthiohydantoin amino acid derivatives (Eurosequence, Groningen, The 
Netherlands). 
 
 
RESULTS 
 

FTF enzyme purification and biochemical characterization. Attempts to purify the 
FTF enzyme responsible for levan synthesis in L. reuteri 121 from culture supernatants 
following growth on sucrose or raffinose were unsuccessful, due to the presence of polymer. 
The strain 121 FTF enzyme binds very tightly to its product and could not be released either 
by boiling in SDS or by hydrolyzing the levan with hydrochloride acid or trifluoro acetic 
acid. Sucrase enzymes, producing either glucan or fructan, cannot use maltose as a substrate. 
L. reuteri 121 grown on maltose was found to possess sucrase activity but no polymers were 
produced. Sucrase activity in MRS-M culture supernatants was approximately ten times 
lower (in U.mg-1) than in MRS-R culture supernatants (results not shown). Sucrase enzyme 
activity in L. reuteri 121 occurs both in a cell-associated form and as a free, extracellular 
enzyme [204]. In MRS-M cultures sucrase enzyme activity is largely cell-associated, which 
may explain the lower sucrase activity observed. The FTF enzyme was purified from 
supernatants of L. reuteri 121 cells grown on MR-M.  

Ammonium sulphate precipitation and 3 column chromatography steps resulted in 
purification of the FTF enzyme to homogeneity (Table 1), as evaluated by SDS-PAGE and 
silver staining (results not shown). The yield was 16% and the purification was 350-fold. 
Purified FTF showed an apparent size of 110,000 on SDS-PAGE, and 90,000 by gel-
filtration. The gel-filtration column was eluted with a non-denaturing buffer preserving 
quaternary protein structures.  
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Table 1. Purification of the levansucrase enzyme from supernatants of L. reuteri 121 cells grown on MRS-M 
medium. 
 

  Protein  Total activity Specific activity Purification Yield 
Step   (mg)  (U)  (U.mg-1)  (fold)  (%) 
 
Supernatant  163  63  0.4  1  100 
ASφ   46  42  0.9  2.3  68 
Hydroxyapatite  2.0  31  16  40  49 
Phenyl superose  0.35  23  65  163  37 
Superdex 200  0.072  10  140  350  16 
 
φ 60% ammonium sulphate precipitation step 
 

 
Calcium ions were required for FTF enzyme activity. Activity (glucose release from 

sucrose; with 1 mM of metal ions and 8 µg.ml-1 of enzyme; final concentrations) was 
completely inhibited by Cu2+ and Fe3+ ions. The following kinetic parameters were 
determined for FTF (at 8 µg.ml-1 enzyme concentration): Km = 7.0 ± 0.7 mM sucrose (n = 3); 
Vmax = 145 ± 3 U.mg-1 (n = 3).  

Analysis of products formed during incubation of FTF enzyme with 50 mM sucrose 
revealed that sucrose hydrolysis is the dominant activity of this enzyme, with 14% of sucrose 
converted into fructan polymer and 86% into fructose. 

 
 

 
Figure 1. 13C NMR of fructan produced by the levansucrase enzyme purified from L. reuteri 121. 

 
 

In vitro fructan production and fructan analysis. Fructans synthesized from 
sucrose by the FTF enzyme and by MRS-R grown L. reuteri 121 were subjected to NMR and 
GFC analysis. The 1D 13C NMR spectrum of the FTF product (Fig. 1) displayed six carbon 
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signals (Table 2). The C-2 resonance 
(δ = 104.0) indicates the presence of ß-
fructofuranose. Comparison with the 
published 13C chemical shifts of 
fructan produced by L. reuteri strain 
121 grown on MRS-R media [204] and 
Z. mobilis levan [13] indicated that the 
FTF fructan has a [→6)-ß-D-Fruf-
(2→]n structure, a levan. Further 
confirmation was obtained from the 
identical 1H NMR spectra of the FTF 
fructan (results not shown) and the 
fructan produced by MRS-R grown L. 
reuteri 121 [204]. The purified FTF enzyme thus is a levansucrase. The molecular weights of 
the fructans were determined by GFC analysis. The elution profiles of fructan isolated from 
strain 121 grown on MRS-R and of in vitro synthesized fructan by the levansucrase were 
comparable (results not shown). Both profiles showed two major fractions, representing 
polymers with an estimated molecular weight of 150,000 and larger than 2,000,000. The 
molecular weight of the larger than 2,000,000 fraction as well as the molar ratio of both 
fractions could not be determined because this larger than 2,000,000 fraction was in the void 
volume of the GFC column. 

 
 

Amino acid sequencing and sequence 
comparison. The N-terminal amino acid 
sequence of the levansucrase protein was 
determined as 
(A)QVESNNYNGVAEVNTERQANGQI
(G)(V)(D) (ambiguous residues between 
parenthesis). Amino acid sequences of 
three internal peptide fragments were 
determined as, 1: 
(M)(A)HLDVWDSWPVQDP(V); 2: 
NAGSIFGT(K); 3: 
V(E)(E)VYSPLVSTLMASDEVE 
(ambiguous residues between parenthesis). 
Alignments of the amino acid sequences 
of the internal peptide fragments of the 
levansucrase with FTF sequences of B. 
subtilis SacB, Streptococcus mutans SacB, 
and S. salivarius Ftf revealed clear 
similarities (Fig. 2). Especially internal 
peptide fragment 1 appears to be in a 
highly conserved region of bacterial FTFs. 
The N-terminal peptide fragment showed 
no similarity with any known (FTF) 
proteins (results not shown). 
 

1. L. reut Ftf   MAHLDVWDSWPVQDPV 
B. sub SacB   ---LDVWDSWPLQNAD 
S. mut SacB   IADLDVWDSWPVQDAK 
S. sal Ftf    KEEIDVWDSWPVQDAK 

                       .:*******:*:.    
 
2. L. reut Ftf   NAGSIFGTK 

B. sub SacB   NAGRVFKDS 
S. mut SacB   NAGSIFGYN 
S. sal Ftf    NAGPIFGYN 
              *** :*  .            

 
3. L. reut Ftf   VEEVYSPLVSTLMASDEVE 

B. sub SacB   LKKVMKPLIASNTVTDEIE 
S. mut SacB   VDQFYTPLLSSTMVSDELE 
S. sal Ftf    VAELYTPLVTSHMVTDEVE 
              : :. .**:::  .:**:* 

 
Figure 2. Alignment of the three internal peptide 
sequences (1-3) obtained from L. reuteri 121 
levansucrase protein with B. subtilis SacB 
(X02730), Streptococcus mutans SacB (M18954), 
and S. salivarius Ftf (L08445). Amino acid groups  
according to the Pam250 weight matrix [4]: (*) 
Indicates a position with a fully conserved amino 
acid residue; (:) Indicates a position with a fully 
conserved 'strong' group: STA, NEQK, NHQK, 
NDEQ, QHRK, MILV, MILF, HY, FYW; (.) 
Indicates a position with a fully conserved 
'weaker' group: CSA, ATV, SAG, STNK, STPA, 
SGND, SNDEQK, NDEQHK, NEQHRK, 
FVLIM, HFY. 
 

Table 2. Comparison of 13C NMR chemical shifts of 
fructan produced by the purified levansucrase and of 
fructan present in culture supernatants of L. reuteri 121 
grown on MRS-R [204]. 
 
13C NMR Levan produced Levan present in strain 
 by levansucrase  121 supernatant 
 
C-1 59.6 61.7 
C-2 104.0 105.0 
C-3 76.0 78.1 
C-4 74.9 76.6 
C-5 80.0 81.2 
C-6 63.2 64.3 
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DISCUSSION 
 

Screening of a large collection of lactobacilli for EPS production from sucrose 
identified L. reuteri 121 as the only strain producing a fructan [205]. Methylation analysis of 
this fructan [204] showed that it contains ß(2→6) fructosidic bonds, indicating that it is a 
levan polymer. FTF enzymes have been characterized from Bacillus [35, 135] and 
Streptococcus [177] species but not yet from Lactobacillus species. In view of (a) the 
beneficial effects that fructans may have on health [24, 41, 146, 164], (b) the GRAS status of 
lactobacilli, (c) the pre- and probiotic properties associated with L. reuteri, and (d) the limited 
biochemical information available about FTF enzymes, we decided to characterize the 
levansucrase enzyme responsible for levan production in L. reuteri 121 in more detail.  

The L. reuteri levansucrase affinity for sucrose (Km = 7 mM) is comparable to values 
reported for Ftf of S. salivarius (Km = 5 mM) [177] and SacB of B. subtilis (Km = 4 mM) [35]. 
The strong inhibitory effects of Cu2+ and Fe3+ ions on L. reuteri levansucrase activity were 
also observed for the S. salivarius [177] and from B. subtilis [35] FTF enzymes. Ca2+ ions 
play a role in stabilizing FTF enzymes, e.g. in S. salivarius Ftf [81]. The precise mechanisms 
by which heavy metal ions inhibit FTF enzyme activity are currently unknown. The Cu2+-
mediated inactivation has been reported to depend on free-radical inactivation rather than 
competition with Ca2+ ions [2, 81]. 

The L. reuteri 121 levansucrase (incubated at 37 °C with 50 mM sucrose), displays a 
relatively high sucrose hydrolytic activity (86% of sucrose utilized), compared to both S. 
salivarius [177] and Bacillus circulans [135] FTFs (40% and 30% of sucrose utilized, 
respectively, at 50 mM sucrose). These differences may be based on differences in structural 
organization of FTF active sites. 

The molecular weight of FTF enzymes from lactic acid bacteria (streptococci only) 
[162, 177] is typically around 90,000 to 100,000, whereas FTF enzymes of Bacillus species 
[35] or Gram-negative bacteria [71, 215] have molecular weights of 50,000 to 60,000. Gel-
filtration of the purified strain 121 levansucrase enzyme revealed an apparent molecular 
weight of 90,000, comparable to that of FTFs from streptococci. Furthermore, internal amino 
acid sequences of peptides of this strain 121 protein had a higher similarity to FTFs from 
Gram-positive bacteria (Fig. 2) than to FTFs from Gram-negative bacteria (results not 
shown). The similarities in FTF molecular weights and the (limited) amino acid sequences of 
the levansucrase available indicate that the L. reuteri 121 levansucrase is closely related to 
FTF enzymes characterized from other lactic acid bacteria, namely S. salivarius Ftf [177], 
and S. mutans SacB [162]. Both streptococci are well-studied inhabitants of the oral cavity, 
with fructan synthesized from sucrose most likely contributing to the cariogenicity of dental 
plaque formation [116]. L. reuteri strains, in contrast, are residents of the mammalian gut 
system. It will be interesting to study the in situ functional properties of L. reuteri 121 and the 
levan produced and their possible roles in the pre- probiotic properties contributed to L. 
reuteri strains [41, 146]. 

The GFC profiles of the fructan polymers produced in vitro with L. reuteri 
levansucrase showed that there were two dominant size fractions present, one of 
approximately 150,000 and one larger than 2,000,000. GFC analyses of the levan produced 
by S. mutans SacB [22] revealed only one size fraction with a molecular weight larger than 
2,000,000. Two products with distinct sizes also have been observed for the levan of B. 
subtilis SacB [191]. These authors suggest that the degree of branching is an important factor 
in determining the molecular weight of the polymer. The levan produced by L. reuteri 121 
appears almost unbranched, however (< 5% ß(2→1) linkages; Fig. 1). We are currently 
searching for alternative explanations for the two very distinct levan size fractions. 
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This report describes the first-time identification and characterization of a 
Lactobacillus levansucrase. The L. reuteri 121 levansucrase is most closely related to 
levansucrases of streptococci. However, the L. reuteri 121 levansucrase displays a relatively 
high rate of sucrose hydrolysis and the molecular weight distribution of the levan that it 
produces shows two distinct size fractions. Future work will focus on the identification and 
characterization of the gene encoding the L. reuteri 121 levansucrase. Expression of the gene 
in a heterologous host organism and production of larger amounts of levansucrase enzyme 
and its levan polymer will allow a more in-depth biochemical characterization of the enzyme, 
the functional properties of its products, and a detailed analysis of the FTF reaction 
mechanism. 
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SUMMARY 
 
 Lactobacillus reuteri 121 employs a fructosyltransferase (FTF) enzyme to synthesize 
a fructose polymer (a fructan of the levan type; with β(2→6) linkages) from sucrose or 
raffinose. Purification of this FTF enzyme (a levansucrase) and identification of peptide 
amino acid sequences, allowed isolation of the first Lactobacillus levansucrase gene (lev of 
2415 bp), encoding the L. reuteri 121 levansucrase (Lev, 804 amino acids and a deduced 
molecular weight of 87,602 Da). Lev showed highest similarity with an inulosucrase of L. 
reuteri 121 (Inu) producing an inulin polymer with β(2→1) linked fructosyl units and with 
FTFs from streptococci. Expression of the lev gene in Escherichia coli resulted in an active 
FTF enzyme that produced the same levan polymer (with only 2 – 3% β(2→1→6) branching 
points) as L. reuteri 121 cells grown on raffinose. Levans produced by Streptococcus 
salivarius strains show higher degrees of branching (up to 30%). Unique properties of L. 
reuteri Lev and Inu are (i) the presence of a C-terminal cell-wall anchoring motif causing 
similar expression problems in E. coli, and (ii) a relatively high optimum temperature for 
activity. Lev is almost completely dependent on Ca2+ ions for activity. Lev is unusual in 
clearly favouring the hydrolysis reaction above the transferase reaction. Lev is the first FTF 
enzyme that shows kinetics best described by the Hill equation. 
 
 
INTRODUCTION 
  
 Lactic acid bacteria are Gram-positive, food-grade micro-organisms consisting of 
many genera, e.g. Lactococcus, Streptococcus, and Lactobacillus. Members of these genera 
possessing the Generally Regarded As Safe (GRAS) status find application in the production 
of food and feed [103]. Lactic acid bacteria produce an abundant variety of polysaccharides 
[42], which may allow development of a new generation of food-grade ingredients.  
 Lactobacillus polysaccharides are of special interest because they may contribute to 
human health as prebiotics [24], or because of their antitumoral [41], antiulcer [128], 
immunomodulating [164], or cholesterol-lowering activity [146]. Moreover, some strains 
(e.g. L. reuteri) have been designated as probiotics, i.e. they may have beneficial effects on 
the host by improving the properties of the indigenous population of gastrointestinal micro-
organisms [24, 58, 67]. Such health contributing effects of lactobacilli may be based on the 
polysaccharides produced, but this remains to be proven. 
 Previously, we reported that L. reuteri 121 cultivated on media containing sucrose 
produces large amounts of both a glucan and a fructan polymer [204]. The fructan polymer 
was shown to be a levan consisting of ß(2→6) linked fructosyl residues, with an estimated 
size distribution of 150,000 and larger than 2,000,000 (Chapter 3) [204]. 
 Enzymes responsible for the synthesis of fructan polymers of the levan type are 
generally referred to as fructosyltransferases (FTF) or levansucrases. Levansucrase (sucrose: 
2,6-β-D-fructan 6-β-D fructosyltransferase, E.C. 2.4.1.10) catalyzes the following reaction: 
 

sucrose + (2,6-β-D-fructosyl)n   →   D-glucose + (2,6-β-D-fructosyl)n+1 
 
 Levans are synthesized from sucrose or raffinose by various bacteria. They are 
studied in most detail in Zymomonas mobilis and in Bacillus species [62, 135]. Levans are 
either linear or branched to various degrees at the C1 position. The sizes of the bacterial 
levans vary from 20 kDa to several MDa. In lactic acid bacteria, only fructan production by 
streptococci has been studied. S. salivarius strains produce branched levan polymers 
(containing up to 30% ß(2→1) branches) [47, 66, 172] whereas Streptococcus mutans JC-2 
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produces a fructan of the inulin type consisting mainly of ß(2→1) linked fructosyl units with 
5% ß(2→6) branches [47, 151]. 
 Inulin synthesis has never been observed in L. reuteri 121. Nevertheless, our first 
attempts to clone the levansucrase encoding gene, using degenerated primers based on 
conserved regions in FTFs of Gram-positive bacteria, yielded a gene (inu) encoding an 
enzyme (Inu) that, when expressed in Escherichia coli, produced an inulin polymer (with 
β(2→1) linked fructosyl units) and large amounts of fructo-oligosaccharides (Chapter 2). 
Recently we described purification of the levansucrase protein responsible for levan 
formation in L. reuteri 121, and determination of amino acid sequences of peptide fragments 
(Chapter 3). Here we report the isolation and characterization of the levansucrase gene from 
L. reuteri 121. The gene was expressed in E. coli and its enzyme product was biochemically 
characterized. Structural characterization of the levan produced by the purified recombinant 
enzyme showed that this levansucrase is responsible for levan synthesis by L. reuteri 121 
cells grown on raffinose. The  L. reuteri Lev and Inu display (i) high sequence similarities, 
(ii) a for FTFs unique C-terminal cell-wall anchoring motif, (iii) similar expression problems 
because of the latter C-terminal domain, and (iv) a relatively high optimum temperature for 
activity.  
 
 
MATERIALS AND METHODS 
 

Strains, plasmids, media and growth conditions. L. reuteri 121 (culture collection 
TNO Nutrition and Food Research, Zeist, the Netherlands) was grown anaerobically at 37 ºC 
in MRS medium [40], or in modified MRS medium (MRS-R) containing 50 g.l-1 raffinose, 
instead of the 20 g.l-1 glucose normally present in MRS medium. E. coli DH5α (Phabagen, 
Utrecht, The Netherlands) was used as pCR2.1 plasmid host. The plasmid pCR2.1 
(Invitrogen, Carlsbad, Calif.) was used for cloning of ampliTAQ-DNA polymerase (Applied 
Biosystems, Foster City, Calif.) generated PCR products. E. coli Top10 (Invitrogen) was used 
as host for pCR-XL-TOPO (Invitrogen) and pBAD/myc-his C (Invitrogen) plasmids. The 
plasmid pCR-XL-TOPO was used for cloning of inverse PCR products. Plasmid pBAD/myc-
his C was used for cloning and expression of the fructosyltransferase gene in E. coli Top10 
cells. E. coli strains were grown aerobically at 37 ºC in Luria Bertani (LB) medium [8], 
where appropriate supplemented with 50 µg.ml-1 ampicillin or with 0.02 % arabinose (w/v) 
for induction of ftf genes. Agar plates were made by adding 1.5% agar to the LB medium. 
 General molecular techniques. L. reuteri total DNA was isolated according to [208] 
as modified by [117]. Plasmid DNA of E. coli was isolated using a Wizard Plus SV plasmid 
extraction kit (Promega Corp., Madison, Wisc.). General procedures for cloning, DNA 
manipulations and agarose gel electrophoresis were as described [159]. Restriction 
endonuclease digestions and ligations with T4 DNA ligase were performed as recommended 
by the suppliers (GIBCO BRL Life Technologies, Breda, The Netherlands; New England 
Biolabs Inc., Beverly, Mass.; Roche Biochemicals, Basel, Switzerland). DNA was amplified 
by PCR on a DNA Thermal Cycler 480 (Applied Biosystems). The DNA polymerases used 
for the PCR reactions were Pwo DNA polymerase (Roche Biochemicals) standard PCRs and 
for construction of the expression constructs, and High-Fidelity DNA polymerase (Roche 
Biochemicals) for inverse PCR reactions. PCR oligonucleotides were purchased from 
Amersham Pharmacia Biotech Inc. (Piscataway, N.Y.). DNA fragments were isolated from 
agarose gels using a Qiagen gel extraction kit, following the instructions of the supplier 
(Qiagen Inc., Chatsworth, Calif.). E. coli transformations were performed by electroporation 
in 0.2 mm cuvettes using the Bio-Rad gene pulser apparatus (Bio-Rad Laboratories, 
Hercules, Calif.) at 2.5 kV, 25 µF and 200 Ω, following the instructions of the manufacturer. 
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Southern hybridizations were done with DNA restricted with endonucleases. DNA 
fragments were separated by agarose gel electrophoresis and transferred to a Hybond nylon 
membrane (Amersham Pharmacia Biotech Inc.) following the manufacturer’s instructions. 
For hybridization, probes were labelled with dioxigenin using the DIG DNA random primed 
labelling and detection kit (Roche Biochemicals), or the DIG PCR labelling and detection kit 
(Roche Biochemicals), following the manufacturer’s instructions. Stringent probe 
hybridizations were done at 62 °C. Non-stringent probe hybridizations were done at 45 °C.  
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Figure 1.  Strategy used for the isolation of the L. reuteri 121 levansucrase gene. 
 

 
 Isolation of the levansucrase gene. Based on the amino acid sequences 
(QVESNNYNGVAEVNTERQANGQI and VYSPLVSTLMASDEVE) of two peptide 
fragments of the L. reuteri 121 levansucrase (Chapter 3), degenerated primers Deg1 and 
Deg2i were designed (Table 1). PCR with Pwo-DNA polymerase, these primers, and total 
DNA of L. reuteri 121 yielded an amplification product of 1.4 kb. This amplicon was cloned 
in E. coli DH5α using the pCR2.1 vector and its nucleotide sequence (1385 bp; Fig. 1A) was 
determined. This fragment was used to design primers for two inverse PCR steps: (i) N1i and 
N2, and (ii) C1i and C2 (Table 1). L. reuteri 121 chromosomal DNA was digested with 
HincII and ligated, yielding circular DNA molecules. PCR with diverging primers N1i and 
N2 with the ligation product as template yielded an amplicon of 1.5 kb (Fig. 1B). This PCR 
product was cloned into pCR-XL-TOPO and its nucleotide sequence (1544 bp) was 
determined. L. reuteri 121 chromosomal DNA was digested with HincII, ligated and the 
circular ligation product was used in a PCR reaction with the diverging primers C1i and C2. 
An amplicon of 1.5 kb was generated (Fig. 1C), cloned into pCR-XL-TOPO, and the 
nucleotide sequence (1542 bp) was determined. This fragment was used to design primers 
IPBrevi and IPAfor (Table 1), for a final inverse PCR step, aiming to isolate the remaining 3’ 
end of ORF1 (Fig. 1). L. reuteri 121 chromosomal DNA was digested with HindIII and 
ligated. PCR with the diverging primers IPBrevi and IPAfor with the circular ligation product 
as template yielded an amplicon of 1.7 kb (Fig. 1D). This PCR product was cloned into pCR-
XL-TOPO and its nucleotide sequence (1700 bp) was determined. In total, a fragment of 
4570 bp of L. reuteri 121 genomic DNA was cloned and sequenced (Fig. 1). 
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Table 1. Primers used in this study. Degenerated bases are according to International Union of Biochemistry 
(IUB) codes (N=any base; M=A or C; R=A or G; W=A or T; S=C or G; Y=C or T; K=G or T; B= not A; D=not 
C; H=not G; V=not T). In the primer sequences, NcoI and BglII restriction sites are underlined and stop codons 
introduced are shown in bold. 
 
Primera  Sequence (5’ to 3’)      Use 
 
Deg1  AAYTATAAYGGYGTTGCNGAAGT    PCR 
Deg2i  TTCAACTTCATCNSWNGCCAT     PCR 
N1i  GTTGTATTACTGTTAGCACTAATAATTTTTCC   inverse PCR 
N2  GAAAGCAAAAATACTAACAATACTGAAAATGC  inverse PCR 
C1i  CCATTAGCTAAACCAGCCAATTCACGATCC   inverse PCR 
C2  CTCACCATTGGTATCTACTTTGATGGCTTGC   inverse PCR 
IPBrevi  GAACCACGACTTACACGAGTTACGGAGAAGAG  inverse PCR 
IPAfor  CTGCTACTTATTCCTACTATGCAGTACCTGTAGC  inverse PCR 
BADFTFN CCATGGCCATGGATCAAGTAGAAAGTAACAATTAC  pBAD 
BADFTFC1 AGATCTAGATCTTTAAGCGTGACGCTTTTCAATTGC  pBAD 
BADFTFC AGATCTAGATCTAGCGTGACGCTTTTCAATTGC  pBAD 
BADFTFdC1 AGATCTAGATCTTTATTGTTTTGCATCGGTATTCTTAC pBAD 
BADFTFdC AGATCTAGATCTTTGTTTTGCATCGGTATTCTTAC  pBAD 
 
a  i = reverse. Primers BADFTFC and BADFTFdC are reverse. 
 

Expression of the L. reuteri levansucrase gene in E. coli. Four primer sets were 
designed for expression of the levansucrase gene in E. coli, (i) an amplicon encoding a full-
length mature levansucrase (Lev; residues 37 to 804; Fig. 2) was generated with primers 
BADFTFN and BADFTFC1 (Table 1), (ii) an amplicon encoding a full-length mature 
levansucrase with a C-terminal His tag (LevHis; residues 37 to 804; Fig. 2) was generated 
with primers BADFTFN and BADFTFC (Table 1), (iii) an amplicon encoding a C-terminally 
truncated levansucrase residues from the LPXTG motif at position 773 onwards (Lev∆773; 
residues 37 to 773) was generated with primers BADFTFN and BADFTFdC1 (Table 1), and 
(iv) an amplicon encoding a C-terminally truncated levansucrase from the LPXTG motif at 
position 773 onwards with a C-terminal His tag (Lev∆773His; residues 37 to 773) was 
generated with primers BADFTFN and BADFTFdC (Table 1). The four levansucrase gene 
derivatives started with an ATG codon (vector sequence) followed by the ftf gene sequence 
encoding the amino acids found in the N-terminus of the strain 121 purified mature 
levansucrase protein (Chapter 3), starting at amino acid residue 37 (Fig. 2). PCR with L. 
reuteri genomic DNA (approximately 1 µg), Pwo DNA polymerase, and the primer sets, 
yielded the ftf gene derivatives flanked by NcoI and BglII restriction sites. Using the NcoI and 
BglII restriction sites, the amplicons were cloned into the expression vector pBAD/myc-his 
C. The resulting pBAD vectors were transformed to E. coli Top10 for expression studies. 
Correct construction of the plasmids was confirmed by nucleotide sequence analysis of both 
DNA strands. 

Protein purification. (i) Preparation of cell free extracts. Cells of E. coli Top10 
harbouring the ftf gene were grown overnight in 500 ml LB with 0.02% arabinose (w/v) to an 
OD600 of approximately 1.5. Cells were harvested by centrifugation for 30 min at 10,000 × g. 
Pellets were washed with 50 ml binding buffer (50 mM Na2HPO4/NaH2PO4, pH 8.0) 
containing 5 mM β-mercaptoethanol, centrifuged, and resuspended in binding buffer 
containing 5 mM β-mercaptoethanol. Cells were broken by ultrasonication (7 × 10 sec at 6 
microns with 20 sec intervals), followed by centrifugation for 30 min at 10,000 × g. The 
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resulting cell free extracts (CE) were used in enzyme assays, or for further enzyme 
purification.  

(ii) Nickel affinity purification. A bed volume of 500 µl Ni-NTA resin (Qiagen) was 
used to bind protein from 26 ml CE (3.6 mg protein ml-1). The resin was washed with 5 ml of 
demineralized water and 2.5 ml binding buffer prior to applying the CE. The suspension was 
gently shaken at 4 °C for 1 h. Unbound material was washed away with 2.5 ml binding 
buffer, and bound protein was eluted from the affinity resin with 2 ml of binding buffer 
containing 200 mM imidazole and 1 mM β-mercaptoethanol. The eluate was dialyzed against 
phosphate buffer (5 mM, pH 8.0) and adjusted to a volume of 5 ml in Tris buffer (20 mM, pH 
8.0).  

(iii) Resource-Q column chromatography. An anion exchange column (Resource-
Q; Amersham Pharmacia Biotech Inc.; 1 ml column volume; flow rate 1 ml.min-1) was 
equilibrated with Tris buffer (20 mM, pH 8.0; A) and the sample (5 ml) was loaded on the 
column. The column was eluted with Tris buffer (20 mM, pH 8.0, 0.5 M NaCl; B) and eluted 
fractions, collected from 20% B to 80% B, were screened for levansucrase activity (glucose 
release from sucrose, see below). Positive fractions were run on SDS-PAGE and peak 
fractions containing one protein band were pooled (4 ml) and stored at 4 °C for further 
analysis. 

Biochemical characterization of the recombinant levansucrase. (i) N-terminal 
amino acid sequencing was performed as described previously (Chapter 2). 

(ii) Mass Analysis. Matrix-assisted laser desorption-ionization mass spectrometry 
was used to determine the protein molecular weights. Protein solution (5 µl; ~100 µg.ml-1) 
was mixed with matrix (5 µl; 20 mg.ml-1 sinapinic acid in acetonitrile / 0.1% trifluoroacetic 

acid; 40/60, v/v), and 2 µl of the mixture was dried on a target. Spectra were recorded on a 
TofSpec MALDI E and SE spectrometer (Micromass, Manchester, UK). 

(iii) Sucrase enzyme activity assays. Sucrose conversion by levansucrase yields (a) 
fructose, which is (partly) built into the growing polymer, and (b) glucose, in a 1:1 ratio to the 
amount of sucrose converted. The amount of glucose formed reflects the total amount of 
sucrose utilized by the enzyme (total activity). The amount of fructose formed is a measure 
for the hydrolytic activity of the enzyme (transfer of fructosyl units to water). The amount of 
glucose minus the amount of free fructose reflects the transferase activity (the transfer of 
fructosyl units to an acceptor other than water). Glucose and fructose were measured 
enzymatically as described (Chapter 3). Preliminary experiments showed that at 50 °C the 
recombinant FTF enzyme had highest glucose releasing activity from sucrose. Specific 
activity measurements were carried out at 50 °C. Levansucrase enzyme activity was 
measured in a sodium acetate buffer (25 mM; pH 5.4) with 100 mM sucrose and 1 mM 
calcium chloride at 50 °C, unless stated otherwise. One unit of enzyme activity is defined as 
the release of 1 µmol glucose per min. All experiments were performed in triplicate and, 
where appropriate, the results are presented as the means ± S.E.M. The ‘Sigma Plot’ program 
(version 4.0) was used for curve fitting of the data, either with the standard Michaelis-Menten 
formula: [ y = (a × x) / (c + x)], the 3 parameter Hill formula: [y = (a × x)b / (cb + xb)], or a 
Michaelis-Menten formula with a substrate inhibition constant: [y = (a × x) / (c + x + (x2/d))]. 
In these formulas, y is the specific activity (U.mg-1), x is the substrate concentration (mM 
sucrose), a is the Vmax (U.mg-1), b is the Hill factor, c is the Km (mM sucrose; K50 in case of 
Hill type of kinetics), and d is the substrate inhibition constant (mM sucrose). 

(iv) Sucrase enzyme activity assays in SDS-PAGE gels. Protein (approximately 5 
µg) was run in duplicate on SDS-PAGE. A duplicate part of the gel was stained with 
Coomassie Brilliant Blue to identify the position of the proteins in the gel. Protein was cut 
from the corresponding unstained duplicate part of the gel. To determine enzyme activity in 
gel slices, protein was renaturated by adding a sodium acetate buffer containing sucrose and 
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0.5 % (v/v) Triton-X100, and incubated at 50 °C. Glucose and fructose formation were 
determined in the samples as described (Chapter 3). 

Fructan analysis. Fructan production and purification. The FTF enzyme had an 
optimum temperature of 50 °C for the release of glucose from sucrose. L. reuteri 121, 
however, shows optimal growth at 37 °C. Reaction products of FTF therefore were produced 
at the physiological temperature of strain 121 (37 °C), by incubating the purified levansucrase 
in a sodium acetate buffer (25 mM, pH 5.4; 1 mM CaCl2) with 100 g.l-1 sucrose, at 37 °C for 
16 h. For comparison, fructan produced by L. reuteri cells grown overnight on MRS-R was 
used. Polymer was precipitated with 2 volumes of 96% ethanol, followed by 10 min 
centrifugation at 10,000 × g. The pellet was resuspended by gently shaking in demineralized 
water during 16 h at 4 °C, followed by dialysis overnight against demineralized water. 
Subsequently, the polymer was precipitated with 2 volumes of 96% ethanol, collected by 
centrifugation for 10 min at 10,000 × g, and freeze dried for further analysis. The molecular 
weight of the polymer was determined by HPSEC/MALLS analysis previously described 
(Chapter 2). Fructan polymer binding types were determined by methylation analysis as 
previously described (Chapter 2). 
 Nucleotide sequence accession number. The Genbank nucleotide accession number 
for the L. reuteri 121 gene encoding levansucrase (lev), and its flanking regions is AF465251. 
 
 
RESULTS 
 

Isolation and nucleotide sequence analysis of an L. reuteri genomic fragment 
encoding a levansucrase. Figure 1 shows the levansucrase cloning strategy, a combination 
of (inverse) PCR techniques. Degenerated primers were designed based on the amino acid 
sequence of the N-terminus and internal peptide fragment 3 of purified Lev protein (Chapter 
3). PCR with these primers, using chromosomal DNA of L. reuteri 121 as template, yielded a 
single amplicon of 1385 bp. Sequence analysis confirmed its ftf identity. Southern 
hybridization under non-stringent conditions with the amplified 1385 bp PCR fragment and 
L. reuteri 121 chromosomal DNA restricted with several enzymes revealed only one 
hybridizing fragment.  

In subsequent steps a DNA fragment of 4570 bp was cloned and sequenced, revealing 
three open reading frames (ORFs; Fig. 1). ORF1 contained a putative start codon (TTG, 
encoding a formyl methionine at position 1193), with a perfect Shine-Dalgarno ribosomal 
binding site (AGGAGG) 8 bp upstream. Furthermore, two putative promoter sequences could 
be identified, according to the consensus promoter sequences described for Lactobacillus 
genes [140]: (i) 238 bp upstream the formyl methionine the sequences TTGTAA (-35) and 
TATAAA (-10) with a spacer region of 11 nucleotides, (ii) 199 bp upstream the formyl 
methionine the sequences TTGATA (-35) and TAATAAA (-10) with a spacer region of 12 
nucleotides. A strong terminator hairpin structure (∆G –22.6 kcal.mol-1) was found between 
ORF1 (68 nucleotides downstream) and ORF3 (172 bp downstream). The hairpin comprised 
a stem of 18 bp and a loop of 11 unpaired bases. 

The putative protein encoded by ORF 1 (804 amino acids) had a deduced molecular 
weight of 87,602 Da and a pI of 4.81. The deduced N-terminal amino acid sequence sequence 
of ORF1 carried a putative signal peptide sequence of 36 amino acids, followed by a putative 
signal peptidase (SPase) cleavage site, most likely located between amino acid 36 (Alanine) 
and amino acid 37 (Aspartic acid) (as determined by SignalP;  
http://genome.cbs.dtu.dk/services/SignalP/) [124]. The amino acid sequence following the 
putative SPase cleavage site matched the complete N-terminal peptide sequence determined 
from the purified L. reuteri levansucrase, with exception of the first amino acid (Fig. 2). 
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Furthermore, the three amino acid sequences determined for the internal peptide fragments of 
the purified L. reuteri levansucrase enzyme (Chapter 3) were all present in the ORF1 
deduced amino acid sequence. We therefore concluded that ORF1 (hereafter referred to as the 
lev gene) encodes the L. reuteri 121 levansucrase (Lev).  

Molecular characterization of the L. reuteri 121 lev gene. Blast searches 
(http://www.ncbi.nlm.nih.gov/BLAST/) with the deduced Lev amino acid sequence showed 
highest similarity with two entries in the SwissProt library: S. mutans FTF (P11701; 48% 
identity and 65% similarity in 773 amino acids) and S. salivarius FTF (Q55242; 48% identity 
and 66% similarity in 735 amino acids). The Blast search results are also reflected in the 
alignment presented in Figure 2. From these alignments it is evident that L. reuteri 121 Lev 
displays a significant higher similarity to the L. reuteri 121 inulosucrase (Inu; AF459437; 
56% identity and 86% similarity in 768 amino acids) than to streptococcal FTFs. 
Furthermore, Lev contains the core regions of Glycoside Hydrolase family 68 of levansucrase 
and invertases (Fig. 2; 41% identity and 55% similarity in amino acid residues 187 to 640; 
Pfam entry at 02435; http://pfam.wustl.edu/) and family 32 of invertases, levanases, and 
inulinases (Fig. 2; 24% identity and 36% similarity in amino acid residues 274 to 437; Smart 
entry at 00640; website: http://smart.embl-heidelberg.de/). 

A striking feature of the Lev protein is the presence of direct repeats in the N- and C-
terminal regions (Fig. 2). Blast searches with the amino acid sequences of these repeats 
yielded no significant similarity with any known protein sequence. These repeats were not 
observed in the amino acid sequences of Inu and other FTFs from Gram-positive bacteria 
(Fig. 2) or FTFs from Gram-negative bacteria. The C-terminal amino acid sequence of the 
Lev protein contained a Proline-rich putative spacer region (Fig. 2; 72 amino acids with 13 
Proline residues). Furthermore, a Gram-positive cell-wall anchor was identified (Fig. 2; Pfam 
entry: PF00746; website: http://pfam.wustl.edu/) including (i) an LPXTG motif, (ii) a stretch 
of hydrophobic amino acid residues, and (iii) three positively charged amino acids. A similar 
C-terminal topology was observed for the strain 121 Inu (Fig. 2). 

The isolated DNA fragment also contained ORF2, encoding a putative protein of 272 
amino acids (from ATG start codon at position 133; Fig. 1), and ORF3, encoding a putative 
protein of 134 amino acids (from ATG start codon at position 4299; Fig. 1). Blast searches 
with the translated amino acid sequence of ORF2 showed highest similarities to hypothetical 
protein NMA1791 from Neisseria meningitidis (AL162757; 41% identity and 60% similarity 
in 263 amino acids) and to hypothetical protein GcrY from Corynebacterium striatum 
(AF024666; 38% identity and 56% similarity in 254 amino acids). Blast searches with the 
deduced amino acid sequence of ORF3 revealed similarity to transposases of several bacteria 
and to transcription termination factor Rho from Neisseria sp. (e.g. transcription termination 
factor Rho from Neisseria gonorrhoeae; Q06447). Highest similarity was observed with a 
transposase from Lactobacillus casei (CAA05973; 74% identity and 89% similarity in 59 
amino acids). Conserved domain database searches 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) showed the C-terminal domain of the 
translated protein from ORF3 to have homology to Rve, an integrase core domain protein of 
HIV-1 (pfam00665). 
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Figure 2. 
                                                                AQVESNNYNG 
                           1                  20                   40 
L.121 Lev     ------------FmEYKEHKKMYKVGKNWAVATLVSASILMGG-VVTAHADQVESNNYNG 
L.121 Inu     ------------MLERKEHKKMYKSGKNWAVVTLSTAALVFGATTVNASADTNIENNDSS 
S. mut FTF    -------------METKVRKKMYKKGKFWVVATITTAMLTGIG---LSSVQADEANSTQV 
S. sal FTF    MDITVNSQSNTVAPKQAECKKMRYSIRKVATVGATSALVGTLAFLGATQVKADQVTETAP 
B. sub SacB   ------------------------------------------------------------ 
 
              VAEVNTER  QANGQIGVD                                                              
                             60                  80                  100 
L.121 Lev     VAEVNTER--QANGQIGVDGKIISANSNTTSGSTNQESSATNNTENAVVNESKNTNNTEN 
L.121 Inu     TVQVTTGDNDIAVKSVTLGSGQVSAASDTTIRTSANANSASSAANTQNSNSQVASSAAIT 
S. mut FTF    SSELAERS--QVQENTTASSSAAENQAKTEVQETPSTNPAAATVENTDQTTKVITDNAAV 
S. sal FTF    AVATATATPETSTASLTVASETATSVATSEAVESSVAHSEVATKPVTETQPSNTTPSVVE 
B. sub SacB   ------------------------------------------------------------ 
                                                                       
                             120                 140 
L.121 Lev     AVVNENKNTNNTENAVVNENKNTNNTENDNSQLKLTN--------------------NEQ 
L.121 Inu     SSTSSAASSNNTDSKAAQENTNTAKNDDTQKAAPANESS-EAKNEPAVNVNDSSAAKNDD 
S. mut FTF    ESKASKTKDQAATVTKTAASTPEVGQTNEKDKAKATK-------------------EADI 
S. sal FTF    EKASSTVVTSSSDATTPSATVAAVSAPAHTSEAAVEAPTSTASSEAADTHTEVDLKVSEN 
B. sub SacB   ------------------------------------------------------------ 
 
                                                                              
                             160                 180                   200 
L.121 Lev     PSAATQANLKKLNPQAAKAVQNAKIDAGSLTDDQINELNKINFSKSAEK--GAKLTFKDL 
L.121 Inu     QQSSKKNTTAKLNKDAENVVKKAGIDPNSLTDDQIKALNKMNFSKAAKS--GTQMTYNDF 
S. mut FTF    TTPKNTIDEYGLTEQARKIATEAGINLSSLTQKQVEALNKVKLTSDAQT--GHQMTYQEF 
S. sal FTF    SAANANLSKLNGRIKSIVEENMTSDQIVALTEEEIKALNKVDFSDDAIKGTGTSLTYRNL 
B. sub SacB   ----------------------MNIKKFAKQATVLTFTTALLAGGATQAFAKETNQKPYK 
                                       .  :     :   . :     :              
 
 
                               220                 240                  260 
L.121 Lev     EGIGNAIVKQDPQYAIPYFNAKEIKNMPATYTVDAQTGKMAH-LDVWDSWPVQDPVTGYV 
L.121 Inu     QKIADTLIKQDGRYTVPFFKASEIKNMPAATTKDAQTNTIEP-LDVWDSWPVQDVRTGQV 
S. mut FTF    DKIAQTLIAQDERYAIPYFNAKAIKNMKAATTRDAQTGQIAD-LDVWDSWPVQDAKTGEV 
S. sal FTF    KDIVASFLKQDSKLAVPYFKADTIINMPAFNTVDAQTMKKEE-IDVWDSWPVQDAKSGVV 
B. sub SacB   ETYGISHITRHDMLQIPEQQKNEKYQVPEFDSSTIKNISSAKGLDVWDSWPLQNADG-TV 
              .    : : :.    :*  : .   ::    :   :.      :*******:*:     * 
 
 
                                280                 300 
L.121 Lev     SNYKGYQLVIAMMGIPNSPTGDNHIYLLYNKYGDNDFSHWRNAGSIFG---------TKE 
L.121 Inu     ANWNGYQLVIAMMGIPNQ--NDNHIYLLYNKYGDNELSHWKNVGPIFG---------YNS 
S. mut FTF    INWNGYQLVVAMMGIPNT--NDNHIYLLYNKYGDNNFDHWKNAGSIFG---------YNE 
S. sal FTF    SNWNGYQLVISMAGAPNK--NSNHIYLLYRKYGDNDFTHWKNAGPIFG---------YNA 
B. sub SacB   ANYHGYHIVFALAGDPKN-ADDTSIYMFYQKVGETSIDSWKNAGRVFKDSDKFDANDSIL 
               *::**::*.:: * *:   ... **::*.* *:..:  *:*.* :*              
 
 
                     320                 340                 360 
L.121 Lev     TNVFQEWSGSAIVNDDGTIQLFFTSNDTSDYKLNDQRLATATLNLNVDDNGVSIKSVDNY 
L.121 Inu     TAVSQEWSGSAVLNSDNSIQLFYTRVDTSDNNTNHQKIASATLYLTDNNGNVSLAQVAND 
S. mut FTF    TPLTQEWSGSATVNEDGSLQLFYTKVDTSDKNSNNQRLATATVNLGFDDQDVRILSVEND 
S. sal FTF    LEDDQQWSGSATVNSDGSIQLYYTKNDTSGGKLNWQQLASATLNLAVENDEVVIKSVEND 
B. sub SacB   KDQTQEWSGSATFTSDGKIRLFYT--DFSGKHYGKQTLTTAQVNVSASDSSLNINGVEDY 
                  *:***** ...*..::*::*  * *. : . * :::* : :  .:  : :  * :  
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Figure 2. Continued. 
 
 
 
                       380                          400                 420 
L.121 Lev     QVLFEG--DGFHYQTYEQFANGKD---------RENDDYCLRDPHVVQLENGDRYLVFEA 
L.121 Inu     HIVFEG--DGYYYQTYDQWKATN----------KGADNIAMRDAHVIEDDNGDRYLVFEA 
S. mut FTF    KVLTPEGVMAYHYQSYQQWRSTF----------TGADNIAMRDPHVIEDENGDRYLVFEA 
S. sal FTF    HILFGG--DNYHYQSYPKFMSTFDDDHNHDGNPDRTDNYCLRDPHIIED-NGSRYLIFES 
B. sub SacB   KSIFDG--DGKTYQNVQQFIDEGN--------YSSGDNHTLRDPHYVED-KGHKYLVFEA 
              : :         **.  ::                 *:  :**.* ::  :* :**:**: 
 
 
                                 440                 460                 480 
L.121 Lev     NTGTED-YQSDDQIYNWANYGGDDAFNIKSFFKLLNNKKDRELAGLANGALGILKLTNNQ 
L.121 Inu     STGLEN-YQGEDQIYNWLNYGGDDAFNIKSLFRILSNDDIKSRATWANAAIGILKLNKDE 
S. mut FTF    STGTEN-YQGEDQIYNFTNYGGSSAYNVKSLFRFLDDQDMYNRASWANAAIGILKLKGDK 
S. sal FTF    NTGDEN-YQGEKQIYKWSNYGGDDAFNLKSFLNIVNNKHLYNLASWANGSIGILKLDDNE 
B. sub SacB   NTGTEDGYQGEESLFNKAYYGKSTSFFRQESQKLLQSDK-KRTAELANGALGMIELNDDY 
              .** *: **.:..:::   ** . ::  :.  .::....    *  **.::*:::*  :  
 
 
                                 500                 520                 540 
L.121 Lev     SKPKVEEVYSPLVSTLMASDEVERPNVVKLGDKYYLFSVTRVSRGSDRELTAKDNTIVGD 
L.121 Inu     KNPKVAELYSPLISAPMVSDEIERPNVVKLGNKYYLFAATRLNRGSNDDAWMNANYAVGD 
S. mut FTF    KTPEVDQFYTPLLSSTMVSDELERPNVVKLGDKYYLFTASRLNHGSNNDAWNKANEVVGD 
S. sal FTF    KNPSVAELYTPLVTSHMVTDEVERPSVVKMGGKYYLFTASRINKSTDAEGTVAAREAVGD 
B. sub SacB   T---LKKVMKPLIASNTVTDEIERANVFKMNGKWYLFTDSRGSK-------MTIDGITSN 
              .   : :. .**:::  .:**:**..*.*:..*:***: :* .:             ..: 
 
 
                                 560                 580                 600 
L.121 Lev     NVAMIGYVSDSLMGKYKPLNNSGVVLTASVPANWRTATYSYYAVPVAGHPDQVLITSYMS 
L.121 Inu     NVAMVGYVADSLTGSYKPLNDSGVVLTASVPANWRTATYSYYAVPVAGKDDQVLVTSYMT 
S. mut FTF    NVVMLGYVSDQLTNGYKPLNNSGVVLTASVPADWRTATYSYYAVPVAGSSDTLLMTAYMT 
S. sal FTF    DVVMLGFVSDSLRGKYRPLNGSGVVLTASVPADWRTSTYSYYAVPVEGSSDTLLVTSYMT 
B. sub SacB   DIYMLGYVSNSLTGPYKPLNKTGLVLKMDLDPNDVTFTYSHFAVPQAKGNN-VVITSYMT 
              :: *:*:*::.* . *:*** :*:**. .: .:  * ***::***     : :::*:**: 
 
 
                                 620                 640                 660 
L.121 Lev     NKDFASGEGNYATWAPSFLVQINPDDTTTVLARATNQGDWVWDDSSRNDNMLGVLKEGAA 
L.121 Inu     NRNGVAGKGMDSTWAPSFLLQINPDNTTTVLAKMTNQGDWIWDDSSENLDMIGDLDS--- 
S. mut FTF    NRNEVAGKGKNSTWAPSFLIQVLPDGTTKVLAEMTQQGDWIWDEPSRTTDTVGTLDT--- 
S. sal FTF    NRGGIAGAENKSTWAPSFLIKMNADDTTEVLPKMTNQGDWIWDKSSESLVHVGDQNS--- 
B. sub SacB   NRGFYADK--QSTFAPSFLLNIKGKKTSVVKDSILEQGQLTVNK---------------- 
              *:.  :.    :*:*****:::  . *: *     :**:   :.                 
 
                                 680                   700 
L.121 Lev     NSAALPGEWGKPVDWSLINR--SSGLGLKPHQPVQPKIDQPDQQPSGQNTKNVTPGNGDK 
L.121 Inu     --AALPGERDKPVDWDLIGYGLKPHDPATPNDPETPTTPETPETPNTPKTP-KTPENPGT 
S. mut FTF    --AYLPGENDGYIDWNVIGG--YGLKPHTPGQYQPTVPSTPIHTDDIISFEVSFDGHLVI 
S. sal FTF    --AKLPNEDFNVDYYAVSGYGLKPHTYPTVDGSTGVSEAHGVLTVTVKDGKDKKADKPET 
B. sub SacB   ------------------------------------------------------------ 
 
                                                                           
               720                 740                 760 
L.121 Lev     PAGKATPDNTNIDPSAQPSGQNTNIDPSAQPSGQNTKNVTPGNEKQGKNTDAKQLPQTGN 
L.121 Inu     PQTPNTPNTPEIPLTPETPKQPETQTNNRLPQTGNNANKAMIGLGMGTLLSMFGLAEINK 
S. mut FTF    KPVKVNNDSAGRIDQSRNSGGSLNVAFNVSAGGNISVKPSQKSINNTKETKKAHHVSTEK 
S. sal FTF    PVSPTEGN-HSVDDKTNKPGTSKPADNNQPSADKEDKPTNPTNPDSPARTPFPYYGDHSN 
B. sub SacB   ------------------------------------------------------------ 
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               780                 800 
L.121 Lev     KSGLAGLYAGSLLALFGLAAIEKRHA---------------------------------- 
L.121 Inu     RRFN-------------------------------------------------------- 
S. mut FTF    KQKKGNSFFAALLALFSAFCVSIGFK---------------------------------- 
S. sal FTF    DNNSSNDHHVAVPVKPSTGDSVGDRRPVAQAAEIATPVPKTIVATGPTVPTNTVKEESVT 
B. sub SacB   ------------------------------------------------------------ 
                                                                              
 
L.121 Lev     ------------------------------------------------------------ 
L.121 Inu     ------------------------------------------------------------ 
S. mut FTF    ------------------------------------------------------------ 
S. sal FTF    ETEAPKPVKSEEKVQSHGVDKANEVTKSDESSKGNNTKVAAKLATTPKTPSDSEGSNSNI 
B. sub SacB   ------------------------------------------------------------ 
                                                                              
 
L.121 Lev     ------------------------------- 
L.121 Inu     ------------------------------- 
S. mut FTF    ------------------------------- 
S. sal FTF    LSILATIFAAIASLALLGYGLVTGKIHLPKK 
B. sub SacB   ------------------------------- 
                                                 
Figure 2. Multiple sequence alignments of five FTFs of Gram-positive bacteria. FTF amino acid sequences are 
L. reuteri 121 Lev, L. reuteri 121 Inu (Chapter 2); AF459437), S. mutans FTF (M18954), S. salivarius FTF 
(L08445), and Bacillus subtilis SacB (X02730). Alignments were made with ClustalW 1.74 [194] using a gap 
opening penalty of 30 and a gap extension penalty of 0.5. (*) indicates a position with a fully conserved amino 
acid residue, (:) indicates a position with a fully conserved 'strong' group: STA, NEQK, NHQK, NDEQ, QHRK, 
MILV, MILF, HY, FYW, and (.) indicates a position with a fully conserved 'weaker' group: CSA, ATV, SAG, 
STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM, HFY. Amino acid groups are according to 
the Pam250 residue weight matrix [4]. Homologous regions of the strain 121 Lev with enzymes from the 
Glycoside Hydrolase families 68 (dotted) and 32 (dashed) are indicated with thick arrows. Indicated in the 
deduced Lev amino acid sequence are (i) the formyl methionine (Fm; in bold) at position 1 and additionally the 
second methionine residue used for lev translation in E. coli (in bold) at position 229, (ii) the N-terminal amino 
acid sequence of the purified levansucrase enzyme (Chapter 3) with the signal peptidase cleavage site being 
between amino acid residues 36 and 37 (shown above the sequence in bold with the first (ambiguous) amino 
acid additionally underlined at position 37), and (only present in the Lev amino acid sequence) (iii) three direct 
repeats of 14 amino acids (at position 86-127) and two direct repeats of 13 amino acids (at position 727-751) 
indicated with arrows above the sequence. Other features in Lev (and Inu) are a C-terminal cell-wall anchoring 
motif [100]: (i) a putative spacer region (underlined at position 666-759), (ii) a cell-wall anchoring LPXTG 
motif (in bold at position 773), (iii) a hydrophobic stretch of amino acids (underlined at position 781-800), and 
(iv) three positively charged amino acids KRH (in bold at position 801). The corresponding cell-wall anchoring 
regions are also indicated in the Inu sequence. 
 

 
 Recombinant enzyme expression and purification. Cell extracts of E. coli Top10 
harbouring the four Lev derivatives (Lev, LevHis, Lev∆773, and Lev∆773His) clearly 
possessed sucrase activity (glucose release from sucrose) when incubated in a buffer with 
sucrose as substrate. The highest sucrase activity with either construct was observed when E. 
coli cells were incubated overnight with 0.02% arabinose (approximately 11,000 U.l-1). No 
activity was detected without arabinose induction. The Lev and LevHis proteins showed 
smearing on SDS-PAGE gels (results not shown), whereas distinct bands were observed with 
the Lev∆773 and Lev∆773His proteins on SDS-PAGE gels. Lev∆773His was selected for 
further purification using the poly Histidine tag. 
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Table 2. Purification of the Lev∆773His protein from E. coli cell free extracts (CE). 
 
Step  Protein  Total  Specific  Purification Yield 
  (mg)  Activity (U) Activity (U.mg-1) (fold)  (%) 
 
CE  92.8  5645  61  1.0  100.0 
Ni-NTA  5.9  820  138  2.3  14.5 
Resource-Q 2.3  412  177  2.9  7.3 
 
 

The Lev∆773His protein was purified to homogeneity from E. coli CEs by two 
column chromatography steps (Table 2). SDS-PAGE showed that the dominant protein band 
had an apparent size of 110,000 (results not shown), larger than the calculated Mr (84,676 Da) 
of Lev∆773His. In E. coli cell free extracts and Ni-NTA fractions, a second, smaller and less 
abundant protein band was found with an apparent size of 75,000. Similar sizes and ratios as 
the Lev∆773His protein were observed for Lev∆773. Mass spectrometry analysis of the Ni-
NTA fractions showed that the protein running at 110,000 had a mass of 84,772 Da and that 
the protein running at 75,000 had a mass of 63,841 Da. The N-terminal amino acid sequence 
of the protein running at 110,000 (MDQVES) corresponded to the lev translated amino acid 
sequence starting at position 37 (Fig. 2). The N-terminal amino acid sequence of the protein 
running at 75,000 (MPATYTVDA) corresponded to the translated amino acid sequence of 
lev starting from an alternative start codon (ATG) at position 1877 (amino acid residue 229 in 
Fig. 2). The deduced molecular weight of the Lev protein variant translated from the 
alternative start codon was 63,891 Da, corresponding to the Mr of the smaller protein 
determined by mass spectrometry. An imperfect ribosomal binding site (AAGGAA) could be 
identified at position 1863, 11 bp upstream of the alternative start codon. No consensus 
promoter sequence(s) could be identified in the nucleotide sequence preceding the alternative 
start codon. We conclude that the L. reuteri 121 
lev gene contains a second start codon that is 
recognized by E. coli. Staining for sucrase 
activity in SDS-PAGE gels showed a clearly 
positive activity band for the Lev∆773His 
protein, whereas the N-terminally truncated Lev 
protein showed no detectable activity.   

In vitro fructan production by the 
recombinant levansucrase and fructan 
analysis. Incubation of nickel column purified 
Lev∆773His protein (53 U.l-1) for 16 h at 37 °C 
with 100 g.l-1 sucrose yielded a total amount of 
1.4 g.l-1 fructan with 18 g.l-1 sucrose consumed. 
Methylation analyses of fructan produced by 
raffinose grown cells of L. reuteri 121 revealed 
the presence of 98% 1,3,4-tri-O-methylfructose 
units (β(2→6) linkages) and 2% 3,4-di-O-
methylfructose units (β(1→2→6) linked 
branchpoints). Methylation analyses of fructan 
produced by recombinant Lev∆773His protein 
revealed the presence of 97% 1,3,4-tri-O-
methylfructose units (β(2→6) linkages) and 3% 
3,4-di-O-methylfructose units (β(1→2→6) 

Table 3. Effects of various compounds on 
Lev∆773His enzyme activity. Enzyme 
measurements were done at 50 °C in a NaAc 
buffer (25 mM, pH 5.5) with 100 mM sucrose 
and 1 mM CaCl2. The reaction was started by 
adding 5.0 µg.ml-1 enzyme. Glucose release 
from sucrose was taken as a measure for 
enzyme activity. Results are given as means ± 
S.E.M.; n=3. 
 
Compound (1 mM) Enzyme activity (%) 
 
None   100.0 ± 6.2 
EDTA   100.7 ± 6.9 
MgCl2   101.6 ± 2.8 
ZnCl2   95.5 ± 4.1 
KCl   100.2 ± 4.5 
HgCl   3.4 ± 0.1 
FeCl3   0.7 ± 0.2 
FeCl2   49.6 ± 3.7 
CuCl2   n.d.φ 
NaCl   105.8 ± 5.1 

 
φ Enzyme activity could not be detected 
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linked branchpoints). Thus, both fructans were linear levans with only low amounts of 
ß(2→1→6) branching points (2% and 3%, respectively). HPSEC/MALLS elution profiles of 
both fructans were also comparable showing in both cases two major fractions with Mr’s of 
20,000 (97% w/w) and (3-4) × 106 (3% w/w). 

 
 

 
 
 

 
 
 
 

Figure 3. L. reuteri 121 Lev∆773His enzyme activity (glucose release from sucrose; total activity) versus 
temperature (A) and pH (B). Lev activity (3 µg.ml-1) was determined over a range of temperatures (A; 25 mM 
NaAc; pH 5.4), or at 50 °C (B; in (i) 25 mM NaAc; pH 3.5 - 5.5, and (ii) a MES buffer, 25 mM; pH 5.5 - 6.5). 
The incubation buffers contained 100 mM sucrose and 1 mM CaCl2. Enzyme activities are indicated (%) 
relative to the Lev enzyme activity (182 U.mg-1) at 50 °C in an acetate buffer (25 mM, pH 5.4) containing 100 
mM sucrose and 1 mM CaCl2. 
 
 
 
Table 4. Comparison of the values of apparent kinetic constants for some bacterial FTFs. The kinetic constants 
are Kcat, Km (K50 in case of Hill type of kinetics), and Kcat / Km for (a) formation of glucose (G; total enzyme 
activity), (b) formation of fructose (F; hydrolytic enzyme activity), and (c) glucose minus fructose (G-F; 
polymerase enzyme activity). 
 
Kinetic L. reuteri Lev∆773His S. salivarius B. subtilis G. diazotrophicus  
parameter 37 °C# 50 °C# FTFa  SacBb  LsdAc 
 
Km

G (mM) 9.7 ± 0.8 21 ± 4.1 5.0 ± 0.3  4.0 ± 0.4  11.8 ± 1.4 
Kcat

G (s-1) 147 ± 3 287 ± 17 63.5 ± 3.6 n.d.  n.d. 
Kcat

G/Km
G (mM-1.s-1) 15.1 13.7 12.7  n.d.  n.d. 

Km
F (mM) 11.3 ± 2.0 13 ± 1.4 4.9 ± 0.2  4.0 ± 0.4  11.8 ± 1.4 

Kcat
F (s-1) 117 ± 7 226 ± 8 28.9 ± 1.2 35 ± 2  60 ± 7 

Kcat
F/Km

F (mM-1.s-1) 10.4 17.4 6.5  8.8  5.2 
Ki

F (M) 1.2 ± 0.4 3.4 ± 1.5 n.d.  n.d.  n.d. 
Km

G-F (mM) 23 ± 6 -*  n.d.  n.d.  n.d. 
Kcat

G-F (s-1) 56 ± 3 -*  n.d.  n.d.  n.d. 
Kcat

G-F/Km
G-F (mM-1.s-1) 2.43 -*  n.d.  n.d.  n.d. 

 
# Enzyme assays were done at 37 °C (8 µg.ml-1 enzyme; final concentration) and at 50 °C (2 µg.ml-1 

enzyme; final concentration). At 50 °C, Hill factors for total activity and transferase activities were 
estimated as 0.84 ± 0.1 and 0.51 ± 0.07. 

n.d.  Kinetic parameters have not been reported for these enzymes. 
*  These kinetic parameters could not be determined due to failure to reach saturation of the enzyme with 

sucrose, resulting in high standard errors with curve fits (Fig. 4B). 
a,b,c  Data from [33, 71, 177], respectively. 
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Recombinant enzyme characterization. The purified Lev∆773His enzyme showed highest 
activity (glucose release from sucrose; total activity) at 50 °C (Fig. 3A). Enzyme activity 
decreased rapidly at temperatures above 50 °C. Highest enzyme activity was observed around 
pH 4.5-5.5 (Fig. 3B). At pH 6.4 no enzyme activity was detected. The enzyme was almost 
inactive without addition of 1 mM Ca2+ (2.28 ± 0.19 % residual activity); no other cations but 
calcium could restore enzyme activity. The effect of various cations on Lev enzyme activity 
was measured in the presence of 1 mM calcium (Table 3). Lev enzyme activity was (almost) 
completely inhibited by Hg+, Fe3+ and Cu2+. Partial inhibition was observed with Fe2+ (Table 
3). 

Kinetic properties determined for the recombinant Lev∆773His enzyme were 
compared to those reported for FTFs from S. salivarius, B. subtilis and Gluconacetobacter 
diazotrophicus (Table 4). For Lev, the optimal temperature for the release of glucose from 
sucrose was 50 °C; the optimal temperature for growth of L. reuteri, however, is 37 °C. 
Therefore, kinetic constants were determined at both temperatures, based on enzyme activity 
versus substrate concentration curves (Fig. 4), measuring glucose- (VG) and fructose (VF) 
release from sucrose. Curve fitting was done for each of the three curves (VG, VF, and VG-VF) 
presented in Fig. 4. Michaelis-Menten type of kinetics was observed for the hydrolysis 
reaction, with minor sucrose substrate inhibition. Both transferase and overall enzyme 
activity followed normal Michaelis-Menten kinetics at 37 °C but displayed kinetics best 
described by the Hill equation at 50 °C (with Hill factors of 0.51 ± 0.07 and 0.84 ± 0.1, 
respectively). The Kcat / Km quotients (hydrolysis F=10.4 mM.s-1, and transferase G-F = 2.43 
mM.s-1) showed that at 37 °C, Lev favours the hydrolysis reaction over the transferase 
reaction (Table 4). Total and hydrolytic activity of the Lev enzyme increased with incubation 
temperature (reflected in the higher Kcat

G and Kcat
F values; Table 4; Fig. 3A). At 50 °C it was 

not possible to determine kinetic parameters for the transferase reaction due to the fact that 
the enzyme was not saturated by sucrose, not even at 0.5 M sucrose. 
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Figure 4. V – [S] relationship for Lev enzyme at 37 °C (A) and 50 °C (B). Activities were measured at 8 µg.ml-1 
(A) or 2 µg.ml-1 (B) Lev in the reaction mixture (25 mM NaAc pH 5.4; 1 mM CaCl2). (•) VG (total activity), (∆) 
VF (hydrolytic activity), and (∇) VG - VF (transferase activity). 
 

A B 



Biochemical and molecular characterization of a levansucrase 

  73 

 
DISCUSSION 
 

Previous attempts to clone the L. reuteri 121 levansucrase gene failed when using 
degenerated primers based on conserved regions in FTFs of Gram-positive bacteria (Chapter 
2). The ftf gene isolated in this way turned out to encode an inulosucrase enzyme (Inu) when 
expressed in E. coli, producing an unbranched high molecular weight fructan with ß(2→1) 
linkages (an inulin), and fructo-oligosaccharides (FOS). Inulin synthesis has never been 
observed in L. reuteri 121 under the growth conditions tested. FOS synthesis clearly occurs, 
however, and may reflect the physiological role of Inu in L. reuteri 121 (Chapter 2). In 
subsequent work we have purified the levansucrase enzyme responsible for levan synthesis in 
L. reuteri 121 (Chapter 3). Degenerated primers were designed based on the N-terminal 
amino acid sequence and one internal amino acid sequence of the purified levansucrase 
enzyme. Subsequently, a gene (lev) was isolated with (inverse) PCR techniques and 
expressed in E. coli. The recombinant Lev enzyme produces levan polymer that is identical to 
that of L. reuteri 121. Furthermore, in this study we have shown that the levan polymers 
contain only 2–3% ß(2→1→6) branching points. To our knowledge, this is the first 
characterization of a levansucrase gene from a Lactobacillus sp. 
 The C-terminal domain of Lev consists of a Proline-rich region, an LPXTG motif, a 
stretch of hydrophobic residues, and finally three positively charged amino acids (Fig. 2). We 
reported a similar LPXTG motif and C-terminal topology for the inulosucrase from L. reuteri 
(Chapter 2). Apart from the two L. reuteri FTFs, no other FTFs have been reported to carry a 
C-terminal LPXTG motif. For the cell-wall associated S. salivarius FTF, however, the 
presence of a hydrophobic membrane spanning region and a putative spacer region rich of 
Serine and Threonine residues was reported [143]. A cell-wall association model for proteins 
with a C-terminal LPXTG motif has been proposed [100]. In this model, the stretch of 
hydrophobic residues acts as a membrane spanning region with the positively charged amino 
acid residues directed towards the cytosole and the N-terminal part of the protein directed 
outwards of the cell spaced by a Proline-Glycine and/or Threonine-Serine rich region. The 
LPXTG motif is proteolytically cleaved between the Threonine and the Glycine residues by a 
sortase enzyme resulting in a protein covalently linked to the peptido glycan layer. The 
region before the LPXTG motif in Lev is rich in Proline, Glycine, Threonine and Serine 
amino acid residues (42.5%), indicating that in vivo it may act as a spacer region. The 
presence of the C-terminally located LPXTG cell-wall anchoring motif suggests that the 
levansucrase protein in L. reuteri 121 is cell-wall associated. This is in accordance with 
previous observations, showing that the L. reuteri levansucrase activity occurs cell-associated 
as well as a free supernatant protein [204] (Chapter 3). 

The biochemical properties and the products formed by the Lev∆773His enzyme and 
the levansucrase purified from L. reuteri (Chapter 3) are comparable. Obviously, the C-
terminal truncation of Lev from amino acid 773 onwards (Fig. 2) and the addition of a C-
terminal Myc epitope and poly Histidine tag does not have significant effects on the products 
formed. The full-length recombinant Lev protein (LevHis) containing the membrane-
spanning region, showed smearing on SDS-PAGE gels, suggesting that the C-terminal 
membrane-spanning region in E. coli interferes with protein expression or protein stability. 
Similar effects of the C-terminal domain were observed for the L. reuteri Inu (Chapter 2). 
With the HPSEC/MALLS method two major fractions with Mr’s of 20,000 (97% w/w) and 
(3-4) × 106 (3% w/w) were found for fructan polymers produced by L. reuteri and 
Lev∆773His. Earlier we reported Mr’s of 150,000 and larger than 2,000,000 when using GFC 
(Chapter 3). The discrepancy between these results can be explained by an increased 
accuracy with the HPSEC/MALLS method [19, 197]. Upon expression of lev in E. coli, a 
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second, smaller Lev protein was observed apart from the Lev∆773His protein. N-terminal 
sequence analysis confirmed that this protein contained a deletion of a part of the core region 
of family 68 Glycoside Hydrolases (Fig. 2). Apparently, an alternative start codon was used 
by E. coli. The N-terminally truncated Lev protein was not observed in L. reuteri during the 
purification of Lev from the supernatants of maltose grown L. reuteri 121 cells (Chapter 3). 
Staining for sucrase activity in SDS-PAGE gels showed that compared to Lev∆773His, the 
N-terminally truncated Lev∆773His, did not have significant sucrose hydrolyzing activity. 

The estimated affinities of the Lev enzyme for sucrose in the various reactions are 
comparable to values found for other FTFs. The Kcat values of Lev for the release of both 
glucose (Kcat

G = 147 ± 3 s-1) and fructose (Kcat
F = 117 ± 7 s-1) from sucrose are clearly higher 

than those of FTFs of S. salivarius (Kcat
G = 63.5 ± 3.6 s-1, and Kcat

F = 28.9 ± 1.2 s-1, 
respectively). This corresponds with the high hydrolytic activity that we also observed for the 
purified L. reuteri levansucrase enzyme (Chapter 3). The Lev enzyme apparently transfers 
the fructosyl unit of sucrose relatively efficiently to water. Detailed three-dimensional 
structures of FTF enzymes are needed to further investigate these differences in reaction 
specificity. Protein crystals have been made of the Z. mobilis levansucrase enzyme [215], and 
a low resolution three-dimensional model has been published for the Bacillus subtilis SacB 
levansucrase enzyme [99]. No high-resolution three-dimensional structure of an FTF enzyme 
is available. The strain 121 levansucrase (Chapter 3) and the recombinant Lev are virtually 
completely dependent on calcium. Previous studies have shown that Ca2+ plays a role in 
stabilizing the S. salivarius FTF enzyme activity [81, 108]. This enzyme shows a 50% 
increase in activity upon addition of calcium [177]. Only 2% residual activity is observed 
when incubating the Lev∆773His protein without calcium. This unique feature of the strain 
121 levansucrase has not been reported for other FTFs including Inu, and may be based on 
differences in structural organization.  

A striking feature of the Lev∆773His protein is its high optimal temperature of 50 °C, 
and that at 50 °C a shift occurs from Michaelis-Menten to kinetics best described by the Hill 
equation. Only for the L. reuteri 121 inulosucrase enzyme (Chapter 2) a temperature 
optimum of 50 °C has been reported, other FTFs show lower optimal temperatures. 
Regardless of the optimal temperature, no Hill type of kinetics has been observed for FTFs 
previously. The Hill factors calculated from activities at 50 °C for the Lev∆773His (total 
activity and transferase reactions) were lower than 1. This indicates a negative cooperativity 
for these reactions in the Lev∆773His enzyme. With Hill type of kinetics it is assumed that 
there is more than one binding site present in the enzyme and / or multimeric enzyme forms. 
For Hill type of kinetics, a positive cooperativity indicates a positive interaction of binding 
sites present in the enzyme and / or multimers. Alternatively a negative cooperativity 
indicates a negative interaction of enzyme binding sites and / or multimers. In FTF enzymes, 
it is not known how many binding sites are present for substrate and product binding due to 
the lack of detailed structural protein information. Multimeric forms of FTF enzymes were 
reported only for the levansucrase from Actinomyces viscosus T14 [133]. Thus, we cannot 
draw conclusions on the nature of the negative cooperativity suggested by the best-fit for the 
total and transferase activities at 50 °C observed in this L. reuteri Lev enzyme. 

Two non-levan producing mutants of L. reuteri 121 have been described (strains 35-5 
and K24), isolated during continuous culture experiments [204]. Under the growth conditions 
applied, levansucrase activity became lost in a few generations, suggesting that the lev gene 
in L. reuteri 121 is located on a transposable element, or on a plasmid. Interestingly, ORF3 
(Fig. 1) shows strong homology to a transposase protein from a L. casei (CAA05973). 
Transposable elements have been described for a number of lactic acid bacteria [39]. When 
comparing genomic maps of Lactococcus lactis MG1363 and Streptococcus thermophilus, a 
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large number of inversions and translocations are present. These genomic rearrangements are 
partly attributed to the presence of mobile elements in the genomes of lactic acid bacteria 
such as transposons [39]. In view of the presence of ORF3 downstream of ORF1, the possible 
location of lev on a transposable element, flanked by recognition sequences for a transposase 
encoded by ORF3, warrants further investigation. No transposon insertion sequences could 
be identified in the DNA sequence flanking ORF1. Therefore, the mechanism of inactivation 
of the levansucrase activity in L. reuteri 121 mutants remains unclear. 

This report describes the first-time identification and characterization of a 
Lactobacillus levansucrase gene (lev). The L. reuteri 121 levansucrase is most closely related 
to L. reuteri Inu and to levansucrases of streptococci, based on biochemical enzyme 
characteristics and sequence homologies. L. reuteri 121 levan contains significantly lower 
amounts of β(2→1) branches than levans produced by Streptococcus sp. The L. reuteri 121 
levansucrase is unusual in displaying a relatively high rate of sucrose hydrolysis. The lev 
gene was successfully expressed in E. coli, enabling production of relatively larger amounts 
of levansucrase enzyme and its levan polymer. Our current studies focus on a detailed 
biochemical and structural characterization of the L. reuteri Lev and Inu enzymes, to identify 
features that determine (i) the percentage of ß(2→1→6) branches, (ii) product size, (iii) the 
ß(2→1) versus ß(2→6) product specificity, and (iv) hydrolysis versus transglycosylation 
specificity. 
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SUMMARY 
 

Inulosucrases are bacterial fructosyltransferase enzymes (FTFs) producing inulin 
fructan polymers from sucrose. Bacterial inulin production is rare and has only been reported 
for Streptoccoccus mutans strains and Lactobacillus reuteri. A detailed biochemical analysis 
of inulosucrase enzymes has not been reported. Recently, we reported the isolation of the 
inulosucrase gene (inu) from L. reuteri 121. The gene was expressed in Escherichia coli, 
yielding an active Inu enzyme that in vitro produced small fructo-oligosaccharides and a 
high-molecular-weight fructan polymer (larger than 10,000,000), both containing β(2→1) 
linked fructosyl units only (inulin oligosaccharides and inulin). Here we report biochemical 
characteristics of the purified recombinant Inu enzyme. For bacterial FTFs, Inu shows a 
remarkable high optimal temperature of 50 °C, only reported for the L. reuteri 121 
levansucrase enzyme. Inu displays Michaelis-Menten type of kinetics for the hydrolysis 
reaction. The kinetics of the transferase reaction is best described by the Hill equation. 
Remarkably, a C-terminal deletion of 100 amino acids did not affect enzyme product 
formation or activity.  
 
 
INTRODUCTION 
 

Bacterial fructosyltransferase enzymes (FTFs) produce fructan polymers from 
sucrose. The enzymes perform three types of reactions: (i) polymerization, in which fructose 
units are linked to a polymer; (ii) hydrolysis, in which sucrose is split into fructose and 
glucose; and (iii) transferase of fructose to an acceptor forming an oligosaccharide. FTF 
enzymes producing fructan polymers with ß(2→1) linked fructosyl units (inulin) are referred 
to as inulosucrases (sucrose: 2,1-ß-D-fructan 6-ß-D-fructosyltransferase; E.C. 2.4.1.9). 
Bacterial inulin production is rare and has been reported only for S. mutans [47, 151, 162], 
and recently L. reuteri 121 (Chapter 2). No detailed biochemical studies have been 
performed on the inulosucrase enzymes involved. Levansucrase enzymes (E.C. 2.4.1.10), 
synthesizing levan polymers with ß(2→6) linked fructosyl units, occur more widespread in 
bacteria and have been studied in detail. The levansucrases from Bacillus subtilis [30, 31, 33, 
35, 136], Gluconacetobacter diazotrophicus [71], Streptococcus salivarius [177], and 
recently L. reuteri (Chapters 3 and 4) have been biochemically characterized. These studies 
have shown that most levansucrase enzymes display Michaelis-Menten type of kinetics for 
the transferase and hydrolysis reactions. The only exception is the L. reuteri Lev enzyme. At 
50 °C, the transferase reaction of this enzyme shows kinetics that could be fitted best by the 
Hill equation with a negative cooperativity of the enzyme for the substrate sucrose.  

L. reuteri is an inhabitant of the gastrointestinal tract of a broad spectrum of hosts, 
including mammals and avian hosts. In these hosts it forms the major component of gut 
lactobacilli [24]. The health-promoting effects of fructo-oligosaccharides, have been studied 
extensively [145, 212]. Fructans produced by FTFs from oral streptococci are thought to 
enhance the cariogenicity of dental plaque formation [116]. The important roles of FTF 
enzymes in the colonization of the gastrointestinal tract and dental plaque formation justify a 
thorough investigation of the mode of action of these enzymes.  

The L. reuteri 121 inulosucrase (Inu), when incubated with sucrose, produced an 
inulin polymer of high molecular weight, plus considerable amounts of fructo-
oligosaccharides (Chapter 2). This paper describes the first-time biochemical 
characterization of a (n L. reuteri) inulosucrase enzyme. Its basic biochemical properties are 
comparable to those reported for bacterial levansucrase enzymes. The kinetics of the transfer 
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of fructosyl units to acceptors other than water (transferase activity) is unique, and is best 
described by the Hill equation. 
 
 
MATERIALS AND METHODS 
 

Strains, plasmids, media and growth conditions. E. coli strain Top10 (Invitrogen, 
Carlsbad, Calif.) was used for expression of the L. reuteri 121 inulosucrase gene (inu; 
AF459437). The E. coli strain was grown aerobically at 37ºC in LB medium [8], 
supplemented with 50 µg.ml-1 ampicillin for maintaining plasmids, and with 0.02% arabinose 
(w/v) for inu induction. 

Inu enzyme purification. Two versions of the inu gene were expressed in E. coli 
Top10 harbouring the plasmid pBAD/Myc-His C, (i) a full length inu (InuHis; encoding the 
full-length Inu protein, with a C-terminal His tag), and (ii) a truncated inu (Inu∆699His; 
encoding an Inu protein with a 100 amino acid truncation at the C-terminus from amino acid 
699 onwards, with a C-terminal His tag; Chapter 2). Both recombinant proteins were 
extracted from E. coli cells and Inu∆699His was purified to homogeneity by Ni-NTA and 
Resource-Q column chromatography steps as described previously (Chapter 2). The InuHis 
and Inu∆699His proteins were dialyzed overnight against a sodium acetate buffer (25 mM, 
pH 5.4) and stored at 4 °C for further analysis. 

Biochemical characterization of the recombinant FTF enzyme. Sucrase enzyme 
activity assays. Sucrose conversion by inulosucrase yields (a) fructose, which is (partly) built 
into the growing fructan polymer, and (b) glucose, this in a 1:1 ratio to the amount of sucrose 
converted. The amount of glucose formed reflects the total amount of sucrose utilized by the 
enzyme (total activity). The amount of fructose formed is a measure for the hydrolytic 
activity of the enzyme (transfer of fructosyl units to water). The amount of glucose minus the 
amount of free fructose reflects the transferase activity (the transfer of fructosyl units to an 
acceptor other than water). Glucose and fructose were measured enzymatically as described 
before (Chapter 3). Inu enzyme activity was measured in a sodium acetate buffer (25 mM; 
pH 5.4) with 250 mM sucrose and 1 mM calcium chloride at 50 °C, unless stated otherwise. 
One unit of enzyme activity is defined as the release of 1 µmol glucose per min. All 
experiments were performed in triplicate and, where appropriate, the results are presented as 
the means ± standard error of means (S.E.M.). All activity measurements showed linear 
increases in time, and were proportional to the amount of enzyme added to the assay. The 
‘Sigma Plot’ program (version 4.0) was used for curve fitting of the data, either with the 
standard Michaelis-Menten formula: [ y = (a × x) / (c + x)], the 3 parameter Hill formula: [y = 
(a × x)b / (cb + xb)], or a Michaelis-Menten formula with a substrate inhibition constant: [y = 
(a × x) / (c + x + (x2/d))]. In these formulas, y is the specific activity (U.mg-1), x is the 
substrate concentration (mM sucrose), a is the Vmax (U.mg-1), b is the Hill factor, c is the Km/50 
(mM sucrose; Km in case of Michaelis-Menten type of kinetics; K50 in case of Hill type of 
kinetics), and d is the substrate inhibition constant (mM sucrose). 
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RESULTS 
 

Effect of pH, temperature and metal ions on 
Inu enzyme activity. Inu∆699His had a broad pH 
spectrum with highest enzyme activity (measured as the 
release of glucose from sucrose; total activity) at pH 5 
to 5.5 (Fig. 1A) at 50 °C (Fig. 1B). Its activity 
decreased rapidly at temperatures higher than 60 °C 
(Fig. 1B). A ten times diluted enzyme solution 
remained stable at 4 °C for more than one month. 
Undiluted enzyme preparations stored at 4 °C remained 
stable for several days. When frozen in 10 % glycerol at 
–20 °C, no enzyme activity was lost, not even after 
storage for several months. The cations (1 mM) Hg2+, 
Zn2+, Cu2+, Fe2+ and Fe3+ as well as EDTA significantly 
reduced enzyme activity. The cations (1 mM) Mg2+, K+, 
and Na+ had no significant effect on enzyme activity. 
Enzyme activity increased with almost 30% upon 
addition of Ca2+ ions (Table 1). 

Inulosucrase kinetic properties. For 
Inu∆699His, the optimal temperature for the release of 
glucose from sucrose was 50 °C. At 20 and 50 °C, 
however, Inu∆699His enzyme activity (measured as 
glucose release from sucrose) increased with sucrose 
concentrations up to 1 M (Fig. 2A and B), indicating 
that even at these high sucrose concentrations the 
enzyme was not saturated by its substrate. 

 
 
 

Figure 1. Effect of pH (A) and temperature (B) on Inu∆699His enzyme activity. For the pH gradient (A) assay 
buffers contained (i) 25 mM buffer (•) sodium acetate, (∆) MES, and (∇) MOPS, (ii) 250 mM sucrose, and (iii) 
1 mM CaCl2. The reaction was started by the addition of 3.6 µg.ml-1 enzyme. Glucose formation from sucrose 
was followed for 15 min. Results are given proportional (in %) to the enzyme activity at pH 5.0 (A) or at 50 °C 
(B), with a means ± S.E.M.; n=3. 
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Table 1. Effects of various 
compounds on Inu∆699His enzyme 
activity. Enzyme measurements were 
done with 3.6 µg.ml-1 enzyme (final 
concentration) in a sodium acetate 
buffer (25 mM; pH 5.4) with 250 mM 
sucrose. The amount of glucose 
released by the enzyme during 15 min 
was taken as a measure for enzyme 
activity. Results are given as means ± 
S.E.M.; n=3, proportional (in %) to the 
enzyme activity without addition of 
cations. 
 
Compound (1 mM) Activity (%) 
 
- 100.00 ± 1.2 
EDTA 0.17 ± 0.04 
HgCl 3.62 ± 0.17 
KCl 104.6 ± 0.7 
NaCl 98.1 ± 1.1 
CaCl2 127.4 ± 0.7 
CuCl2 1.81 ± 0.27 
FeCl2 46.4 ± 1.8 
MgCl2 98.3 ± 1.5 
ZnCl2 9.3 ± 0.1 
FeCl3 28.1 ± 1.5 
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Figure 2. V – [S] relationships for Inu∆699His. Enzyme was incubated at 20 °C (A; with 22 µg.ml-1 enzyme; 
final concentration) and 50 °C (B; with 3.6 µg.ml-1 enzyme; final concentration). (•) VG (total activity), (∆) VF 
(hydrolytic activity), and (∇) VG-F (transferase activity). 
 
 
 
 
Table 2. Comparison of the values of apparent kinetic constants for bacterial FTFs. The kinetic constants are 
Kcat, K50/m, and (Kcat.K50 / m)-1 for (a) formation of glucose (G; total enzyme activity), (b) formation of fructose (F; 
hydrolytic enzyme activity), and (c) glucose minus fructose (G-F; transferase enzyme activity). 
 
Kinetic    L. reuteri Inu   L. reuteri S. salivarius  
parameter   20 °C#  50 °C#  Leva  FTFb   
 
K50 / m

G (mM)   -*  -*  21 ± 4.1  5.0 ± 0.3 
Kcat

G (s-1)   43.6 ± 6.4 504 ± 198 287 ± 17  63.5 ± 3.6 
(Kcat

G.Km
G)-1 (mM-1.s-1)  -*  -*  13.7  12.7 

Hill factorG   0.55 ± 0.07 0.46 ± 0.06 0.84 ± 0.1 n.d. 
K50 / m

F (mM)   10.5 ± 1.0 16.4 ± 1.0 13 ± 1.4  4.9 ± 0.2 
Kcat

F (s-1)   10.0 ± 0.3 88.9 ± 1.9 226 ± 8  28.9 ± 1.2 
(Kcat

F.K50 / m
F)-1 (mM-1.s-1)  0.95  5.4  17.4  6.5 

Ki
F (M)    1.3 ± 0.1  1.2 ± 0.1  3.4 ± 1.5  n.d. 

K50 / m
G-F (mM)   -*  -*  -*  n.d. 

Kcat
G-F (s-1)   55.2 ± 20.3 362 ± 124 -*  n.d. 

Hill factorG-F   0.64 ± 0.09 0.97 ± 0.12 0.51 ± 0.07 n.d. 
 
# Enzyme assays were done at 20 °C (22 µg.ml-1 enzyme; final concentration) and at 50 °C (3.6 µg.ml-1 

enzyme; final concentration). 
n.d. Kinetic parameters have not been reported. 
* These kinetic parameters could not be determined due to the fact that the enzyme was not saturated 

with sucrose, resulting in high standard errors with curve fits (Fig. 2A and B). 
a,b  Data from (Chapter 4) and [177], respectively. 
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Kinetic constants were determined at both temperatures, based on enzyme activity 
versus substrate concentration curves (Fig. 2A and B), measuring (i) glucose-, (ii) fructose- 
and calculating (iii) glucose minus fructose release from sucrose. Curve fitting was done for 
each of the three curves (VG, VF, and VG-F). Michaelis-Menten type of kinetics with sucrose 
substrate inhibition was observed for the hydrolysis reaction (VF), at both 20 °C and 50 °C. 
For the hydrolysis reaction the enzyme showed higher affinity for sucrose at 20 °C (10.5 
mM) than and 50 °C (16.4 mM). Catalytic turnover rates were at 50 °C (88.9 s-1) 
approximately ten times higher than at 20 °C (10.0 s-1; Table 2). The hydrolysis reaction 
showed at both temperatures minor substrate inhibition effects, reflected by the comparable 
high inhibition constants (1.3 and 1.2 M, respectively).  

Both transferase (VG-F) and total enzyme activity (VG) did not follow normal 
Michaelis-Menten kinetics but could best be fitted with the Hill equation, at both 20 °C and 
50 °C. Even at higher sucrose concentrations the VG and VG-F activities of the enzyme were 
not saturated by this substrate sucrose, resulting in high standard errors (exceeding 30%) 
obtained with curve fits. At 50 °C, the catalytic turnover rate was 504 ± 198 s-1 (Table 2) for 
total enzyme activity (glucose release from sucrose). A ten-fold lower rate was observed at 
20 °C (43.6 ± 6.4 s-1). The Hill factors were comparable at 20 °C and 50 °C (0.55 ± 0.07 and 
0.46 ± 0.06, respectively) indicating a negative cooperativity for total activity (glucose 
release from sucrose). With the transferase activity the catalytic turnover rates showed high 
standard errors. At 50 °C (362 ± 124 s-1) an approximately ten times higher turnover rate was 
observed than at 20 °C (55.2 ± 20.3 s-1). At 20 °C the transferase reaction showed negative 
cooperativity (reflected by the lower Hill factor); at 50 °C the Hill factor was close to 1, 
indicating that there was neither negative nor positive cooperativity effects. 
 Effects of the C-terminal truncation on Inu enzyme activity. Previously, we have 
shown that the fructan polymers produced by both Inu variants (InuHis and Inu∆699His), 
when expressed in E. coli were identical with respect to binding type of the fructosyl units 
(β(2→1)) and molecular weight distribution. Furthermore, both Inu variants produced 
considerable amounts of fructo-oligosaccharides (95% 1-kestose and 5% nystose) from 
sucrose (Chapter 2). To determine the effects of the C-terminal truncation of Inu on the 
kinetics of the hydrolysis and transferase reactions, enzyme activity versus substrate 
concentration curves were determined at 50 °C for the full-length Inu enzyme obtained from 
E. coli cell extracts (results not shown). Deletion of 100 amino acids at the C-terminus of Inu 
(12.5% of the total protein) does not have a significant effect on product formation or enzyme 
characteristics. At varying sucrose concentrations, the E. coli cell extracts containing full-
length Inu and purified C-terminally truncated recombinant Inu enzymes showed similar 
kinetic behaviour, with virtually identical ratios of hydrolytic and the transferase activities. 
InuHis protein produced in E. coli showed smearing on SDS-PAGE gels, and the His-tag 
could not be detected (Chapter 2). These observations may suggest that in E. coli the InuHis 
protein is in fact truncated at its C-terminus. At present, we cannot exclude an effect on 
product formation of the C-terminal truncation of recombinant InuHis. 



Biochemical characterization of an inulosucrase 

  83 

 
DISCUSSION 
 

Very little is known about the biochemical and mechanistic properties of the bacterial 
inulosucrases reported to be present in L. reuteri 121 (Chapter 2) and S. mutans GS-5  [162, 
168]. Specific activity values reported for the recombinant S. mutans GS-5 FTF enzyme were 
over 4000 U.mg-1 [162], indicating a Kcat

G value of 6000 s-1. This Kcat
G value is 10-100 times 

higher than those reported for any other levansucrase enzyme and Inu (Table 2). No data is 
available about the affinity of the enzyme for its substrate sucrose.  

The basic biochemical properties of L. reuteri 121 (Inu) are comparable to those 
reported for the levansucrase enzymes from S. mutans [22], L. reuteri (Table 2), S. salivarius 
(Table 2), and G. diazotrophicus [71]. These levansucrase enzymes all display Michaelis-
Menten type of kinetics for the hydrolysis and transferase reactions, except for the 
levansucrase from L. reuteri 121 (Chapter 4). Inu (this study) and Lev (Chapter 4) of L. 
reuteri 121 both display temperature optima at 50 °C and similar non-Michaelis-Menten type 
of kinetics in the transferase reaction. For other levansucrases and the S. mutans inulosucrase, 
temperature optima of 37 °C were reported. The Inu pH optimum of 5.0 to 5.5 is comparable 
to those reported for the other FTFs. Similar inhibiting effects of the compounds Hg+, Cu++, 
Fe++, Fe+++, Zn++ and EDTA were reported for the various levansucrases and for the 
inulosucrase of L. reuteri 121. We have no explanation for the non Michaelis-Menten 
kinetics observed with Inu for the transferase and overall activities. Non-standard Michaelis-
Menten kinetics also has been reported for the plant Helianthus tuberosus 1-SST and 1-FFT 
enzymes [92]. As is the case for Inu, these enzymes cannot be saturated by their substrate 
sucrose. Bacterial FTFs, however, do not share a high sequence homology with plant FTFs 
(about 10%; Chapter 1). A similar substrate inhibition effect of sucrose in the hydrolysis 
reaction was also observed for the L. reuteri 121 Lev enzyme (Chapter 4). This substrate 
inhibition effect can be explained by the competition of sucrose and water as acceptor for the 
fructosyl unit. For the FTF enzyme of S. salivarius [177] Michaelis-Menten type of kinetics 
with strong substrate inhibition effects has been observed with all three reactions (VG, VF and 
VG-F), but no inhibition constants were reported. For the Bacillus circulans levansucrase [135] 
enzyme substrate inhibition effects were observed for VG and VG-F. Interestingly, the latter 
enzyme does not show substrate inhibition for the hydrolysis reaction. 

The Inu kinetic behaviour of VG and VG-F could best be described by the Hill equation. 
The Hill factors calculated for Inu were all lower than 1, indicating a negative cooperativity 
in the Inu enzyme. With Hill type of kinetics it is assumed that there is more than one binding 
site present in the enzyme and / or multimeric forms of the enzyme. For Hill type of kinetics, 
a positive cooperativity indicates a positive interaction of binding sites present in the enzyme 
and / or multimers. Alternatively, a negative cooperativity indicates a negative interaction of 
enzyme binding sites and / or multimers. In FTF enzymes, it is not known how many binding 
sites are present for substrate and product binding due to the lack of detailed structural 
protein information. Furthermore, we have shown that the L. reuteri 121 levansucrase 
enzyme is monomeric (Chapter 3). Multimeric forms of FTF enzymes have been reported 
only for the levansucrase from Actinomyces viscosus T14 [133]. For levansucrase enzymes 
no Hill type of kinetics have been observed, except for the L. reuteri Lev enzyme at 50 °C for 
the transferase and total activities. Further studies are required to draw mechanistical 
conclusions on the nature of kinetics observed in the Inu enzyme. 

The Inu enzyme from L. reuteri 121 produced large amounts of the fructo-
oligosaccharide 1-kestose. 1-Kestose production has been reported in FTFs from 
Paenibacillus polymyxa CF43 [17], G. diazotrophicus SRT4 [71], and Zymomonas mobilis 
ATCC 10988 [180]. Interestingly, the main products of these enzymes are levan polymers 
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with ß(2→6) linked fructosyl units. 1-Kestose carries a ß(2→1) linked fructosyl unit to the 
fructose residue of sucrose. The fact that these levansucrase enzymes produce levan and 1-
kestose might indicate the presence of two binding sites in FTF enzymes: one site generates 
the 1-kestose primer molecules, which are subsequently used by a second binding site in the 
polymerization process. 

This paper reports the biochemical characterization of the first Lactobacillus (L. 
reuteri) inulosucrase enzyme. The kinetic behaviour of the transferase reaction of this 
enzyme is best described by Hill type of kinetics with a negative cooperativity. This enzyme 
could not be saturated by its substrate sucrose for the transferase and overall enzyme 
activities.  These observations are unlike the standard Michaelis-Menten kinetics commonly 
reported for levansucrase enzymes. Because of the limited information available about the 
only other known bacterial inulosucrase, that from S. mutans, it remains unclear whether the 
catalytic properties of Inu are common for bacterial inulosucrase enzymes. Future work will 
focus on structural features determining the formation of ß(2→1) linked fructosyl units and 
product specificity. 
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6 
 
 
 
 

General Discussion 
 

 
 
The initial aim of this thesis was to biochemically characterize the Lactobacillus 

reuteri 121 fructosyltransferase (FTF) enzymes, and their products. For that purpose, we 
wanted to clone the gene encoding the enzyme responsible for levan formation by L. reuteri 
121. In a PCR reaction with L. reuteri genomic DNA and degenerate primers based on 
homologous regions in the amino acid sequences of bacterial FTFs, an ftf gene was obtained 
(Chapter 2). Expression of this gene in Escherichia coli yielded an enzyme producing 
fructo-oligosaccharides (FOS) and a high molecular weight inulin polymer (Chapter 2). To 
our surprise, an inulosucrase gene (inu) had been cloned from L. reuteri. The levansucrase 
gene (lev; Chapter 4) was obtained via a reverse genetics approach based on amino acid 
sequences of the purified levansucrase of strain 121 (Chapter 3). Both ftf genes show 
homology to each other (60% identity at the amino acid level, 60% at the nucleotide level) 
and to bacterial FTFs, in particular to streptococcal FTFs. The degenerated primers used to 
initially isolate the inu gene fragment anneal perfectly on lev, but both of the clones 
containing the PCR product had the amplicon of inu. Very probably, also the homologous 
region of lev had been amplified, but we failed to identify such fragments. In Southern 
hybridization experiments under low stringency conditions with lev and inu gene fragments 
as probes, no cross reaction between both genes could be observed. This is probably due to 
the limited homology between both genes at the nucleotide level. 
 
Expression of lev and inu 

In the lev DNA sequence, a formyl methionine start codon preceded by a perfect 
ribosomal binding site and promoter sequences meeting the consensus, were present 
(Chapter 4). Expression of lev in E. coli (the C-terminally truncated variant) yielded, in 
addition to a recombinant Lev protein of the expected length, also a smaller Lev protein. The 
N-terminal amino acid sequence of the smaller protein corresponded to the translated amino 
acid sequence of lev starting from an alternative start codon downstream of the natively used 
start codon. This resulted in an N-terminally truncated Lev variant in which also 42 amino 
acids of a homologous region in family 68 (of fructosyltransferases; see below) enzymes 
were truncated (Chapter 4). Activity assays of E. coli purified Lev proteins run in SDS-
PAGE gels did not show any activity of the N-terminally truncated Lev variant, but revealed 
clear activity of Lev∆773His. SDS-PAGE of the purified Lev enzyme from L. reuteri 
revealed the presence of only one protein band. If the alternative start codon in lev would be 
used in L. reuteri (improbable due to lack of proper promoter sequences and an imperfect 
ribosomal binding site), it would very probably result in an inactive N-terminally truncated 
Lev protein devoid of an N-terminal signal peptide. The N-terminally truncated Lev variant 



Chapter 6 

 86 

could not be detected in L. reuteri cell-extracts. In conclusion, we observed in E. coli an 
additional N-terminally truncated variant of Lev, which we did not observe in L. reuteri 
culture supernatants or extracts. The product profiles of both recombinant and wild-type Lev 
were comparable. 

During the work with L. reuteri FTFs we discovered that these enzymes share a 
common C-terminal LPXTG cell-wall anchoring motif (Chapters 2 and 4). These LPXTG 
cell-wall anchoring motifs are well-known for a variety of proteins from many Gram-positive 
organisms (Chapter 1), but have not been reported for FTFs. The levansucrase (Lev) of L. 
reuteri was found to be (partly) cell-associated (Chapter 3). For Inu, however, apart from 
FOS production by L. reuteri, no evidence of presence in its natural host was found (Chapter 
2). No transformants were obtained when attempting to transform E. coli with full-length inu 
excluding a Myc-epitope and poly-Histidine tag (Chapter 2). Cloning of full-length Inu and 
Lev (including Myc-epitope and poly-Histidine tag) resulted in smearing on SDS-PAGE gels 
(Chapters 2 and 4). The lethal effects of (intracellular) expression of the levansucrase gene 
of Bacillus subtilis in heterologous hosts are well-documented (the “SacB effect”) [82, 83, 
134, 203]. The “SacB effect” lethality occurs when adding sucrose to the medium of such 
host cells. This enables the levansucrase enzyme to produce (intracellular) levan polymer. 
The failure to obtain good expression of either ftf genes in E. coli cannot be attributed to the 
“SacB effect”, because sucrose was never added to the E. coli growth media. These cloning 
and expression problems appear to be caused (for unknown reasons) by the C-terminal 
membrane spanning regions (which are part of the LPXTG cell-wall anchoring system). 
Deletion of these membrane spanning regions and the LPXTG amino acid motifs from the 
genes (in Inu a larger fragment was deleted, including the PXX repeats) allowed successful 
introduction and expression of inu and lev genes in E. coli.  
 
Biochemical properties of Lev and Inu 

When studying transferase activity of both Lev and Inu enzymes, we observed that at 
increasing temperatures a shift occurred from Michaelis-Menten kinetics to a type of kinetics 
best described by the Hill equation with a negative cooperativity. This effect was stronger for 
Inu than for Lev. Hill type of kinetics is based on either the presence of more than one 
substrate binding site in the enzyme, or on multimerization of the enzyme. FTF enzymes 
normally show standard Michaelis-Menten type of kinetics for both transferase and 
hydrolysis reactions. There is no explanation for the unique behaviour of these L. reuteri 
FTFs. Purification using a gel-filtration column of the Lev enzyme has shown that the active 
enzyme is monomeric in nature (Chapter 3). Only the FTF enzyme of Actinomyces viscosus 
was reported to be multimeric (Chapter 1, Table 2). The E. coli Inu enzyme was not purified 
using a gel-filtration column, thus we can only speculate on Inu’s monomeric nature. The Inu 
enzyme shows a high production of 1-kestose (triose) from its substrate sucrose. Because the 
enzyme produces large amounts of 1-kestose and low amounts of nystose (tetraose), sucrose 
is probably a far better acceptor for the fructosyl unit than 1-kestose. In addition, even at high 
sucrose concentrations transferase activity of the Inu enzyme kept increasing. Conceivably, 
even at increased concentrations of acceptor molecules produced, Inu prefers to use sucrose 
as acceptor. Hill type of kinetics never has been reported for bacterial FTFs. Interestingly, 
similar observations have been reported for plant 1-SST (primer reaction) and 1-FFT 
(elongation reaction) enzymes [92]. In addition to the high production of 1-kestose, Inu also 
produces a high molecular weight inulin polymer. This leads us to the question: why does Inu 
produce specifically 1-kestose and a high Mr inulin polymer? Inu may have two active sites, 
one for the production of primer (triose) and one for the elongation of the primer (as in the 
two-component enzyme system in plants, see introduction; Chapter 1), also explaining 
synthesis of two separate products. Moreover, the Hill type of kinetics could be explained by 
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the fact that the enzyme has high affinity for sucrose as donor and as acceptor. The primer 
production site (production of 1-kestose) thus may play an important role in the initial stages 
of the reaction, with only sucrose present. Primer elongation, and subsequent polymer 
production may take place at a later stage, once a threshold concentration of 1-kestose has 
been reached, allowing the Inu enzyme to produce the higher molecular weight polymer. It is 
also possible that kestose inhibits enzyme activity at the kestose producing site, thereby 
enabling the polymer site to take over (in time). This would mean that during the incubation 
period (15 min), a shift in product formation takes place. This remains to be studied. HPLC 
analysis could be used to identify a shift from production of 1-kestose to larger fructans. 

It has been well established that the levansucrase enzyme from B. subtilis follows 
standard Michaelis-Menten type of kinetics with a Ping-Pong type of reaction mechanism 
(Chapter 1). Also the levansucrase enzymes from Streptococcus salivarius [177] and 
Gluconacetobacter diazotrophicus [71] obey Ping-Pong type of kinetics. The substrate 
sucrose is bound to the enzyme, a covalent intermediate is formed between the catalytic 
amino acid residue in the enzyme and the fructosyl unit [35], and the glucose moiety is 
released. Subsequently the fructan chain is bound followed by transfer of the fructosyl unit to 
the growing polymer. The  catalytic amino acid residue that is covalently linked to the 
fructosyl unit of Inu or Lev could be identified as follows: (i) incubate FTF enzyme in a 
buffer with sucrose, (ii) denaturate the FTF enzyme fast (quenching) as described for B. 
subtilis levansucrase [30], (iii) digest the FTF enzyme with a specific proteinase, (iv) perform 
high-resolution MALDI-TOF mass spectrometry on the digested protein-fructose complex 
using digested FTF as reference, (v) evaluation of peptide masses, and (vi) identification of 
the fructosyl-peptide on the basis of its increased mass, equivalent to one fructosyl unit. In 
order to further pinpoint the exact fructosyl-linked amino acid, the peptide in question could 
be N-terminally sequenced, yielding an amino acid sequence that stops at the position of the 
fructosyl-amino acid complex. For the few inulosucrases studied, insufficient biochemical 
data exists to determine their reaction mechanism. Therefore we cannot exclude that 
inulosucrase enzymes other than Inu also show non Michaelis-Menten kinetics. The 
hydrolysis reactions of both Inu and Lev show Michaelis-Menten kinetics with substrate 
inhibition. The transferase reactions of both enzymes do not follow standard Michaelis-
Menten kinetics. Kinetic studies of the transferase activity of FTFs are complicated by a lack 
of well-defined fructan polymer substrates. Another reason for the “insaturability” of Inu and 
Lev (to a lesser extent) by their substrate sucrose could be that sucrose inhibits the chain 
elongation reaction of the enzyme. To study whether sucrose has such an effect, activity 
measurements with sucrose blocked at the fructosyl side could be done. The enzyme might be 
unable to cleave sucrose, but to use the blocked sucrose in the elongation reaction. 

Limited information is available on the biochemical properties of bacterial and plant 
FTFs. Based on the reaction catalyzed they were assigned to the family 68 of glycoside 
hydrolases, but due to a lack of structural protein data an exact family could not be assigned. 
In order to elucidate the reaction mechanism and mode of action of FTF enzymes, three-
dimensional protein structures and site-directed mutagenesis studies are important. They can 
offer insight in which amino acid residues are involved in catalysis, substrate recognition, 
substrate binding, factors influencing binding types between fructose residues, degree of 
branching, polymer size, etc. Efforts to crystallize levansucrases were successful for the B. 
subtilis [99] and Zymomonas mobilis [215] enzymes, yielding a low resolution (3.8 Å) 3D 
protein structure for the B. subtilis levansucrase. Modeling studies of a broad range of FTFs 
from plants, bacteria, and fungi have yielded, with low confidence values, a common β-
propeller domain structure for the catalytic domain of FTFs [138]. Now, a high-resolution 
three-dimensional protein structure based on protein crystals is needed to confirm the in silico 
modelled structural data, and to facilitate assessing site-directed mutants of FTFs. 



Chapter 6 

 88 

  
Lactobacillus and FTFs 

There are several questions regarding the L. reuteri 121 inulosucrase (Inu) that cannot 
be answered at present. Most pressing is the question whether inu actually is expressed in L. 
reuteri. If expressed (possibly in a cell-wall associated form), what would be the product 
formation profile in time? Several methods were tried to identify Inu activity in L. reuteri: (i) 
incubation of strain 121 whole cells, cell extracts, and supernatants obtained from a range of 
growth conditions, in a buffer containing sucrose, followed by analysis of the products 
formed; (ii) SDS-PAGE of strain 121 whole cells, cell extracts, and supernatants followed by 
staining of the gel with an agent that stains inulin polymer; (iii) hybridization of RNA 
transcripts on a Northern blot with an inu probe; and (iv) detection of Inu with rabbit 
polyclonal antibodies in Western blots. When using this range of methods, only production of 
fructo-oligosaccharides (FOS) by whole cells grown on sucrose was observed under the 
conditions tested (standard media containing sucrose, raffinose, glucose and maltose). No 
synthesis of inulin polymer could be detected, nor activity of the inulosucrase enzyme in 
extracts, nor inu gene transcripts. Western blots with the rabbit polyclonal antibodies 
produced high background probably because Lactobacillus is a strain natively present in the 
intestine of rabbits. During the purification of Lev from supernatants of L. reuteri cells grown 
on maltose, no other sucrase activities could be detected. But that could be due to the fact that 
the activity synthesizing FOS in L. reuteri is not expressed when cells are grown on maltose. 
Possible explanations for this difference between E. coli and L. reuteri are: (i) the inu gene is 
silent in L. reuteri, or not expressed under the growth conditions tested, or not active under 
the assay and preparation conditions tested; (ii) the Inu enzyme only synthesizes FOS under 
the conditions tested in its natural host; (iii) the inulin polymer already had been degraded at 
the time of harvesting of the cultures; (iv) Inu has other activities in E. coli extracts than in L. 
reuteri 121; or (v) the FOS are produced by another enzyme. Perhaps inu expression could be 
detected via a more sensitive RNA hybridization technique, or by using antibodies from 
mouse against Inu instead of from rabbit. Whether inu is expressed in L. reuteri 121 remains 
to be investigated, because at the moment we only have circumstantial evidence, suggested 
by the FOS production observed in supernatants of strain 121 cells grown on sucrose. 

To test whether there might be another enzyme present synthesizing the FOS in 
Lactobacillus, degenerate primers could be designed based on homologous regions in 
enzymes producing FOS like 1-SST of artichoke [69] and Aspergillus sydowi FTF [75]. FOS 
production has been reported for levansucrase of G. diazotrophicus (see discussion of 
Chapter 2). Also Lev might contribute to FOS synthesis in L. reuteri 121. This may be far-
fetched, however; because product profiles of both the purified and recombinant Lev proteins 
did not show the presence of FOS. Another possibility could be that the enzyme responsible 
for FOS formation in strain 121 is a new type of bacterial FTF with few similarities with 
currently known FTFs. This might explain that apart from lev and inu no additional genes 
have been identified in Southern hybridization experiments with lev and inu specific probes. 
In that case, provided its activity can be measured in cell extracts, purification of this protein 
from strain 121 and cloning of the gene via reverse genetics (analogous to Lev; Chapters 3 
and 4) would be a proper approach.  

An intriguing question remains: why was only one Lactobacillus strain (originally 
isolated from the gut of a piglet), from 182 tested Lactobacillus strains, able to produce large 
amounts of a levan polymer [205]? Upon further inspection, this organism contains both a 
levansucrase and an inulosucrase gene. Conceivably, the presence of these FTFs in L. reuteri 
may enhance the probiotic properties of this strain in its natural habitat. Two mutants of L. 
reuteri have been isolated: K24 completely lacking EPS production, and 35-5 producing only 
a glucan polymer [204]. In both strains, no levan and FOS production could be detected 
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(results not shown). This indicates that not only expression of the lev gene has been silenced 
in these mutants, but also that of inu, or another gene encoding the FOS synthesizing activity 
in strain 121. We can only speculate why strain 121 has these FTFs. Conceivably, the 
presence and expression of these FTFs gives L. reuteri 121 an advantage over other 
organisms in the gut flora. Compared to other FTFs, the Lev enzyme shows in particular a 
high hydrolytic (sucrase) activity (Chapters 3 and 4), thereby generating a lot of free 
fructose units. A physiological reason for L. reuteri to favor the hydrolysis reaction may be 
that free fructose is used for removing reducing equivalents. Conversion of fructose into 
mannitol would serve as an electron sink [94]. This also could at least partly explain why L. 
reuteri synthesizes relatively large amounts of the levansucrase enzyme, thus resulting in 
high sucrose hydrolyzing activities. FTFs and fructans formed may for instance also act in: (i) 
enhancing attachment of L. reuteri 121 to the gut surface; (ii) extracellular energy storage 
unavailable to organisms not containing fructan degrading enzymes (although no fructan 
degrading activities have been detected yet in L. reuteri); (iii) enhancing survival of strain 
121 under the harsh intestinal tract conditions; or (iv) the monomeric sugars released by FTFs 
are used for L. reuteri growth, making fructan synthesis merely a side product. Perhaps FTFs 
provide a combination of the above mentioned advantages. Conceivably, FTFs are not active 
under the natural growth conditions of L. reuteri in the mammalian gut. This remains to be 
experimentally proven, because the work described in this thesis was done under laboratory 
conditions with synthetic growth media. In fact, the amount of substrate (sucrose) in the gut 
may be too low for enzyme activity. But why would strain 121 maintain these FTFs if they 
are not used? L. reuteri 121 has been isolated from the gut of a piglet. In order to test 
activities of FTFs under semi-natural conditions, a colon model could be used, such as the 
TNO dynamic gastro- intestinal model (TIM). The question arises whether other inhabitants 
of a piglet’s gut also contain these enzymes. An interesting approach would be to: (i) test the 
remaining 181 lactobacilli, using degenerate ftf primers, for the presence of ftf genes, 
expression of which may have been silent under the conditions previously tested, and (ii) to 
test other lactic acid bacterial strains specifically isolated from a piglet’s gut with the same 
primers. Lactobacillus’s ftfs would be good candidates to base these primers on, because: (i) 
they originate from a Lactobacillus, none of the other FTFs described are from a 
Lactobacillus, and (ii) they represent both classes of bacterial FTFs. Recently, also the 
presence of a cell-wall associated inulosucrase has been reported for Leuconostoc citreum 
[131]. When available, the gene encoding this inulosucrase could also be used. This might 
give more insight into why and for what purpose L. reuteri contains these FTFs. 

By comparing detailed biochemical data on (mutated) inulosucrase enzymes with 
(new) data available for levansucrase enzymes, more insight could be generated about 
structure / function relationships of FTF enzymes. Questions to be answered are: (i) what are 
the Inu and Lev enzyme reaction mechanisms; (ii) what determines the fructan binding type 
specificity and hydrolysis versus transferase reactions; and (iii) what determines the fructan 
molecular weight and the number of branching points. These data could be subsequently used 
to create tailor-made enzymes, producing (hybrid) fructans with specific sizes and / or 
containing specific binding types. Furthermore, the impact of FTFs on the probiotic 
properties of L. reuteri 121 should be tested in a mammalian gut system. 
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Summary 
 
 
Fructans are polymers containing fructose residues. They are produced by plants, 

fungi, and bacteria. Bacterial fructans are synthesized by extracellular fructosyltransferase 
(FTF) enzymes. These enzymes cleave their substrate sucrose, and couple the fructose 
residue a growing fructan chain. Bacterial fructan production has been described for a 
number of organisms, such as Bacillus subtilis, Streptococcus salivarius, Streptococcus 
mutans, Zymomonas mobilis, and recently Lactobacillus reuteri. The functions of these 
fructans are largely not understood. Suggested functions are: extracellular energy storage, 
enhancement of attachment to surfaces, and protectant against mechanical stress. Possible 
applications of fructans in food and feed are low calorie thickeners, and prebiotics. Fructo-
oligosaccharides (small inulins; FOS) are potent prebiotic compounds; at present mostly 
produced by plant FTFs. Bacterial FTFs usually produce high molecular weight polymers of 
either the inulin or the levan type. 

L. reuteri is the only Generally Regarded As Safe (GRAS) organism described that 
produces a fructan (levan) polymer. When grown on media containing 100 g.l-1 sucrose L. 
reuteri 121 produces 10 g.l-1 exopolysaccharides (Chapter 2). Of these polysaccharides, 
about one-third is a glucan (polymer of glucose) and two-third a fructan polymer. The fructan 
polymer produced by L. reuteri 121 was shown to be a virtually unbranched levan polymer, a 
fructose polymer consisting of ß(2→6) linked fructose units. Furthermore, two mutants from 
L. reuteri 121 had been isolated with relative ease. The first mutant (K24) did not produce 
any exopolysaccharides, whereas the second mutant (35-5) only produced the glucan 
polymer. For the following reasons we decided to further investigate fructan synthesis by the 
FTF enzyme(s) employed by L. reuteri: (i) the current lack of knowledge about biochemical 
properties and structure-function relationship of FTF enzymes, (ii) the fact that L. reuteri is 
the first GRAS organism producing a fructan, and (iii) possible applications of L. reuteri 
fructans in food and feed. 

The initial aim of this thesis was to carry out a biochemical characterization of the 
enzyme(s) responsible for levan synthesis in L. reuteri 121. For that purpose, we attempted to 
clone the ftf gene(s) encoding the enzyme(s) involved in levan formation in L. reuteri 121, 
followed by heterologous expression in Escherichia coli. In Chapter 2, two degenerate 
primers were designed based on homologous regions in several bacterial FTFs. With a 
combination of PCR techniques, an ftf gene (inu) was obtained from L. reuteri chromosomal 
DNA. Sequence analysis confirmed its ftf identity; highest homology was with streptococcal 
FTFs. Southern hybridization experiments under non-stringent conditions with a fragment of 
this gene and L. reuteri chromosomal DNA yielded only one signal.  

The translated inu gene contained in the C-terminus a highly repetitive region, the 
motif LPXTG, and a membrane spanning region. This C-terminal region strongly resembles 
an LPXTG cell-wall anchoring motif, never observed before in FTFs. LPXTG cell-wall 
anchoring motifs have been described for a variety of Gram-positive organisms (Chapter 1). 
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Efforts to express the full-length inu gene in E. coli were unsuccessful, which appeared to be 
due to the presence of this C-terminal membrane spanning region. A C-terminally truncated 
version of the inu gene, in which the complete LPXTG cell-wall anchoring motif had been 
deleted, was successfully expressed in E. coli. Surprisingly, when incubated with sucrose, the 
purified C-terminally truncated recombinant Inu enzyme produced large amounts of FOS 
with β(2→1) linked fructosyl units, plus a high molecular weight fructan polymer (>107 Da) 
with β(2→1) linkages (an inulin). The unexpected finding of inulin and FOS production 
prompted us to re-investigate whether L. reuteri also produces these compounds. Under the 
conditions tested (standard MRS medium with addition of 100 g.l-1 sucrose, raffinose, 
maltose and glucose), FOS (10 g.l-1), but not inulin, were only found in supernatants of L. 
reuteri 121 cultures grown on media containing sucrose. Bacterial inulin production had been 
reported previously only for S. mutans strains. FOS production had been reported only for 
Gluconacetobacter diazotrophicus, Paenibacillus polymyxa, and Z. mobilis (Chapter 1). The 
synthesis of a high molecular weight inulin, and FOS of a degree of polymerization of mainly 
three, is a highly peculiar combination. For G. diazotrophicus and Z. mobilis FTFs producing 
FOS and levan polymers, a whole spectrum of FOS of various degrees of polymerization 
were reported (Chapter 1). Chapter 2 thus reports the isolation and molecular 
characterization of a (i) Lactobacillus ftf gene (inu), (ii) an “inulosucrase” associated with a 
Generally Regarded As Safe (GRAS) bacterium, (iii) an FTF enzyme synthesizing both a 
high molecular weight inulin and FOS, and (iv) the first FTF protein containing a cell-wall 
anchoring LPXTG motif. 

In order to clone the gene encoding the levansucrase activity in L. reuteri 121, the L. 
reuteri levansucrase protein was purified from culture supernatants of cells grown on maltose 
(Chapter 3). Attempts to purify the levansucrase enzyme of L. reuteri 121 from culture 
supernatants following growth on sucrose or raffinose were unsuccessful due to the presence 
of polysaccharides. The strain 121 FTF enzyme apparently binds very tightly to its product. 
The protein therefore was purified (350-fold in four steps) from maltose grown cells. 
Levansucrase activities in supernatants of cells grown in media containing sucrose or 
raffinose were ten-fold higher than in supernatants of maltose grown cells. During the 
purification procedure, only one FTF enzyme activity was observed, and isolated as pure 
protein. This protein produced the same levan polymer (with respect to size and binding type) 
as L. reuteri 121. The enzyme shares some characteristics especially with FTFs from Gram-
positive origin. There are, however, features of the L. reuteri levansucrase enzyme such as (i) 
a strong dependence on calcium ions, (ii) a high hydrolytic activity, and (iii) two distinct 
sizes of the levan polymers found, which makes it clearly different from other levansucrases 
described so far. The isolation of the L. reuteri levansucrase gene (lev) is described in 
Chapter 4.  

Amino acid sequences of peptide fragments of the purified levansucrase were used to 
design degenerate primers. By using a combination of PCR techniques, the complete gene 
(lev) encoding the L. reuteri levansucrase (Lev) was obtained (Chapter 4). The lev gene 
shared high homology with ftf genes from streptococcal origin, but also with the 
Lactobacillus inu gene. Southern hybridization experiments under non-stringent conditions 
with a fragment of the lev gene and L. reuteri chromosomal DNA, again yielded only one 
signal. As in Inu, in the C-terminal region of the deduced lev amino acid sequence an LPXTG 
cell-wall anchoring motif was present. Similar to observations made with the L. reuteri Inu, 
efforts to express the full-length lev in E. coli were unsuccessful. In analogy with the L. 
reuteri Inu, deletion of the C-terminal cell-wall anchoring region (the LPXTG motif and the 
membrane spanning region) allowed successful expression of the truncated lev gene in E. 
coli. This resulted in an active Lev enzyme that produced the same levan polymer, with 
respect to binding type (with only 2–3% β(2→1→6) branching points) and polymer size 
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distribution, as L. reuteri 121 cells grown on raffinose. Levans produced by S. salivarius 
strains show higher degrees of branching (up to 30%). Some biochemical properties of Lev 
are peculiar: compared to other FTFs the enzyme has a rather high temperature optimum of 
50 °C. Lev displays Michaelis-Menten type of kinetics with substrate inhibition for the 
hydrolysis reaction. The enzyme also displays Michaelis-Menten type of kinetics for the 
transferase reaction at 37 °C, but at 50 °C the kinetic behaviour could best be described by 
the Hill equation with negative cooperativity. 
 In Chapter 5, the biochemical characterization of the recombinant inulosucrase 
enzyme purified from E. coli expressing the inu gene from L. reuteri 121, is described. Inu 
(and Lev) shows maximum activity at 50 °C. The hydrolysis reactions of both enzymes show 
Michaelis-Menten type of kinetics with substrate inhibition at temperatures ranging from 20 
°C to 50 °C; The Inu (and Lev) transferase reactions displayed Michaelis-Menten type of 
kinetics at 37 °C, but at 50 °C the transferase reactions could be best described by the Hill 
equation with negative cooperativity. For Inu, this shift towards kinetics best described by the 
Hill equation was even stronger. Furthermore, at increasing temperatures, Inu was less 
saturated by its substrate sucrose for the transferase reaction.  

In conclusion: when grown on media containing 100 g.l-1 sucrose L. reuteri produces 
10 g.l-1 exopolysaccharides (of which two-third is a levan polymer). In addition, it produces 
10 g.l-1 FOS. This thesis describes the isolation and characterization of the levansucrase 
enzyme and lev gene responsible for levan production by L. reuteri 121. Surprisingly, an 
additional inulosucrase gene was isolated from strain 121. This inulosucrase may be 
responsible for FOS production by strain 121. Furthermore, two mutant strains of L. reuteri 
121, K24 and 35-5, are both devoid of FOS production. Unique properties of L. reuteri Lev 
and Inu are (i) the presence of a C-terminal cell-wall anchoring motif causing similar 
expression problems in E. coli, and (ii) a relatively high optimum temperature for activity. 
Lev is almost completely dependent on Ca2+ ions for activity. Lev is unusual in clearly 
favouring the hydrolysis reaction above the transferase reaction. The kinetic behaviour of the 
transferase reaction of Lev and Inu at 50 °C could best be described by the Hill equation.  
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Samenvatting 
 

 
Fructanen zijn polymeren van fructose suiker eenheden. Fructose suiker eenheden 

vormen samen met glucose suiker eenheden de bouwstenen van het suiker molecuul, dat we 
kennen als kristalsuiker (de chemische naam is sucrose). Fructanen zijn opgebouwd uit 
fructose suiker eenheden die met een bepaalde chemische binding aan elkaar gekoppeld zijn. 
Niet alleen de soort chemische binding, maar ook de variatie in deze bindingen en de 
hoeveelheid fructose eenheden in een keten bepalen de eigenschappen van een fructaan 
polymeer. Zo zal een fructaan polymeer dat uit weinig eenheden bestaat gemakkelijker 
oplosbaar zijn dan een fructaan dat uit veel meer fructose suiker eenheden bestaat. 
Omgekeerd zal een lange fructaan keten een waterige oplossing sneller doen “indikken”. De 
twee soorten chemische bindingen tussen fructose eenheden die kunnen voorkomen in 
fructaan ketens zijn de ß(2→1) en ß(2→6) bindingen. Er zijn ook α bindingen mogelijk 
tussen suiker residuen, maar deze zijn niet gevonden in fructanen. In het algemeen zal elke 
fructose eenheid (behalve eindstandige fructose eenheden) dus aan twee kanten verbonden 
zijn met een andere fructose eenheid. Bovendien zijn er fructose eenheden die een 
vertakkingspunt kunnen vormen in een fructaan keten; deze zijn dan aan drie kanten 
verbonden met een fructose eenheid. Er wordt ook wel gerefereerd aan deze 
vertakkingspunten als ß(2→1→6) gebonden fructose eenheden. 

Fructaan polymeren worden geproduceerd door planten, maar ook door micro-
organismen. Micro-organismen zijn overwegend eencellige organismen, die zich net als 
meercellige organismen (zoals planten en dieren) voortplanten, eten en afvalstoffen 
uitscheiden om te overleven. Dit proefschrift gaat over de productie van fructaan polymeren 
door een bepaalde groep van micro-organismen: de bacteriën. Om nog specifieker te zijn: 
fructaan productie door een melkzuurbacterie. Melkzuurbacteriën zijn eencellige organismen, 
die tijdens hun groei een zure stof uitscheiden: melkzuur. Ze worden gebruikt in de productie 
van voeding en veevoer. Ze worden bijvoorbeeld gebruikt voor het maken van yoghurt, wijn, 
bier, brood en kaas. Melkzuur heeft een conserverende werking: melkzuurbacteriën kunnen 
dan ook worden gebruikt voor het verlengen van de houdbaarheid van bepaalde 
voedingsmiddelen, zoals augurken en zuurkool. 

Een bijzondere toepassing van melkzuurbacteriën is het gebruik in 
gezondheidsbevorderende producten. Doordat melkzuurbacteriën van nature voorkomen in 
het maag / darmkanaal van mens en dier worden deze als “veilig” beschouwd. De toevoeging 
van melkzuurbacteriën aan bijvoorbeeld yoghurt kan een gezondheidsbevorderende werking 
hebben (melkzuurbacteriën worden dan gebruikt als zogenaamde pro-biotica). Een vereiste is 
dat de melkzuurbacteriën in levende staat het darmkanaal bereiken, zodat zij de microflora 
(de micro-organismen aanwezig in de darm) kunnen verbeteren. Een aantal 
gezondheidsbevorderende eigenschappen die zijn gekoppeld aan de toediening van 
melkzuurbacteriën zijn: (i) remming van groei van ziekte-verwekkende micro-organismen, 
(ii) het verhogen van een immunorespons (de reactie van een mens of dier tegen een 
“lichaamsvreemd” organisme), (iii) het verlagen van het cholesterol gehalte, en (iv) het 
voorkomen van bepaalde soorten kanker. 

Met name kleine fructaan ketens worden ook wel aangeduid als pre-biotica. Dit 
betekent niets meer dan dat deze korte fructaan ketens (bestaande uit weinig fructose 
eenheden) de groei bevorderen van pro-biotische organismen, en daarmee indirect de 
gezondheid van een individu bevorderen. Om deze positieve werking te kunnen 
bewerkstelligen, moeten deze kleine fructanen het maag / darmkanaal onbeschadigd 
doorkomen. Dit is mogelijk doordat fructanen bestaan uit fructose eenheden die door middel 
van een ß binding aan elkaar zijn gekoppeld. Deze binding is zeer resistent tegen de 



Samenvatting 

 96 

agressieve zuren en andere chemische stoffen in het maag / darmkanaal. De verklaring voor 
de stimulerende werking op de groei van pro-biotische organismen van deze kleine fructanen 
is dat sommige van deze organismen fructanen enzymatisch af kunnen breken. De afbraak 
producten van de fructanen kunnen dan door het micro-organisme worden gebruikt voor de 
groei. 

Fructanen worden gemaakt door enzymen. Dit zijn chemische reactieversnellers 
(katalysatoren) gespecialiseerd in het uitvoeren van bepaalde chemische reacties. De 
enzymen die fructanen kunnen maken worden ook wel fructosyltransferase (FTFs) enzymen 
genoemd. Als een FTF wordt samengevoegd met sucrose (geincubeerd) dan wordt sucrose 
gesplitst in glucose en fructose. Een deel van de fructose wordt ingebouwd in fructaan 
polymeer, en de rest van de fructose komt vrij samen met de glucose. De molaire verhouding 
(een verhouding van het aantal moleculen) glucose en sucrose is dan 1:1. De molaire 
verhouding van fructose en sucrose hangt af van hoe efficiënt het FTF de fructose koppelt 
aan de groeiende fructaan keten. Er zijn chemische methoden om het vrijkomen van glucose 
en fructose te meten. FTF enzymatische activiteit kan worden verdeeld in drie soorten: (i) de 
hoeveelheid glucose die vrijkomt is een maat voor de totale enzym activiteit (totale 
hoeveelheid gesplitste sucrose); (ii) de hoeveelheid fructose die vrijkomt is een maat voor de 
hydrolyserende activiteit (sucrose wordt gesplitst en zowel glucose als fructose komen vrij); 
en (iii) de hoeveelheid glucose minus de fructose is een maat voor de transferase activiteit (de 
hoeveelheid fructose die wordt ingebouwd in fructaan polymeer). In het begin van een 
incubatie van FTF met sucrose is er geen fructaan polymeer om de fructoses aan te koppelen, 
in dat geval wordt de fructose gekoppeld aan het sucrose molecuul. In de tijd zullen steeds 
vaker langere ketens worden gemaakt en vervolgens gebruikt worden om fructose eenheden 
aan te koppelen. Uiteindelijk koppelen FTF enzymen fructose eenheden afkomstig van 
sucrose aan een ratjetoe van moleculen: sucrose, fructaan ketens van verschillende lengtes, of 
de fructose wordt niet gekoppeld en komt vrij. Wat de uiteindelijke producten zijn van de 
chemische reactie van een FTF enzym hangt ondermeer af van zijn specifieke voorkeur om 
een fructose eenheid aan bepaalde acceptor moleculen te koppelen. 

FTF enzymen worden gemaakt door planten en micro-organismen. FTF enzymen in 
micro-organismen worden uitgescheiden, ze komen buiten de cel terecht, alwaar ze fructaan 
polymeren kunnen maken. De functie van deze polymeren voor de bacterie is in veel gevallen 
onduidelijk. Deze polymeren zouden kunnen worden gemaakt als voedselvoorraad om de 
bacterie in tijden van voedselschaarste te helpen overleven. Sucrose is een alom aanwezige 
voedingsstof voor micro-organismen. Dat is niet het geval met een fructaan: een organisme 
heeft speciale enzymen nodig on een fructaan af te breken in stukjes die wel kunnen worden 
gebruikt voor groei van de bacterie. Een andere functie van fructanen zou kunnen zijn om de 
bacterie te beschermen tegen mechanische schokken e.d. Hiervoor moet een polymeer echter 
wel nauw verbonden zijn met een bacteriële cel, iets dat tot nu toe nog niet vaak is gevonden 
voor fructanen. Fructanen kunnen dienen als een “bindmiddel” voor de bacteriecel om vast te 
plakken aan een bepaald oppervlakte. Bacteriën kunnen twee soorten fructanen maken: (i) 
met overwegend ß(2→6) bindingen, een levaan; (ii) met overwegend ß(2→1) bindingen, een 
inuline. Levanen worden gemaakt door levaansucrase enzymen en inulines wordt gemaakt 
door inulosucrase enzymen. In het algemeen worden door bacteriën vaker levanen 
geproduceerd dan inulines. Planten produceren in het algemeen kleine inuline polymeren 
(bestaande uit 20 tot 50 fructose eenheden); de paar bekende bacteriële inulines zijn 
overwegend grote moleculen bestaande uit vele honderden fructose eenheden. 

Dit proefschrift concentreert zich op een bepaald micro-organisme dat fructanen 
maakt: Lactobacillus reuteri stam 121 (L. reuteri 121). Dit is een melkzuurbacterie die is 
geïsoleerd uit de darm van een jong biggetje. Deze bacterie maakt een fructaan (levaan) 
polymeer en een glucaan polymeer. Een glucaan polymeer is een keten van glucose eenheden 
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die middels een α chemische binding aan elkaar gekoppeld zijn. Beide typen polymeren 
worden buiten de cel geproduceerd. Als een grote hoeveelheid L. reuteri bacteriecellen wordt 
samengevoegd met sucrose (100 gram per liter) dan scheiden deze bacteriën zoveel enzymen 
uit, dat een hoeveelheid van 3 gram per liter glucaan polymeer en 6 gram per liter levaan 
polymeer wordt gemaakt na een incubatie van 17 uur. Na deze incubatie is vrijwel geen 
sucrose meer over: de sucrose is niet alleen gebruikt door de enzymen die suikerpolymeren 
maken, maar ook direct als voedsel door de bacterie zelf. Het levaan bevat zeer weinig 
vertakkingspunten. Het is een groot molecuul bestaande uit gemiddeld 1000 fructose 
eenheden. Van deze L. reuteri stam kon relatief eenvoudig een tweetal natuurlijke varianten 
(mutanten) worden verkregen. De eerste mutant (genaamd K24) kon geen enkel polymeer 
meer maken, de tweede mutant (genaamd 35-5) kon alleen nog het glucaan polymeer maken. 

Er zijn verschillende redenen waarom FTFs van L. reuteri 121 zijn bestudeerd in dit 
proefschrift. De drie belangrijkste redenen zijn: (i) Er is relatief weinig bekend over FTF 
enzymen. Het is onduidelijk hoe deze enzymatische reactie precies verloopt, waarom 
bepaalde FTF enzymen levanen maken en andere inuline polymeren, en wat de hoeveelheid 
fructose eenheden in een polymeer bepaald; (ii) L. reuteri is een interessant model organisme, 
omdat deze bacterie “veilig” voor de gezondheid is; (iii) Fructanen zijn polymeren met een 
verscheidenheid aan industriële toepassingen. 

Het oorspronkelijke doel van dit proefschrift was om het FTF enzym te bestuderen dat 
verantwoordelijk is voor levaan productie in L. reuteri 121. Om een FTF enzym te kunnen 
bestuderen is het belangrijk om veel enzym in handen te krijgen. Hiervoor is het nodig het 
genetisch materiaal (DNA) dat ten grondslag ligt (codeert voor) aan het enzym (een gen 
codeert voor een enzym) in handen te krijgen. Een eiwit naam wordt in gewone letters 
geschreven (bijvoorbeeld Lev) terwijl een gen naam in schuinschrift en kleine letters wordt 
geschreven (bijvoorbeeld lev). Een enzym is een eiwit, het omgekeerde is niet altijd het 
geval. Een gen bestaat uit bouwblokken die basen heten (of nucleotiden). De basen coderen 
in drietallen (tripletten) voor de bouwstenen (aminozuren) van eiwitten. De basenvolgorde 
van het gen dat het L. reuteri FTF codeert was onbekend. In Hoofdstuk 2 wordt beschreven 
hoe een ftf gen uit L. reuteri wordt geïsoleerd. Om het gen dat het L. reuteri FTF codeert in 
handen te krijgen is gebruik gemaakt van relatief gelijke gebieden (homologe gebieden) in de 
aminozuur volgorde (sequentie) van een aantal bacteriële FTF enzymen. Op deze gebieden 
zijn kleine stukjes DNA ontworpen (primers). Aangezien meerdere tripletten kunnen coderen 
voor hetzelfde aminozuur, en de exacte basensequentie van het gen onbekend is, moet 
rekening worden gehouden met alle mogelijke tripletten die kunnen coderen voor de 
aminozuren. Hierdoor bestaan de primers uit soms meer dan één base per positie (ze zijn 
gedegenereerd). Met een DNA amplificatie techniek genaamd polymerase ketting reactie 
(PCR) kan met deze primers het tussenliggende stuk DNA worden verkregen 
(geamplificeerd) uit het totale DNA. Met twee primers en het genetisch materiaal van L. 
reuteri is in een PCR reactie een stukje van een ftf gen verkregen. Door middel van een 
combinatie van verschillende PCR technieken is vervolgens het gehele gen geïsoleerd uit het 
genetisch materiaal van L. reuteri. Het verkregen gen (inu) was homoloog aan een aantal 
bacteriële FTFs, in het bijzonder FTFs van streptococcen, bacteriën die normaal worden 
gevonden in de mond en tandbederf kunnen veroorzaken. 

Vertaling van de basenvolgorde van het inu gen liet zien dat in het eind (C-terminaal) 
gedeelte van het eiwit (Inu) een specifiek motief van een aantal aminozuren aanwezig is dat 
19 keer herhaald wordt. Dit motief was opgebouwd uit de aminozuren LPXTG (één letterige 
codes voor aminozuren), en staat ook wel bekend als een celwand anker. Door dit celwand 
anker kan een eiwit in een bacteriële celwand (de barriëre tussen het binnenste van de 
bacterie en het milieu buiten de bacterie) blijven “hangen”. Dit kan een voordeel geven voor 
een bacterie, aangezien hierdoor bepaalde eiwitten “vlakbij” de cel kunnen worden gehouden. 
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Direct na het LPXTG motief was in de aminozuur volgorde van het eiwit een gedeelte 
aanwezig dat de cel membraan kan omspannen. De cel membraan is een dunne laag om een 
bacterie heen, die binnen de celwand ligt (zie Hoofdstuk 1, Figuur 8). Om de activiteit van 
het gen product te bepalen, is het in een expressievector in een andere bacteriestam 
(Escherichia coli ofwel E. coli) gezet. Een expressievector is een stuk DNA dat kan worden 
vermeerderd in een bacterie (zoals E. coli). In een expressievector kan een gen worden gezet, 
dat dan ook vermeerderd wordt. Bovendien wordt een gen in een expressievector vertaald 
naar eiwit sequentie (het gen komt tot expressie). Een eiwit dat door een gen in een 
expressievector wordt gecodeerd wordt ook wel een recombinant eiwit genoemd. Het volle 
lengte inu gen kon niet tot expressie worden gebracht in E. coli met gebruik van verschillende 
soorten expressievectoren. Expressie lukt wel na verwijdering van een gedeelte van het Inu 
(o.a. het LPXTG motief en het membraan omspannende gedeelte). Het recombinante Inu 
eiwit produceerde met sucrose grote hoeveelheden van een groot inuline polymeer en kleine 
inuline polymeren (fructo oligo sacchariden; FOS). Dit was een onverwachte vondst, 
aangezien werd gezocht naar een levaansucrase enzym dat een levaan polymeer maakte. 
Blijkbaar heeft L. reuteri naast een levaansucrase gen ook nog een inulosucrase (inu) gen. 
Het was niet eerder gevonden dat L. reuteri inuline of FOS fructanen produceert. Onder de 
condities getest (standaard groeimedium voor Lactobacillus met 100 gram per liter van 
verschillende suikers, waaronder sucrose), werd gevonden dat L. reuteri alleen FOS maakt 
(10 gram per liter). De L. reuteri natuurlijke varianten K24 en 35-5 produceerden geen 
inuline of FOS. Bacteriële inuline productie was eerder alleen gevonden in Streptococcus 
mutans stammen. FOS productie is maar voor een “handjevol” bacteriën gevonden. Het feit 
dat het genoom van L. reuteri een inulosucrase gen herbergt dat zowel FOS als een groot 
inuline polymeer maakt is een bijzondere, nog niet eerder beschreven, vinding. Hoofdstuk 2 
beschrijft de isolatie en moleculaire karakterisatie van: (i) het eerste Lactobacillus ftf gen; (ii) 
het eerste inulosucrase gevonden in een “veilig” organisme; (iii) een FTF enzym dat grote 
hoeveelheden van zowel een groot inuline polymeer als FOS maakt; en (iv) het eerste FTF 
eiwit met een LPXTG celwand anker. 

Om toch het gen dat de levaansucrase activiteit in L. reuteri codeert in handen te 
krijgen is ervoor gekozen om eerst het levaansucrase als puur eiwit te isoleren. Het L. reuteri 
levaansucrase eiwit is door ons geïsoleerd uit het medium van deze bacterie na groei op de 
suiker maltose. Hiervoor moet het medium worden gescheiden van de bacteriën, wat 
overblijft heet het supernatant van een bacterieculture. Dit werk is beschreven in Hoofdstuk 
3. Pogingen om het levaansucrase te zuiveren uit supernatanten van L. reuteri gegroeid op de 
suikers sucrose of raffinose (dit is een galactose gekoppeld aan een sucrose molecuul) waren 
op niets uitgelopen. Dit kwam doordat het levaansucrase uit de suikers sucrose en raffinose 
een fructaan kan maken. Blijkbaar was het eiwit (levaansucrase) zo sterk aan zijn product 
gebonden (levaan) dat beiden niet gemakkelijk van elkaar te scheiden waren. In 
supernatanten van L. reuteri gegroeid op maltose (glucose gekoppeld aan glucose) was het 
levaansucrase ook aanwezig, maar niet zo sterk als bij sucrose en raffinose supernatanten 
(verhouding van 1:10), terwijl geen fructaan uit maltose gesynthetiseerd kan worden. Met 
behulp van vier kolom (affiniteits) chromatografie (een manier om een eiwit specifiek te laten 
binden, of juist niet, aan een bepaald materiaal) stappen is het levaansucrase eiwit van L. 
reuteri 350 keer opgezuiverd. Tijdens de opzuiverings procedure is maar één eiwit gevonden 
met FTF activiteit. Het gezuiverde FTF eiwit produceerde hetzelfde levaan polymeer als L. 
reuteri 121 tijdens groei op sucrose. Het polymeer was van dezelfde grootte orde en had 
dezelfde bindingstypen, een vrijwel onvertakt levaan. Het gezuiverde L. reuteri levaansucrase 
is op een aantal punten anders dan eerder in de literatuur beschreven levaansucrases: (i) het 
enzym heeft calcium ionen nodig voor activiteit; (ii) het levaansucrase heeft een relatief hoge 
sucrose hydrolyserende activiteit; en (iii) het polymere levaan materiaal bestaat uit twee 
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fracties, één fractie van levanen bestaande uit plm. 1000 fructose residuen en één fractie van 
levanen  bestaande uit meer dan 10.000 fructose residuen. 

In Hoofdstuk 4 wordt de isolatie beschreven van het levaansucrase gen (lev) uit L. 
reuteri 121 dat codeert voor het levaansucrase eiwit (Lev) uit Hoofdstuk 3. Daartoe zijn van 
bepaalde gedeelten van het gezuiverde levaansucrase de aminozuur volgordes bepaald. Deze 
aminozuur volgorden zijn gebruikt voor het maken van gedegenereerde primers voor een 
PCR reactie met L. reuteri genetisch materiaal. Met behulp van een combinatie van PCR 
technieken, en het stuk van het levaansucrase gen dat werd verkregen in de vorige stap, is het 
volledige levaansucrase gen geïsoleerd. Lev is op aminozuur niveau voor 60% identiek met 
Inu, en dus zeer vergelijkbaar. Bovendien vertoont Lev ook grote gelijkenis op aminozuur 
niveau met andere FTF eiwitten van streptococcen. Naar analogie met Inu werd in de C-
terminale aminozuur sequentie van Lev ook een membraan omspannend gedeelte 
aangetroffen, en het LPXTG celwand anker. Zoals eerder gezien met het inu gen, waren er 
ook grote problemen om het lev gen tot expressie te brengen in E. coli. Andermaal 
resulteerde verwijdering van het C-terminale membraan omspannende gedeelte inclusief het 
LPXTG motief in goede expressie van lev in E. coli. Het recombinante Lev eiwit produceerde 
met sucrose hetzelfde levaan polymeer als L. reuteri 121. Het levaan bleek slechts 2–3% 
β(2→1→6) vertakkingspunten te bevatten. De levanen geproduceerd door de zeer verwante 
bacterie Streptococcus salivarius bevatten tot wel 30% van deze vertakkingspunten. Het 
recombinante Lev is maximaal werkzaam bij 50 °C, terwijl vrijwel alle andere bacteriële 
FTFs rond de 37 °C optimaal werkzaam zijn. Het recombinante Lev enzym wordt in de 
hydrolyse reactie geremd door het eigen enzym substraat, sucrose. Wanneer meer sucrose 
aanwezig is, is de hydrolyse reactie in Lev minder prominent aanwezig. Dit is logisch, 
aangezien bij hogere sucrose concentraties de kans groter is dat sucrose wordt gebruikt om de 
fructose aan te koppelen in plaats van het fructose vrij te laten komen. De transferase 
activiteit van Lev (koppeling van fructose aan sucrose of een fructaan) bij 37 °C kan het beste 
worden verklaard door de Michaelis-Menten vergelijking, vergelijkbaar met wat gevonden is 
voor andere FTFs. De Michaelis-Menten vergelijking beschrijft dat de enzymatische activiteit 
steeds verder toe neemt bij hogere substraat (in FTFs: sucrose) concentraties tot een bepaald 
maximum, dan heeft het enzym zijn maximale activiteit bereikt. Bij 50 °C vindt er een 
bijzondere verandering plaats in de enzym activiteit. Het enzym haalt niet zijn maximale 
activiteit, zelfs niet met hoge sucrose concentraties, al is dit effect niet zo sterk als met het 
recombinante Inu enzym (zie hieronder). 
 In Hoofdstuk 5 wordt de enzymatische activiteit van het recombinante Inu enzym 
(beschreven in Hoofdstuk 2) verder onder de loep genomen. De hydrolyse reactie van het 
recombinante Inu wordt geremd door het substraat sucrose, vergelijkbaar met wat gevonden 
werd voor Lev (Hoofdstuk 4). Het recombinante Inu enzym is evenals Lev optimaal actief 
bij 50 °C. De maximale transferase activiteit van recombinant Inu wordt evenals bij Lev niet 
bereikt, zelfs niet bij hoge sucrose concentraties. In tegenstelling tot Lev is dit effect voor Inu 
al duidelijk merkbaar bij 20 °C, maar nog veel duidelijker bij hogere temperaturen. Dit gaat 
zelfs zover, dat het recombinante Inu bij 50 °C onverzadigbaar is door zijn substraat. Met 
andere woorden: de transferase activiteit van het enzym blijft maar stijgen met stijgende 
sucrose concentraties. 

De belangrijkste conclusies van dit proefschrift zijn: (i) L. reuteri produceert bij groei 
op 100 gram per liter sucrose 10 gram per liter polysacchariden (waarvan tweederde een 
levaan). Daarnaast wordt ook nog eens ongeveer 10 gram per liter FOS geproduceerd; (ii) het 
eiwit en het corresponderende gen verantwoordelijk voor levaanproductie in L. reuteri 121 
zijn geïsoleerd; (iii) een additioneel gen coderend voor een inulosucrase enzym is geïsoleerd 
uit L. reuteri 121. Het zou heel goed kunnen dat dit inulosucrase verantwoordelijk is voor de 
FOS productie door stam 121; en (iv) beide ftf genen zijn tot expressie gebracht in E. coli, 
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waardoor een vrijwel ongelimiteerde hoeveelheid FTF eiwit werd verkregen voor 
experimentele doeleinden. Unieke eigenschappen van L. reuteri Lev en Inu zijn: (i) ze 
bevatten een C-terminaal LPXTG celwand anker dat verantwoordelijk bleek voor de 
expressieproblemen van deze genen in E. coli; (ii) beide eiwitten hebben een hoge optimale 
werktemperatuur van 50 °C; (iii) beide eiwitten, maar Inu in het bijzonder, laten activiteiten 
zien die niet kunnen worden beschreven aan de hand van de Michaelis-Menten 
reactievergelijking. Vooral Inu is onverzadigbaar door zijn substraat sucrose. 
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