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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 
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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. 



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. 
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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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