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Evidence for Formation of Heterooligosaccharides by
Lactobacillus sanfranciscensis  during Growth in Wheat
Sourdough
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Lactobacillus sanfranciscensis is a key organism of the lactic microflora in traditional and industrial
sourdough fermentations. In this paper we provide evidence for the formation of heterooligosaccharides
(HeOS) by L. sanfranciscensis during growth in sourdough. To identify the HeOS based on HPAEC—
PAD analysis, HeOS standards were synthesized by enzymatic reactions with L. sanfranciscensis
levansucrase in a chemically defined system in the presence of raffinose, maltotriose, maltose, xylose,
or arabinose as acceptor carbohydrates. The oligosaccharides known to originate from the
corresponding acceptor reactions, 1F-S-fructosylraffinose, 1F-B-fructofuranosylmaltotriose, erlose
(1F-B-fructofuranosylmaltose), xylsucrose, 1F-S-fructosylxylsucrose, and arabsucrose, were identified
by HPAEC—PAD. Evidence for the formation of further tri-, tetra-, and pentasaccharides was provided.
Wheat doughs with sucrose were fermented with L. sanfranciscesis TMW 1.392 or the isogenic,
levansucrase-negative strain TMW 1.392Alev, and the analysis of dough extracts or invertase-treated
dough extracts provided evidence for the formation of arabsucrose and erlose in sourdough in addition
to 1-kestose and nystose.
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INTRODUCTION sucroset H,O = glucose+ fructose
Food applications of inulin-type fructooligosaccharides (FOS)
are based mainly on their prebiotic properti&s Furthermore, sucroset acceptor carbohydrate (€}
FOS have a low sweetness compared to sucrose, are essentially oligosaccharide (CF}- glucose
calorie-free, and are noncariogenic (2). They are not degraded
by pancreatic enzymes and reach the lower intestine, where they  sucroset fructan (GF) = fructan (GF,) + glucose
selectively stimulate the growth of bifidobacterga4). To date,
FOS are produced enzymatically from sucrose using fructosyl-  Mono-, di-, and trisaccharides vary in their efficiency as
transferase enzymed)(or derived from partial hydrolysis of  fructosyl acceptors to the levansucrase activity. Sucrose acts as
inulin, and are used in food applications as an ingredient. fructosyl donor as well as fructosyl acceptor to yield 1-kestose
Recently, the formation of 1-kestose byctobacillus reuteri  (1-kestotriose) with subsequent transfer reactions that yield the
andLactobacillus sanfranciscensigas reported (5), and the  corresponding higher oligomers nystose (1,1-kestotetraosg, GF
use of these strains may enable the generation of FOS in situand 1,1,1-kestopentaose (§FFurthermore, maltotriose, raffi-
during food fermentations using the low-cost ingredient sucrose nose, maltose, arabinose, and xylose are efficient fructosyl
as carbon source (7). acceptors and oligosaccharides resulting from fructosyl transfer
FOS formation by lactobacilli from sucrose is mediated by catalyzed by levansucrase enzymesAefobacter levanicum
levansucrase or inulosucrase activities; both enzymes generallyandBacillus subtiliswere characterized previousl§,(11—13).
also use raffinose as substrafg 7, 8). Levansucrase enzymes Generally, levansucrases are specific for anomers of an aldose
belong to the glycosyltransferase family of enzymes. They use and the fructosyl transfer to an acceptor is effected with net
the energy of the osidic bond of sucrose to catalyze the transferretention of the fructose configuration (12). Because the term
of the fructosyl moiety of sucrose to .8, an acceptor  FOS is commonly used for inulin-type oligomers only, oligo-
carbohydrate, or a growing levan polymer to yield glucose saccharides resulting from the acceptor reaction of levansucrases
and fructose, oligosaccharides, and levan, respecti&I®,(  are termed heterooligosaccharides (HeOS) (13).
10): The sourdough isolatd. sanfranciscensisSTMW 1.392
exhibits levansucrase activity and produces 1-kestose and a high-
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When sucrose was present as substratepup ¢ kgt levan molecular
and 20 g kg! 1-kestose were formed. Levan levels produced weight
by L. sanfranciscensisignificantly improve rheological pa- 1 2 (kDa)
rameters of wheat doughs and bread volurh@).( Approxi- .

mately 0.1 g kg* 1-kestose is naturally present in wheat flour e

(18), less than 1% of the kestose levels that can be generated
by fermentation with levansucrase-positive straind ofan-
franciscensis.

To fully characterize the products from the levansucrase
activity during growth ofL. sanfranciscensi§MW 1.392 in I'ﬂ & 97
sourdough, the objective of this study was to detect those HeOS :
that may originate from the acceptor reaction. Mono-, di-, and - 65
trisaccharides that are present in substantial levels in wheat and ®
rye doughs were used as acceptor carbohydrates. The qualitative : 45
analysis of HeOS was achieved on high-performance anion- '
exchange chromatography coupled to pulsed amperometric
detection (HPAEC—PAD). HeOS for use as external standards
were synthesized in chemically defined enzymatic reactions with ‘
purified levansucrase df. sanfrancisensi§MW 1.392 in the
presence of sucrose as fructosyl donor and the corresponding
carbohydrates as fructosyl acceptors. P e

30

MATERIALS AND METHODS

Strains, Plasmids, Media, and Growth Conditions.L. sanfran- Figure 1. SDS-PAGE analysis of L. sanfranciscensis TMW 1392
ciscensisSTMW 1.392 andL. sanfranciscensi§MW 1.392Alev were levansucrase (levAhis, lane 1) after heterologous expression in E. coli
cultivated anaerobically at 30 in modified MRS medium (MMRS) and affinity chromatrography as described (7). The molecular weight marker
(19), containing 10 g t* maltose and 5 g t* fructose (MMRS— was applied on lane 2, and the electrophoretic mobility of levAhis was in

maltose). The straih. sanfranciscensiSMW 1.392 (isogenic to LTH good agreement with previous results (7).

2590) harbors a levansucrase gdnesanfranciscensisMW 1.392Alev

is an isogenic, levansucrase-negative deletion mutant derivatie of  containing 1 mmol £ CaCh, 0.4 mol L2 sucrose or 0.4 mol i
sanfranciscensi¥MW 1.392 (7).Escherichia colistrain JM109 DE3 raffinose, and 0.4 mol i acceptor carbohydrate where indicated. The
carrying the plasmid pLEV1 was cultivated aerobically in Luria-Bertani  reaction mixture was incubated for 20 h and stored frozen for further
(LB) medium containing 10@g L~* ampicillin at 37°C. The plasmid analysis.

PLEV1 is based on the expression vector pET3a and harbors the Ppartial Purification and Characterization of Oligosaccharides
structural gene for thé. sanfranciscensi¢evansucrase downstream  from Enzymatic Reactions. Enzymatic reactions were carried out in

of the induciblglacZ promotor and in frame upstream of a<histidine 1 mL volume with levansucrase using using raffinose, or sucrose and
tag to obtain C-terminally His-tagged proteir.(Expression of the maltose, maltotriose, xylose, or arabinose as acceptor carbohydrates.
levansucrase blg. coli JM109 DE3 was induced by adding 49 L™* After overnight incubation, the reaction mixture was separated on a
isopropyl-fo-thiogalactopyranoside (IPTG) to exponentially growing  Superdex Peptide gel permeation chromatography (GPC) column
cultures. (Amersham Pharmacia Biotech, Freiburg, Germany) eluted with
Purification of the L. sanfranciscensidevansucrase and Enzy- deionized water at a flow of 0.4 mL mif Carbohydrates were detected
matic Synthesis of OligosaccharidesThe levansucrase df. san- with an refractive index (RI) detector (Gynkothek, Germering, Ger-

franciscensisTMW 1.392 was purified to homogeneity after heterol- many). To estimate the degree of polymerization (DP) of the oligo-
ogous expression with a His tag (lekis) inE. coliJM109 as described  saccharides, the column was calibrated using glucose, sucrose, raffinose,
(7). E. coli IM109 carrying pLEV1 was grown to an optical density and stachyose as molecular weight standards. Peaks corresponding to
(590 nm) of 0.6, IPTG was added, and cells were further incubated at trisaccharides, tetrasaccharides, or higher oligosaccharides were col-
30 °C for 12 h. Cells were harvested, washed with 50 mL of binding lected, pooled, and dried under vacuum. When maltotriose or raffinose
buffer A (50 mM NaHBPQ,, 10 mM imidazole, 300 mM NacCl), and  was used as acceptor carbohydrate, peaks corresponding to tetra- and
broken by ultrasonification (HD-70, Bandelin Electronics, Germany, pentasaccharides were collected. The dried oligosaccharides were
5 x 30 s with 50% cycle, 90% power). Cell debris was removed by redissolved in 0.5 mL of deionized water and subjected to a second
centrifugation (10 00g, 10 min, 4°C), and the supernatant was applied chromatographic separation on the same column. Peaks correponding
to a HiTrap chelating nickel column (Amersham Biosciences, Freiburg, to oligosaccharides with a DP of 3 or 4 and 4 or 5 were pooled, dried,
Germany) with a flow of 1.5 mL min'. The column was washed with  and redissolved in 0.2 mL of deionized water. These fractions were
5.0 mL of 20% buffer B (50 mM NakPO,, 300 mM imidazole, 300 analyzed for the oligosaccharide composition by HPAEC—PAD as
mM NacCl), and the His-tagged levansucrase was eluted with a linear described to verify that no contaminating mono-, di-, or trisaccharides
gradient from 20% buffer B to 100% buffer B. Fractions containing were present. Furthermore, oligosaccharides in these fractions were
levansucrase were dialyzed against 25 mM sodium acetate buffer with hydrolyzed by incubation for 1 h with 5% perchloric acid at 9D.
pH 5.4. It was verified by SDS—polyacrylamide gel electrophoresis The hydrolysates were neutralized by addition of 4 M KOH. Monosac-
using an miniprotean electrophoresis cell (Bio-Rad Laboratories, USA) charides in the hydrolysates were quantified by HPLC using the CHPB
with the Laemmly buffer system according to the instructions of the column (Merck, Darmstadt, Germany) eluted with deionized water at
supplier that the levansucrase was not contaminated by other proteinsa flow of 0.4 mL mirr® and RI detection as described (16).
(Figure 1), and the electrophoretic mobility of the enzyme was in good Preparation of Doughs, Determination of pH, and Cell Counts
agreement with previous resultg)( The protein concentration of the  in Sourdough. Wheat doughs were fermented withsanfranciscensis
stock solution with the purified levansucrase was determined with the TMW 1.392 or the isogenic, levansucrase-negative deletion mutant,
Bradford method, using the Bio-Rad Protein Assay (Bio-Rad Labora- sanfranciscensifMW 1.392Alev. For inoculation of doughs, about
tories, USA) and bovine serum albumin as external standard. 1 cells from an overnight culture in mMRSnaltose were washed
Enzymatic reactions were carried out at 37 in 10 mM sodium with sterile water and resuspended in 10 mL of tap water. Doughs were
acetate buffer, pH 5.4, with an enzyme concentration of.@.5nL ™2, prepared with 100 g of wheat flour type 550, 90 g of sterile tap water,
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Figure 2. HPAEC-PAD separation of oligosaccharides resulting from the
levansucrase reaction with 0.4 mol L= sucrose (A) or raffinose (B). Peaks
were assigned based on external standards or literature data on products
of levansucrase activity as described in the text. Uncertain assignments
are marked with question marks. Glucose, fructose, sucrose, and melibiose
eluted prior to the retention time cutoff at 16 min (not shown).
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10 mL of cell suspension of strain TMW 1.392 or TMW 1.398v,

and 20 g of sucrose. The determination of pH values and cell counts
was carried out as describezDj, and by the observation of the colony
morphology it was verified that the strains used to inoculate the doughs
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Figure 3. HPAEC—-PAD separation of oligosaccharides resulting from the
levansucrase reaction in the presence of raffinose (A) or sucrose and
arabinose (B), followed by two consecutive GPC runs to remove mono-,
di-, and trisaccharides. Likewise, oligosaccharides from the maltotriose,
maltose, and xylose acceptor reactions were prepared (data not shown).

Therefore, peaks were assigned to HeOS based on the following
considerations: (i) comparison of the retention times to FOS
external standards; (ii) assignment of additional peaks in
reactions with fructosyl acceptors to HeOS known to result from

dominated the fermentation throughout the incubation time of 24 h. the (repetitive) acceptor reaction of levansucrase with maltot-
For oligosaccharide analysis, dough samples were weighed, diluted with[10S€, maltose, xylose, and arabinose, which allowed identifica-
demineralized water, and centrifuged at 179@ 30 min to remove  tion of oligomers with a DP of 3 or less; (iii) preparation of
solids. These supernatants were diluted 1:100 and used for oligo-tetra-, penta-, and hexasaccharides in two consecutive GPC runs,

saccharide analysis as described below.
Chromatographic Separation of Oligosaccharides for Qualitative
Analysis. The separation of oligosaccharides was achieved by high-

followed by HPAEC-PAD analysis of the oligosaccharides,
and the determination of the monomer composition of oligo-
saccharides.

performance anion-exchange chromatography with integrated pulsed EFog gnd HeOS from Sucrose or Raffinose as Fructosyl

amperometric detection (HPAEC—IPAD) using an AminoPac PA10
column and an ED40 electrochemical detector as describ&d A
ternary gradient was employed using water with a resistance of28 M
or more (solvent A), 1 M sodium acetate (solvent B), and 0.25 M NaOH

Donor and Acceptor. Levansucrase activity with sucrose as
the only substrate is known to yield inulin-type FOS with a DP
of up to 5 (9). The reaction of thé. sanfranciscensis

(solvent C). To improve the separation of oligosaccharides, the gradientl€vansucrase with 0.4 M sucrose as fructosyl donor and acceptor

was modified as follows: 0 min, 0% B and 12% C; 2 min, 10% B and
12% C; 11 min, 20% B and 12% C; 18 min, 0% B and 30% C; 36
min, 36% B and 24% C; 45 min, 40% B and 24% C. The column was
washed with 50% B and 50% C for 20 min after each sample. Maltose,
maltotriose, raffinose, melibiose, and mixtures of inulin-type FOS
(Actilight, degree of polymerization (DP)-28, Gewtrzmliller, Stuttgart,
Germany) or maltooligosaccharides (DP4-10, Sigma, Deisenhofen,
Germany)

incubation with yeast invertase (Sigma, Deisenhofen, Germany) at a
concentration of 10@g L~* for 3 h at 37 °C.

Statistical Analysis and Experimental Error. All enzymatic
reactions with levansucrase, and sourdough fermentations lwith
sanfranciscensistrains, were carried out in duplicate, triplicate, or

were used as external standards. Invertase treatment o
enzymatic reactions and aqueous dough extracts were carried out b

yielded 1-kestose (Gl nystose (GE), and FOS with a DP of
5 or greater (GFand GFk), which were identified using FOS
as external standards (Figure 2A).

In reactions of levansucrase with raffinose (GalGF) as
fructosyl donor and acceptor, melibiose (GalG) arfds4
fructosylraffinose (GalG§) are formed 9). In the reaction of
he L. sanfranciscensitevansucrase with 0.4 M raffinose as
ructosyl donor, peaks corresponding to tetra-, penta-, and
hexasaccharides were present in addition to melibiose, raffinose,
kestose, and nystose (Figure 2B). The major oligosaccharide
peak at 34 min was assigned to Gaj)3B). HeOS from this
reaction were prepared by two consecutive runs on a GPC
column. Peaks corresponding to tetra- and pentasaccharides were

quadruplicate independent experiments with consistent results. Thecollected, dried under vacuum, and resubjected to analysis by

retention times of the individual peaks in HPAE@AD analysis were
reproducible with an error a£0.5 min, and peak areas were generally
reproducible with an experimental error of less than 15%.

RESULTS

Enzymatic Synthesis of FOS and HeOSTo determine the
retention times of HeOS on the HPAE®AD system, HeOS
were syntheszised in enzymatic reactions with purified levan-

HPAEC—PAD. This oligosaccharide preparation was essentially
free of oligomers with a DP of 3 or less, nystose was not present,
and GalGEF was depletedRigure 3A). The molar monomer
ratio in this oligosaccharide preparation upon hydrolysis was
Gal:Glu:Fru 1:2:5, which demonstrates that raffinose acts as
fructosyl acceptor to yield hitherto undescribed oligosaccharides
with a DP of 4-5.

HeOS from Maltose and Maltotriose as Fructosyl Accep-

sucrase using sucrose as fructosyl donor and the correspondingors. The levansucrase reaction with sucrose as fructosyl donor

carbohydrates as fructosyl acceptors. Although the elution order
of hetergenous sugar oligomers on HPAEZAD cannot be
predicted, oligomers of a homologous series differing only in
their DP generally elute in the order of their molecular weight.
Our analytical setup allowed the separation of maltooligo-
saccharides and inulin-type FOS up to a DP o28)((Figure

2 and data not shown); however, sufficient separation of HeOS
with a DP of 4 or more was not achieved in those cases where
oligomers of two or more homologous series were present.

and maltotriose or maltose as acceptor yieltg-fructofura-
nosylmaltotriose (GF) or erlose (f-3-fructofuranosylmaltose),
respectively, in addition to the FOS serid2). In the reaction

of the L. sanfranciscensi§MW 1.392 levansucrase with 0.4

M sucrose (fructosyl donor) and 0.4 M maltotriose or maltose
(fructosyl acceptors), 1-kestose and possibly nystose, which
coelutes with maltose, were presehRigure 4A,B). The major
HeOS in reactions with maltose eluting at 35 min was
attributable to erlose. Oligomers with a DP or 4 or greater that
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The resulting oligosaccharide preparation was essentially free

A ' G4, GoFn| B ' " nydtose, mattose C C
1750 | T erlose ] of mono- and disaccharides as well as kestose and nystose
1500 - 18 Iy ] (Figure 3B). A comparable oligosaccharide preparation was
I nystose | 1917 kestose L] btained from acceptor reactions with xylose (data not shown).
1250 1-kestose ’ 8 ‘ [ | '.\. 0 . p y .
1000 | . o s The ratio of glucose:pentose:fructose in tri, tetra-, and pen-
1 C3 "t tasaccharides from reactions with xylose and arabinose were
7801 °2, Gy I 3:1:5.5 and 2:1:4, respectively, demonstrating the presence of
S 500 ¢ i . [ oligosaccharides with a DP of 3 or greater in enzymatic reactions
§ 250 L i Sn L with xylose and arabinose as fructosyl acceptors.
g 0 by ottt Oligosaccharides Formed during Sourdough Fermenta-
® c D AF2 tions with L. sanfranciscensisTo determine whether HeOS
O . . . .
B 750 are formed in wheat dough during growthlofsanfranciscensis
k! TMW 1.392, fermentations in wheat dough were carried out in
the presence of 10% sucrose. Doughs fermented With
500 XFp, GFy T APnGFn) sanfranciscensi§MW 1.392 were compared to doughs fer-
ystose | nystose | meqted with an isogenic Igvansucrase-negative derivativq of this
Xy . R ‘ strain, L. sanfranC|scen_S|_s'_I'M\{V 1._392_Alev. Both strains
250 [y Ihestose i ‘.,I'j o : 1 exhibited growth and acidification kinetics that were virtually
- — el e e identical (data not shown), as was observed previoBlyThe
1'2”1'6'2‘0 2'4 2'8 3'2 3'6 12 1"6'2’0 2‘4 2‘8 3‘2 3’6 0 aqueous extracts of wheat doughs were compared to aqueous

extracts treated with yeast invertase to eliminate fructooligosac-
charides originating either from the levansucrase reaction or
from flour. The chromatograms of dough extracts and invertase-
treated dough extracts are showrfFigure 5. Major peaks that
were present in the doughs fermented wittsanfranciscensis
TMW 1.392, but not in doughs fermented with sanfranci-
scensisTMW 1.392Alev, eluted at 12.5, 23.5, 34.0, 34.75, and
35.25 min Figure 5A). Chromatograms of extracts from doughs
fermented with TMW 1.392 and TMW 1.392ev were virtually
identical after treatment with invertase, indicating that all these
peaks are indeed attributable to FOS or He®ire 5B).

The peaks corresponding to 1-kestose and AF can be assigned
on the basis of external standards and the retention times of the
were hydrolyzed by invertase were additionally presemgure respective compounds derived from the enzymatic reactions
4B). The unambiguous assignment of HeOS from the malto- (Figure 4D). The peak eluting at 35.35 min may correpond to
triose acceptor reaction was not possible because three homology|ose, AR, or GsF originating from the acceptor reaction with
gous series of oligosaccharides may have been present: maltomajtose, arabinose, or maltotriosgigure 4A—C). Because
oligosaccharides, FOS resulting from the acceptor reaction with maltose is by far the most abundant carbohydrate in sourdough,
sucrose, and additionally the oligosaccharideg«Gesulting the formation of erlose is more likely than that of other HeOS.
from the acceptor reaction with maltotriogeiqure 4A). This Low amounts of 1-kestose originating from flour were also
CompIeX mixture of Oligomers was not SUfﬁCiently Separated present in doughs fermented with sanfranciscensi3 MW

with our analytical setup. However, all oligomers from the 1 392Alev; nystose coelutes with maltose and therefore cannot
maltotriose acceptor reaction eluting after 35 min were hydro- pe identified unambiguously. FOS or HeOS eluting between
lyzed by invertase treatmerfigure 4A) and cannot be assigned 335 and 34.75 min could not be assigned to individual
to FOS (compare td-igure 2A), indicating the presence of  compounds because several FOS and HeOS with BRIuting
hitherto undescribed §5, HeOS. Accordingly, in the monomers  in that range were generated in enzymatic reactions. Invertase
from pentasaccharides prepared by GPC (data not shown), areatments of extracts from doughs fermented with strain TMW
glucose-to-fructose ratio of 2.5:1 was determined. Because the1 392Alev or TMW 1.392 in the presence of sucrose generated
maltotriose preparation used in our experiments contained tracegp oligosaccharide eluting at 12 min. This peak was absent in
amounts of maltose and maltotetraoBeg(re 4A, lower trace  TMW 1.392Alev fermented doughs but was also oberved in

and data not shown), additional oligosaccharides from maltose dough extracts from chemically acidified doughs when sucrose
and maltotetraose may be present in the reaction products. \as present (data not shown).

HeOS from Xylose or Arabinose as Fructosyl Acceptors.
From the levansucrase reaction in the presence of xylose, th
products xylsucrose (xylosy-fructofuranoside, XF), p- “Discussion
fructosylxylsucrose (Xgj, and di- and trifructosylxylsucrose are
obtained, while arabsucrose (arabinggyftuctofuranoside, AF) heterooligosaccharides (HeOS) hy sanfranciscensi§MW
is produced from arabinos8,(12, 13, 23). In reactions of the 1.392 during growth in sourdough. To identify the various HeOS
L. sanfranciscensi¢evansucrase with xylose and arabinose, based on HPAEC—PAD analysis, HeOS were synthesized in a
xylsucrose and arabsucrose were present in substantial amountshemically defined system by enzymatic reactions with
(Figure 4C,D), and the major peaks at 31 and 34 min are sanfranciscensi¥MW 1.392 levansucrase in the presence of
attributable to fructosylxylsucrose (XFand fructosylarab- the corresponding acceptor carbohydrates. Preliminary evidence
sucrose (AE), respectively. The presence of HeOS resulting was provided that hitherto undescribed tri-, tetra-, and pen-
from the acceptor reaction with arabinose was substantiated bytasaccharides are formed by levansucrase in the acceptor reaction
preparation of oligosaccharides with a DP of 3 or more via GPC. with maltotriose, maltose, arabinose, or xylose.

time {min)

Figure 4. HPAEC—-PAD separation of oligosaccharides resulting from the
levansucrase reaction with 0.4 mol L~ sucrose as fructosyl donor and
0.4 mol L=t maltotriose (A), maltose (B), xylose (C), or arabinose (D) as
fructosyl acceptors (upper traces). The same reaction products were
separated after hydrolysis of FOS and HeOS by yeast invertase (lower
traces). Peaks were assigned based on external standards or literature
data on products of levansucrase activity as described in the text. Uncertain
assignments are marked with question marks. Glucose, fructose, sucrose,
xylose, and arabinose eluted prior to the retention time cutoff at 16 min
used to depict oligosaccharide peaks (not shown).

In this paper we provide evidence for the formation of
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Figure 5.  HPAEC-PAD separation of oligosaccharides extracted from wheat doughs. (A) Analysis of sourdough aqueous extracts fermented with L.
sanfranciscensis TMW 1.392 (upper trace) or L. sanfranciscensis TMW 1.392Alev (lower trace). (B) Analysis of invertase treated sourdough aqueous
extracts fermented with L. sanfranciscensis TMW 1.392 (upper trace) or L. sanfranciscensis TMW 1.392Alev (lower trace). Peaks were assigned based
on the comparison of the retention times with external standards, and standards derived from enzymatic reactions (Figure 3). Uncertain assignments are
marked with question marks. Mannitol, glucose, fructose, sucrose, and melibiose eluted prior to the retention time cutoff at 10 min (not shown).

Because external standards for the various HeOS are unavailis the only enzyme acting on sucrose in the parent stigin (
able, HeOS previously reported as products from transfructo- The development of viable cell counts, lactate levels, and pH
sylation were identified by comparison of the products obtained values during fermentation with these two strains was virtually
from the levansucrase reaction in the presence and absence aflentical (7and data not shown). Therefore, any effect of flour
fructosyl acceptors. The HeOS-g-fructosylraffinose, f-53- enzymes on the formation or removal of endogenous oligosac-
fructofuranosylmaltotriose, erlose, xylsucros&;fifructosyl- charides was identical in the two doughs, and differences in
xylsucrose, and arabsucrose were characterized from the levanthe levels of oligosaccharides result from levansucrase activity.
sucrase reactions with the corresponding acceptor carbohydratetndeed, the oligosaccharide levels in these two doughs were
(9,11-13,23). Identical HeOS were found using levansucrase identical after removal of FOS and HeOS with yeast invertase.
enzymes from the phylogenetically diverse bact&ahnella The unidentified carbohydrate generated by treatment of dough
aquatilisandBacillus subtilis.The strain designatelerobacter extracts with yeast invertase may result from the hydrolysis of
levanicumby Hestrin et al. §) was later reclassified d&&winia FOS originating from flour, or from the transferase activity of
herbicola and is now available aRahnella aquatilisATCC invertase (1127).

15552 (24). Bacterial levansucrases share a substantial degree Based on the comparison of oligosaccharides present in
of homology in their primary sequences, and the catalytic extracts from doughs fermented withsanfranciscensisMW
residues and substrate binding domains are well consebyed ( 1.392 and TMW 1.392Alev, at least five FOS or HeOS could
7, 25, 26). The catalytic properties of tHe sanfranciscensis  be identified that result from levansucrase activity. The forma-
TMW 1.392 levansucrase with respect to substrate specificity, tion of 1-kestose was previously reportéd,(and evidence for
polymer formation, and oligomer formation are in good agree- the formation of arabsucrose and erlose was provided in this
ment with kinetic data from other bacterial levansucra3®s (  work. Further HeOS in dough remain to be characteirzed.
and levansucrase products other than HeOS were readilyMaltose is the major carbohydrate in either wheat or rye
identified by HPAEC—PAD. Therefore, additional products sourdoughs, and is therefore readily available as fructosyl
could be identified as HeOS. The major HeOS from the acceptor acceptor. Substantial levels of arabinose, xylose, and malto-
reactions withL. sanfranciscensievansucrase are expected to dextrins are additionally present (289). Their levels are

be identical to those described previously using levansucrasesenhanced by the use of pentosanases and amylases in bread
from other bacterial species. To demonstrate the presence ofapplications 80). Leavening of bread doughs may be achieved
hitherto undescribed, heterologous tetra- and pentasaccharideghrough the metabolic activity of heterofermentative lactic acid
compounds with the appropriate molecular weights were bacteria in the absence of yeasts (31); however, in industrial
separated from mono-, di-, and trisaccharides by two consecutivepractice, baker’s yeast is the leavening agent most commonly
GPC runs. The determination of the monomer composition of used. Because FOS and HeOS produced in dough by.the
these oligomers demonstrated for xylose and arabinose assanfranciscensievansucrase are hydrolyzed by yeast invertase,
acceptor molecules that HeOS with a DP of 3 or more were these compounds are not likely to be present in bread.
present in the HeOS mixture prepared by GPC. In the case of In conclusion, the oligosaccharides known to originate from
raffinose and maltotriose, HeOS with a DP>of were formed. the acceptor reaction of levansucrase with raffinose, maltotriose,
The characterization of these oligomers, however, requires maltose, xylose, and arabinose, i.&-Atfructosylraffinose, -
improved analytical methods to achieve the separation of the S-fructofuranosylmaltotriose, erlose™g-fructofuranosylmal-
complex mixture of oligosaccharides generated by the levan- tose), xylsucrose, f3-fructosylxylsucrose, and arabsucrose,
sucrase enzyme. were identified in enzymatic reactions with the levansucrase of

The ability of L. sanfrancsicensiso form HeOS in wheat L. sanfranciscensiSsMW 1.392, sucrose, and the corresponding
sourdough was determined by comparing the oligosaccharideacceptor carbohydrates. In addition to the FOS 1-kestose and
patterns in dough fermented with the isogenic, levansucrase-nystose, arabsucrose and erlose were detected in wheat sour-
positive and levansucrase-negative strains TMW 1.392 anddoughs fermented with. sanfranciscensi$MW 1.392. Hith-
TMW 1.392Alev, respectively.L. sanfranciscensisSTMW erto undescribed tri-, tetra-, and pentasaccharides that remain
1.392Alev is unable to metabolize sucrose because levansucrase¢o be characterized on the structural level were furthermore
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detected in the various acceptor reactions. The formation of
HeOS byL. sanfranciscensisieeds to be taken into account
when the sucrose metabolism is studied to optimize the levan
synthesis through the levansucrase activity during growth in
sourdough. Moreover, improved knowledge on the formation
of FOS and HeOS during growth of levansucrase-positive
lactobacilli may enable the directed generation of cereal-based,
functional ingredients for food and feed use.
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