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The mechanism of action of �-amylase from Lactobacillus
fermentum on maltooligosaccharides
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Abstract

The action pattern of Lactobacillus fermentum �-amylase (FERMENTA) was examined using a series of maltooligosaccharides (G2–G7) as
substrates. Structurally, this enzyme has a molecular mass (106 kDa) almost twofold higher than �-amylases from mammalians and cereals. The
product pattern was investigated through an analysis of products and substrates using HPAEC with pulsed amperometric detection. FERMENTA
was consistent with an endo-type of amylase. The bond cleavage frequencies were studied using maltooligosaccharides of various chain lengths
as substrate, i.e. maltose up to maltoheptaose and DP 4900-amylose catalyzed by FERMENTA. The catalytic efficiency (kcat/Km) increased with
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hain length from maltose (8.7 × 104 M−1 s−1) up to amylose (1 × 109 M−1 s−1). These action pattern results revealed that FERMENTA can readily
leave the third linkage from the reducing end of the maltooligosaccharides (G5–G7).

2006 Elsevier B.V. All rights reserved.
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. Introduction

In many Africa countries, starchy fermented products are key
taple foods and fermentation is one of the oldest and most
ost-effective methods of producing and preserving food [1].
n Benin, for instance, ogi, a traditional maize-based fermented
eaning food, accounts for more than half of the local diet.
Starch fermentation using an amylolytic Lactobacillus strain

mproves digestibility and could thus be beneficial, especially
or young children who are often hampered by inadequate secre-
ion of pancreatic �-amylase (EC 3.2.1.1) [2]. Among various
actobacillus strains that exhibit amylolytic activity, two were

solated: Lactobacillus fermentum ogi E1 and L. fermentum
awè Mw2 [3]. A new �-amylase from L. fermentum ogi E1

FERMENTA) was isolated and compared with other Lacto-
acillus �-amylases [4].

Abbreviations: HPAEC, high performance anionic exchange chromatogra-
hy; PAD, pulsed amperometric detection; FERMENTA, Lactobacillus fermen-
um �-amylase; PPA, porcine pancreatic �-amylase; AMY, barley �-amylase;

1, glucose; G2, maltose; G3, maltotriose; G4, maltotetraose; G5, maltopen-

Some characteristics of FERMENTA have already been
described. It has a molecular mass (106 kDa) about twofold
higher than �-amylases from mammalians and cereals [5,6],
whereas its pI (3.6) is lower than that of those other �-amylases
(>4.5). The FERMENTA amino acid sequence contains two
equal parts: N-terminal moiety with the active site and C-
terminal repeated sequences. Using a fold recognition approach,
we can predict the structure and function of these repeated
sequences. Using two different prediction programs, the C-
terminal domain is appear to be organized in �–sheet structures
and may constitue the starch binding domain. Moreover, the
results of FERMENTA inhibition kinetics indicated that this
amylase contains, in addition to the active site, a second soluble
carbohydrate binding site needed for its activity [4], similarly
to the porcine pancreatic �-amylase (PPA) [7] and the barley
�-amylase (AMY) [8]. On the other hand, the action pattern of
FERMENTA has not yet been examined on short substrates, nor
has the way �-amylase attacks its substrate been described from
the standpoint of the location of attack on the substrate and the
product formed.

One characteristic of �-amylase is that it catalyses the
aose; G6, maltohexaose; G7, maltoheptaose; DP, degree of polymerization
∗ Corresponding author. Tel.: +33 467 41 62 51; fax: +33 467 41 62 22.
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hydrolysis of internal �-1,4-glucosidic bonds in starch and
related saccharides [9]. Two types of soluble substrates are
used: long substrates (e.g. amylase) and short substrates (e.g.
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maltodextrines or maltooligosaccharides). Several methods are
available to elucidate the action pattern of these enzymes dif-
fering by the substrates used: limit dextrins [10], modified
starch [11], maltooligosaccharides [12] and maltooligosaccha-
ride derivatives (containing 4-nitrophenyl, or reducing end
labeled, etc.) [13]. A method using maltooligosaccharide series
from maltose and maltoheptaose was used to study the hydrol-
ysis of animal �-amylase (PPA) and cereal �-amylase AMY
[14–16].

Kinetic studies on amylase and the analysis of products of
the reaction showed that the active site is organized in sub-
sites, each of them accommodating a glucose residues. Each
subsite is numbered according to the position of the reduc-
ing end of the sugar, i.e. 1, 2, 3, . . . and −1, −2, −3, . . .,
respectively to the reducing end and nonreducing end. The
cleavage site is located between the subsites 1 and −1. The
structural organization with five subsites was proposed for bac-
terial (Bacillus subtilis) and mammalian amylases (Fig. 1).
The active site is directed to receive polymers of the nonre-
ducing end at the reducing end. The catalytic site (arrow in
Fig. 1) is the cleavage site. �-amylases contain 5–10 sub-
sites, each receiving a monomer of the substrate via hydro-
gen bonds and hydrophobic interactions [17–21]. The number
of subsites and the binding energy at each subsite may be
deduced by experimentally determining the kinetic parameters,
i.e. Michaelis constant (K ), catalytic activity (k ) and catalytic
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2. Materials and methods

2.1. Materials

2.1.1. Reagents
A Waters MonoQ (Milford, MA, USA) column (Protein-

PakTM Q 15HR, 10 mm × 100 mm), polymeric strong anion
exchange with 15 �m size particule was used. Soluble
starch, amylose (type III from potato) DP 4900 (794 kDa)
[23], �–cyclodextrin, maltose, maltooligosaccharides, tri-
ethanolamine, phenylmethylsulfonylfluoride (PMSF), diiso-
propylfluorophosphate (DFP) and the protease inhibitor cocktail
were from Sigma (St. Louis, MO, USA). All other chemi-
cals used in this study were analytical grade. The Ceralpha kit
(Megazyme, Ireland) was used to determine �-amylase activity
during purification.

2.1.2. Instrumentation
LC analyses were performed with high-performance anion-

exchange chromatography (HPAEC) (Dionex, Sunnyvale, CA,
USA) equipped with a gradient pump (GP 40), a pulsed amper-
ometric detector (ED 40) and an autosampler TSP AS3500
(Spectra System, USA) was used to inject samples. The Dionex
Peaknet 5.1. software package was used for data collection and
processing.
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fficiency (kcat/Km), and the cleavage frequency at the bonds
f the polymeric substrate [15]. The 3D structure of different
-amylase/inhibitor complexes made it possible to accurately
escribe the active site of amylases, particularly that of the APP
22].

The present study was aimed at determining the action pattern
f �-amylase from L. fermentum (FERMENTA). We carried out
large number of kinetic experiments with maltooligosaccha-

ide series and amylose. The digestion products were analyzed
y HPAEC to determine the bond cleavage frequencies and
atalytic efficiencies by FERMENTA for maltoligosaccharides
ontaining two to seven glucose residues. These maltooligosac-
harides can be used for studies on the action pattern of FER-
ENTA.

ig. 1. Structural organization of subsites of �-amylase active sites: ( )
nzyme subsite; (©) glucose unit; (↓) cut position; and (�) reduced glucose
nit.
.1.3. Sample preparation
Lactobacillus fermentum Ogi E1 (I-2028, CNCM, Institut

asteur, Paris) was cultured according to Agati et al. [3]. FER-
ENTA was purified as previously described by Talamond et

l. [4]. The amylase concentrations were determined by mea-
uring A280 nm (ε1% = 24) by using molar absorption coefficient
3.8 × 104 M−1 cm−1 as amylase reference (PPA).

.2. Methods

.2.1. Chromatographic conditions
Separation was carried out with a CarboPac PA-100

4 mm × 250 mm, 5 �m) column equipped with a guard-column
CarboPac PA). The elution was performed with a 5–500 mM
odium acetate gradient over 20 min in 100 mM NaOH at room
emperature and at 1.0 ml min−1. A 20-�L constant volume
njection loop was used throughout. Detection was performed
y triple-pulsed amperometry using an amperometric detector
ED 40) with a gold working electrode. At the exit of the col-
mn, the secondary function alcohol of the oligosaccharides
t high pH, was oxidized at the surface of a gold electrode
y the application of detection potentials. The current gen-
rated is proportional to the carbohydrate concentration, thus
roviding a mean for the quantitative detection. The advantage
f this method is its high sensitivity (order of the picomole).
he pulse potential and duration used are showed in Table 1.
or quantification, glucose, maltose, maltotriose, maltotetraose,
altopentaose, maltohexaose, and maltoheptaose (0.5–5 �M)
ere used as calibration standards. The quantity of each of them
as determined by the measurement of the peak surface of about
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Table 1
Amperometric detector (ED 40) timed events

Time (s) Potential (V)

0.00 0.10
0.20 0.10
0.40 0.10
0.41 −2.0
0.42 −2.0
0.43 0.6
0.44 −0.10
0.40 −0.10

10–20 nC. The concentration zone between 0.5 and 7 �M is lin-
ear for each maltooligosaccharides.

2.2.2. Kinetic experiments
Kinetic experiments were performed at 40 ◦C in 20 mM

sodium acetate buffer (pH 5.0), containing 1 mM CaCl2 and
1 mM sodium azide. Substrate and buffer were mixed and the
reaction was initiated by adding the enzyme.

When maltoolgosaccharides were used as substrate, the incu-
bation volume was 225 �L with an enzyme volume of 25 �L.
Samples (40 �L) were removed at the appropriate time intervals
(0, 0.15, 0.30, 0.45, and 1 min), added to 500 mM sodium car-
bonate to stop the reaction of each oligosaccharide and kept on
ice until analysis. Aliquots were then injected in the Dionex sys-
tem. The above-described conditions enabled us to determine
the initial velocity of the hydrolysis time course. The kinetic
parameters were determined at the lowest possible substrate
concentrations in order to limit transglycosylation and conden-
sation. The hydrolysis rate was determined by measuring the
maltooligosaccharides produced.

When amylose was the substrate, amylase activity was deter-
mined by reductometry [24]. The incubation volume was 400 �L
with an enzyme volume of 100 �L. The reaction was stopped at
the appropriate time intervals (1, 3, and 5 min) by adding 500 �L
of chilled 0.38 M sodium carbonate containing 1.8 M cupric sul-
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where [E0] and [S0] are the added concentrations of enzyme and
substrate, and [S] is the concentration of substrate at any time
during hydrolysis.

The catalytic efficiency kcat/Km was determined from the
ln [S0]/[S] versus t plot. The kcat/Km catalytic efficiency slope
values were calculated by linear regression.

3. Results

3.1. Hydrolysis of maltoheptaose (G7) and maltohexaose
(G6) by α-amylase

Maltoheptaose and maltohexaose were used at various con-
centrations in the FERMENTA reaction to determine the
product pattern tested by high-performance anion-exchange
chromatography (Fig. 2). All oligosaccharides were detected
with a pulsed amperometric detector. The initial veloci-
ties of the hydrolysis reactions with these two substrates
were measured for different substrate concentrations. Assess-
ment of the distribution patterns of the products at various
c
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t
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ate and 0.2 M glycine (500 �L) and kept on ice. The hydrolysis
ate of DP 4900-amylose was determined on the basis of the
ncrease in reducing power when using maltose as standard. The
eductometry or HPAEC-PAD values gave initial velocities as
alculated from the slopes obtained by linear regression of the
inear part of the progress curves, which in turn gave the num-
er of glycoside bonds hydrolysed per minute or the amount
f product (G1, G2, G3, G4, G5, and G6) released per minute,
espectively. All experiments were conducted in triplicate or
uadruplicate (with experimental error <5%).

.2.3. Theoretical method
The rate of decrease in substrate can be assumed to obey

rst-order kinetics, and the reaction was performed at much
ower substrate concentrations than Km, according to the

ichaelis–Menten equation:

= −d(S)

dt
= kcat

Km
[E0][S]
oncentrations indicated that these distributions varied accord-
ng to the initial substrate concentration (Fig. 3). For mal-
oheptaose and maltohexaose, the hydrolysis product profiles
hanged according to the initial substrate concentration sub-
trate and oppose the concentration of 500 �M to both others.
owever, the patterns obtained at 500 �M concentration were
ifferent.

ig. 2. Separation of maltooligosaccharides in the DP 1-7 range: (a) at time zero;
b) at 30 min of maltoheptaose (100 �M) hydrolysis by FERMENTA (1 �M).
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Fig. 3. Product distribution patterns for maltoheptaose and maltohexaose at var-
ious substrate concentrations. Substrate concentrations are given on the abscissa
axis. Product: ( ) glucose; ( ) maltose; ( ) maltotriose; (�) maltotetraose; and
( ) maltohexaose.

3.2. Amylose hydrolysis by FERMENTA

This study involved determining the kinetic parameters of
hydrolysis catalysed by FERMENTA and a substrate with long
chain polysaccharides, i.e.: amylase (Fig. 4). The hydrolysis
reaction was initiated by the addition of amylase (2 nM) in the
reaction medium (buffer and substrate) by reductometry [24].
Seven amylose concentrations ranging from 0.05 to 1.26 �M
(or 0.04 to 1 g L−1) were used, with each experiment carried
out in quadruplicate. The initial velocity is given in the lin-
ear part of the kinetics [S] = f(t), near to the origin. The results
are expressed using a Michaelis–Menten v = f ([S]) plot and
Lineweaver–Burk 1/v = f (1/[S]) plot. The kinetic study gen-
erated plots in double reverse 1/vi = f (1/[S]) linear. Relation-
ships between the initial velocity and the substrate concentration
were hyperbolic. The slope of the 1/v line corresponded to the
catalytic efficiency. From the experimental values, a statistical
analysis allowed us to compute kcat and Km and then the catalytic
efficiency kcat/Km (1 × 109 M−1 s−1) for FERMENTA.

Fig. 4. Amylose hydrolysis by FERMENTA (2 mM). Michaelis–Menton plot
v = f ([S]). (Insert) Lineweaver–Burk plot 1/v = f (1/[S]).

3.3. Catalytic efficiencies

From the optimum conditions (pH 5.0) and 40 ◦C temperature
in sodium acetate buffer, the kinetic parameters were determined
using six oligosaccharides (G2–G7) as substrate with a fixed
concentration (10 �M). After incubation, the reactions were ini-
tiated by the addition of enzyme (1–100 nM). Samples collected
every 15 s to 1 min were analyzed by HPAEC giving [S], i.e. the
amount of substrate remaining at each time (Fig. 4). The ini-
tial substrate [S0] and enzyme [E0] concentrations are given in
Table 2. The relationships between (ln [S0]/[S]) and time were
linear for all maltooligosaccharides from G2 to G7 (see insert
Fig. 4). The slope values gave the kcat/Km directly (Table 2).
Catalytic efficiencies increased with the length of the substrate,
from maltose to maltoheptaose. This increase reached almost
200-fold from G2 to G7. The catalytic efficiencies markedly
increased between Glc3 and Glc4 (74-fold) and remained almost
stable between G4 and G7.

3.4. Cleavage frequencies

When the substrate concentrations were less than 0.1 Km, the
released products were quantified using the corresponding stan-
dard at various incubation times. Under these conditions (with
low substrate concentrations), a linear relation was obtained for
e
t
i
p
i

Table 2
Catalytic efficiency in the hydrolysis of different substrates, i.e. G2–G7 (100 �M), by

Substrate

Glc2 Glc3 Gl

k 6.9
E 1
cat/Km (s−1 M−1) 8.7 × 104 9.3 × 104

0 (�M) 100 100
ach substrate (G3–G7) with respect to the product concentra-
ion over time (insert Fig. 5). For each hydrolized product, the
nitial velocity (vi) was calculated by the slope straight line
= f(t). The cleavage frequency (vi/Σvi) indicated the bind-

ng mode of the corresponding substrate. For a given substrate

FERMENTA determined at the indicated enzyme concentrations

c4 Glc5 Glc6 Glc7

× 106 1.6 × 107 1.6 × 107 1.9 × 107

1 1 1



46 P. Talamond et al. / J. Chromatogr. B 834 (2006) 42–47

Fig. 5. Maltoheptaose hydrolysis catalyzed by FERMENTA. (insert)
ln ({S0])/{S) = f(t) plot: ( ) maltoheptaose; (©) maltotetraose; (�) maltotriose;
(�) maltose; and (�) glucose.

Table 3
Cleavage frequency for maltooligosaccharide (G4, G5, G6, and G7) hydrolysis

Substrate Reaction products (%)

G1 G2 G3 G4

Maltoheptaose 0.12 0.255 0.34 0.283
Maltohexaose 0.41 0.424 0.166
Maltopentaose 0.18 0.494 0.376
Maltotetraose 0.49 0.371 0.136

(G4–G7), reproducible values were obtained at four incubation
times. Each hydrolysis proceeded until no more than 10% of
the substrate was hydrolysed. The product percentages after
hydrolysis of maltoligosaccharides by FERMENTA are shown
in Table 3. The major products obtained depended on the sub-
strat used: maltotriose was produced from maltoheptaose and
maltohexaose; maltose from maltopentaose; glucose from mal-
totetraose. To reach these results, two bonds have to be cut in
maltotetraose and maltopentaose, while two, three or four cuts
were necessary in maltohexaose and maltoheptaose.

4. Discussion

From the purified enzyme from L. fermentum, we studied the
interaction of �-amylase with its substrate and the mode of action
of FERMENTA using long and short substrates. The method
is based on determination of the cleavage frequencies and on
the catalytic efficiency rates. The functional study was carried
out with initial substrate concentrations that were sufficiently
weak to avoid bimolecular reactions such as condensation and
transglycosylation.

4.1. Maltoheptaose and maltohexaose hydrolysis

Products hydrolysed at various substrate concentrations were
a
a
o

differed from that obtained at 750 and 1000 �M. The differ-
ence may dependent on the �-amylase conformation at different
concentration and the accessibility of its active and of binding
sites. The maltoheptaose profiles showed the presence of glucose
(about 10%) and the absence of maltopentaose. This is closer
to the porcine pancreatic �-amylase profile than to the barley
�-amylase profile. By contrast, maltohexaose hydrolysis gave
similar profiles, regardless of the concentration. In this case, the
hydrolysis profile was close to that of PPA [20].

The FERMENTA hydrolysis pattern indicated an endo-
amylase, producing maltotriose, maltose and maltotetraose, and
no specific cleavage was observed on oligosaccharides. This
pattern was in agreement with many other �-amylases studied
previously.

4.2. Catalytic efficiencies

This �-amylase showed Michaelis–Menten kinetics for
maltooligosaccharides and amylose hydrolysis. The kcat/Km
value increased with the chain length from maltose
(8.7 × 104 M−1 s−1) to maltoheptaose (1.9 × 107 M−1 s−1), and
then to amylose (1 × 109 M−1 s−1). With amylose as substrate,
the results showed that this amylase has one active site and
binds to only one substrate molecule. The catalytic efficiency
rate of FERMENTA was within the same order of magnitude
as that of AMY (1 × 109 M−1 s−1) [14] and 20-fold less active
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nalyzed by HPAEC (Fig. 2). Product distributions varied
ccording to the initial substrate concentrations. In the case
f maltoheptaose hydrolysis, the profile obtained at 500 �M
han PPA and an �-amylase from L. plantarum (12.6 × 109 and
0 × 109 M−1 s−1) [4,25].

Full analysis of the FERMENTA digestion products enabled
s to determine the catalytic efficiencies of various mal-
ooligosaccharides. A 104-fold increase in catalytic efficiency
as observed from maltose to amylose. The increase in catalytic

fficiency was due to the increase in the energy of the substrate-
nzyme interaction and to the increase in the probability of
ormation of productive complexes. All FERMENTA catalytic
fficiencies obtained with the maltooligosaccharide series were
igher than those of PPAI and PPAII [15].

.3. FERMENTA action pattern

The action pattern of FERMENTA was examined using the
altooligosaccharide series (G2–G7) to determine the glyco-

idic linkage being cleaved as well as the cleavage frequency
ested by high performance liquid chromatography (HPAE-
AD). The concentration of glycosidic fragments produced by
he �-amylase reaction showed linearity over the reaction time
ourse and the product distributions were calculated for a given
ubstrate (insert Fig. 5). The action pattern is a description of
he way an enzyme attacks its substrate from the standpoint of
he point of attack on the substrate and the product formation
equence (Fig. 6). In a very slow reaction, G3 is cleaved to mal-
ose and glucose. It was found that three maltooligosaccharides
ubstrates (G5, G6, and G7) have more than one bond cleaved,
.e. four cleavages occur in G7, three and two were hydrolysed in
6 and G5, repectively. FERMENTA readily cleaved the third

inkage from the reducing end of maltooligosaccharides, the sec-
nd was easy but the first was highly resistant.
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Fig. 6. Schematic representation of the main bond cleavage frequencies of FER-
MENTA with G5, G6, and G7: (©) glycosyl residues; (�) reducing end; (—)
linkages; and (↓) catalytic site.

The substrate specificity of FERMENTA was determined
against maltooligosaccharides and polysaccharides. Use of an
oligosaccharide series was helpful for determining the preferred
points of attack. The terminal linkages in oligosaccharides were
resistant to attack, expecially at the reducing end. FERMENTA
may therefore preferentially cleave at the �-1,4 linkage adja-
cent to non-reducing ends, releasing maltotriose and maltose.
This hydrolysis pattern of this �-amylase was consistent with an
endo-type amylase. The action pattern is an initial mechanistic
description mainly concerning compounds that could potentially
be isolated, and they could be further studied by X-ray structural
analysis in order to gain insight into the hydrolysis mechanisms.
Moreover, reducing end labeled substrates could also bring com-
plementary information on these �-amylase subsites.

Acknowledgements

The authors thank Professor A. Puigserver and Professor G.
Marchis-Mouren of the Institut Méditerranéen de Recherche en
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