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Abstract

Background: a-Amylases specifically catalyse the hydrolysis of the internal a-1, 4-glucosidic linkages of starch.
Glycoside hydrolase (GH) family 13 is the main a-amylase family in the carbohydrate-active database. Lactobacillus
plantarum WCFS1 possesses eleven proteins included in GH13 family. Among these, proteins annotated as maltose-
forming a-amylase (Lp_0179) and maltogenic a-amylase (Lp_2757) were included.

Results: In this study, Lp_0179 and Lp_2757 L. plantarum a-amylases were structurally and biochemically charac-
terized. Lp_2757 displayed structural features typical of GH13_20 subfamily which were absentin Lp_0179. Genes
encoding Lp_0179 (Amy2) and Lp_2757 were cloned and overexpressed in Escherichia coli BL21(DE3). Purified pro-
teins showed high hydrolytic activity on pNP-a-D-maltopyranoside, being the catalytic efficiency of Lp_0179 remark-
ably higher. In relation to the hydrolysis of starch-related carbohydrates, Lp_0179 only hydrolysed maltopentaose and
dextrin, demonstrating that is an exotype glucan hydrolase. However, Lp_2757 was also able to hydrolyze cyclodex-
trins and other non-cyclic oligo- and polysaccharides, revealing a great preference towards a-1,4-linkages typical of
maltogenic amylases.

Conclusions: The substrate range as well as the biochemical properties exhibited by Lp_2757 maltogenic a-amylase

suggest that this enzyme could be a very promising enzyme for the hydrolysis of a-1,4 glycosidic linkages present in
a broad number of starch-carbohydrates, as well as for the investigation of an hypothetical transglucosylation activity

under appropriate reaction conditions.
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Background

Starch is the most popular polysaccharide used as a food
ingredient. It is a mixture of amylose, which is essentially
composed only of a-1,4-linked glucose-polymers, and amy-
lopectin, which is composed of a-1,4-linked glucose-pol-
ymers branched by «a-1,6 linkages. a-Amylase specifically
catalyse the hydrolysis of the internal a-1,4 glucosidic link-
ages of starch; in addition to its main reaction, a-amylase
weakly catalyse o-1,4-transglycosylation [1]. Despite the
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fact that the catalytic action of any a-amylase should be,
in principle, the same, different proteins may have evolved
even within the same organism to possess the same cata-
lytic activity as the a-amylase. In the sequence-based clas-
sification system of all carbohydrate-active enzymes (CAZy
database, http://www.cazy.org) [2] a-amylase is one of the
most frequently occurring glycoside hydrolase (GH). Fam-
ily GH13 is known generally as the main a-amylase fam-
ily. Overall, the a-amylases classified in family GH13 share
4-7 conserved sequence regions (CSRs) and catalytic
machinery, and adopt the (a/f)g-barrel fold of the catalytic
domain [3]. Within the family GH13, the a-amylase speci-
ficity is currently present in several subfamilies exhibiting
a higher degree of sequence similarity to each other than

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0003-4170-9713
http://creativecommons.org/licenses/by/4.0/
http://www.cazy.org
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-019-1237-3&domain=pdf

Plaza-Vinuesa et al. Microb Cell Fact (2019) 18:183

to members of other GH13 subfamilies. Currently, 42 sub-
families of GH13 have been defined, but several sequences
and characterized enzymes are not yet assigned to a sub-
family [4]. Generally, GH13 subfamilies contain more than
one reported activity. However, activities within each sub-
family are closely related. An example is the assignment
of different EC numbers for the same activity in subfam-
ily GH13_20, which groups cyclomaltodextrinase (EC
3.2.1.54), maltogenic a-amylase (EC 3.2.1.133), and neop-
ullulanase (EC 3.2.1.135), which are enzymes with strongly
related (or even sometimes nearly identical) substrate and/
or product specificities [5, 6]. These enzymes are distin-
guished from typical a-amylases (EC 3.2.1.1) by containing
an N-terminal domain and exhibiting preferential substrate
specificities for cyclomaltodextrins over starch [6].

Lactobacillus plantarum is a highly versatile lactic acid
bacterial species found in many different ecological niches,
such as vegetables, meat, fish, and dairy products, as well
in the gastrointestinal tract. This ability to adapt to dif-
ferent environments and growth substrates is supported
by its high genome size encoding a large variety of pro-
teins, including those involved in carbohydrate utilization.
Despite numerous genome sequences from L. plantarum
are currently available, there is still limited information on
the function of genes coding for a-amylases by their func-
tion on starch. It has turned out to be more appropriate to
classify amylolytic enzymes based on similarities in their
amino acid sequences and three-dimensional structures,
and catalytic machineries, all reflecting evolutionary relat-
edness, rather than on specificity. Such approach, however,
opens the door to enzymes, that are closely related in func-
tion, may be classified separately, but also to the fact that
similar reactions can be catalysed by structurally different
and, thus, evolutionary unrelated proteins [4]. The defini-
tive approach to assign a specific molecular function to a
predicted open reading frame is to biochemically charac-
terize the corresponding protein. In this regard, the objec-
tive of this study was to determine the functional features
of the putative Lp_2757 maltogenic a-amylase from L.
plantarum WCEFS]1, through biochemical characterization
of the recombinantly expressed protein. Moreover, as a
maltose-forming a-amylase has been previously described
from L. plantarum [7], a detailed comparison among the
two L. plantarum amylolytic proteins has been also carried
out.

Results and discussion

Sequence analysis and structural features of L. plantarum
a-amylases

As mentioned previously, family GH13 is known as the
main a-amylase family in CAZy database. The GH13
polyspecificity results in the fact that the single member-
ship to this family cannot be used for the prediction of
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gene function based on sequence alone [5]. L. plantarum
WCEFS1 possesses eleven proteins included in GH13 fam-
ily. Among these proteins, only two proteins are anno-
tated as “a-amylase”, Lp_0179 (Amy2, a-amylase) and
Lp_2757 (maltogenic a-amylase). Amy2 from L. plan-
tarum subsp. plantarum ST-III has been previously
characterized and its maltose-forming a-amylase activity
described [7]. Amy2 from this strain has an amino acid
sequence identical to Lp_0179 (Amy2) from L. plan-
tarum WCEFS1 (data not shown). Lp_0179 is a 440 amino
acid residues GH13 three-domain protein, harbouring
the main catalytic (a/f)g-barrel domain (domain A) with
a small domain B protruding out the barrel as a longer
loop between the strand 3 and helix a3 and succeeded at
the C-terminal end by domain C, adopting an antiparallel
B-sandwich fold (Fig. 1). The domain of the (B/a)¢-barrel
is composed of eight inner parallel 3-strands surrounded
by eight a-helices and, because it was first recognized
in the structure of triose-phosphate isomerase (TIM), is
often called the TIM-barrel [4]. Lp_0179 possesses the
four GH13 family conserved sequence regions (CSR)
(CSR I, II, III, and IV) located at or near the C-termini
of strands B3, B4, p5 and 7 of the catalytic (B/a)g-barrel
domain and include the catalytic triad (Fig. 1, Additional
file 1: Figure S1), The GH13 catalytic triad, consisting of
Asp-171 (catalytic nucleophile), Glu-200 (proton donor),
and Asp-277 (transition-state stabilizer), is present in
Lp_0179 (Fig. 1). Throughout family GH13, sequence
identity is extremely low and only the catalytic triad, plus
the Arg-169, positioned two residues before the catalytic
nucleophile, are generally conserved (Fig. 1; Additional
file 1: Figure S1) [4].

Contrarily to Lp_0179, which has not yet been assigned
to a subfamily, Lp_2757, the other L. plantarum GH13
a-amylase, is included in the GH13_20 subfamily. The
members of this subfamily are distinguishable by the
preferential substrate specificities for cyclomaltodex-
trins over starch, and by the presence of a N-terminal
domain preceding the catalytic (ot/p)g-barrel (Fig. 1,
Additional file 2: Figure S2). Although the function of this
N-terminal domain has still not been completely under-
stood, such domain often acts as an anchor to starch in
the catalytic reaction of the enzyme [8]. Typical starch-
binding domains have also been classified within the
CAZy database as the so-called “carbohydrate-binding
modules” (CBM) families. CAZy database includes the
Lp_2757 N-terminal domain in the family 34 (CBM34).
In addition to this N-terminal domain, Lp_2757, as well
as other GH13 a-amylases, possessed there additional
CSR (CSR V, VI and VII), positioned near the C-termi-
nus of domain B and at or near the C-termini of the bar-
rel strands 2 and P8, and contained residues that may
be used to distinguish the GH13 specificities from each
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Fig. 1 Comparison of amino acid sequences of Lp_2757 and Lp_0179 GH13 a-amylases from L. plantarum WCFS1. Aligment was done using

the program ClustalOmega. Residues that are identical (*), conserved () or

gaps introduced to maximize similarities. The GH13 three domains are highlighted in blue (domain A), green (domain B), and yellow (domain C).

The N-terminal domain of Lp_2757 (CBM34) is indicated in dark blue. The s

a-amylases are also indicated. The residues of the GH13 catalytic triad (Asp-171, Glu-200, and Asp-227 in Lp_0179) are highlighted in pink colour.

Conserved residues in amylolytic enzymes are highlighted in red (Lee et al.
respectively, are indicated in grey colour

semiconserved () in both sequences are indicated. Dashes indicated
even conserved sequence regions (CSR) found in GH13_20 subfamily

,2002). The conserved VANnE and MpKin motifs, in the CSR Il and V

other [4] (Fig. 1). GH13_20 a-amylases can be rather
easily distinguished from other amylases on the basis of
the conservation of Trp-47 and Phe-295 [6]. Moreover,
Glu-338 is conserved in GH13_20 subfamily. This resi-
due is proposed to play an important role in the binding
of oligosaccharide acceptors [9]. Glu-338 is part of the

conserved stretch VAnE succeeding the catalytic nucleo-
phile in the CSR II (Fig. 1). Moreover, the GH13_20 sub-
family is characterized by the sequence motif MpKln in
their CSR 'V [10].

In spite of the fact that Lp_0179 and Lp_2757 are L.
plantarum proteins annotated as a-amylases belonging



Plaza-Vinuesa et al. Microb Cell Fact (2019) 18:183

to the GH13 family of glycosyl hydrolases, their amino
acid sequence are only 26.4% identical, and are not
closely related in terms of protein structure. There-
fore, the recombinant production of both proteins and
the subsequent analysis of their substrate specificity are
warranted based on likely differences between their bio-
chemical properties.

Production, purification and biochemical characterization
of recombinant L. plantarum a-amylases

The only two proteins from the GH13 family of glyco-
syl hydrolases annotated as a-amylases, which exhibited
substantial differences on their amino acid sequence,
were recombinantly overproduced. The lp_0179 (amy2)
and [p_2757 genes were cloned into the pURI3-Cter
expression vector by a ligation —free cloning strategy
described previously [11]. The vector incorporates the
DNA sequence encoding a C-terminal hexa-histidine tail
to create His-tagged fusion enzyme for further purifica-
tion step. The integrity of the constructs was confirmed
by DNA sequencing. The lp_0179 and Ip_2757 genes
were expressed in E. coli under the control of an IPTG
inducible promoter. Cell extracts were used to detect the
presence of overproduced proteins by SDS-PAGE analy-
sis. Whereas control cells containing the pURI3-Cter
vector did not show protein overexpression, overpro-
duced protein with an apparent molecular mass around
50 and 62 kDa for Lp_0179 and Lp_2757, respectively,
were present in the intracellular soluble fraction of the
cells (data not shown). Since the cloning strategy yielded
His-tagged proteins, L. plantarum o-amylases were
purified on an immobilized metal affinity chromatogra-
phy (IMAC) resin. Recombinant proteins were eluted
from the resin at 150 mM imidazole, and observed as an
apparent band on SDS-PAGE (Fig. 2). The proteins were
dialyzed against 50 mM phosphate buffer (pH 7) contain-
ing 300 mM NaCl.

Lp_0179 and Lp_2757 «-amylases are only 26.4%
identical on their amino acid protein sequence, but
taking into account that similar reactions can be cata-
lysed by structurally different and unrelated proteins,
the biochemical activity of pure recombinant proteins
was analysed. A pNP-glycoside derivatives library to
test the substrate range of glycosyl hydrolases was
used. This library consisted of 25 commercially avail-
able pNP-glycosides to identify colorimetrically the abil-
ity of glycosyl hydrolases to liberate p-nitrophenolate
at 420 nm. From the substrates assayed, Lp_0179 only
hydrolyzed pNP-a-p-maltopyranoside, whereas Lp_2757
was able to hydrolyze pNP-a-bp-maltopentaoside as
well as pNP-a-D-maltopyranoside (86% of the activity
on pNP-a-D-maltopentaoside). This result confirmed
that both enzymes hydrolysed o-1,4-glucosidic bonds.
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Fig. 2 SDS-PAGE analysis of the purification of Lp_0179 (a) and
Lp_2757 (b) GH13 a-amylases from L. plantarum WCFS1 after His
affinity resin. The arrows indicated the overproduced and purified
proteins. The gels were stained with Coomassie blue. Molecular mass
markers are located at the left (SDS-PAGE Standards, Bio-Rad)

However, the activity of Lp_0179 (LpMA) on pNP-a-
D-maltopentaoside was previously analysed reporting
that Lp_0179 hydrolyzed the a-1,4-glucosidic bonds of
pNP-a-D-maltopentaoside, resulting in production of
maltose and pNP-a-D-maltotriose [7]. This result could
be in agreement with the results reported in our study,
as Lp_0179 was unable to liberate pNP (detected col-
orimetrically) but able to hydrolyze one internal a-1,4-
glucosidic bond to liberate pNP-o-D-maltotriose and
maltose (detected by HPAEC and thin layer chromatog-
raphy) [7].

As  both  a-amylases  hydrolysed  pNP-a-D-
maltopyranoside, this substrate was chosen to characterize
the biochemical properties of Lp_0179 and Lp_2757. Fig-
ure 3 showed a different behaviour of both a-amylases in
relation to their optimal pH and temperature for activity.
The optimal pH for activity is 4—7 in Lp_0179 and 4-6 for
Lp_2757 (Fig. 3a). Lp_2757 presented its maximal activity
at 30-37 °C, whereas Lp_0179 maintained a similar activ-
ity at the different temperatures assayed (Fig. 3b). Similarly
to Lp_0179, a maltose-forming amylase from L. plantarum
$21 strain, which is absent on WCES] strain, showed the
same behaviour. L. plantarum S21 amylase exhibited more
than 80% relative activity at pH values ranging from 5.0 to
6.5, and optimal temperature at all temperatures assayed
[12].

It is interesting to note that when soluble starch was
used as substrate, Lp_0179 showed a clear optimum
temperature at 30 °C and more acidic optimal pH (pH
3) [7]. As explained before, the reason for the differences
observed on Lp_0179 optimal pH and temperature could
be partially due to the different glycosidic bond hydro-
lysed. The optimal reaction temperature on various sub-
strates of an a-amylase from Lactobacillus gasseri ATCC
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Fig. 3 Biochemical properties of Lp_0179 and Lp_2757 a-amylases from L. plantarum WCFS1. a Relative activity of Lp_0179 (filled square) and
Lp_2757 (filled triangle) versus pH. b Relative activity of Lp_0179 (filled square) and Lp_2757 (filled triangle) versus temperature. Thermal stability

of Lp_0179 (c) and Lp_2757 (b) after preincubation at 22 °C (filled diamond), 30 °C (filled square), 37 °C (filled triangle), 45 °C (cross), and 65 °C (filled
circle) in MOPS buffer (50 mM, pH 7) containing 20 mM NaCl and T mM DTT; at indicated times, aliquots were withdrawn, and analyzed as described
in the Methods section. The experiments were done in triplicate. The mean value and the standard error are shown. The observed maximum activity

33323, 44% identical to Lp_2757, was determined to be
55 °C [13], higher than the optimal temperature observed
for Lp 0179 and Lp_2757. The L. gasseri o-amylase
showed its highest hydrolytic activity in 50 mM sodium
acetate buffer at pH 5.0, as enzyme activities were
dependent not only on pH but also on the type of buffer
used [13]. a-Amylases from Alicyclobacillus sp. and
Bacillus subtilis XL8 also exhibited high optimal temper-
ature, 65 and 70 °C, respectively, and an acidic optimal
pH for activity [14, 15].

In relation to their thermostability, both enzymes
are heat-labile at temperature higher than 37 °C. How-
ever, at 37 °C or lower temperatures, Lp_0179 showed
more than 80% activity after 24 h incubation whereas
Lp_2757 showed only 60% activity (Fig. 3c, d). A mes-
ophilic behaviour was observed in Corallococcus sp.
a-amylase, as almost all activity remained after the
enzyme was incubated 60 min at temperatures higher

than 40 °C; however, a dramatic loss of enzymatic sta-
bility occurred at temperatures higher than 50 °C after
30 min of incubation [16]. Thermostable «-amylases
were described in Arthrobacter agilis [17] and Alicyclo-
bacillus [14], as they were highly active after prolonged
incubations at 60 °C.

The effect of some metal ions and additives on L. plan-
tarum «-amylase activity was studied (Table 1). Lp_0179
activity was significantly inhibited only by Hg*" ions, and
moderately inhibited by PMSF. None of the used addi-
tives increased significantly Lp_0179 hydrolytic activ-
ity. When starch was used as substrate, Co®*, Cu’*" and
Fe?* completely inhibited Lp_0179 activity [7]. Contra-
rily to Lp_0179, PMSF moderately increased Lp_2757
activity by an unknown mechanism. Cu®*" ions, as well
as Hg?" and Ni*", significantly inhibited Lp_2757 hydro-
lytic activity on pNP-a-D-maltopyranoside. Both L. plan-
tarum WCFS1 a-amylases were inhibited by Cu®* ions,
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Table 1 Effect of additives on Lp_0179 and Lp_2757
a-amylase activity

Additives (1 mM) Relative activity (%)

Lp_0179 Lp_2757
Control 100 100
KCl 93 90
HgCl, 6 2
Cacl, 98 81
MgCl, 96 58
Zncl, 92 69
Cudl, 85 5
NiCl, 87 17
Mndcl, 98 89
FeCl, 102 108
Tween 20 95 110
Tween 80 95 117
Triton X-100 96 120
SDS 86 59
Urea 100 95
DMSO 99 104
Cysteine 101 92
B-mercaptoethanol 99 107
EDTA 99 94
PMSF 68 134
DEPC 94 102

which also inhibited the activity of L. plantarum S21
[12], and Corallococcus sp. [16] a-amylases.

As Lp_2757 a-amylase also exhibited activity against
pNP-a-D-maltopentaoside, their biochemical properties
were also studied. Lp_2757 showed a similar behaviour
against both pNP derivatives in relation to optimal pH
and temperature, with the exception of a higher activ-
ity at pH 7.0 on pNP-a-D-maltopentaoside (data not
shown). In a similar way to pNP-a-D-maltopyranoside,
Cu®t, Hg?* and Ni*" also significantly inhibited Lp_2757
hydrolytic activity on pNP-a-D-maltopentaoside.

The kinetic parameters of Lp_0179 and Lp_2757
a-amylases were analysed using pNP-a-D-maltopyranoside
as substrate at different concentrations. Despite that
both a-amylases showed a similar V,,  value, the K,
for Lp_2757 was approximately double than the K, for
Lp_0179. Therefore, the E_, (k./K,) was remarkably
higher for Lp_0179 than for Lp_2757. When the kinetic
parameters of Lp_0179 were analysed using varied sub-
strates, the catalytic efficiency was higher for soluble
starch 2.06 (ml/mg) min~" [7]. A higher catalytic efficiency
on soluble starch was observed on the maltogenic amyl-
ase from Corallococcus sp. (16.91 (ml/mg) min~?) [16].
Among polysaccharides, the Lp_0179 catalytic efficiency
was higher in amylose than in amylopectin, 1.44 and 0.45
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(ml/mg) min?, respectively [7]. The catalytic efficiencies

showed by the maltose-forming «-amylase from L. plan-
tarum S21 are higher, but followed the same preference on
amylose [3.26 (ml/mg) min '] and amylopectin [1.98 (ml/
mg) min~'] [12].

Both L. plantarum a-amylases clearly exhibited struc-
tural, biochemical and kinetic differences, therefore a
study of their activity on potential a-amylases carbohy-
drate-based substrates will allow to known unambigu-
ously their substrate profile of both amylolytic proteins.

Substrate profile of recombinant L. plantarum a-amylases
Cyclomaltodextrinase, neopullulanase, and maltogenic
amylase share 40-86% sequence identity with each other.
These enzymes are distinguished from typical a-amylases
by containing a N-terminal domain and by exhibiting
preferential substrate specificities for cyclomaltodextrins
over starch, as well as high transglycosylation and hydro-
lytic activities. Concretely, these enzymes have shown to
be capable of hydrolysing the potent inhibitor acarbose,
and transfer the product to a sugar acceptor molecule
[9]. A great deal of confusion exists regarding the fea-
tures distinguishing the three groups of enzymes from
one another. Although a different enzyme code has been
assigned to each of the three different enzyme names,
even a single differentiating enzymatic property has not
been documented in the literature [6]. In consequence, it
has been proposed that these enzymes should be classi-
fied under the same name and enzyme code to avoid con-
fusion, as they are nearly the same enzymes in terms of
their structures and catalytic properties and that they can
be rather easily distinguished from other amylases.

In order to known the substrate preference of
Lp_0179 and Lp_2757 proteins, the potential hydroly-
sis of twelve starch-related carbohydrates were assayed
and monitored by GC-FID for 48 h (Additional file 3:
Table S1). Lp_2757 was highly efficient in hydrolysing
ten out of twelve substrates, whereas the trisaccha-
ride panose (a-D-Glc-(1— 6)-a-D-Glc-(1— 4)-D-Glc)
was hydrolysed at a much lower extent and the poly-
saccharide dextran (a complex branched glucan pre-
dominantly consisting of «-1,6 glycosidic linkages)
was not hydrolysed at all (Table 2). In all positive
reactions, with the exception of acarbose, the main
detected product from hydrolysis was maltose, which
is in good agreement with the mechanism described
for amylolytic enzymes belonging to the CAZy fam-
ily_subfamily GH 13_20 (Fig. 4) [18]. The different
behaviour observed for acarbose, a pseudotetrasac-
charide and potent inhibitor of a-glucosidase and pan-
creatic a-amylase with antihyperglycemic activity, is
due to its rather unusual structure which comprises
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Table 2 Structural and biochemical properties of Lp_0179 and Lp_2757 a-amylases
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Lp_0179

Lp_2757

a-Amylase type
Gene
Lenght (@amino acid residues)
Mw (kDa)
I
CAZy family
Subfamily
Intracellular
Presence of:
Domains A, Band C
CSR I, 11,11l and IV
CSRV
N-terminal domain
Catalytic triad (D-E-D)
MpKIn motif
VANE motif
Trp-47 (Lp_2757)
Phe-295 (Lp_2757)
Glu-338 (Lp_2757)
Hydrolysis of starchy carbohydrates
Dextran (20 kDa)
a-Cyclodextrin
B-Cyclodextrin
y-Cyclodextrin
Acarbose
Panose
Amylopectin
Maltopentaose
Dextrin
Starch
Amylose
Pullulan
Liberation of pNP from
pNP-a-p-maltopentaoside
pNP-a-p-maltopyranoside

Vi ax (Mol min~")
K, (mM)

K (min~")

Epe (MM~ min™")

Temperature (optimum) (°C)
pH (optimum)

Activators

Inhibitors

Maltose-forming a-amylase
amy2

440

499

4.89

GH13

Yes

Yes
Yes
No
No
Yes
No
No
No
No
No

No
No
No
No
No
No
No
Yes
Yes
No
No
No

No

Yes
0.017+0.002
0.32+0.07
231.3640.002
720.08+152.85
4-65

4-7

ng+

Maltogenic amylase
574

64.4

535

GH13

GH13_20

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
Yes
Yes
Yes
Yes
Yes®
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
0.016+0.001
0.62+0.12
294.8540.001
480.76+£97.20
30-37

4-6

PMSF

Hg2+, Cu?*, Ni*

2 Hydrolysis determined by the detection of very low levels of maltose and glucose

a C-7 cyclitol moiety at the non-reducing end linked
via nitrogen to a 4,6-dideoxyglucose which is in turn
a-(1-4)-linked to maltose [19]. In this particular case,
the main observed hydrolysis products were glucose

and the corresponding pseudotrisaccharide, although
maltose and the corresponding pseudodisaccharide
were also found at lower amounts (Additional file 3:
Table S1, Fig. 4). The hydrolysis of acarbose supports
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Fig. 4 Chromatographic profiles (GC-FID) of the hydrolysis of
acarbose, a-ciclodextrin and maltopentaose with Lp_2757 after 48 h

the classification of Lp_2757 as a maltogenic amylase
as it is typical of this group of enzymes. On the other
hand, the negligible and lack of hydrolysis of panose
and dextran, respectively, revealed that Lp_2757 is
essentially incapable of efficiently breaking o-1-6 gly-
cosidic linkages. In contrast, the notable hydrolysis on
a wide range of carbohydrate-based substrates demon-
strated the great preference of Lp_2757 towards a-1,4-
linkages present not only in cyclodextrins, confirming,
thus, that this enzyme is a maltogenic amylase, but also
in non-cyclic oligo- and polysaccharides such as dex-
trin, potato starch, amylose or amylopectin (Table 2). In
any case, the release of maltose from dextrin and potato
starch was remarkably higher than that from amylo-
pectin and pullulan (Additional file 3: Table S1), likely
due to the fact that the former are strictly composed
by a-1,4-linkages, whereas amylopectin and pullulan
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are branched polysaccharides due to the occurrence of
a-1,6-linkages every 25-30 glucose units in amylopec-
tin and the 2:1 ratio of a-1, 4-glycosidic to a-1, 6-glyco-
sidic bonds present in pullulan.

In contrast, the hydrolysis behaviour of Lp_0179 on the
starch-related carbohydrates was quite different to that
observed for Lp_2757, which is in line with the relevant
dissimilarities found in the structural features between
both L. plantarum o-amylases and that have been
addressed above. Basically, Lp_0179 only hydrolysed two
substrates, i.e. maltopentaose and dextrin, but it did not
hydrolyze, for instance, a-cyclodextrin, B-cyclodextrin,
and y-cyclodextrin, which are substrates essentially
resistant to hydrolysis by common a-amylases, corrobo-
rating that Lp_0179 is an exotype glucan hydrolase [7].

Conclusion

This work has demonstrated that L. plantarum
WCES1 possesses, at least, two GH13 o-amylases, a
maltose-forming a-amylase, Lp_0179, and a malto-
genic a-amylase, Lp_2757. Table 2 summarizes all the
structural features and biochemical properties, which
were noticeably different, of these two L. plantarum
a-amylases. Lp_2757 exhibited all the structural features
typical of GH13_20 subfamily that were absent from
Lp_0179. The differences between both a-amylases were
confirmed when both proteins were recombinantly pro-
duced and biochemically characterized. Contrarily to
maltose-forming Lp_0179 a-amylase, Lp_2757 malto-
genic a-amylase was able to hydrolyze cyclodextrins as
well as the inhibitor acarbose and other non-cyclic oligo-
and polysaccharides dominated by the presence of a-1,4
glycosidic linkages. The presence of different a-amylases
active on starch-related carbohydrates is consistent with
this bacteria’s role as a member of the vegetable fer-
mentation microbiota where these carbohydrates are
abundant.

Materials and methods

Bacterial strains, plasmids, enzymes, and reagents
Lactobacillus plantarum WCEFS1 was kindly provided by
Prof. M. Kleerebezem (NIZO Food Research, The Neth-
erlands). Escherichia coli DH10B and E. coli BL21 (DE3)
were used as transformation and expression hosts in the
pURI3-Cter vector [11]. The E. coli strains were cultured
in Luria—Bertani (LB) medium at 37 °C and shaking at
140 rpm. When required, ampicillin was added to the
medium at a concentration of 100 ug/mL.

Cloning of two a-amylases from L. plantarum

Two genes encoding for putative a-amylases in L. plan-
tarum WCES1 were PCR-amplified by Advantage HD
DNA polymerase (TaKaRa). Gene Ilp_0179 (amy2) of
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1320 bp encoding a protein annotated as a-amylase,
maltodextrins and cyclodextrins (UniProtKB code:
FOUSZ1) was amplified by using primers 1750 (5°-TAA
CTTTAAGAAGGAGATATACATtggcacgcgatacgcaaacg-
caat) and 1751 (5'-GCTATTAATGATGATGATGATG
atgattggactggtcagcaactttagt) (the nucleotides pairing the
expression vector sequence are indicated in italics, and
the nucleotides pairing the lp 0179 gene sequence are
written in lowercase letters). The gene lp_2757 (1,722 bp)
encoding a protein annotated as maltogenic a-amylase
(UniProtKB code: FOURMS8) was amplified by using
primers 1800 (5'-TAACTTTAAGAAGGAGATATACAT
atgcaactagctggaattaggcacc) and 1801 (GCTATTAATGAT
GATGATGATGATGagccacggttaattcaaagectcc). Purified
PCR products were inserted into the pURI3-Cter vec-
tor using a restriction enzyme- and ligation-free cloning
strategy [11]. This vector produces recombinant proteins
having a six-histidine affinity tag in their C-termini. E.
coli DH10B cells were transformed, recombinant plas-
mids were isolated, and those containing the correct
insert were identified by DNA sequencing, and then
transformed into E. coli BL21 (DE3) cells for expression.

Expression and purification of recombinant L. plantarum
a-amylases

Escherichia coli BL21(DE3) was transformed with pURI3-
Cter-0179 and pURI3-Cter-2757 recombinant plasmids.
E. coli cells were grown in LB medium containing 100 pg/
mL ampicillin until an optical density at 600 nm of 0.4
was reached and then induced by adding isopropyl-p-b-
thiogalactopyranoside (IPTG) at 0.4 mM final concentra-
tion. Following induction, the cells were grown at 22 °C
for 18 h and collected by centrifugation (8000g, 15 min,
4 °C). The cells were resuspended in phosphate buffer
(50 mM, pH 7) containing 300 mM NaCl. Crude extracts
were prepared by French press lysis of the cell suspen-
sion (three times at 1100 psi). The insoluble fraction of
the lysate was removed by centrifugation at 47,000g for
40 min at 4 °C, and the supernatant was filtered through
a 0.45 um pore-size filter and then applied to a Talon
Superflow resin (Clontech) equilibrated in phosphate
buffer (50 mM, pH 7) containing 300 mM NaCl and
10 mM imidazole. The bound enzyme was eluted using
150 mM imidazole in the same buffer. The purity of the
enzymes was determined by SDS-PAGE in Tris—glycine
buffer. Fractions containing the His6-tagged Lp_0179
or Lp_2757 proteins were pooled and dialyzed against
50 mM sodium phosphate buffer, 300 mM NaCl, pH 7
at 4 °C using dialysis membranes (OrDial D35-MWCO
3500, Orange Scientific, Braine-I'Alleud, Belgium) of
3.5 kDa pore diameter. Dialyzed proteins were analyzed
for glycosyl hydrolase activity.
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Enzyme assay

Hydrolase activity was determined by a spectrophoto-
metric method using p-nitrophenyl a-b-maltopyranoside
(Sigma-Aldrich) as the substrate. The rate of hydrolysis
of p-nitrophenyl (pNP) «o-Dp-maltopyranoside for 10 min
at 30 °C was measured in 50 mM MOPS bufter pH 7.0
containing 20 mM NaCl and 1 mM DTT at 420 nm in a
microplate spectrophotometer PowerWave HT (Bio-Tek,
USA). The reaction was stopped by addition of sodium
carbonate 1 M at pH 9.0. In order to carry out the reac-
tion (75 pL), a stock solution of 25 mM of p-nitrophenyl-
a-D-maltopyranoside was prepared in water and mixed
with 50 mM MOPS buffer pH 7.0 containing 20 mM
NaCl and 1 mM DTT to obtain a 1 mM substrate final
concentration. Control reactions containing no enzyme
were utilized to detect any spontaneous hydrolysis of
the substrates tested. Enzyme assays were performed in
triplicate.

Substrate specificity
The substrate specificity of Lp_0179 and Lp_2757 L.
plantarum o-amylases was determined by using a
library of 25 p-nitrophenyl glycoside derivatives: pNP-
a-D-galactopyranoside, pNP-a-D-glucopyranoside, pNP-
a-D-manopyranoside, pNP-a-D-xylopyranoside, pNP-a-
L-arabinofuranoside, pNP-a-L-arabinopyranoside, pNP-
a-L-fucopyranoside, pNP-a-L-rhamnopyranoside, pNP-
B-p-fucopyranoside, pNP-B-p-galactopyranoside, pNP-
6-P-B-D-galactopyranoside, pNP-p-D-glucopyranoside,
PNP-6-P-B-p-glucopyranoside, pNP-f-p-glucuronide,pNP-
B-D-maltoside, pNP-B-D-mannopyranoside, pNP-B-D-
ribofuranoside, =~ pNP-B-D-xylopyranoside, ~pNP-B-L-
fucopyranoside, pNP-N-acetyl-a-D-glucosaminide, pNP-
N-acetyl-B-D-glucosaminide, pNP-a-D-maltopentaoside,
pPNP-a-D-maltopyranoside, pNP-p-p-cellobiose and pNP-
B-D-lactopyranoside. Most of them were purchased
from Sigma-Aldrich (St. Louis, MO, USA); pNP-6-P-p-
D-galactopyranoside was purchased from BioGold (St.
Louis, MO, USA), and pNP-6-P-B-p-glucopyranoside
was synthesized by J. Cumella [20]. A stock solution of
each p-nitrophenyl glycoside was prepared in water. The
reaction mix consisted of 75 pL of mixed substrate and
4 pg of enzyme solution (in 50 mM MOPS buffer pH
7.0 containing 20 mM NaCl and 1 mM DTT). Reactions
were carried out at 30 °C in a microplate spectrophotom-
eter PowerWave HT (Bio-Tek, USA) as described above.
The enzymatic substrate profile of purified a-amylases
was determined on the pNP-glycoside library to colori-
metrically monitor hydrolysis measuring the liberation of
p-nitrophenolate at 420 nm. The screening was performed
in a 96-well Flat Bottom plate (Sarstedt) where each well
contains a different substrate (1 mM). Amylase solution
4 pg (in 50 mM MOPS buffer pH 7.0 containing 20 mM



Plaza-Vinuesa et al. Microb Cell Fact (2019) 18:183

NaCl and 1 mM DTT) was added to each well and reac-
tions were followed by measuring the increase in absorb-
ance at 420 nm for 10 min at 30 °C in a Synergy HT BioTek
microplate spectrophotometer. Blanks without enzyme
were carried out for each substrate and data were collected
in triplicate and the average activities were quantified.
Results are shown as means =+ standard deviations.

In addition, the hydrolytic activity of Lp_0179 and
Lp_2757 was also assayed by using putative a-amylase
substrates such as potato starch, amylose, amylopectin,
pullulan, dextrin 20 (dextrin from maize starch), dextran
20 kDa, a-cyclodextrin, B-cyclodextrin, y-cyclodextrin,
acarbose, D-panose and maltopentaose, all purchased
from Sigma-Aldrich, (St.Louis, MO, USA). a-Amylases
(20 pg) were incubated in 50 mM MOPS buffer pH 7.0
containing 20 mM NaCl, 1 mM DTT and 5% (w/v) of sub-
strate with the exception of potato starch, amylose, amy-
lopectin and pullulan that were added at 1% (w/v). The
reactions were carried out at 30 °C for 24 or 48 h. GC-FID
analyses were performed to determine the reaction prod-
ucts generated from the assayed substrates. The samples
were analysed as trimethylsilylated oximes (TMSO) pre-
pared following the method of Brobst and Lott (1966)
[21]. Briefly, the oximes were formed by adding hydroxy-
lamine chloride in pyridine (2.5% w/v) and silylated with
hexamethyldisilazane and trifluoroacetic acid. The reac-
tion mixtures supernatants were injected into an Agilent
Technologies gas chromatograph (Mod 7890A) equipped
with a flame ionization detector (FID) and a fused silica
capillary column DB-5HT (5%-phenyl-methylpolysilox-
ane; 30m x 0.25mm x 0.10pm) (Agilent) following the
method described by Julio-Gonzalez et al. (2019) [22]. The
quantification of the hydrolysis products was performed
by the internal standard method using phenyl-B-glucoside
and the corresponding standards calibration curves (glu-
cose, maltose, maltotriose, maltotetraose and maltopen-
taose). Data acquisition and integration were performed
using the Agilent OpenLab software.

Kinetic parameters

The enzyme kinetics of Lp_0179 and Lp_2757 were stud-
ied using pNP-a-bD-maltopyranoside as substrate. In addi-
tion, the Lp_2757 kinetics on pNP-a-D-maltopentaoside
were also determined. Kinetic values of K and V.,
were determined by nonlinear regression analysis fitting
to Michaelis—Menten curves of formation rates of pNP
as a function of the concentration of substrates from 0 to
10 mM (0, 0.1, 0.25, 0.35, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and
10 mM).
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Effects of temperature, pH, and additives on a-amylase
activity

The effects of pH and temperature on pNP-a-D-
maltopyranoside hydrolytic activity of Lp_ 0179 and
Lp_2757 were studied by using buffers of different pH
ranging from 3 to 8. The buffers (50 mM) used were cit-
rate buffer (pH 3), acetic acid-sodium acetate (pH 4-6),
MOPS (pH 6.5 and 7) and Tris—HCI (pH 8). The opti-
mal temperature was assayed by incubating purified
a-amylases in 50 mM MOPS buffer pH 7.0 containing
20 mM NaCl, 1 mM DTT at different temperatures (4,
22, 30, 37, 45 and 65 °C). For temperature stability meas-
urements, recombinant a-amylases were incubated in
50 mM MOPS buffer pH 7.0 containing 20 mM NaCl,
1 mM DTT at 22, 30, 37, 55 and 65 °C for 30 min and
1, 2, 4, 6, and 20 h. Aliquots were withdrawn at these
incubation times to test the remaining activity at stand-
ard conditions. The non-heated enzymes were consid-
ered as control (100%). The analyses were performed in
triplicate.

To study the effect of metals and ions on a-amylase
activity, the enzymes were incubated in the presence
of the different additives at a final concentration of
1 mM for 5 min at room temperature. Then, pNP-a-D-
maltopyranoside was added, and the reaction mixture
was incubated 10 min at 30 °C. The residual hydrolytic
activity was measured after the incubation of purified
enzymes with each additive. The analyzed additives were,
KCl, CaCl,, HgCl,, ZnCl,, CuCl,, NiCl,, FeCl,, MnCl,,
Triton-X-100, Tween 20, Tween 80, SDS, urea, DMSO,
cysteine, -mercaptoethanol, PMSF, DEPC and EDTA.
Hydrolytic activity measured in the absence of any addi-
tive was taken as control (100%). Experiments were done
in triplicate.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-019-1237-3.

Additional file 1: Figure S1. Sequence alignment of the a-amylase
representatives of thirteen different GH13 subfamilies with focus on

the intermediary group with MPDLN as CSRV [10]. The sequences

from GH13_4 (Neisseria polysaccharea, accession Q9ZEU2), GH13_16
(Propionibacterium freudenreichii subsp. Shermanii, ATXGB1), GH13_17
(Apis mellifera, Q25BT8), GH13_18 (Bifidobacterium adolescentis, Q84HQ?2),
GH13_20 (Lactobacillus plantarum WCFS1, FOURMS), GH13_21 (Escherichia
coli, P21517), GH13_23 (Xhantomonas campestris, Q761.B0), GH_29 (Bacillus
subtilis, P39795), GH13_30 (Thermonospora curvata, Q60027), GH13_31
(Bacillus cereus, P21332), GH13_34 (Xenopus leavis, Q7ZYR3), GH13_35
(Xenopus leavis, Q32NL8), GH13_36 (Paenibacillus polymyxa E681, EORLH8)
subfamilies and Lp_0179 (NI, not included in a subfamily, FOUSZ) are rep-
resented. Aligment was done using the program ClustalOmega. Residues
that are identical (¥), conserved (;) or semiconserved () in all sequences are
indicated. Dashes indicated gaps introduced to maximize similarities. The
GH13 three domains are highlighted in blue (domain A), green (domain
B), and yellow (domain C). The catalytic triad is highlighted in pink. The
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seven GH13 CSRs are boxed. Conserved residues in amylolytic enzymes
are highlighted in red [6].

Additional file 2: Figure S2. Sequence alignment of the a-amylase family
GH13_20 representatives from Alicyclobacillus acidocaldarius (AAC) (acces-
sion QOWX32), Thermoactinomyces vulgaris (TVU) (Q08751), Klebsiella oxy-
toca (KOX) (Q48398), Bacillus sp. -5 (BSP) (Q59226), Lysinibacillus sphaericus
(LSP) (Q08341), Anoxybacillus flavithermus (AFL) (Q5BLZ6), Geobacillus
caldoxylosilyticus (GCA) (CoLZ63), Thermus sp. IM6501 (069007), Bacillus
stearothermophilus (BST) (P38940), and Lactobacillus plantarum WCFS1
(LPL) (FOURMS). Aligment was done using the program ClustalOmega.
Residues that are identical (*), conserved (;) or semiconserved (.) in all
sequences are indicated. Dashes indicated gaps introduced to maximize
similarities. The GH13 three domains are highlighted in blue (domain

A), green (domain B), and yellow (domain C). The N-terminal domains

are indicated in dark blue. The seven conserved sequence regions (CSR)
found in GH13_20 subfamily a-amylases are also indicated. The residues
of the GH13 catalytic triad (Asp-171, Glu-200, and Asp-227 in Lp_0179) are
highlighted in pink colour. Conserved residues in amylolytic enzymes are
highlighted in red [6]. The conserved VANE and MPKLn motifs, in the CSR Il
and V respectively, are indicated in grey colour.

Additional file 3: Table S1. Concentrations (mg/mL) of the products after
the enzymatic hydrolysis with Lp_2757.
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