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Isomaltooligosaccharides (IMO) have been suggested as promising prebiotics that stimulate the growth of probiotic bacteria.
Genomes of probiotic lactobacilli from the acidophilus group, as represented by Lactobacillus acidophilus NCFM, encode �-1,6
glucosidases of the family GH13_31 (glycoside hydrolase family 13 subfamily 31) that confer degradation of IMO. These genes
reside frequently within maltooligosaccharide utilization operons, which include an ATP-binding cassette transporter and
�-glucan active enzymes, e.g., maltogenic amylases and maltose phosphorylases, and they also occur separated from any carbo-
hydrate transport or catabolism genes on the genomes of some acidophilus complex members, as in L. acidophilus NCFM. Be-
sides the isolated locus encoding a GH13_31 enzyme, the ABC transporter and another GH13 in the maltooligosaccharide
operon were induced in response to IMO or maltotetraose, as determined by reverse transcription-PCR (RT-PCR) transcrip-
tional analysis, suggesting coregulation of �-1,6- and �-1,4-glucooligosaccharide utilization loci in L. acidophilus NCFM. The L.
acidophilus NCFM GH13_31 (LaGH13_31) was produced recombinantly and shown to be a glucan 1,6-�-glucosidase active on
IMO and dextran and product-inhibited by glucose. The catalytic efficiency of LaGH13_31 on dextran and the dextran/panose
(trisaccharide) efficiency ratio were the highest reported for this class of enzymes, suggesting higher affinity at distal substrate
binding sites. The crystal structure of LaGH13_31 was determined to a resolution of 2.05 Å and revealed additional substrate
contacts at the �2 subsite in LaGH13_31 compared to the GH13_31 from Streptococcus mutans (SmGH13_31), providing a pos-
sible structural rationale to the relatively high affinity for dextran. A comprehensive phylogenetic and activity motif analysis
mapped IMO utilization enzymes from gut microbiota to rationalize preferential utilization of IMO by gut residents.

Increasing attention is currently aimed at understanding the mo-
lecular basis by which probiotic bacteria, mainly belonging to

the Bifidobacterium and Lactobacillus genera, confer their well-
documented positive health effects (37, 53). Utilization of oligo-
saccharides, not otherwise digestible by human enzymes, has been
recognized as an important attribute of probiotics (5, 15, 28, 37).
Only a few oligosaccharides such as fructooligosaccharides (FOS)
or �-linked galactooligosaccharides (GOS) are well established as
prebiotics that selectively stimulate the growth and/or activities of
probiotic bacteria (11). Commercial preparations of isomaltooli-
gosaccharides (IMO), typically including panose [�-D-Glcp(1–
6)-�-D-Glcp(1– 4)-D-Glcp], are potential prebiotics as humans
and monogastric animals lack IMO-hydrolyzing enzymes except
for the sucrase-isomaltase complex active on isomaltose (IG2)
(22, 24, 29, 32, 49). This is consistent with the bifidogenic effect of
IMO in the human gut (17, 23) and increased lactobacillus num-
bers in rats due to IMO intake (25, 43). Remarkably, utilization of
IMO by human gut bacteria and especially lactobacilli is largely
unexplored on the enzymatic level as no IMO-degrading enzymes
from a probiotic have been characterized to date. By comparison,
Gram-positive bacteria from the Streptococcus and Bacillus genera
are known to produce 1,6-�-glucosidases active on IMO and in
some cases also on dextran (�-1,6-linked glucan) (43, 47, 54, 55).
These enzymes hydrolyze �-1,6-glycosidic linkages at the nonre-
ducing end with retention of anomeric configuration (EC
3.2.1.10) and belong to glycoside hydrolase family 13 subfamily 31
(GH13_31) (46) according to the CAZy database classification
(http://www.cazy.org/), which assigns carbohydrate-active en-

zymes into GH families sharing structural fold and stereochemical
mechanisms (8) (sequence- and structure-related families are fur-
ther classified into clans). GH13_31 harbors isomaltulose syn-
thases (EC 5.4.99.11) and �-glucosidases. The latter are divided
into two specificities based on substrate size preference: (i) glucan
1,6-�-glucosidases (G16G) preferring IMO longer than IG2 and
active on dextran and (ii) oligo-1,6-�-glucosidases (O16G) inac-
tive on dextran and preferring shorter IMO with highest activity
on IG2. Both types of enzymes are highly regioselective, showing
little or no activity toward glucosidic linkages other than �-1,6
(43, 47, 54, 55). The only biochemically and structurally charac-
terized GH13_31 with a glucan 1,6-�-glucosidase specificity
(G16G) is from Streptococcus mutans (SmGH13_31) (19, 43). By
comparison, the biochemical properties of three GH13_31 oligo-
1,6-�-glucosidases (O16Gs) from Bacillus thermoglucosidasius
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(Geobacillus thermoglucosidasius), Bacillus coagulans, and Bacillus
cereus have been reported, and the structure of the last enzyme has
been determined (43, 47, 54, 55).

Lactobacillus acidophilus NCFM is a commercially important
probiotic isolated from the human gut and characterized in the
1970s (16). It has since then been widely investigated for its phys-
iological, biochemical, genetic, and fermentative properties (44).
The numerous proteins related to carbohydrate transport and me-
tabolism encoded by L. acidophilus NCFM reflect its capacity to
utilize a variety of mono-, di-, oligo-, and polysaccharides (3).
Notably, panose was shown to sustain the growth of L. acidophilus
NCFM in vitro (32), in line with the suggested prebiotic effect
of IMO.

In the present study, the catabolism of IMO is examined in L.
acidophilus NCFM as a model organism for probiotic lactobacilli
from the gut niche. Genome analysis confirmed the presence of a
putative GH13_31 G16G-encoding gene that likely confers IMO
hydrolysis. This gene was heterologously expressed in Escherichia
coli, and the recombinant enzyme, designated L. acidophilus
GH13_31 (LaGH13_31), was biochemically and structurally
characterized. Furthermore, an analysis was performed to map
IMO utilization loci in probiotic lactobacilli, highlighting com-
monalities and differences in the organization of IMO utilization
genes on the genomes of this group of organisms important for
human health.

MATERIALS AND METHODS
High-purity chemicals and commercial enzymes were from Sigma-Al-
drich, St. Louis, MO, unless otherwise stated. The commercial IMO mix
was from Wako Pure Chemical Industries, Osaka, Japan.

Bioinformatic analysis. For the sequence alignment, the first 100 pro-
tein sequences from BLASTP searches using LBA0264 and LBA1872 were
retrieved and complemented with lactobacillus sequences from CAZy (8)
annotated as GH13_31. Sequences with �95% identity were removed
using Skipredundant from the EMBOSS software suite (40). The resulting
set of sequences was aligned using the program MUSCLE (12), and a
neighbor-joining tree was constructed with 1,000 bootstrap steps using
Clustal W, version 2.0 (27), and visualized by aid of Dendroscope (20) and
Inkscape (http://inkscape.org). The organization of O16G- and G16G-
encoding genes from various organisms was investigated using the ge-
nome database provided by the National Center for Biotechnology Infor-
mation (NCBI), U.S. National Library of Medicine (http://www.ncbi.nlm
.nih.gov/genomes/lproks.cgi).

Purification of IMO and semiquantitative RT-PCR. In order to verify
the functionality of the genes predicted to be involved in IMO utilization,
L. acidophilus NCFM was grown on purified IMO from a commercial mix
first treated with rice �-glucosidase to hydrolyze maltooligosaccharides
into glucose. The hydrolysate was ultrafiltered (10-kDa Amicon filter;
Millipore, Billerica, MA), desalted (Amberlite MB-20; Fluka, Sigma-Al-
drich), and filtered (0.45-�m pore size; Frisenette Aps, Knebel, Den-
mark). Glucose was removed by a high-performance liquid chromato-
graph ([HPLC] UltiMate 3000; Dionex, Sunnyvale, CA) equipped with a
refractive index detector (RI-101; Showa Denko, Kanagawa, Japan) using
a TSKgel Amide-80 column (5-�m particle size; 4.6 by 250 mm with 4.6-
by 10-mm guard column [Tosoh, Tokyo, Japan]) at a constant flow rate 1
ml/min of mobile phase (acetonitrile-water, 70:30 [vol/vol]) at 70°C. The
purity was confirmed based on peaks detected with high-performance
anion exchange chromatography with peramperometric detection
([HPAEC-PAD] ICS-3000; Dionex) on a CarboPac PA200 anion ex-
change column (3 by 250 mm and 3- by 50-mm guard column; Dionex)
eluted by a linear 0 to 125 mM sodium acetate gradient in 100 mM NaOH
(for 35 min at 25°C; flow rate, 0.35 ml/min). The IMO components were
identified based on standards: IG2, isomaltotriose (IG3), isomaltotetraose

(IG4), isomaltopentaose (IG5), panose, glucose, and maltooligosaccha-
rides from maltose through to maltoheptaose. The purified IMO were
essentially glucose free and contained IMO having degrees of polymeriza-
tion of 2 to 4 (DP 2 to 4).

L. acidophilus NCFM was grown (in duplicate) with 1% of either glucose,
maltotetraose, or IMO at DP 2 to 4 (purified as above), under aerobic condi-
tions and without agitation at 37°C in a 40-ml batch culture in semiessential
medium for lactic acid bacteria (5). The cells were harvested at late log phase
(optical density at 600 nm [OD600] of 0.85 for glucose and 0.3 for IMO and
maltotetraose) by centrifugation (at 3,200 � g for 10 min at 4°C) and washed
twice with 0.9% NaCl. Cell disintegration, total RNA preparation, and semi-
quantitative reverse transcription-PCR (RT-PCR) were carried out as previ-
ously described (31). PCR amplification was carried out with the primer pairs
targeting LBA0264 (encoding LaGH13_31) and genes in the maltooligosac-
charide transport and catabolism gene cluster (LBA1866, LBA1867, and
LBA1872) (34), and L. acidophilus NCFM 16S rRNA (LBA2071) transcripts,
whose expression is always constant, were used as internal controls (see Table
S1 in the supplemental material).

Cloning of LBA0264. L. acidophilus NCFM genomic DNA, prepared
as previously described (34), was used as a template for PCR amplifi-
cation of the gene encoding LaGH13_31 (GenBank accession number
AAV42157.1; locus tag number LBA0264), with forward primer 5=-C
TAGCTAGCGCTTCATGGTGGAAAAATGCTGTTG-3= and reverse
primer 5=-CCGCTCGAGTTCAATTACTTTGCTTATGAAAGCCTC-3=.
The PCR amplicon (1,632 bp), flanked by NcoI and XhoI restriction sites
(in bold), was cloned into pET21a(�) (Novagen, Darmstadt, Germany)
and transformed into E. coli TOP10 (Invitrogen, Carlsbad, CA) by heat
shock. Transformants were selected on LB-agar plates with 100 �g ml�1

ampicillin, and positive transformants harboring pET-21a(�)-
LaGH13_31 were verified by restriction analysis and full sequencing. E.
coli BL21(DE3) cells (Invitrogen) transformed with pET21a(�)-
LaGH13_31 were used to produce the enzyme.

Production and purification. LaGH13_31 was produced in a 5-liter
bioreactor (Biostat B; B. Braun Biotech International, Melsungen, Ger-
many) according to a fed-batch protocol developed previously for pro-
duction of other L. acidophilus NCFM recombinant enzymes (14), with
the exception that the induction (OD600 of 8.3) was carried out at 16°C
with 40 �M isopropyl-�-D-thiogalactopyranoside (IPTG). The fermenta-
tion was terminated after 23 h of induction, and 61 g of cell pellet (har-
vested by centrifugation at 12,200 � g for 10 min at 4°C) was resuspended
in 60 ml of a buffer containing 10 mM HEPES, 10 mM imidazole, 10%
glycerol, 0.5 M NaCl, and 2 mM CaCl2 (pH 7.5) (buffer A) and disrupted
by passage through a French press at 600 � 105 Pa. After Benzonase
nuclease (Novagen) treatment, the suspension was centrifuged (at
43,000 � g for 65 min) and sterile filtered (0.22-�m pore size).
LaGH13_31 was purified by immobilized metal ion affinity chromatog-
raphy using a 5-ml HisTrap HP column (GE Healthcare, Uppsala, Swe-
den) as described elsewhere (14). This purification step was followed by
anion exchange chromatography using an 8-ml Mono Q 10/100 GL col-
umn (GE Healthcare) equilibrated in 10 mM HEPES, pH 7.0, and 2 mM
CaCl2 (GE Healthcare) and installed on an ÄKTAexplorer chromato-
graph (GE Healthcare). The LaGH13_31-loaded column was stringently
washed (60 ml/h, 0.25 M NaCl, 12 column volumes [CV]) and eluted at
the same flow rate using a linear gradient (0.25 to 0.29 M NaCl, 15 CV;
0.29 to 0.5 M NaCl, 2 CV). The fractions containing activity were analyzed
by SDS-PAGE, pooled, concentrated (10-kDa Amicon filter; Millipore),
and buffer exchanged to 20 mM 2-(N-morpholino)ethanesulfonic acid
(MES)-NaOH, pH 6.5, 2 mM CaCl2, and 100 mM NaCl. The protein
concentration was determined spectrophotometrically using the molar
extinction coefficient ε280 of 138,180 M�1 cm�1 as determined by amino
acid analysis (4). The isoelectric point (pI) was determined by focusing on
a PhastGel IEF 4 to 6.5 isoelectric focusing gel and a pI marker (2.8 to 6.5)
(GE Healthcare) using the PhastSystem (Pharmacia, Uppsala, Sweden).

Enzyme activity: standard enzyme assay. A standard assay (50 �l)
was performed in 60 mM MES-NaOH, pH 6.0, 2 mM CaCl2, and 0.005%
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bovine serum albumin (BSA) using 2 mM p-nitrophenyl �-D-glucopyran-
oside (PNPG) as the substrate and enzyme (2.5 to 6 nM) for 10 min at
37°C. The reaction was stopped by addition of 1 M Na2CO3 (200 �l), and
the A410 was measured. The concentration of liberated p-nitrophenol
(PNP) was calculated from a PNP standard curve. One unit of enzyme
activity (U) was defined as the amount of enzyme required to liberate 1
�mol of PNP per min under the assay conditions.

Optimum pH. The pH optimum of LaGH13_31 (2.8 nM, 200 �l) was
determined using the standard assay in 40 mM Britton-Robinson univer-
sal buffers pH 2 to 10 (7) and stopped by addition of 1 M Na2CO3 (800 �l).

Temperature optimum and stability. The temperature optimum of
LaGH13_31 activity was determined by performing the standard assay at
pH 6.0 at 21 to 60°C. The rate of irreversible thermal inactivation was also
determined at 37°C and 50°C by incubation of the enzyme (28.3 nM) and
measurement of residual activity at eight time points (20-�l aliquots,
immediately cooled on ice) using the standard assay. The inactivation rate
constant k (min�1) was calculated assuming first-order kinetics from the
slope of ln(At/A0) plotted against time (min), where At is the activity at
time t (min) and A0 is the initial activity; the half-life (t1/2) was calculated
from the equation t1/2 � ln(2)/k.

Determination of kinetic parameters of IMO hydrolysis. Reaction
mixtures (300 �l) containing LaGH13_31 (1.4 to 9.8 nM) and PNPG
(0.05 to 10 mM), IG2 (2.5 to 80 mM), IG3 (isomaltotriose, 1 to 25 mM),
IG4 (isomaltotetraose, 2.5 to 30 mM), panose (0.5 to 14 mM), or dextran
(1.6 to 40 mg/ml) were used to determine the initial hydrolysis rates by
transferring aliquots (50 �l) into 1 M Na2CO3 (200 �l for PNPG) or 2 M
Tris-HCl, pH 7.0 (100 �l for other substrates), at 4-min intervals for 16
min. Liberated PNP was measured as described above, whereas glucose
liberated from other substrates was quantified by a modified glucose ox-
idase-peroxidase method (GOPOD) (Megazyme, Bray, Ireland), as fol-
lows. First, 200 �l of the GOPOD reagent was preheated for 5 min at 40°C,
and then 100 �l of the stopped reaction sample was added. After 20 min at
40°C the A510 was measured. Inhibition kinetics of LaGH13_31 by 6 or 8
mM glucose was probed using PNPG as the substrate as described above.
The Michaelis-Menten model was fit to the initial rates to determine kcat

and Km using Sigma plot, version 9.01 (SYSTAT Software, Inc., Rich-
mond, CA) and also applied to determine the Ki for glucose inhibition.

Crystallization. The purified protein was concentrated to 16 mg/ml in
20 mM MES-NaOH buffer, pH 6.5, 100 mM NaCl, and 2 mM CaCl2 as
described above. Initial crystallization conditions were obtained by
screening using an Oryx 8 Protein Crystallization Robot (Douglas Instru-
ments, Ltd., United Kingdom) with 96-well trays at room temperature. A
JCSG� screen (Qiagen) was set up in sitting drops consisting of 1:1 (total,
200 nl) and 1:2 (total, 300 nl) protein/reservoir solutions, respectively.
Small thin needles were obtained with a reservoir containing 20% glyc-
erol, 16% polyethylene glycol 8000 (PEG 8000), and 0.1 M MES, pH 6.5,
and were reproduced in 24-well VDX trays (Hampton Research) in sitting
drops consisting of 2 �l of protein and 1 �l of reservoir solution. No extra
cryoprotection was used before the crystals were mounted.

Data collection, processing, and refinement. A native data set was
collected to 2.05-Å resolution at the I911-2 side station of the Cassiopeia
beamline MAX-lab, Lund, Sweden. The space group was determined as
P21212 with the following cell dimensions: a � 55.8 Å, b � 107.3 Å, and
c � 103.6 Å. Processing and scaling of the data were performed with XDS
and XSCALE (21) (data shown in Table 1). Molecular replacement with
MOLREP (51) using SmGH13_31 (Protein Data Bank identification
[PDB ID], 2ZIC) as a search model yielded a clear solution with one
monomer in the asymmetric unit. The model was rebuilt using phenix.
autobuild (50) and COOT (13) and refined with phenix.refine (2) to an
R/Rfree of 0.151/0.196. The final model includes LaGH13_31 residues 2 to
538 (using the native protein numbering) in addition to eight glycerol
molecules, three MES molecules (for MES residue 1547 in chain A, only
the sulfonic acid moiety is modeled), 475 water molecules, and one cal-
cium ion (Table 1). No electron density was observed for three N-terminal
residues and the C-terminal His6 tag (eight residues). No Ramachandran

outliers were observed. A double conformation was modeled for Asn7,
and Lys247 was truncated at the C�-atom as the side chain collided with its
symmetry mate. Protein coordinates were represented with PyMOL, ver-
sion 1.4.1 (Schrödinger, LLC).

Protein structure accession number. Atomic coordinates of
LaGH13_31 have been deposited at the Protein Data Bank under acces-
sion code 4aie.

RESULTS
Bioinformatic analysis. Only a single gene (LBA0264) in the ge-
nome of L. acidophilus NCFM was annotated to encode a
GH13_31 in CAZy. The amino acid sequence of LBA0264 showed
highest identity to glucan 1,6-�-glucosidases (G16G) from strep-
tococci (56 to 61%), followed by O16Gs from bacilli (49 to 53%),
whereas clearly lower identities were shared with trehalose-6-
phosphate hydrolases from Bacillus subtilis and E. coli, all of which
are assigned into GH13 (Table 2). Another GH13 gene, LBA1872
(AAV43672.1), located within the maltooligosaccharide gene
cluster (34), was not assigned into subfamily 31 but displayed
lower primary structure identities of 30 to 37% to other charac-
terized O16G and other �-glucosidases of GH13 (see Table S2 in
the supplemental material). The identity between LBA0264 and
LBA1872 is 35.4%. A multiple sequence alignment of top hits
from BLASTP with LBA0264 and LBA1872 combined with
SmGH13_31, characterized O16Gs, and enzymes from lactobacilli
assigned to GH13_31 showed that LBA0264 aligns very well with
SmGH13_31 in the conserved regions, which define pivotal ac-

TABLE 1 Data collection and refinement statistics

Parametera Value for the parameter

Data collection
Wavelength (Å) 1.038
High resolution (Å) 2.05
Space group P21212
Unit cell parameter (Å)

a 55.8
b 107.3
c 103.6

No. of unique reflections 39,496
Resolution (Å) 30-2.05 (2.10-2.05)
Completeness (%) 97.2 (91.2)
Redundancy 5.3 (4.7)
Mean I/	(I) 25.55 (9.7)
Rsym (%) 5.4 (20.8)
Rrim (%) 5.9 (23.1)

Refinement
No. of protein atoms 4,431
No. of hetero atoms 77
No. of water molecules 475
R-factor (%) 13.7
Rfree (%) 18.3
RMSD value from ideality

Bond length (Å) 0.010
Bond angle (°) 1.24

Ramachandran plot (%)b

Allowed 100
Favored 97.2
Outliers 0.0

a Data were collected using MAX-lab beamline I911-2. Values in parentheses are for the
outer-resolution shell. RMSD, root mean square deviation.
b Calculated using MolProbity (9).
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tive-site residues and region V (Fig. 1), which is the �-1,6 speci-
ficity motif in the �-amylase family (clan GH-H according to the
CAZy classification) (38). In addition, LBA0264, like
SmGH13_31, has the shorter loop between conserved regions II
and III, which defines the G16G subspecificity in GH13_31 (43).
In contrast, LBA1872 lacked the �-1,6 specificity motif, suggesting
that it might have another specificity. In the unrooted phyloge-
netic tree (Fig. 2) of the enzymes included in the multiple se-
quence alignment, LBA0264 clusters together with SmGH13_31
and several putative G16Gs from lactobacilli, while LBA1872 seg-
regates in a different cluster together with uncharacterized pro-
teins from a wide range of lactobacilli (see Table S3 in the supple-
mental material for details). The characterized O16Gs from bacilli
form a third cluster together with mainly uncharacterized se-
quences from bacilli and other Gram-positive bacteria, including
a few Lactobacillus sequences, and this cluster is more closely re-

lated to the G16G group (Fig. 2). Thus, the analysis supports the
annotation of LBA0264 as an IMO active enzyme, whereas
LBA1872 seemed not to be involved in IMO hydrolysis based on
this analysis.

Transcriptional analysis of genes possibly involved in IMO
utilization. Both IMO and maltooligosaccharides sustained the
growth of L. acidophilus NCFM, albeit to a lower cell density than
glucose. The semiquantitative RT-PCR analysis showed the tran-
scription of LBA0264 to be upregulated on both maltotetraose
and the purified IMO mix compared to cells grown on glucose (Fig.
3). Similarly, LBA1872 and the permease (LBA1866) as well as the
solute binding protein (LBA1867) components of the ATP-binding
cassette (ABC) transport system in the maltooligosaccharide gene
cluster were also upregulated on both maltotetraose and IMO.

Production and basic characterization of LBA0264,
LaGH13_31. LaGH13_31 was purified to electrophoretic homo-

TABLE 2 Amino acid sequence comparison of the gene product of LBA0264 to functionally characterized GH13 enzymesa

Enzyme and organism(s)
UniProtKB/Swiss-Prot
accession no.

Identity
(%)

Similarity
(%) Gap Score Reference(s)

Glucan-1,6-�-glucosidase
Streptococcus mutans Q99040b 57.6 75.0 2.0 1,697 19, 42, 43

Oligo-1,6-�-glucosidase
Bacillus cereus P21332b 53.1 70.1 4.5 1,585 48, 54, 56
Bacillus thermoglucosidasius

(Geobacillus
thermoglucosidasius)

P29094b 51.8 69.3 4.8 1,575 55

Bacillus coagulans Q45101c 51.5 66.5 6.4 1,492 47

Trehalose-6-phosphate hydrolase
Bacillus subtilis P39795d 46.1 63.9 4.3 1,387 18
Escherichia coli K-12 P28904d 45.8 63.4 6.4 1,307 41

a The similarity of amino acid sequences was investigated using the BLASTP program (UniProtKB/Swiss-Prot database). The proteins are listed according to descending
percentages of sequence identity and grouped according to specificity.
b GH13 subfamily 31.
c GH13, no subfamily.
d GH13 subfamily 29.

FIG 1 Excerpt of multiple sequence alignment of selected characterized GH13_31 enzymes and homologous sequences from BLASTP with LBA0264 as well as
LBA1872. Regions II and III, conserved in �-amylase family enzymes, encompass the catalytic groups and certain pivotal active-site residues (30). Region V
defines the specificity motifs of 1,6-�-glucosidases and neopullulanases (38). The catalytic residues are marked with arrows. The amino acid numbering on the
top of the alignment corresponds to the glucan 1,6-�-glucosidase from Lactobacillus acidophilus NCFM (LaGH13_31, LBA0264), and the protein sequences are
numbered as in the full-alignment in Fig. S1 in the supplemental material and in Fig. 2. Similar residues are highlighted in pink; conserved residues are highlighted
in blue (�50% conserved) or purple (�75% conserved). L. brevis, Lactobacillus brevis; L. plantarum, Lactobacillus plantarum.
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FIG 2 Phylogenetic tree constructed based on the multiple sequence alignment partly shown in Fig. 1 (full alignment is shown in Fig. S1 in the supplemental
material). The tree depicts the clustering of three main groups of GH13 enzymes: (i) a glucan 1,6-�-glucosidase (G16G) cluster from mainly acidophilus complex
lactobacilli including LaGH13_31, streptococci, enterococci, and others (see Table S3); (ii) an oligo-1,6-�-glucosidase (O16G) cluster containing characterized
enzymes from bacilli, together with a variety of uncharacterized sequences from other Gram-positive bacteria including a branch of non-acidophilus complex
lactobacilli; (iii) a cluster of uncharacterized sequences homologous to LBA1872 that occurs in the maltooligosaccharide operon in L. acidophilus NCFM and
forms a distinct group (Unknown specificity 1), supportive of the lack of �-1,6 sequence motifs and suggestive of a different function. A small group of
uncharacterized sequences form a fourth intermediate group (Unknown specificity 2), whereas a single sequence resembling possibly an ancestral O16G
segregates alone, likely due to its taxonomic distance to other O16G sequences in the tree. The following Lactobacillus species are represented: L. amylolyticus, L.
animalis, L. brevis, L. delbrueckii, L. farciminis, L. jensenii, L. helveticus, L. iners, L. pentosus, L. plantarum, L. rhamnosus, L. ruminis, and L. sakei subsp. sakei. Other
species are as follows: B. halodurans, Bacillus halodurans; B. sp. 2_A_57_CT2, Bacillus sp. strain 2_A_57_CT2; B. sp. NRRL B-14911, Bacillus sp. strain NRRL
B-14911; B. fuscum, Brevibacterium fuscum; L. garvieae, Lactococcus garvieae; C. sp. AT7, Carnobacterium sp. strain AT7; C. sp. 17-4, Carnobacterium sp. strain
17-4; C. sp. DL-VIII, Clostridium sp. strain DL-VIII; C. leptum, Clostridium leptum; C. owensensis, Caldicellulosiruptor owensensis; D. formicigenerans, Dorea
formicigenerans; E. saccharolyticus, Enterococcus saccharolyticus; E. faecium, Enterococcus faecium; E. italicus, Enterococcus italicus; E. saburreum, Eubacterium
saburreum; F. prausnitzii, Faecalibacterium prausnitzii; H. hydrogeniformans, Halanaerobium hydrogeniformans; Lis. grayi, Listeria grayi; L. pseudomesenteroides,
Leuconostoc pseudomesenteroides; O. sp. TW25, Ornithinibacillus sp. strain TW25; P. larvae, Paenibacillus larvae; R. sp. 5_1_39B_FAA, Ruminococcus sp. strain
5_1_39B_FAA; R. lactaris, Ruminococcus lactaris; R. torques, Ruminococcus torques; S. mitis, Streptococcus mitis; T. halophilus, Tetragenococcus halophilus; T.
thermosaccharolyticum, Thermoanaerobacterium thermosaccharolyticum. Other species are as identified in the text.
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geneity, and its pI was determined to be 4.8 in accordance with the
theoretically calculated value of 4.9. The yield of LaGH13_31 after
two purification steps was 25 mg/liter of culture with a specific
activity of 335 U/mg. The pH optimum for LaGH13_31 was de-
termined to be 5.5, and the enzyme retained more than 50% of its
maximum activity at pH 4 to 8 (see Fig. S2A in the supplemental
material). The temperature optimum at pH 6 was 39°C (see Fig.
S2B), and the inactivation rate constants at 37°C and 50°C were
0.001 min�1 and 0.0152 min�1, respectively, corresponding to a
t1/2 of 4.8 days and 46 min, respectively.

Substrate preference. The substrate specificity of LaGH13_31
was investigated by measuring initial reaction rates for eight sub-
strates (1 mM) (Table 3) including IMO (DP 2 to 4), panose that
has an �-1,6 linkage, sucrose, and disaccharides containing �-1,1-
or �-1,4-linked glucose. Among the natural substrates, the highest
rate of hydrolysis was on panose (Table 3), and LaGH13_31
clearly preferred IMO longer than IG2, while having negligible
activity on other natural substrates, confirming its function as a
glucan 1,6-�-glucosidase.

Kinetic analysis performed on IMO and dextran confirmed
this trend and showed higher catalytic efficiencies (kcat/Km) of
LaGH13_31 on IG3 and IG4 than isomaltose (Table 4). Although
saturation was not reached at the highest dextran concentration
used (40 mg/ml), clear curvature of the Michaelis-Menten plot

(see Fig. S3 in the supplemental material) allowed unambiguous
determination of the kinetic parameters.

Effective inhibition by the product glucose indicates possible
feedback regulation of the activity of LaGH13_31. The Michaelis-
Menten plots of PNPG hydrolysis showed significant inhibition
by 6 or 8 mM glucose (see Fig. S4 in the supplemental material).
The competitive inhibition model gave the best fits to the data
(R2 � 0.999), and the Ki of glucose was determined to 4.0 

0.18 mM.

Three-dimensional structure of LaGH13_31. Obtained crys-
tals of LaGH13_31 belonged to space group P21212 with one
monomer in the asymmetric unit. The crystals diffracted to 2.05-Å
resolution, and the structure was solved by molecular replacement
using the structure of SmGH13_31 (PDB 2ZIC). The overall
structure of LaGH13_31 (Fig. 4) shows the classical GH13 archi-
tecture of a catalytic (�/�)8-barrel fold domain (domain A) and a
C-terminal antiparallel �-sheet domain (domain C). The three
catalytic residues conserved in GH13 are situated at the ends of
�-strands 4 (Asp198, catalytic nucleophile), 5 (Glu240, catalytic
acid-base), and 7 (Asp316, transition state stabilizer). Function-
ally important amino acid residues at the active-site substrate
binding subsites �1 through to �2 are depicted in Fig. 5A, fol-
lowing the accepted subsite nomenclature, with the minus sub-
sites at the nonreducing end of the substrate and plus subsites at
the reducing end and hydrolysis occurring between the �1 and
�1 subsites (10). Domain A, comprising the first 465 residues of

FIG 3 (A) The semiquantitative RT-PCR amplified fragments at the end of 22 cycles of selected genes of L. acidophilus NCFM grown in duplicates on
semiessential medium with 1% glucose, isomaltooligosaccharides (IMO), and maltotetraose. PCR products were separated by agarose electrophoresis and
quantified by densitometry. (B) The levels of gene transcripts were quantified as the ratio of intensity of IMO and maltotetraose to the intensity of glucose-grown
cultures. The expression of the 16S rRNA gene was used as an internal control. LBA0264, glucan 1,6-�-glucosidase; LBA1866, maltose ABC transporter permease
protein; LBA1867, multiple sugar binding ABC transporter system; LBA1872, GH13 of unknown function; LBA2071, 16S rRNA gene.

TABLE 3 Normalized reaction rate of LaGH13_31 on various substrates

Substratea Reaction rate (s�1)b Relative rate (%)c

PNPG 164.0 
 5.1 94.3
IG2 26.6 
 1.3 15.3
IG3 41.2 
 0.9 23.7
IG4 41.0 
 0.2 23.6
Trehalose NDd

Maltose (4.9 
 0.2) � 10�2 0.03
Sucrose (10.5 
 1.5) � 10�2 0.06
Panose 173.9 
 2.4 100
a Substrates were used at a concentration of 1 mM.
b The reaction rate was calculated as V/[E], where V is the initial velocity and [E] is the
enzyme concentration.
c Relative to the reaction rate toward panose.
d ND, not detected.

TABLE 4 Kinetic parameters of LaGH13_31 at 37°C and pH 6.0

Substrate kcat (s�1) Km (mM)
kcat/Km

(s�1 mM�1)
Relative
kcat/Km

a

IG2 517 
 6.3 22.5 
 0.7 23 14.6
IG3 475 
 12.7 14.1 
 0.8 34 21.7
IG4 501 
 12.7 16.1 
 0.9 31 19.7
PNPG 597 
 14.3 2.38 
 0.16 251 159.9
Panose 612 
 12.8 3.9 
 0.2 157 100
Dextran 384 
 17.1 29.2 
 2.4b 13.6c 8.7
a Normalized to panose.
b mg ml�1.
c s�1 mg�1 ml.
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LaGH13_31, contains two inserts after the fourth and eighth
�-strands. The first insert is referred to as domain B (residues 101
to 169) and provides residues responsible for substrate recogni-
tion. Domain B= (residues 359 to 444), the second insert, has res-
idues interacting with the substrate and domain B. Overall, these
inserts render the active site less accessible. Domain C (residues
466 to 539) assumes a �-sandwich fold composed of five strands

packing against domain A and two shorter �-strands that are sol-
vent exposed.

A Ca2� is bound in domain A in a loop located just before the
first helix in a binding site resembling that observed in
SmGH13_31 (19). The Ca2� octahedral coordination shell com-
prises the side chains of Asp20, Asn22, Asp24, and Asp28, the
carbonyl oxygen of Ile26, and a water molecule. The protein li-
gands are well conserved within GH13_31, suggesting the recur-
rence of the Ca2� binding site within this group of enzymes. The
structure of the O16G from B. cereus (BcO16G) has no Ca2� at this
site (56), possibly because the crystallization conditions included
5 mM EDTA. For LaGH13_31, adding EDTA to the crystallization
conditions abolished crystal formation, and recently it has been
shown that the presence of Ca2� enhances the thermostability of
SmGH13_31 (26), supporting a structural role of this divalent ion
in GH13_31. Interestingly, the water path between the active site
and the surface of the enzyme, which was suggested to have func-
tional significance as a water drain in SmGH13_31 (19), is also
conserved in LaGH13_31 (see Fig. S5 in the supplemental mate-
rial).

In addition to structurally ordered water molecules, the
electron density revealed the presence of three MES (only the
sulfonic acid moiety of MES A 1547 is modeled) and eight
glycerol molecules. One of the MES molecules was bound by
Tyr150 and Tyr157, also present in SmGH13_31 (Tyr146 and
Tyr153) and BcO16G (Tyr151 and Tyr158). Three of the glyc-
erol molecules were found in the active site, and comparison
with the SmGH13_31 in complex with isomaltotriose revealed
that glycerol 1542 together with waters 2215, 2249, and 2334
are ligands to the same residues as observed at the �1 subsite in
SmGH13_31, thus demonstrating the conservation of this piv-
otal subsite (Fig. 5).

DISCUSSION

The administration of IMO has been reported to result in an in-
crease in bifidobacteria and lactobacilli in humans and rats (23,

FIG 4 Crystal structure of LaGH13_31. Domain A (residues 3 to 100, 170 to
358, and 445 to 465) is shown in yellow, domain B (residues 101 to 169) is in
green, domain B= (residues 359 to 444) is in orange, and domain C (residues
466 to 538) is in red. The catalytic residues (Asp198 and Glu240) are shown as
black sticks, and three glycerol molecules in the active site are shown with
white carbons. An IG3 molecule from SmGH13_31 (2ZID) is superimposed
and shown with green carbons at 60% transparency. A calcium ion (green
sphere) is coordinated by a water molecule (red sphere) and residues 20, 22, 24,
26, and 28, and a close-up view of the Ca2� binding site is shown for clarity.

FIG 5 Close-up view of the residues comprising the active sites of LaGH13_31 (white carbon atoms) (A) and SmGH13_31, (gray carbon atoms) (B). The catalytic
residues from LaGH13_31 are black, and the green IG3 molecule in panels A and B originates from SmGH13_31 (Glu236Gln inactive mutant; PDB 2ZID) and
denotes the substrate binding subsites �1, �1, and �2. The largest difference is seen near the �2 subsite.
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25). This was recently corroborated by a human intervention
study showing a significant increase of bifidobacteria and lactoba-
cilli, together with a 3-fold decrease in clostridia, due to IMO
administration in elderly constipated humans, highlighting the
selectivity of IMO (58). Surprisingly, the genetics and enzymology
of IMO utilization remain unexplored in the gut niche. The pres-
ent study investigates the genetic basis and the enzymology of
IMO utilization in L. acidophilus NCFM, which serves as a model
for probiotic lactobacilli.

Bioinformatic analysis. A single gene encoding a GH13_31
enzyme (LBA0264, designated LaGH13_31) was found in the L.
acidophilus NCFM genome. In addition, a putative enzyme, en-
coded by the locus LBA1872, displayed low similarity to O16Gs.
LaGH13_31 is homologous to the characterized SmGH13_31
(Table 2), as evident from the multiple sequence alignment (Fig.
1) and the phylogenetic tree that depicts the clustering of
LaGH13_31 and closely related enzymes mainly from the aci-
dophilus complex lactobacilli together with the G16G from S. mu-
tans (Fig. 2; see also Table S3 in the supplemental material). Char-
acterized GH13_31 O16G from different bacilli formed an
adjacent cluster (Fig. 2). Interestingly, although this O16G cluster
contained sequences from lactobacilli, none of these belonged to
the acidophilus complex (see Table S3), suggesting that the gut
niche adaptation has driven the enrichment of the G16G specific-
ity in acidophilus complex Lactobacillus members and/or that
shorter IMO are catabolized using different enzymes in acidoph-
ilus complex members. Furthermore, LaGH13_31 contained both
the QPDLN motif in the conserved region V of the �-amylase
family, reported to define the O16G subfamily containing both
O16G and G16G (38), and the shorter �¡� loop 4 that distin-
guishes G16G from O16G (43). Taken together, this strongly sug-
gested that LaGH13_31 is a G16G. In contrast, LBA1872 was
clearly distinguishable from characterized enzymes with O16G,
and its amino acid sequence resembled the intermediate group
having a region V MPKLN motif and a conserved histidine in
region II (Fig. 1) (38). More importantly, the valine residue fol-
lowing the catalytic nucleophile, which was experimentally iden-
tified as a key signature of �-1,6 hydrolytic activity (57), is instead
an alanine (shown in boldface) in LBA1872 (GLRLDA;region II).
This, together with the segregation of LBA1872 with other homo-
logues from mainly the Lactobacillus genus in a separate cluster
(Fig. 2, Unknown specificity 1), is indicative of a different speci-
ficity of this group of enzymes tentatively annotated as O16Gs in
the NCBI database based exclusively on in silico predictions.

Genetics of IMO utilization in L. acidophilus and other gut
bacteria. The organization of genes mediating utilization of FOS
and raffinose oligosaccharides in functional operons comprising
transport systems, hydrolases, and transcriptional regulators has
been reported in L. acidophilus NCFM (5, 6). Interestingly,
LBA1872 is located within the maltooligosaccharide utilization
operon, which also encodes a complete ABC transport system
annotated as a maltose/maltooligosaccharide transporter, a LacI
transcriptional regulator, a GH65 maltose phosphorylase (EC
2.4.1.8), and a GH13_20 maltogenic �-amylase (EC 3.2.1.133).
GH13_20 enzymes also possess neopullulanase activity (EC
3.2.1.135) and are typically annotated as neopullulanases (34)
(Fig. 6A). This organization is also observed in other L. acidophilus
strains (e.g., L. acidophilus ATCC 4796) and in closely related ac-
idophilus complex species, e.g., Lactobacillus amylovorus
GRL1118 and Lactobacillus crispatus ST1 (Fig. 6B and C). Another

similarity between L. acidophilus NCFM and the aforementioned
organisms is that genes encoding GH13_31 enzymes which confer
IMO hydrolysis are not in proximity to carbohydrate hydrolysis or
transport loci (Fig. 6A to C). In contrast, the GH13_31-encoding
genes are located in the maltooligosaccharide operon in other spe-
cies of the acidophilus complex represented by Lactobacillus john-
sonii ATCC 33200 and Lactobacillus gasseri JV-V03 (Fig. 6D and E)
as well as in other Lactobacillus species, e.g., Lactobacillus casei
BL23 (Fig. 6F), and in S. mutans (data not shown), suggesting that
the relocation of the GH13_31 genes in L. acidophilus NCFM and
closely related organisms is a recent evolutionary event. With re-
spect to IMO transport, the presence of GH13_31-encoding genes
in maltooligosaccharide operons in several lactobacilli, including
many acidophilus complex members, suggests that IMO may be
internalized by the ABC transporters present in these operons. It is
unclear if the same is valid for the group represented by L. acidoph-
ilus NCFM, where the GH13_31 resides on a separate locus. It
cannot be ruled out, however, that uptake of a shorter IMO, e.g.,
IG2, occurs via other types of transporters, e.g., phosphoenolpy-
ruvate-dependent phosphotransferase system (PTS), as demon-
strated in the case of maltose/maltooligosaccharide utilization in
other Gram-positive bacteria, where maltose is internalized via a
PTS transporter and where longer maltooligosaccharides are
transported via an ABC transporter (1, 45). Phosphorylated malt-
ose and maltotriose internalized via a PTS are recognized by a
specific GH4 6-phospho-�-glucosidase (EC 3.2.1.122) (45). No-
ticeably, GH4-encoding genes occur frequently in acidophilus
complex lactobacilli including L. acidophilus NCFM (LBA1689).

Bifidobacteria encode GH13 �-glucosidases that are distantly
related to GH13_31 but resemble GH13_31 O16Gs with respect to
activity on shorter IMO (39, 52) and have the important Val res-
idue following the nucleophile, consistent with �-1,6 activity.
Genes encoding GH13_31 enzymes are also present in entero-
cocci, e.g., Enterococcus faecalis OG1RF (Fig. 6G). On the other
hand, commensals from the genus Bacteroides lack GH13_31 en-
zymes. Only three gut-adapted Clostridia difficile strains possess
putative GH13_31 enzymes. The specificity of these putative en-
zymes toward IMO has not been demonstrated, and a closer anal-
ysis showed that they lack the valine residue presented above as an
important �-1,6 specificity signature. This is consistent with the
observed selectivity of IMO on human gut microbiota, manifested
in a 3-fold reduction in clostridia counts following IMO intake
(58).

The present transcriptional analysis suggests that IMO induce
the expression of LBA0264 and the ABC transport systems as well
as LBA1872 in the maltooligosaccharide gene cluster. Remark-
ably, the same loci are also induced by maltotetraose, suggesting
coregulation of genes associated with utilization of �-1,4- and
�-1,6-glucooligosaccharides. The inducer of the maltose/maltoo-
ligosaccharide operon in Streptococcus pneumoniae (belongs to the
same order as lactobacilli) has been identified as maltose (36).
This disaccharide is the product of panose (abundant in commer-
cial IMO preparations) hydrolysis by LaGH13_31-like enzymes or
is the product of maltooligosaccharide hydrolysis by GH13_20
maltogenic �-amylases (EC 3.2.1.133) encoded within the
maltooligosaccharide operon discussed above (Fig. 6A). Thus,
maltose is a common degradation product of the panose fraction
of IMO and maltooligosaccharides, which provides a possible ra-
tionale for the coregulation and the colocalization of hydrolases of
these two pathways in some acidophilus complex members.
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Activity and structure of LaGH13_31. The activity profile of
LaGH13_31 confirmed the bioinformatic analysis predicting its
G16G specificity. Interestingly, this enzyme displays a 43-fold
higher dextran/panose catalytic efficiency ratio (Table 4) than
SmGH13_31 (43). This suggests higher affinity in the distal agly-
cone substrate subsites of the active-site cleft of LaGH13_31. A
structural alignment of LaGH13_31 and SmGH13_31 indicates
similar binding modes at the �1 and �1 subsites but large differ-
ences at subsite �2, where the residues Arg212, Glu213, and

Asn243 in LaGH13_31 correspond to Val208, Ser209, and Gly239,
respectively, in SmGH13_31 (Fig. 5). Superposing the two struc-
tures (using superpose in COOT [13]) shows that Arg212 NH1 is
2.9 Å from Glc-879 O3 (glucosyl moiety at subsite �2) and that
Asn243 OD1 is 2.8 Å from Glc-879 O4 at the �2 subsite (Fig. 5),
thus supporting a larger number of interactions at subsite �2 in
LaGH13_31 relative to SmGH13_31. It is intriguing that addi-
tional interactions at subsite �2 would have this profound effect
on the activity on dextran. One hypothesis is that these additional

FIG 6 Schematic presentation of the gene organization around G16Gs (yellow) and LBA1872-like GH13 genes (green) from different organisms. Transcrip-
tional regulators are represented in red, and glycoside hydrolases are shown in purple. ABC (gray) refers to proteins, which are a part of an ABC transport system.
Numbers in the arrows refers to locus tag numbers. (A) Lactobacillus acidophilus NCFM. (B) L. amylovorus GRL1118. (C) L. crispatus ST1. (D) L. johnsonii ATCC
33200. (E) L. gasseri JV-V03. (F) L. casei BL23. (G) Enterococcus faecalis OG1RF. The information in the figure is derived from the genome database provided by
NCBI, and in the case of L. acidophilus NCFM and L. casei BL23, information is based on previous studies (33, 34).
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contacts at subsite �2 result in better anchoring of the substrate
polysaccharide chain, which can act in concert with weak surface
binding sites to elicit the observed difference. This synergy be-
tween the active site and surface binding sites has been reported in
other GH13 enzymes (35) but remains currently unidentified in
GH13_31. The conservation of some aromatic residues on the
surface of GH13_31 enzymes, e.g., Tyr150 and Tyr157 in
LaGH13_31, merits further studies to assess their role in activity
on polymeric substrates.

Product inhibition by glucose seems to be relevant for the reg-
ulation of LaGH13_31 activity as the measured Ki for glucose (4
mM) is in the same range or lower than the Km for both natural
and synthetic substrates (Table 4). This inhibition has not been
shown for GH13_31 enzymes displaying G16G specificity, but it
was reported for the O16G from B. coagulans, albeit slightly less
effectively (Ki/Km ratio of 4.7 compared to 1.7 for LaGH13_31)
(47).

Conclusions. Genomes of probiotic lactobacilli from the aci-
dophilus complex consistently encode glucan 1,6-�-glucosidase
genes located either in a maltooligosaccharide operon encompass-
ing an ABC transport system and maltooligosaccharide active en-
zymes, as in L. johnsonii and L. gasseri members, or located on
separate loci, as in L. acidophilus NCFM and closely related species
and strains. Similar transcriptional regulation of the GH13_31-
encoding gene and genes in the maltooligosaccharide operon in-
cluding the ABC transporter suggests that the pathways for �-1,4
and �-1,6 glucan catabolism are linked, possibly through maltose,
which is a common hydrolysis product. Bioinformatic analysis of
one of the conserved GH13 �-glucan operon genes (LBA1872 in L.
acidophilus NCFM) showed that this gene is most probably mis-
annotated as an O16G as it lacks motif signatures shown to be
pivotal for �-1,6 activity and as it segregates in a separate cluster
from canonical GH13_31 IMO active enzymes. In contrast, the
recombinant LaGH13_31 was shown to be an active glucan 1,6-
�-glucosidase catalyzing hydrolysis of longer IMO and product-
inhibited by glucose. The crystallographic structure of
LaGH13_31 shows a conserved subsite �1 but several additional
substrate contacts at subsite �2 compared to related enzymes,
which may explain the high affinity of this enzyme for dextran.
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