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ABSTRACT Of the few predicted extracellular glycan-active enzymes, glycoside hy-
drolase family 13 subfamily 14 (GH13_14) pullulanases are the most common in hu-
man gut lactobacilli. These enzymes share a unique modular organization, not ob-
served in other bacteria, featuring a catalytic module, two starch binding modules, a
domain of unknown function, and a C-terminal surface layer association protein (SLAP)
domain. Here, we explore the specificity of a representative of this group of pul-
lulanases, Lactobacillus acidophilus Pul13_14 (LaPul13_14), and its role in branched
�-glucan metabolism in the well-characterized Lactobacillus acidophilus NCFM, which
is widely used as a probiotic. Growth experiments with L. acidophilus NCFM on
starch-derived branched substrates revealed a preference for �-glucans with short
branches of about two to three glucosyl moieties over amylopectin with longer
branches. Cell-attached debranching activity was measurable in the presence of
�-glucans but was repressed by glucose. The debranching activity is conferred exclu-
sively by LaPul13_14 and is abolished in a mutant strain lacking a functional LaPul13_14
gene. Hydrolysis kinetics of recombinant LaPul13_14 confirmed the preference for
short-branched �-glucan oligomers consistent with the growth data. Curiously, this
enzyme displayed the highest catalytic efficiency and the lowest Km reported for a
pullulanase. Inhibition kinetics revealed mixed inhibition by �-cyclodextrin, suggest-
ing the presence of additional glucan binding sites besides the active site of the en-
zyme, which may contribute to the unprecedented substrate affinity. The enzyme
also displays high thermostability and higher activity in the acidic pH range, reflect-
ing adaptation to the physiologically challenging conditions in the human gut.

IMPORTANCE Starch is one of the most abundant glycans in the human diet. Branched
�-1,6-glucans in dietary starch and glycogen are nondegradable by human enzymes
and constitute a metabolic resource for the gut microbiota. The role of health-
beneficial lactobacilli prevalent in the human small intestine in starch metabo-
lism remains unexplored in contrast to colonic bacterial residents. This study
highlights the pivotal role of debranching enzymes in the breakdown of starchy
branched �-glucan oligomers (�-limit dextrins) by human gut lactobacilli exemplified
by Lactobacillus acidophilus NCFM, which is one of the best-characterized strains
used as probiotics. Our data bring novel insight into the metabolic preference of L.
acidophilus for �-glucans with short �-1,6-branches. The unprecedented affinity of the
debranching enzyme that confers growth on these substrates reflects its adaptation
to the nutrient-competitive gut ecological niche and constitutes a potential advan-
tage in cross-feeding from human and bacterial dietary starch metabolism.
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The human gastrointestinal tract is inhabited by a vast, diverse, and dynamic
microbial community (1), which is shaped by competition among the different taxa

and selection by the host. Firmicutes and Bacteroidetes are the prevalent bacterial phyla
of the human gut microbiota (HGM), followed by Actinobacteria, Proteobacteria, and
Verrucomicrobia in healthy adults (2). This microbial community provides protection
against enteric pathogens and endows the host with metabolic activities that are not
encoded in the human genome. More importantly, the interplay between diet and the
HGM is currently recognized as a major effector of the composition of this community
(2, 3) and as a negotiator of human metabolism (4, 5). A key feature of the HGM is the
ability to harvest energy from both host-derived and dietary glucans, particularly those
resistant to digestion by human enzymes (6). Consequently, differential glycan metab-
olism is a key affecter of the microbiota composition (7).

Starch is the most abundant glycan in the human diet. This polysaccharide is a
composite of two �-glucans: the linear �-1,4-glucan amylose and amylopectin, which
possesses approximately 5% �-1,6-branch points with average branch lengths of 18 to
25 glucosyl moieties (8). Starch occurs naturally as supramolecular insoluble granules
with semicrystalline regions (8). These granules differ in size and structural properties
as well as digestibility by bacterial and human enzymes. Human digestive enzymes
mainly target the �-1,4-glucosidic bonds but are less efficient in hydrolyzing �-1,6-
branches in starch (9). The digestibility of starch varies considerably based on botanical
origin, crystal packing, and processing (10). Significant amounts of dietary starch escape
digestion in the upper gastrointestinal tract (resistant starch [RS]) (11) and are fer-
mented in the colon by members of the gut microbiota (12–15). The small intestine,
however, is dominated by bacteria from the Gram-positive Lactobacillaceae and the
Gram-negative Enterobacteriaceae families (16). The former family contains human-gut-
adapted lactobacilli from the Lactobacillus acidophilus group, many strains of which are
used as probiotics (17).

The ability of health-beneficial bacteria from the Lactobacillus genus to grow on
starch is limited to a few strains that grow on the soluble but not granular starch (18,
19). Growth on short starch-derived malto-oligosaccharides (�-gluco-oligosaccharides),
however, is well established within this genus. Interestingly, an RS-rich diet appeared to
boost the numbers of lactobacilli and levels of lactate production in the distal colon in
rodent models (20, 21). A recent human study in rural Malawi children showed a similar
increase in lactobacilli after RS intake (22). A possible explanation of these observations
is cross-feeding on short �-glucans that are produced by primary starch degraders (14,
23). Cross-feeding requires efficient capture and transport systems and intracellular
degrading enzymes reported to be conserved in this genus (24). The intracellular
�-glucoside utilization machinery of acidophilus group lactobacilli (17) is relatively well
understood (24–26). In contrast, the extracellular �-glucanolytic capabilities within this
group of bacteria associated with a healthy gut microbiota are currently unexplored.

The commercial strain Lactobacillus acidophilus NCFM, which is used as a pro-
biotic, is among the best studied of this taxonomic group (17). The genome of L.
acidophilus NCFM (27) encodes nine enzymes of glycoside hydrolase family 13 (GH13),
which harbors �-glucan-active enzymes according to the CAZy database (28). The only
predicted �-glucan-active extracellular enzyme, however, is a pullulanase-type �-glucan
debranching enzyme. This enzyme is multimodular, comprising an N-terminal starch
binding domain of carbohydrate binding module family 41 (CBM41), followed by a
domain of unknown function, a CBM48 domain, a GH13 subfamily 14 (GH13_14) catalytic
module (28), and a C-terminal surface layer association protein (SLAP) (28, 29) (Fig. 1).
Pullulanases catalyze hydrolysis of �-1,6-linked branches in glycogen, amylopectin, and
other starch-derived glucans, as well as pullulan (Fig. 2) (30–32).

In this study, we show that extracellular cell-attached pullulanase activity can be
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measured upon growth of L. acidophilus NCFM on a range of oligomeric and polymeric
�-glucans, whereas this activity is repressed upon growth on glucose. We also establish
the exclusive role of the debranching enzyme L. acidophilus Pul13_14 (LaPul13_14) in
the degradation of branched �-glucans in this bacterium. The catalytic and binding
properties of the recombinant LaPul13_14 were investigated, showing unprecedented
substrate affinity and a clear preference toward short-branched �-glucan oligomers
compared to amylopectin. These findings are consistent with the growth profile of L.
acidophilus NCFM. Together, these findings highlight the role of LaPul13_14 and its
homologues in mediating the utilization of branched oligomers derived from starch
degradation in the human gut.

RESULTS
L. acidophilus growth on �-glucans and extracellular pullulanase activity. To

assess the �-glucan metabolic capabilities of L. acidophilus NCFM, growth was per-
formed on glucose, �-1,4-linked maltooligosaccharides with a degree of polymerization
(DP) of 2 to 4, amylopectin, �-limit dextrin possessing short branches (degradation
product from hydrolysis of amylopectin by �-amylase), and pullulan (Fig. 2). L. acidoph-
ilus NCFM clearly preferred glucose followed by maltose, whereas the growth on the
larger malto-oligosaccharides was much weaker (Fig. 3A). Among the branched poly-
meric �-glucans, only �-limit dextrin with the short branches (mainly maltosyl) seemed
to sustain clear, albeit low, growth (Fig. 3A), whereas no significant growth was observed
on pullulan and amylopectin (data not shown). Cells harvested in late log phase

FIG 1 Domain organization of LaPul13_14. Abbreviations: SP, signal peptide; CBM41, starch binding module of
CBM41 in the CAZy database; N-dom, N-terminal domain of unknown function; CBM48, starch binding module of
CBM48; GH13_14, catalytic module assigned to glycoside hydrolase family 13 subfamily 14; C-dom, C-terminal
domain conserved in pullulanases of GH13; SLAP, surface layer association protein domain.

Small branched
α-limit dextrin

n

β-limit dextrin Amylopectin Pullulan

FIG 2 Schematic overview of �-glucans included in the present study. �-1,4-linked glucose units are
shown as linear hexagons, and �-1,6-linkages are depicted as horizontal short segments between the
glucosyl unit hexagons with the reducing end depicted as a white hexagon. The small branched �-limit
dextrin resembles the one used in this study. �-Limit dextrin, produced from �-amylase hydrolysis of
amylopectin, is used to provide experimental evidence for the preference of LaPul13_14 for short
branches compared to amylopectin.
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displayed the highest cell-associated pullulanase activity when maltose was used as a
carbon source, but maltotriose, maltotetraose, and �-limit dextrin also resulted in
a significant pullulanase activity (Fig. 3B). In contrast, no significant activity was
detected when the cells were grown on either glucose or a 1:1 glucose-maltose
mixture. No pullulanase activity was detected in the culture supernatant, i.e., all
pullulanase activity measured was entirely associated with the cells.

The uptake preference of malto-oligosaccharides with a degree of polymerization of
2 to 4 by L. acidophilus NCFM was analyzed using a mixture of maltose, maltotriose, and
maltotetraose as a carbon source, and the depletion of these saccharides in culture
supernatants was monitored. Maltose was clearly the preferred substrate, but both

FIG 3 (A) Growth of L. acidophilus NCFM on different �-glucans. (B) Relative cell-associated pullulan-
hydrolyzing activity of L. acidophilus NCFM cells harvested after 10 h of growth on the �-glucans shown in
panel A. (C) Growth of L. acidophilus NCFM on a total 0.5% (wt/vol) mixture of maltose, maltotriose, and
maltotetraose (1:1:1, based on weight). Its utilization of the substrates was analyzed by HPAEC-PAD. Only the
debranched maltose (mainly) and maltotriose are used from �-limit dextrin during growth on this substrate,
which explains the much lower degree of growth per mass of substrate compared to maltose.
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maltotriose and maltotetraose were also taken up, albeit at a considerably lower rate
(Fig. 3C).

To verify that the measured cell-associated pullulan-hydrolyzing activity stems from
LaPul13_14, the gene encoding this enzyme was deleted and the L. acidophilus NCFM
gene knockout (KO) strain was grown on glucose or maltose. No cell-associated
pullulanase activity was measured from this strain, although the growth rate on
maltose was much higher than that of the wild type (Fig. 4).

Enzymatic properties of LaPul13_14. LaPul13_14 was produced recombinantly in
Escherichia coli and purified (yield, 0.26 mg g [wet weight] cells�1), and it migrated
according to the predicted molecular mass of 129.4 kDa. The enzyme displayed a very
high specific activity of 611 U mg�1 toward pullulan, corroborating the predicted speci-
ficity. The highest specific activity was measured at pH 5.0, and the enzyme retained
more than 50% of its maximum activity in the pH range of 2.5 to 6.5. The highest
activity was measured at 55°C (at pH 5.0), and the Arrhenius activation energy was
determined to be 60.2 kJ mol�1.

Kinetic analysis. The kinetic analysis performed on pullulan showed an exception-
ally high catalytic efficiency (kcat/Km) of 10,368 ml s�1 mg�1 owing to a combination of
a very low Km value (0.05 mg ml�1) and a high catalytic turnover number (kcat, 518 s�1)
(Table 1). Among the branched substrates tested, the catalytic efficiency decreased
with increasing substrate size and branch length. Thus, the catalytic efficiency on the
branched-substrate �-limit dextrin, which has mainly maltosyl branches, was 14-fold
higher than the corresponding value on amylopectin.

Cyclodextrins are well-known starch mimic molecules that bind tightly in the active
sites of pullulanases, resulting in apparent competitive inhibition (33). Interaction of �-,
�-, and �-cyclodextrins (�-, �-, and �-CDs, respectively) with LaPul13_14 was deter-

FIG 4 (A) Comparison of the growth of wild-type L. acidophilus NCFM and the LaPul13_14 gene deletion
strain (ΔLBA1710) on glucose or maltose. (B) Cell-associated pullulan-hydrolyzing activity of cells har-
vested after 10 h of growth.
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mined by surface plasmon resonance (SPR) analysis. �- and �-CDs had dissociation
constants (KD) of 10.8 and 11.2 �M, respectively (Table 2). Interestingly, enzymatic
inhibition kinetics analysis with pullulan revealed that the inhibition of LaPul13_14 with
�-CD was not pure competitive inhibition but was mixed-type inhibition, giving a Ki of
35.9 �M. This is an average value of the binding to the active site and possibly other
binding sites of lower affinity. The analysis of the binding of the enzyme to granular
starch revealed only very low binding affinity, hampering a reliable quantitative mea-
surement (see Fig. S1 in the supplemental material).

DISCUSSION
SLAPs mediate attachment of glycan-active enzymes and other functionally

important enzymes to the cell envelope in Lactobacillus. L. acidophilus NCFM is one
of the best-studied gut bacteria, which is ascribed health benefits and used as a
commercial probiotic (34–37). The commercial and physiological relevance of L. aci-
dophilus NCFM has spurred wide interest in the saccharide uptake and catabolism
machinery of this organism to identify efficiently utilized glycans with potential as
prebiotics (25, 38, 39). A few intracellular carbohydrate-active enzymes (CAZymes) from
L. acidophilus NCFM have been characterized, including those active on maltose (26)
and �-1,6-linked isomalto-oligosaccharides (24). However, insight is scarce into the
extracellular CAZymes encoded by this bacterium and related human-gut-adapted
lactobacilli (27). Recently, the first extracellular glycoside hydrolase from L. acidophilus
NCFM was shown to be a �-N-acetylglucosaminidase autolysin essential for cell division
(40). This enzyme harbors a surface layer association protein (SLAP) domain (Pfam
family PF03217 [41]) that confers noncovalent attachment to the proteinaceous out-
ermost surface layer common in several lactobacilli (42). SLAP domains also occur at the
C termini of other functionally important proteins such as autolysins, fibronectin and
mucin binding proteins, putative peptidases, nucleases, and glycoside hydrolases as
well as polysaccharide lyases according to the Pfam database (41). This suggests that
SLAP domains constitute a general cell attachment scaffold that is fused to a select set
of activities destined for cell surface display. The prevalence of this domain in the
S-layer exoproteome of distinct lactobacilli is also in agreement with this role (43).

In this study, we present the functional characterization of the SLAP domain-
containing enzyme from L. acidophilus NCFM that is active on starch-derived dietary
glucans.

TABLE 1 Hydrolysis kinetic parameters of LaPul13_14 toward oligomeric and polymeric
�-1,6-branched glucans at 37°C and pH 5.0

Substrate Km (mg ml�1) kcat (s�1)
kcat Km

�1

(ml s�1 mg�1)
Normalized
kcat Km

�1

Pullulan 0.05 � 0.004 518 � 10.5 10,368 100
Amylopectin 0.37 � 0.041 25 � 0.7 67 0.6
�-Limit dextrin 0.20 � 0.090 189 � 15.8 945 9

62-�-D-Maltosyl maltotriose 0.33 � 0.040a 378 � 18.0 1,145b

aMillimolar.
bPer millimolar per second.

TABLE 2 Binding of cyclodextrins to LaPul13_14 determined by surface plasmon
resonance

Cyclic ligand pH Temp (°C) KD (�M)

�-CD 5.0 25 89.0
�-CD 5.0 25 11.2
�-CD 5.0 25 10.8
�-CD 5.0 15 7.2
�-CD 5.0 37 29.9
�-CD 7.0 25 21.8
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LaPul13_14 is a cell-attached debranching enzyme that exclusively confers the
utilization of branched �-glucans in L. acidophilus. Growth experiments with L.

acidophilus NCFM clearly showed a preference for glucose and maltose as the sub-
strates. Low levels of growth were observed on the longer �-1,4-malto-oligosaccharides
maltotriose and maltotetraose and on �-limit dextrin, which is a model substrate that
contains only short �-1,6-branches (shown experimentally to be mainly 2- to 3-glucosyl
units for the substrate used in the present study [Fig. 2]). In contrast, very little or no
growth was observed on pullulan and amylopectin, which contain longer branches
(data not shown). Since L. acidophilus NCFM is able to use only the debranched maltose
from �-limit dextrin, the energy yield per mass of this substrate is much lower than that
with growth on maltose. Therefore, the observed low level of growth on �-limit dextrin
is in agreement with the debranching activity of the cells and the lack of �-amylase
activity that is required for the full utilization of this substrate.

The poor growth on maltotriose and maltotetraose is, however, surprising as
these substrates are predicted to be internalized through a maltodextrin-specific
ATP-binding cassette (ABC) system (LBA1864 to LBA1867), which is conserved in
acidophilus group lactobacilli (24). The corresponding transporter from the taxo-
nomically related Gram-positive pathogen Streptococcus pneumoniae mediates the
uptake of malto-oligosaccharides up to eight units with a preference for maltotetraose
(44). The expression of the ABC uptake system may be affected by an inserted transposase
(LBA1868) that separates the catabolic genes from the transporter in L. acidophilus NCFM
but not in other lactobacilli (24). Nonetheless, the malto-oligosaccharide uptake profile
reveals that maltotriose and maltotetraose are taken up, albeit at a significantly lower
rate than maltose (Fig. 3C), in L. acidophilus NCFM cultures. Growth experiments on two
additional L. acidophilus strains confirmed that the strain possessing the transposase
grew similarly poorly as L. acidophilus NCFM, whereas the strain that lacks this insertion
displayed better relative growth on maltotriose and maltotetraose (see Fig. S2 in the
supplemental material).

Despite the weak growth, pullulanase activity was reliably measured during growth
on maltotriose, maltotetraose, and �-limit dextrin but not on glucose (Fig. 3B). The
pullulanase activity was detectable only in the cell fraction, providing evidence that
the enzyme is cell attached. Thin-layer chromatography (TLC) analysis on samples from
the pullulan assays with the cell fraction confirmed the pullulanase-type debranching
activity, since the sole end product released was maltotriose. This precluded other
enzymatic activities (e.g., neopullulanase or �-glucosidase) being responsible for the
increase in reducing sugars from pullulan degradation (Fig. S3). The only predicted
extracellular pullulanase in L. acidophilus NCFM is LaPul13_14 (locus tag LBA1710) (28).
The inactivation of the gene encoding this enzyme abolished the cell-attached pullu-
lanase activity, providing compelling evidence that LaPul13_14 is the sole extracellular
�-glucan-debranching enzyme in L. acidophilus NCFM (Fig. 4).

The gene encoding LaPul13_14 resides on a separate locus than that of the
maltodextrin utilization cluster (26). The repression of pullulanase activity in the pres-
ence of glucose is suggestive of regulation through global catabolite repression (45).
Indeed, this enzyme was not identified in the exoproteome of L. acidophilus NCFM
grown on glucose in a recent proteomic analysis of S-layer-associated proteins (43). A
similar observation was made in a proteome analysis of L. acidophilus NCFM grown on
raffinose, where LaPul13_14 was repressed in the presence of glucose (46) but was
clearly detectable in the presence of raffinose, suggesting a level of constitutive
expression of the enzyme in the absence of glucose.

LaPul13_14 confers efficient targeting of small-branched �-glucans. Given the
dominance of starch in human nutrition, the metabolism of this glucan by the HGM has
been subject to extensive studies. Ruminococcus bromii has been identified as the
primary degrader of resistant starch in the human gut (23), although Bifidobacterium
adolescentis strains were also reported to possess growth capabilities on this substrate
(15). Major commensals from the Bacteroides genus (47) and the butyrate-producing
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Firmicutes member Eubacterium rectale (14) are other HGM members with considerable
starch growth and degradation capabilities. Common to these bacteria is that they
possess highly modular extracellular cell-attached enzymes with one or more catalytic
modules and multiple carbohydrate binding modules (CBMs), which mediate tight
binding to starch substrates.

Only a few Lactobacillus strains have been demonstrated to utilize only soluble
starch (18, 19, 48). This is in agreement with the rare occurrence of genes encoding
extracellular �-glucan enzymes in this genus (1.6%, or 11 out of 696 GH13 genes).
Notably, only four Lactobacillus species encode these extracellular enzymes: L. acidoph-
ilus, Lactobacillus amylovorus, Lactobacillus plantarum, and Lactobacillus manihotivorans
(Table S1). L. plantarum and L. amylophilus GV6 possess amylopullulanases (pullulanase
type II) that degrade both �-1,4- and �-1,6-branches in starch (49–51). Notably, these
starch-utilizing strains stem from other ecological niches than the human gut. In contrast,
LaPul13_14 and its homologues that display an identical domain organization represent
the main extracellular amylolytic activity in human gut lactobacilli (Table S1). This unique
modular organization and the presence of the SLAP domain in gut lactobacilli raise a
question on the importance of these enzymes in the gut niche.

The lack of activity of LaPul13_14 on granular starch and the very weak binding to
this substrate (Kd of �40 mg ml�1 [Fig. S1]) are in line with the lack of growth of L
acidophilus NCFM on starch. In contrast, the enzyme binds the starch mimic �-CD with
moderate affinity (Table 2). This molecule occupies the conserved �2 substrate binding
subsite in pullulanases, thus acting as a competitive inhibitor (33). Our �-CD inhibition
kinetics data on pullulan reveal an inhibition constant Ki of 36 �M, which is in the same
range as the Kd obtained from surface plasmon resonance binding experiments (Table
2). More interestingly, the inhibition was not purely competitive but was of mixed
nature (Fig. S4), indicative of the presence of additional �-glucan surface binding sites.
The glucan binding residues in the CBM41 of the pullulanases from Streptococcus
pneumoniae (52) are conserved in L. acidophilus NCFM. This makes the CBM41 a
plausible candidate for the additional �-glucan binding in LaPul13_14. A possible
rationale for this additional binding in LaPul13_14 is to increase substrate affinity by
increasing the local substrate concentration in proximity to the active site. Strikingly,
the Km of LaPul13_14 toward pullulan is the lowest reported for any debranching
enzyme (Table S2), which attests to adaptation of the substrate affinity to the competitive
human gut niche. The clear preference for substrates with short branches of about two to
three glucose units (Table 1) may provide a metabolic advantage for L. acidophilus, which
is able to take up and metabolize these substrates. Based on the kinetic parameters, the
most likely substrates for LaPul13_14 are short-branched �-glucans that are generated from
the action of �-amylases on starch or glycogen. Given the poor digestibility of branched
�-glucans by human enzymes and the abundance of lactobacilli in the small intestine
(16), this enzyme may act on branched oligomeric substrates from human degradation
of dietary starch or glycogen (Fig. 5). Such an advantage may explain the enrichment
of this debranching activity in human intestinal isolates. Taken all together, the study
suggests that debranching enzymes of gut lactobacilli are evolved for efficient break-
down of short-branched �-glucans. The high substrate affinity may facilitate access to
substrates that escape human or microbial metabolism of starch and glycogen. Further
work is required to relate the in vivo functionality of these enzymes to gut adaptation
of lactobacilli.

MATERIALS AND METHODS
Materials. High-purity (�95%) chemicals and commercial enzymes were from Sigma-Aldrich, MO,

USA, unless otherwise stated. Pullulan (�95%) and �-limit dextrin (�97%) were from Megazyme (Bray,
Ireland). The maltotetraose used for the growth/induction experiment was an in-house preparation
(purity of �92%; impurity was maltotriose). The branched �-limit dextrin used for the kinetic analysis
(kind gift from the late Bent S. Enevoldsen) comprises a mixture of two isomers: 62-�-D-maltosyl-
maltotriose and �-D-glucosyl-maltotetraose.

Bioinformatics analysis. Sequences of LaPul13_14 homologues were extracted from the Carbohydrate-
Active Enzymes database (CAZy; www.cazy.org) (28) using the CAZy tools provided by Alexander Holm
Viborg (http://research.ahv.dk). Domain organization of the protein sequences was analyzed using a
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combination of batch searches in the Conserved Domain Database (29) and search in the Pfam protein
family database (41). Identification of putative extracellular enzymes was done based on predictions from
the SignalP 4.1 server (53).

Growth experiments. L. acidophilus NCFM was grown on glucose, maltose, maltotriose, maltote-
traose, a mixture of glucose and maltose (1:1, based on weight), �-limit dextrin, amylopectin, or pullulan.
Growth was performed in 14 ml semidefined medium (SDM) (54) with 0.5% (wt/vol) carbohydrate in
15-ml conical culture tubes, which were inoculated with an overnight culture previously grown on SDM
supplemented with 1% (wt/vol) glucose to an optical density at 600 nm (OD600) of 0.1 (0.04 as measured
on 200 �l culture in a 96-well plate using a microplate reader). The cultures were incubated at 37°C, and
200-�l samples were withdrawn every 1 to 2 h for OD600 measurements. When the cultures reached late
log phase (after approximately 10 h), two 1-ml samples per culture were collected and spun down
(20,000 � g, 10 min, 4°C), and the cells and supernatant were assayed for enzymatic activity (see below).
The growth experiments with the LaPul13_14 deletion mutant (ΔLBA1710; see below) were performed
in a similar manner on glucose and maltose, and all growth experiments were performed in duplicates.
The supernatants from the growth experiments were assayed for pullulanase activity using the standard
reducing sugar assay described below, whereas the cells were washed twice with 0.9% NaCl before
measurements of pullulanase activity (described below).

Additional growth experiments were performed to compare the growth of L. acidophilus NCFM to
those of L. acidophilus DSM-20242, which possesses identical organization of the maltodextrin utilization
cluster as L. acidophilus NCFM and is used as a control, and L. acidophilus DSM-9126, which possesses a
typical maltodextrin utilization locus and lacks the inserted transposase present in both L. acidophilus
NCFM and DSM-20242. Anaerobically grown cultures in MRS medium were transferred once in SDM with
1% glucose (anaerobic), and the resulting cultures were used to inoculate (1% or equivalent cell density
for weaker-growing strains) the SDM-based growth medium (0.5% carbohydrate source, 200 �l per well,
in duplicate wells and under duplicate conditions). Growth was monitored with a microtiter plate reader
for 60 h.

Malto-oligosaccharide uptake. L. acidophilus NCFM was grown on a total 0.5% (wt/vol) mixture of
maltose, maltotriose, and maltotetraose (1:1:1, based on weight) as described above. Samples were
collected during growth for OD600 measurements and oligosaccharide analysis, which was performed as
follows: a 1-ml sample was spun down (20,000 � g, 10 min, 4°C), and 80 �l supernatant was diluted
100-fold in 0.1 M NaOH and sterile filtered through prerinsed (with MilliQ) 30-kDa filters (Amicon
Ultraspin filters; Millipore, MA, USA) before the content of maltose, maltotriose, and maltotetraose was
analyzed using high-performance anion-exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) using an ICS3000 system, equipped with a CarboPac PA200 anion-exchange column
(Dionex Corporation, Sunnyvale, CA) using a 2-step sodium acetate gradient (0 to 7 min, 37.5 to 75 mM,
and 7 to 30 min, 75 to 300 mM) and a constant concentration of 0.1 M NaOH at 25°C at 0.35 ml min�1.
After each run, the column was regenerated with a constant concentration of 0.1 M NaOH and 400 mM
sodium acetate for 5 min, followed by a gradient from 400 mM to 37.5 mM sodium acetate over 5 min,
and finally an equilibration with 37.5 mM sodium acetate and 0.1 M NaOH for 5 min.

FIG 5 Schematic overview of the extracellular �-glucan metabolism of L. acidophilus NCFM. The cell-attached
pullulanase activity of LaPul13_14 mediates the debranching of preferentially smaller-branched oligomers that
possibly are products of human or bacterial degradation of amylopectin, which is signified by a dashed line. The
produced maltose and short maltooligosaccharides are taken up by one or more specific transporters and
degraded intracellularly by the enzymes encoded by the malto-oligosaccharide utilization locus to produce
�-glucose-1-phosphate and glucose, which enter glycolysis (26).
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Construction of LBA1710 (LaPul13_14) deletion mutant. The 3,555-bp lba1710 gene encoding
LaPul13_14 in L. acidophilus NCFM was deleted using an upp-based counterselective gene replacement
system (55). Briefly, a 3,489-bp in-frame deletion (98% of gene) within lba1710 was constructed by first
PCR amplifying the 629-bp and 646-bp DNA segments flanking the upstream and downstream se-
quences of the lba1710 deletion target, respectively, using primer pairs 1710-1/1710-2 (5=-GTAATAGGA
TCCACAACAAGCTCAAGGGATTCA-3= and 5=-AACACCTTTTGTTCCCCA-3=, respectively) and 1710-3/1710-4
(5=-TGGGGAACAAAAGGTGTTGCAGTGAATGTTGTTATTGAAG-3= and 5=-TTAGTAGAATTCCTTGAGGGAGCTC
AACTTTC-3=, respectively) (restriction sites are underlined), with Pfu UltraII HS DNA polymerase (Agilent
Technologies, California, USA). Both purified PCR products were fused and amplified to generate copies
of the Δlba1710 allele via splicing by overlap extension PCR (SOE-PCR) (56), using 10 ng of each PCR
product as the amplification templates in a 50-�l PCR mixture with primer pair 1710-1/1710-4 (see
above). Purified SOE-PCR products (1,275 bp) were digested with BamHI and EcoRI and ligated into
compatible ends of the pTRK935 counterselectable integration vector. Construction of the resulting
recombinant integration plasmid containing the Δlba1710 allele, designated pTRK1085, and the recovery
of plasmid-free double recombinants with 5-fluorouracil were performed as described previously (55, 57).
Double recombinants with the Δlba1710 allele were screened by colony PCR using primer pair 1710-1/
1710-4. In-frame deletion and sequence integrity were confirmed by PCR and DNA sequencing using
primer pair 1710-5/1710-6 (5=-TGAGCAAGTTAGCGCATCTG-3= and 5=-GCTGGTGTTGCAGAAGTAG-3=, re-
spectively), the primers in which specifically anneal to the flanking region of the lba1710 gene. One of
the confirmed Δlba1710 deletion mutants, designated NCK2325, was selected for further studies.

Production and purification of recombinant LaPul13_14. L. acidophilus NCFM genomic DNA,
prepared as previously described (26), was used to amplify the LaPul13_14 gene (locus tag number
LBA1710; GenBank accession number AAV43522.1), with the sense primer 5=-CTAGCTAGCGCAGAAACA
CCAGATGCTGG-3= and the antisense primer 5=-CCGCTCGAGAGCTTTTACTTCAATAACAACATTC-3= (restric-
tion sites are underlined). The PCR amplicon encoding the mature peptide (3,468 bp) lacking the signal
peptide (bp 1 to 105, corresponding to amino acid residues 1 to 35 [Fig. 1]) was cloned within the NheI
and XhoI restriction sites in pET21a(�) (Novagen, Darmstadt, Germany) and transformed into Escherichia
coli XL10-Gold Ultracompetent cells (Stratagene, California, USA) according to the manufacturer’s pro-
tocols. Transformants harboring pET21a(�)-LaPul13_14 were selected on LB agar plates with 100 �g
ml�1 ampicillin and verified by restriction analysis and full sequencing. E. coli Rosetta (DE3) cells
(Invitrogen, USA) transformed with pET21a(�)-LaPul13_14 were used for production of the enzyme.

The enzyme was produced in a 5-liter bioreactor (Biostat B Plus; Sartorius Stedim, Germany) as
described elsewhere (58) with the following modifications: 3.7 liters of defined medium was inoculated
to an OD600 of 1.5 with an overnight culture grown in LB medium. The fermentation was carried out at
37°C until the OD600 reached 8, before decrease of the temperature to 15°C and induction of expression
using 100 �M isopropyl-�-D-thiogalactopyranoside. Cells were harvested (6,000 � g, 20 min, 4°C) at an
OD600 of 30.5 after 67 h of induction. The cell pellet was resuspended in buffer A (10 mM HEPES, pH 7.4,
25 mM imidazole, 40% glycerol, 0.5 M NaCl, 1 mM CaCl2, 0.005% [vol/vol] Triton X-100) and disrupted by
high-pressure homogenization at 100 MPa. Disintegrated cells were treated with Benzonase nuclease
(Invitrogen; 30 min at room temperature) and centrifuged twice (40,000 � g, 30 min, 4°C). The
supernatant was filtered (0.45 �m) and loaded onto a 5-ml HisTrap HP column (GE Healthcare, Uppsala,
Sweden). After washing with 10 column volumes of buffer A, including 26 mM imidazole, bound protein
was eluted with a linear gradient from 3 to 80% buffer B (10 mM HEPES, pH 7.4, 400 mM imidazole, 40%
glycerol, 0.5 M NaCl, 1 mM CaCl2). Fractions containing protein were pooled and concentrated (30-kDa
Amicon Ultra spin filters; Millipore) to 5 ml, loaded onto a preequilibrated HiLoad 26/60 Superdex G200
column (GE Healthcare), and eluted with 50 mM morpholineethanesulfonic acid (MES), pH 6.0, 1 mM
CaCl2, 20% glycerol, 150 mM NaCl at 0.75 ml min�1. Fractions containing LaPul13_14 were pooled and
desalted on a HiPrep 26/10 desalting column (GE Healthcare) against 1 mM HEPES, pH 7.0. Desalted
protein fractions were pooled and loaded onto a Resource Q column (6 ml; GE Healthcare) equilibrated
with 10 mM HEPES, pH 7.0, at a flow rate of 2 ml min�1. Protein was eluted by a linear gradient (from
0 to 100% in 30 column volumes) of 10 mM HEPES, pH 7.0, 0.5 M NaCl. Fractions containing LaPul13_14
were pooled, concentrated, and buffer exchanged (30-kDa Amicon Ultra spin filters; Millipore) to 50 mM
MES, pH 6.0, 20% glycerol, 0.5 mM CaCl2, 150 mM NaCl. The concentration of LaPul13_14 (SDS-PAGE) was
determined spectrophotometrically using a molar extinction coefficient �280 of 179,566 M�1 cm�1 as
determined by amino acid analysis (59).

Enzyme activity assays and kinetics. Determination of specific activity as well as kinetic parameters
of LaPul13_14 was performed using a reducing sugar assay as previously described (33). In short; 1.1-ml
reaction mixtures containing substrate (0.225 mg ml�1 pullulan for specific activity; 0.02 to 1 mg ml�1

pullulan and 0.1 to 10 mg ml�1 potato amylopectin dissolved in 8% [vol/vol] dimethyl sulfoxide [DMSO]
or 0.225 to 9 mg ml�1 �-limit dextrin for kinetic analysis) and LaPul13_14 (0.05 to 1.5 nM) in assay buffer
(20 mM sodium acetate, pH 5.0, 5 mM CaCl2, 0.005% Triton X-100) were incubated at 37°C, and aliquots
(200 �l for pullulan and 100 �l for amylopectin and �-limit dextrin) were removed at five time points (3,
6, 9, 12, and 15 min) and added to 500 �l stop solutions (0.4 M sodium carbonate, pH 10.7, 2.5 mM
CuSO2, 2.5 mM 4,4=-dicarboxy-1,2=-biquinoline, 6 mM L-serine). Milli-Q water was added to a final volume
of 1 ml, and A540 was measured after a 30-min incubation at 80°C. The release of reducing sugars was
quantified using a maltose standard. One activity unit (U) is defined as the amount of enzyme that
releases 1 micromole of maltose reducing sugar equivalents per min from pullulan under assay conditions.
The kinetic parameters Km and kcat were determined by fitting the Michaelis-Menten equation to the
initial velocity data. The data obtained were analyzed using the Enzyme Kinetics module 1.0 of the
program SigmaPlot 9.01 (Systat Software, Chicago, IL). Inhibition kinetics of LaPul13_14 by �-cyclodextrin
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(�-CD) were investigated using pullulan as the substrate. The kinetics assay was done as described
above but with 50 �M �-CD included. The data obtained were analyzed by fitting competitive,
noncompetitive, and mixed inhibition models to the data using the Enzyme Kinetics module 1.0 of
the program SigmaPlot 9.01 (Systat Software, Chicago, IL), and the inhibition kinetics models were
ranked based on �2 of the fits.

The kinetic parameters of hydrolysis of the branched �-limit dextrin mixture described above (5
glucose units, maltosyl branch) by LaPul13_14 were determined using HPAEC-PAD. The starting reaction
volume was 300 �l, including branched substrate (0.0625 to 1 mM) and 0.53 nM LaPul13_14 in 20 mM
sodium acetate, pH 5.0, 5 mM CaCl2, 0.005% (vol/vol) Triton X-100. At four time points (3, 6, 9, and 12
min), 60-�l aliquots were drawn and mixed with 15 �l 0.5 M NaOH. The samples were spun (20,000 �
g, 5 min, 4°C) before 65-�l samples were mixed with 65 �l of 0.1 M NaOH. The products were quantified
based on peak areas from HPAEC-PAD analysis, which was performed as described above.

The described standard reducing sugar assay was also used to determine the pullulanase activity in
the L. acidophilus culture supernatant and in the washed cell pellets, with the following exceptions: cells
from 1 ml of culture in the late log phase (see above) were resuspended in 600 �l preheated (37°C)
pullulan solution (0.4 mg ml�1 pullulan, 40 mM sodium acetate, pH 5.0, 0.5 mM CaCl2, 0.005% [vol/vol]
Triton X-100), while 100 �l culture supernatant was mixed with 500 �l 0.48-mg ml�1 pullulan solution.
Aliquots (100 �l) were drawn after 0, 1, 2, and 3 h. The samples were spun down at 4°C for 2 min, and
75 �l cell-free sample was mixed with 500 �l stop solution (0.4 M sodium carbonate, pH 10.7, 2.5 mM
CuSO2, 2.5 mM 4,4=-dicarboxy-1,2=-biquinoline, 6 mM L-serine) and 425 �l MilliQ water. As a control, the
degradation products from the assay with whole cells and pullulan were analyzed using thin-layer
chromatography (TLC). Samples (6 �l) were drawn after 0 and 19 h of reaction and spotted directly onto
a TLC Silica 60 F254 plate (Merck, Darmstadt, Germany), developed with isopropanol-ethyl acetate-water
(60:20:20, vol/vol), and sprayed with 2% (wt/vol) orcinol in ethanol-H2SO4-water (80:10:10) followed by
tarring at 300°C. The following standards were included on the gel (1 �l): 20 mM (either) glucose,
maltose, maltotriose, or panose in water.

Temperature and pH activity profiles. The reducing sugar assay described above was used for
determining the dependence of initial reaction rates on temperature in the range 7 to 80°C using 0.46
nM LaPul13_14 and 0.225 mg ml�1 pullulan. The dependence of activity on pH in the range 2.0 to 8.5
was assayed using the reducing sugar assay described above in 20 mM (either) glycine (pH 2.0 to 3.5),
sodium acetate (pH 3.5 to 5.5), MES (pH 5.5 to 7.0), or HEPES (7.0 to 8.5), all including 0.5 mM CaCl2 and
0.005% bovine serum albumin.

SPR binding analysis of cyclodextrins. The affinity of LaPul13_14 toward �-, �-, and �-CD was
analyzed using surface plasmon resonance (SPR) on a Biacore T100 system (GE Healthcare). Random
amine coupling was used to immobilize the enzyme on a CM5 sensor according to the manufacturer’s
protocol using 100 �g ml�1 protein in 10 mM sodium acetate, pH 4, 0.5 mM CaCl2, 1 mM �-CD to a final
chip density of 5,477 response units (RU). The analysis comprised 100 s and 90 s for the association and
dissociation phases, respectively, at a flow rate of 30 �l min�1 and 25°C at 19 �-CD concentrations (0.25
to 1,024 �M) as well as 18 �-CD and �-CD concentrations (3 to 5,000 �M), all in 10 mM sodium acetate,
pH 5.0, 150 mM NaCl, 0.005% (vol/vol) P20 surfactant. In the case of �-CD, the interaction was analyzed
at 15°C and 37°C in addition to the 25°C standard analysis. Furthermore, the interaction with �-CD was
also analyzed at pH 7.0 in 10 mM HEPES, pH 7.0, 150 mM NaCl, 0.005% P20 surfactant. A one-site binding
model was fitted to the steady-state response blank and reference cell-corrected sensograms using the
BIA evaluation software supplied with the instrument.

Starch binding assay. Barley starch was washed three times in water followed by one time in assay
buffer (40 mM sodium acetate, pH 5.0, 0.5 mM CaCl2, 0.005% [vol/vol] Triton X-100) overnight. Fifty
microliters of LaPul13_14 diluted to 40 nM in assay buffer and 450 �l of washed starch suspension in
reaction buffer (25, 50, 100, and 200 mg ml�1) were mixed and shaken vigorously at 4°C for 30 min. The
mixture was subsequently centrifuged (20,000 � g, 5 min, 4°C), and 110 �l of supernatant was used for
the standard reducing sugar assay described above using 0.72 mg ml�1 pullulan in assay buffer as the
substrate. Samples were withdrawn at 0 and 10 min and directly transferred to stop solution, and the
standard assay protocol was followed. The fraction of enzyme bound to starch was determined based on
the activity in the supernatant relative to an enzyme sample without starch included.
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