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Abstract

Extracellular glycosyl hydrolases are uncommon in lactobacilli and include amylases and fructosidases mediating starch and
fructan utilization, respectively. Extracellular arabinanases have not been described in lactobacilli. This study is aimed at
identifying the function of an arabinan utilization operon in Lactobacillus crispatus DSM29598 and at characterizing two
putative extracellular arabinanases that are located on that operon. The arabinan utilization operon of L. crispatus DSM29598
encodes enzymes for degradation of arabinan, c-galactosidases, (3-galactosidases, and enzymes and for utilization of arabinose
including phosphoketolase. The two putative extracellular arabinanases, AbnA and AbnB, are homologous to family GH43
endo-arabinanases. In Lactobacillaceae, homologs of these enzymes were identified exclusively in vertebrate-adapted species of
the genus Lactobacillus. L. crispatus grew with arabinan from sugar beet pectin as sole carbon source, indicating extracellular
arabinanase activity, and produced lactate and acetate, indicating metabolism via the phosphoketolase pathway. The two
arabinanases AbnA and AbnB were heterologously expressed and purified by affinity chromatography. AbnA hydrolyzed linear
and branched arabinan, while AbnB hydrolyzed only linear arabinan. The optimum pH for AbnA and AbnB was 6 and 7.5,
respectively; 40 °C was the optimum temperature for both enzymes. The application of arabinan degrading L. crispatus as
probiotic or as synbiotic with pectins may improve the production of short-chain fatty acids from pectin to benefit host health.

Key points

* An arabinan utilization operon in L. crispatus encodes two extracellular arabinanases.
 The same operon also encodes metabolic genes for arabinose conversion.

* In Lactobacillaceae, extracellular arabinanases are exclusive to Lactobacillus species.

Keywords Lactobacillus crispatus - Arabinan - Arabinanase - Pectin - Biofilm

Introduction environments is based on rapid conversion of abundant car-

bon sources (Génzle 2015; Zheng et al. 2015; Duar et al.

Lactobacilli have adapted to nutrient-rich environments in-
cluding ecological niches in plants, humans, and animals but
also are associated with food and feed fermentations (Zheng
et al. 2020). Their competitiveness in nutrient-rich
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2017). Carbohydrate metabolism of lactobacilli relies mainly
on intracellular conversion of mono-, and di-, and tri-saccha-
rides. Extracellular glycosyl hydrolases are rarely present in
lactobacilli, and the utilization of oligosaccharides with a de-
gree of polymerization four or higher is limited by transport to
the cytoplasm (Génzle and Follador 2012). Extracellular am-
ylases of lactobacilli hydrolyze amylose, amylopectin, or
pullulan and were mostly identified in host-adapted
Lactobacillus species (Ginzle and Follador 2012; Zheng
et al. 2015). Other extracellular glycosyl hydrolases in
lactobacilli include the fructosidases FosE and FruA in
Lacticaseibacillus paracasei and Lactobacillus crispatus, re-
spectively (Yong et al. 2007; Loponen and Génzle 2018), and
glucansucrases and fructansucrases, which are frequent in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-020-10979-0&domain=pdf
http://orcid.org/0000-0003-0972-928X
https://doi.org/10.1007/s00253-020-10979-0
https://doi.org/10.1007/s00253-020-10979-0
mailto:mgaenzle@ualberta.ca

10092

Appl Microbiol Biotechnol (2020) 104:10091-10103

Liquorilactobacillus and Limosilactobacillus species (van
Hijum et al. 2006; Zheng et al. 2020).

Monocotyledonous and dicotyledonous plants contain
arabinoxylans and pectins, respectively, as major compo-
nents of the plant cell wall (Gigli-Bisceglia et al. 2020).
Pectins are composed of homogalacturonan,
rhamnogalactan I, and rhamnogalactan II; rhamnogalactan
I is substituted with branched «-(1 —3), «-(1 —5) and
o-(1 — 3,5) linked arabinan side chains; side chains in
rhamnogalactan I and rhamnogalactan II also include «-
and (-linked galactose or galactans (Willats et al. 2001;
Ridley et al. 2001). Plant foods rich in pectin include veg-
etables, e.g., tomatoes and carrots, and fruits, e.g., apples or
citrus fruits. Arabinoxylans are composed of a xylose back-
bone which is substituted with arabinose, branched arabino-
oligosaccharides, or other substituents (Saulnier et al. 2007,
Rumpagaporn et al. 2015). Monocotyledonous plants in-
clude cereals such as corn, wheat, rice, and sorghum,
which are staple foods of the diet in agricultural societies.
Accordingly, cereal arabinoxylans contribute substantially
to the human fiber intake (Rumpagaporn et al. 2015).
Metabolism of arabinoxylans by colonic microbiota gener-
ates short-chain fatty acids as main mediators of health
benefits (Bindels et al. 2015; Koh et al. 2016).
Arabinoxylan hydrolysis is mediated by extracellular gly-
cosidase hydrolases and polysaccharide lyases of intestinal
bacteria including Bacteroides thetaiotaomicron,
Bacteroides ovatus, and Roseburia intestinalis (Flint et al.
2008; Koropatkin et al. 2012). Species in the genera
Lactobacillus, Lactilactobacillus, and Limosilactobacillus
are stable components of intestinal microbiota of animals;
however, lactobacilli are now known to utilize
arabinoxylans or pectins. Furfurilactobacillus rossiae me-
tabolizes xylo-oligosacchrides (Pontonio et al. 2016). Two
pentosanases were identified in the genome of F. rossiae;
however, these proteins are intracellular oligosaccharide hy-
drolases as their sequences do not include a predicted sig-
nal peptide (De Angelis et al. 2014; Pontonio et al. 2016).

The genome sequence of L. crispatus DSM29598 indi-
cates the presence of an arabinan utilization operon. This
gene cluster is unusual in two respects. First, most
Lactobacillus species, including L. crispatus, do not fer-
ment pentoses and thus lack the capability to utilize prod-
ucts of arabinan hydrolysis (Zheng et al. 2020). Second,
extracellular glycosyl hydrolases that enable growth with
pentosans or pectins as sole substrate have not been de-
scribed in lactobacilli. Therefore, the aim of this study
was to explore the structure and function of the arabinan
utilization operon, as well as the presence of related
arabinanases in lactic acid bacteria. Two extracellular
arabinanases of L. crispatus DSM29598 were characterized
by cloning and expression of their catalytic domain and
testing their activities and functional properties.
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Materials and methods
Strain and growth conditions

Strains and plasmids used in this study are shown in Table 1.
The sourdough isolate L. crispatus DSM29598 (Li et al. 2020)
was cultivated in modified deMan-Rogosa-Sharpe (Génzle
and Vogel 2003) (mMRS) medium at 37 °C. Escherichia coli
BL21 was cultured in Luria-Bertani (LB) medium at 37 °C.
E. coli DH5x with pET28a" was grown in LB medium with
kanamycin (50 mg L"), which were also used for antibiotic-
resistant E. coli selection. The frozen stock culture was inoc-
ulated on agar plates; single colonies were inoculated in 1 mL
broth, subcultured with 1% inoculum in broth.

Identification of arabinan utilization operon in
L. crispatus DSM29598 and analysis of the domain
organization of putative arabinanases

The putative function of predicted open reading frames in the
arabinan utilization operon in the genome sequences of
L. crispatus DSM29598 (accession number:
JAATOHO000000000) was analyzed by using the blastp tool
of NCBI, searching against the UniProtKB/Swiss-Prot and the
non-redundant protein sequence collections on the NCBI da-
tabase. Signal peptides of the putative extracellular endo-
arabinanases AbnA and AbnB were predicted by SignalP
5.0 (http://www.cbs.dtu.dk/services/SignalP/data.php) based
on the amino acid sequences of AbnA and AbnB. The
prediction of domains in AbnA and AbnB was conducted by
comparison of amino acid (AA) sequences using the
Conserved Domain Database on the NCBI website.

Phylogenetic analysis of arabinanases in bacteria

Bacterial protein sequences of pentosanases and arabinanases
were retrieved from the National Center for Biotechnology
Information database using protein BLAST and AbnA and
AbnB of L. crispatus DSM29598 as query sequences.
Representative sequences from every species of lactic acid
bacteria and sequences from representative species of other
genera were selected with a cut-off value of 70% coverage
and 40% amino acid identity to AbnA or AbnB. A phyloge-
netic tree was constructed using the Maximum Likelihood
method based on the JTT matrix-based model (Jones et al.
1992), and the bootstrap support values were calculated from
100 replicates by MEGAX (Stecher et al. 2020).

Growth of L. crispatus with different carbon sources
L. crispatus was subcultured twice in mMRS basal broth con-

taining 1% linear arabinan from sugar beet pectin
(arabinose:galactose:rhamnose:galacturonic acid =
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Table 1 Bacterial strains and plasmids used in this study

Strains or plasmids Strain or plasmids

Source or reference

Lactobacillus crispatus DSM29598
Escherichia coli BL21 Star (DE3)

Rye sourdough isolate; wild type strain
Cloning host for pET28a" and its derivative plasmids

(Loponen et al. 2017)
Thermo Scientific, Waltham, MA, USA

E. coli DH5«x Host for pET28a" empty plasmid
pET28a" Cloning vector used in E. coli BL21, 5.4 kb, Kan" Novogene, Sacramento, CA, USA
pET-abnA pET28a" containing 1.9 kb of the DNA sequence This study
encoding 52-675aa of AbnA, 7.2 kb, Kan"
pET-abnB pET28a" containing 1.5 kb of the DNA sequence This study

encoding 45-554aa of AbnB, 6.9 kb, Kan"

85.2:7.6:1.5:5.7; Megazyme Inc., Chicago, USA), 1%
polygalacturonic acid from citrus pectin (galacturonic
acid:galactose:arabinose:rhamnose:xylose:glucose =
94:1.0:0.2:1.0:1.0:0.3, Megazyme), 0.5% starch (Megazyme),
or mMRS, respectively and grown overnight. The cultures
were subsequently used to inoculate (1-2% inoculum)
mMRS broth containing the sugars at the same concentra-
tions. The optical density at 600 nm (ODgq) and pH of the
culture were measured after overnight growth. Lactic acid and
acetic acid production was quantified by HPLC as described
(Tang et al. 2017). All experiments were done in triplicate.

Hydrolysis of linear and branched arabinan by
L. crispatus

L. crispatus was grown in mMRS broth containing 1% linear
arabinan and cells were harvested by centrifugation. Cells
were fractionated at 4 °C to obtain concentrated culture
supernatant, cell wall fraction, and concentrated cytoplasmic
extract as described (Yong et al. 2007). Cell fractions were
incubated with the same volume of 1% linear arabinan
(Megazyme) or branched arabinan from sugar beets
(arabinose:galactose:rhamnose:galacturonic acid:other
sugars =69:18.7:1.4:10.2:0.7, Megazyme) in 50 mM citrate
phosphate buffer (pH 6.0) at 40 °C for 20 min. Protein concen-
trations were determined with the Bradford reagent (Sigma),
using the manufacturer’s instructions. The enzyme activities
are expressed as the amount of reducing sugar released from
linear-arabinan or arabinan per minute per mg of protein. The
experiments were done in triplicate.

Cloning, expression, and purification of arabinanases

The sequences of AbnA and AbnB without the signal peptide
and the SLAP domain were amplified by PCR with AbnA-F
and AbnA-R, and AbnB-F and AbnB-R (Table 2). The prod-
ucts of PCR were purified and ligated into pET28a" contain-
ing a C-terminal His-tag for purification of AbnA and AbnB.
The recombinant plasmid was transformed into E. coli BL21;
transformants were selected on LB agar with 50 mg L™ of

kanamycin and verified by DNA sequencing with primers
shown in Table 2. Recombinant E. coli were cultivated in
LB broth with kanamycin at 37 °C until the ODgq reached
0.5-0.8. Then, IPTG was added to the medium to a concen-
tration of 0.5 mM to induce enzyme expression, and the cul-
ture was further incubated at 20 °C for 20 h.

The proteins were purified by using His-pure Ni-NTA col-
umn and His-Pur Cobalt Resin (Thermo Scientific, Waltham,
MA, USA) following the suppliers’ manuals. In brief, AbnA
was purified with washing buffer with 25 mM and 50 mM of
imidazole for both columns. AbnA was eluted from the Ni-
NTA column with 250 mM imidazole or eluted from the co-
balt column with a gradient from 100 to 250 mM imidazole.
For the purification of AbnB, buffers were prepared with
50 mM sodium phosphate, 1 M sodium chloride, 0.1%
Triton-X100, and 3 mM f(3-mercaptoethanol. The concentra-
tions of imidazole in buffers were equilibration buffer,
25 mM; washing buffer, 25 mM or 35 mM; and elution
buffers 150 mM, 200 mM, or 250 mM. All buffers were ad-
justed to pH 8.0. The concentrated active fractions were stored
in PBS buffer (pH 7.4) at 4 °C or —80 °C. The degree of
purification was determined by SDS-PAGE gels
(Supplemental Fig. S1). The protein concentration was deter-
mined as described above. The protein purified by Ni-NTA
columns was used for the biochemical characterization, and
protein purified by cobalt columns was used for the qualitative
and quantitative analysis of substrate specificity.

Substrate specificity of AbnA and AbnB

Purified AbnA and AbnB were mixed with the same volume
of 0.5% linear arabinan from sugar beet pectins, branched
arabinan from sugar beet pectins, rye arabinoxylan (all from
Megazyme), corn arabinoxylan (Agrifiber Holdings LLC,
Illinois, USA), xylan from birchwood (Megazyme), or
arabinogalactan from larch wood (Megazyme) in 50 mM cit-
rate phosphate buffer (pH 6.0) and incubated at 37 °C for
20 min. Qualitative determination of polysaccharide hydroly-
sis by purified AbnA and AbnB was performed with high-
performance anion-exchange chromatography with pulsed
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Table 2 Primers used in cloning

of catalytic domains in AbnA and Location of target domain Primers Primer sequences(5'-3")
AbnB AbnA AbnA-F TACTCGAATTCATGGAAGAACAAACAG
AbnA-R TATATCTCGAGTTCAGTGTTGTTTGAA
AbnB AbnB-F ATGCTGAATTCATGGAAAAACATCCTGC
AbnB-R ATCGTCTCGAGTTTGAGGTCTTTGAA
TCC
AbnA and AbnB T7-F TAATACGACTCACTATAGGG
T7-R GCTAGTTATTGCTCAGCGG

amperometric detection (HPAEC-PAD). In brief, reaction
mixtures were separated on a Carbopac PA20 column coupled
to an ED40 chemical detector (Dionex, Oakville, Canada).
Water (A), 0.2 M NaOH (B), and 1 M Na acetate (NaOAc)
(C) were used as mobile phase with the following gradient:
0 min, 68.3% A, 30.4% B and 1.3% C; 30 min, 54.6% A,
30.4% B and 15.0% C; 50 min, 46.6% A, 30.4% B and 23%
C; 95 min, 33.3% A, 30.4% B and 36.3% C; 95.1 min, 63.7%
A and 36.3% C; 100 min, 50% A and 50% C; 105 min, 10%
A, 73% B and 17% C; 105.1 min, 33.3% A, 30.4% B and
36.3% C; 111 min, 10% A, 73% B and 17% C, followed by
re-equilibration. The enzyme activity was quantified by deter-
mination of reducing sugars with the 3,5-dinitrosalicylic acid
(DNS) method (Farro et al. 2018). One unit of enzyme activity
was defined as 1 pumol of reducing sugar as arabinose pro-
duced per minute.

Effect of pH and temperature on activity of AbnA and
AbnB

The optimum pH for arabinanase activity was determined by
incubating purified AbnA or AbnB with 0.5% linear arabinan in
the pH range from 2 to 10 at 37 °C for 20 min. The following
buffers were used: 50 mM citrate phosphate buffer, pH 2.0 to
7.5; 50 mM potassium phosphate, pH 8.0; 50 mM Tris—HCI,
pH 8.5 t0 9.0; 50 mM glycine—NaOH, pH 10.0. The maximum
temperature for enzymatic activity was determined at the opti-
mum pH by using temperatures ranging from 20 to 80 °C. The
results were expressed as percentages of the activity obtained at
either the optimum pH or the optimum temperature.

The thermal stability of the purified enzyme was deter-
mined by incubating purified AbnA or AbnB at 40 °C,
50 °C, and 60 °C for 5 min, 10 min, and 30 min. Samples
were withdrawn at the indicated times, cooled on ice bath, and
assayed for the residual enzyme activities at optimum pH and
temperature.

Effects of additives on the activity of AbnA and AbnB
The effects of several metals on the enzyme activity were

determined at optimum pH and temperature as described in
above. Several metals (MnCl,, MgCl,, FeCl,, FeCls, ZnCl,,
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CaCl,, KCl,, BaCl,, each at 1 mM) and chelating agent
(EDTA, 1 mM) were added into the reaction mixture. The
results were expressed as percentages of the activity obtained
in the reaction with 18 M{2 water in place of the compounds.

Substrate specificity of AbnA and AbnB

The substrate specificity of enzymes was tested using 0.5%
linear arabinan, branched arabinan, rye arabinoxylan, corn
arabinoxylan, xylan, and arabinogalactan from larch wood at
optimum pH and temperature as described above. Enzyme
activity was expressed as unit per milligram protein.

Statistical analysis

Data analysis was performed with IBM SPSS statistics 23
(IBM Corp, Armonk, NY, USA) using one-way analysis of
variance (ANOVA). A p value of <0.05 was considered sta-
tistically significant.

Results
Arabinan utilization operon of L. crispatus DSM29598

The annotation of the L. crispatus DSM29598 genome sequence
identified an arabinan utilization operon (Fig. 1). The operon
starts with open reading frames with homology to transposases
or mobile element proteins, suggesting that the operon was ac-
quired by lateral gene transfer. The operon also includes en-
zymes with activity on arabinans, enzymes related to transport
and metabolism of arabinan, arabinose, and galactose, several
hypothetical proteins, one putative transcriptional regulator,
and several glycosyl hydrolases with predicted activity on
arabinans or - and 3-linked galactans (Table 3). The extracel-
lular enzymes AbnA and AbnB include a GH43 domain and are
35% and 36%, respectively, identical to an endo-arabinanase in
Thermotoga petrophila (Table 3)(Squina et al. 2010). AbfF is a
predicted exo-active enzyme that hydrolyzes non-reducing oc-L-
arabinofuranoside residues in «-L-arabinosides. AraNPQ and
MsmK are putative ABC-type transporters with predicted affin-
ity to arabinose-oligosaccharides and «-galacto-
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Fig. 1 Structure of the arabinan utilization operon in L. crispatus DSM
29598 that includes the genes coding for AbnA and AbnB. The putative
function of ORFs was analyzed by blastP (Table 3) and different colors
refer to corresponding different protein functions: orange, glycocyl hy-
drolase; green, transport protein; gray, regulatory protein; yellow, meta-
bolic proteins; blue, mobile element proteins; white, hypothetical

oligosaccharides, respectively (Sa-Nogueira et al. 1997). AbfA
and AbfB are predicted intracellular and exo-active arabinan
hydrolases. AbfH putatively hydrolyzes (3-arabinodisaccharides
(Fujita et al. 2014). AraA, XyIB, AraD, and XpkA are metabolic
enzymes for conversion of arabinose to acetyl-CoA and
glyceraldehyde-phosphate via ribulose, L-ribulose-5-phosphate,
and D-xylulose-5-phosphate (Sa-Nogueira et al. 1997).
Additional glycosyl hydrolases include an intracellular LacLM-
type [3-galactosidase and the o-galactosidase Aga. GalM con-
verts -aldoses to the 3-anomers, and it is active on D-glucose,
L-arabinose, D-xylose, D-galactose, maltose, and lactose. The
operon is exceptional in two respects, first, because it encodes
for several putative extracellular arabinofuranosidases or
arabinanases, which have not been characterized in
Lactobacillaceae, second, because it encodes all genes for me-
tabolism of arabinose, which is exceptional in Lactobacillus spp.
and has not been described for L. crispatus.

Protein domains of AbnA and AbnB

Analysis of the protein sequence of AbnA and AbnB predict-
ed an N-terminal sec-dependent signal peptide mediating pro-
tein export with a cleavage site between positions 42 and 43
(VMA-DT) of AbnA and between positions 29 and 30 (LTS-
CS) of AbnB (von Heijne 1990). The presence of a signal
peptide indicates that AbnA and AbnB are extracellular en-
zymes. The lack of a signal peptide in AbfF indicates that it is
an intracellular enzyme while the homologous enzyme
Araf43A in Streptomyces avermitilis is extracellular and in-
cludes a signal peptide (Ichinose et al. 2008). Further analyses
focused on the extracellular AbnA and AbnB. A predicted GH
family 43 domain with 50% amino acid identity to an extra-
cellular arabinanase in Geobacillus stearothermophilus
(Shulami et al. 2011) is located between 159 and 539 of
AbnA; the same domain with 52% amino acid identity to
the extracellular arabinanase in G. stearothermophilus is lo-
cated between positions 51 and 431 of AbnB (Table 3). The
sequences of AbnA and AbnB in positions 548 to 662 and 440

.13 4<§|-15 -16-17{[}19-20 -21.22 . 23@- 25 -

proteins. The names of ORFs are from left to right: 1. traA, 2.iep, 3.
hypA, 4. abnA, 5. xylB, 6. araD, 7. araR 8. lacM, 9. lacL, 10. araA, 11.
abnB, 12. abfH, 13. abfA, 14. hypB, 15. araN, 16. araP, 17. araQ, 18.
hypC, 19. abfF, 20. abfB, 21. galM, 22. aga, 23. msmK, 24.yxkF, 25.
xpkA

and 549, respectively, are homologous to the C-terminal do-
main of GH43 enzymes. AbnA additionally includes a C-
terminal surface layer protein (SLAP) domain at positions
764 to 817 (Fig. 2a). The presence of an SLAP domain con-
nected to a glycosyl hydrolase domain may indicate that the
enzyme is attached to surface layer proteins of L. crispatus
(Sillanpai et al. 2000; Li et al. 2020).

Phylogenetic analysis determined the distribution
and frequency of arabinanases in bacteria

The amino acid sequences of AbnA and AbnB are 47% iden-
tical. Homologous sequences in Lactobacillaceae are exclu-
sively present in strains of the vertebrate host—adapted genus
Lactobacillus, i.e., Lactobacillus gallinarum, Lactobacillus
xujianguonis, and L. crispatus (Fig. 2b) (Fujisawa et al.
1992; Duar et al. 2017; Meng et al. 2020; Zheng et al.
2020). Homologous sequences were also identified in other
lactic acid bacteria (Lactobacillales), predominantly
Enterococcus species that are considered to be of intestinal
origin (Lebreton et al. 2014) and species of Streptococcus that
are also associated with animal or human hosts.

Growth of L. crispatus with different carbon sources

The presence of extracellular arabinanases was confirmed by
incubation of L. crispatus in media with linear arabinan from
sugar beet pectin and starch and homogalacturonan from cit-
rus pectin as sole carbon sources, as well as mMMRS containing
glucose, maltose, and fructose (Fig. 3). Extracellular enzymes
are required for utilization of polysaccharides to degrade these
to oligosaccharides that can be transported to the cytoplasm
(Génzle and Follador 2012). L. crispatus grown in media with
linear arabinan had a comparable ODg( and total production
of lactic acid and acetic acid with that in mMRS, which indi-
cates that linear arabinan was degraded extracellularly by
AbnA or AbnB and utilized via AraA, XylB, AraD, and
XpkA. L. crispatus does not harbor extracellular enzymes to
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Table 3 Sequence identity scores of ORFs in the arabinan utilization operon and proposed biological function for encoded proteins

ORF- Homologous protein (highest % identity) identified ~ Accession number (coverage%, identity %); putative function

encoding by BLAST

proteins

Trn 1S4 family transposase of L. crispatus WP 150398175.1 (100, 99.5); lateral gene transfer

Iep Group Il intron reverse transcriptase/maturase of WP 101887600.1 (100, 86) intron recognition, reverse transcriptase that enables
L. crispatus group II introns to behave as mobile genetic elements, splicing and

retrotransposition (Zhao and Pyle 2017)

HypA Hypothetical protein of L. crispatus WP 060462779.1 (69, 80)

AbnA Extracellular endo-«-1,5-arabinanse of Thermotoga  UniProtKB: ASIKD4.1 (61, 35); internal cleavage of «~(1 — 5)-linked
petrophila L-arabinofuranose residues (linear, debranched, and branched) along the

polysaccharide chain (Squina et al. 2010).

XylB Xylulose kinase of Klebsiella pneumoniae/ UniProtKB: P29444.1 (86, 22)/ CUR38122.1(100, 72); phosphorylation of

ribulokinase in Lactobacillus reuteri xylulose or ribulose, second step of the pathway of L-arabinose degradation via
L-ribulose (Feldmann et al. 1992)

AraD L-Ribulose-5-phosphate 4-epimerase of Geobacillus UniProtKB: Q9S469.1 (95, 63); involved in the degradation of L-arabinose;

stearothermophilus catalyzes the interconversion of L-ribulose 5-phosphate and D-xylulose
5-phosphate (Lee et al. 2014)

AraR L-Arabinose metabolism transcriptional repressor of UniProtKB: Q9S470.1(92, 41); regulator of arabinose metabolism (Shulami et al.
Geobacillus stearothermophilus 2011)

LacM -Galactosidase small subunit of Lactobacillus UniProtKB: Q7WTB3.1 (99, 63); hydrolysis of terminal, non-reducing
helveticus {3-D-galactose residues in (3-D-galactosides (Fortina et al. 2003)

LacL [3-Galactosidase large subunit of Lactobacillus UniProtKB: 007684.2 (100, 67); hydrolysis of terminal, non-reducing
acidophilus 3-D-galactose residues in (3-D-galactosides (Nguyen et al. 2007)

AraA L-Arabinose isomerase of Latolactobacilus sakei UniProtKB: Q38UH2.1 (99, 66); conversion of L-arabinose to L-ribulose (Rhimi
subsp. sakei etal. 2010)

AbnB Extracellular endo-«-1,5-arabinanase of Thermotoga UniProtKB/Swiss-Prot: ASIKD4.1 (90, 36); internal cleavage of «-(1 — 5)-linked
petrophila L-arabinofuranose residues (linear, debranched, and branched) along the

polysaccharide chain (Squina et al. 2010).

AbfH HypBA1 intracellular (3-L-arabinofuranosidase of UniProtKB/Swiss-Prot: ESBMGHS.1 (97, 46); liberate L-arabinose from the

Bifidobacterium longum L-arabinofuranose (Araf)-3-1,2-Araf disaccharide and hydroxyproline-linked
{3 -L-arabino-mono-, di- and tri-saccharides (Fujita et al. 2014)

ADbfA ADf2 intracellular exo-o-L-arabinofuranosidase of ~ UniProtKB/Swiss-Prot: P94552.2 (96, 49); cleavage of terminal

Bacillus subtilis «-L-arabinofuranosyl residues in linear and branched arabinans and
arabinoxylans, Abf2 is most active on «-(1 — 2) and «-(1 — 3) linkages of
branched arabinan and arabinoxylan (Inécio et al. 2008)

HypB Hypothetical protein of L. crispatus WP 150398101.1(100, 99.5)

AraN Probable arabinose-binding protein on cell membrane UniProtKB/Swiss-Prot: P94528.2 (93, 39); part of the binding protein-dependent
of Bacillus subtilis transport system for L-arabinose (Sa-Nogueira et al. 1997)

AraP L-Arabinose transport system permease protein AraP  UniProtKB/Swiss-Prot: P94529.1 (99, 45); part of the binding protein-dependent
on cell membrane of Bacillus subtilis transport system for L-arabinose. Probably responsible for the translocation of

the substrate across the membrane (Sa-Nogueira et al. 1997)

AraQ L-Arabinose transport system permease protein AraQ UniProtKB/Swiss-Prot: P94530.2 (94, 49); the same as AraP (Sa-Nogueira et al.
on cell membrane of Bacillus subtilis 1997)

HypC Hypothetical protein of L. crispatus WP 100732653.1 (100, 99.1)

AbfF Araf43A extracellular UniProtKB/Swiss-Prot: Q82P90.1 (97, 52); hydrolysis of terminal non-reducing
exo-«-1,5-L-arabinofuranosidase of Streptomyces o-L-arabinofuranoside residues in «-L-arabinosides (Ichinose et al. 2008)
avermitilis

AbfB ADfA intracellular exo-«-1,5-L-arabinofuranosidase  UniProtKB/Swiss-Prot: Q9XBQ3.4 (99, 61); catalyzes the cleavage of terminal
of Geobacillus stearothermophilus «-L-arabinofuranosyl residues in different hemicellulosic

homopolysaccharides (branched and debranched arabinans) and
heteropolysaccharides (Shallom et al. 2002)

GalM Aldose 1-epimerase of E. coli UniProtKB/Swiss-Prot: POA9C3.1 (94, 31); convert x-aldose to the (3-anomer;
active on D-glucose, L-arabinose, D-xylose, D-galactose, maltose, and lactose
(Bouffard et al. 1994)

Aga «-Galactosidase of Cyamopsis tetragonoloba UniProtKB/Swiss-Prot: P14749.1(93, 25); hydrolysis of terminal, non-reducing
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Table 3 (continued)

ORF- Homologous protein (highest % identity) identified ~ Accession number (coverage%, identity %); putative function
encoding by BLAST
proteins
oligosaccharides, galactomannans and galactolipids (Overbeeke et al. 1989)
MsmK Multiple sugar-binding transport ATP-binding pro-  UniProtKB/Swiss-Prot: Q00752.1 (99, 64); probably responsible for energy

tein on cell membrane of Streptococcus mutans

coupling to the transport system; belongs to the ABC transporter superfamily

for the uptake of melibiose, raffinose, and isomaltotriose (Russell et al. 1992)

YxkF Uncharacterized protein of Bacillus subtilis

XpkA Xylulose-5-phosphate phosphoketolase of
Lactiplantibacillus pentosus

UniProtKB/Swiss-Prot: P94359.1(97, 27); (Yoshida et al. 1996)

UniProtKB/Swiss-Prot: Q937F6.3 (100, 66); D-xylulose 5-phosphate +
phosphate is converted to acetyl phosphate + D-glyceraldehyde 3-phosphate +

H20 (Posthuma et al. 2002)

utilize starch and homogalacturonan as carbon sources, which
is consistent with higher pH, lower ODgqg, and a lower pro-
duction of metabolites in media containing starch and citrus
pectin as sole carbon sources.

Cellular location of AbnA and AbnB in L. crispatus

The cellular location of AbnA and AbnB was assessed by deter-
mination of the arabinanase activity of the supernatant, the cell
wall fraction, and the cytoplasmic fraction of L. crispatus grown
with LAR (Supplemental Fig. S2). The degradation of linear

arabinan by the cell wall fraction and cytoplasmic fraction was
higher than the degradation by enzymes present in the superna-
tant, which indicates the presence of cell wall-associated
arabinanase in L. crispatus. However, the degradation of
branched arabinan by different cell fractions was comparable.

Cloning, expression, and purification of AbnA and
AbnB in E. coli

Catalytic domains of AbnA and AbnB were amplified and
ligated in pET 28a* with a His-tag at the C-terminus. The

Fig. 2 Domain prediction of A

putative arabinanases in

L. crispatus DSM29598. a
Prediction of domains in AbnA
and AbnB based on amino acid

sequences. Amino acid sequences

of both putative arabinanases

were compared with conserved

domains. b Phylogenetic analysis

of AbnA and AbnB. Amino acid AbnB
sequences of AbnA and AbnB
were used as query sequence to
retrieve homologs by protein
BLAST on NCBI with cut-off
values of 45% protein identity
and 80% coverage. The phyloge-
netic tree shows representative
homologs from each species of
lactic acid bacteria and homologs
from representative species of
other genera N
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~ [
Signal peptide Glycosyl hydrolase family 43 protein ~ C-terminus of GH43 SLAP domain
(GsAbnA)
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Signal peptide

Glycosyl hydrolase family 43 protein ~ C-terminus of GH43
(GsAbnA)
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Fig. 3 Growth of L. crispatus DSM29598 with different carbon sources.
a ODggp and pH of overnight culture grown in mMRS with linear
arabinan (black bar), starch (white bar), pectin (gray bar), mMRS
(hatched white bar). b Production of lactic acid (black bar) and acetic
acid (white bar) of L. crispatus after overnight growth in mMRS with

recombined plasmids, pET-abnA and pET-abnB, were trans-
formed and expressed in E. coli BL21 (Table 1).
Overexpressed AbnA and AbnB in the soluble fraction of
the cell lysate were purified by His-pure columns. The pre-
dicted molecular weights of AbnA and AbnB were 72.11 kDa
and 58.56 kDa, respectively, in good accordance with the
molecular weight of purified AbnA and AbnB after purifica-
tion on His-tag columns (Supplemental Fig. S1). Purified
AbnB also contained a minor band with slightly lower molec-
ular weight; as this band was absent in purified AbnA
(Supplemental Fig. S1A) or uninduced E. coli BL1 pET28a*
(data not shown), it likely represents a hydrolysis product of
AbnB.

Arabinan hydrolysis and enzymatic properties of
AbnA and AbnB

The degradation of different substrates by purified AbnA and
AbnB was assessed using HPAEC-PAD in comparison to of
the same substrates incubated with PBS or cell lysate of E. coli
BL21 with the pET28a" empty plasmid as control (Fig. 4).
The peaks between 20 and 90 min of retention time were
present after reaction with AbnA and AbnB with linear
arabinan but not in the controls and thus represent oligosac-
charides produced from linear arabinan. AbnA but not AbnB
also produced oligosaccharides with branched arabinan as
substrate. Both AbnA and AbnB were inactive on any other
substrate, including rye arabinoxylan, corn arabinoxylan, xy-
lan, and arabinogalactan.

Purified AbnA and AbnB were incubated with linear
arabinan in buffers with pH range of 2 to 10 at 37 °C. The
activities of AbnA and AbnB were optimal at pH 6 and
pH 7.5, respectively (Fig. 5). The optimum temperature of
both enzymes was 40 °C (Fig. 5). Both enzymes maintained
about 80% of their activity after incubation at 40 °C for 30 min
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differ significantly (p < 0.05) unless the bars share a common superscript.
Values + standard deviation were calculated from three independent
experiments

but were inactivated after 5 min at 50 °C or 60 °C
(Supplemental Fig. S3).

Multiple additives were added into the reaction of AbnA or
AbnB with linear arabinan to assess their effect on the activ-
ities of two enzymes (Fig. 6). The activity of AbnA was im-
proved by Mn**, Mg**, Fe**, and Fe** and reduced by addi-
tion of EDTA. The activity of AbnB was not affected by any
of the additives.

The activities of AbnA and AbnB on linear and branched
arabinan, rye arabinoxylan, corn arabinoxylan, xylan, and
arabinogalactgan were quantified at optimum pH and temper-
ature (Table 4). AbnA degraded linear and branched arabinan
with higher activity with the linear substrate while AbnB did
not hydrolyze the branched arabinan.

Discussion

This study analyzed an arabinan utilization operon of
L. crispatus DSM29598. The operon encodes extracellular
arabinan utilization enzymes as well as enzymes for metabo-
lism of arabinose, which are exceptional in Lactobacillus spe-
cies. Characterization of AbnA and AbnB demonstrated that
these enzymes are extracellular endo-arabinanases.
Homologous sequences in Lactobacillaceae species are ex-
clusively present in the vertebrate host—adapted genus
Lactobacillus.

Until 2015, the fermentation of pentoses by lactobacilli has
been used as a tool for their taxonomic identification (Orla-
Jensen 1919; Pot et al. 2014; Génzle 2015); however, fermen-
tation of pentoses in many homofermentative
Lactobacillaceae is variable at a species- or strain-level
(Zheng et al. 2020). Lactobacillus species do not encode py-
ruvate formate lyase, or enzymes for homofermentative me-
tabolism of pentoses (Ganzle 2015; Zheng et al. 2015, 2020).
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Fig. 4 Separation of oligosaccharides that were released by hydrolysis of
different substrates by purified AbnA or AbnB. a Degradation of linear
arabinan. b The degradation of branched arabinan. Control shows the
reaction of polysaccharides with cell lysis of E. coli BL21 with

Phosphoketolase is present in all Lactobacillaeae but only a
few Lactobacillus species including L. hamsteri, L. pasteurii,
and L. xujianguonis ferment pentoses (Meng et al. 2020;
Zheng et al. 2020). To date, utilization of pentoses by
L. crispatus has not been described. The genomic island
encoding arabinan utilization in L. crispatus DSM29598 also
encodes for AraA, an L-arabinose isomerase, AraD, a L-
ribulose-5-phosphate 4-epimerase, XylB, a xylulose or
ribulose kinase, and XpkA, a pentose phosphoketolase, and
the regulatory proteins AraR. The operon thus provides the
full complement of enzymes to allow arabinose utilization via
the phosphoketolase pathway (Zhao and Génzle 2018). The
presence of an IS4 transposase gene implies that the arabinan
genomic island was obtained by lateral gene transfer. The GC
content of arabinan utilization operon is 34.67%, while GC
content of genome sequence of L. crispatus DSM29598 is
37.6%. Arabinan metabolism via the phosphoketolase

pET28a" empty plasmid. The parallel reactions were also conducted
with rye arabinoxylan, corn arabinoxylan, xylan, and arabinogalactan
(data not shown), in which the differences between control and proteins
were not detected

pathway was verified by metabolite analysis (this study), dem-
onstrating that lateral gene transfer bestows pentose utilization
to homofermentative lactobacilli, or, when using obsolete ter-
minology, converts an “obligate homofermentative” to a “fac-
ultative heterofermentative” organism (Pot et al. 2014; Zheng
et al. 2020).

The arabinan utilization operon of L. crispatus also en-
codes for enzymes that catalyze arabinan hydrolysis, includ-
ing endo-active extracellular AbnA and AbnB, exo-active
AbfA, AbfH, AbfB, and AbfF. AraNPQ transports arabinose
or arabino-oligosaccharides into the cells and XylB, AraD,
and AraA utilize arabinose as carbon source. These func-
tional enzymes are also encoded by an arabinan operon in
Bacillus subtilis (Inacio et al. 2008). The transcriptional
regulater AraR was not identified in B. subtilis but found
in the arabinan utilization system of G. stearothermophilus
(Shulami et al. 2011).

Fig. 5 Relative activity of AbnA 100
(black symbol) and AbnB (white
symbol) under different pH (a)

and temperatures (b) with linear 80 f
arabinan as substrate. Enzyme

90
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to the maximum activity. Values ; 60 |
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deviation from three independent 8 50
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E‘ 40
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Fig. 6 Effect of different additives on the relative activities of AbnA
(black bar) and AbnB (gray bar) with linear arabinan as substrate.
Enzyme activities were calculated relative to the reaction without
additive. Values obtained for the same protein are significantly different
(p <0.05) unless the bars share a common superscript. Values represent
mean + standard deviation from three independent replicates

The N-terminal export signal of AbnA and AbnB indicates
their extracellular location, which was verified biochemically.
AbnA additionally includes a C-terminal surface layer—
associated protein (SLAP) domain, which is also found in an
extracellular fructosidase (FruA) of L. crispatus DSM29598
(Li et al. 2020). FruA has two SLAP domains with identity of
48-55% with SLAP domain of AbnA. SLAP domains are
found in multiple surface layer proteins or surface-associated
proteins of lactobacilli (Smit et al. 2001; Antikainen et al.
2002; Avall-Jasskeldinen et al. 2008; Dohm et al. 2011) and
likely mediates association of the enzyme with the cell wall
(Li et al. 2020). The combination of GH32 or GH43 domains
with SLAP domains is exclusive to vertebrate host-adapted
Lactobacillus species (this study, Li et al. 2020). In addition to
degrading extracellular polysaccharides, the cell surface—
associated enzymes of L. crispatus may contribute to the ad-
hesion of cells to the biofilm matrix or the host epithelium
(Frese et al. 2011; Johnson et al. 2013).

Table 4  Substrate specificity of AbnA and AbnB

Substrates Enzyme activity (U/mg)
AbnA AbnB

Linear arabinan 22.41+4.56% 3.93+0.70
Branched arabinan 6.55+0.128 n.d.

Rye arabinoxylan n.d. n.d.

Corn arabinoxylan n.d. n.d.

Xylan n.d. n.d.
Arabinogalactan n.d. n.d.

*Significant differences (p <0.05) between different substrates with the
same enzyme are indicated by uppercase letters. n.d., no activity detected
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AbnA was characterized as endo-arabinanase with activity
on linear and branched arabinan, while AbnB only hydrolyzed
linear arabinan. Consistent with the activity of extracellular
endo-arabinanase in 7 petrophila, AbnA showed much lower
activity on branched arabinan when compared to linear
arabinan (Squina et al. 2010). AbnB is selective for linear
arabinan, as was observed for an endo-arabinanase from
Bacillus licheniformis (Farro et al. 2018). AbnA activity is
partially dependent on metal ions and its activity was reduced
to 60% after addition of EDTA, while AbnB activity is metal-
independent, consistent with Abn2 in B. subtilis (Inacio and
De Sa-Nogueira 2008). Mn** stimulated the activity of AbnA
in accordance with that of Thermotoga thermarum (Shi et al.
2014). Fe’* also improved arabinanase activity in
Caldicellulorsiruptor saccharolyticus (Hong et al. 2009).

Arabinoxylans and pectins in food are recognized as die-
tary fiber and improve human health through multiple mech-
anisms, which include its influence on gut transit and fermen-
tation in the large intestine to yield short-chain fatty acids
(SCFA) (Duncan et al. 2016). The utilization of both cell wall
polysaccharides by human intestinal microbiota requires ded-
icated and multiple extracellular and intracellular glycoside
hydrolases, lyases, phenolic acid esterases, and transport sys-
tem (Flint et al. 2008; Koropatkin et al. 2012; Leth et al.
2018). Lactobacilli are stable components of animal intestinal
microbiota but L. crispatus DSM29598 is the first strain
equipped with an arabinan utilization operon. The lack of
enzymes targeting xylans and the substrate specificity of
AbnA and AbnB indicate that L. crispatus is unable to de-
grade cereal arabinoxylans and that the presence of the operon
is unrelated to the isolation of the strain from rye sourdough
(Lietal. 2020). AbnA and AbnB of L. crispatus hydrolyze the
arabinan side chains of rhamnogalactan I in dicotyledonous
plants to provide access to a carbon source that is inaccessible
to other lactobacilli which inhabit the same ecological niche
(Walter 2008, this study). Other glycosyl hydrolases encoded
by the arabinan utilization operon of L. crispatus are intracel-
lular and thus not active on polysaccharides; however, they
may support intracellular metabolism of pectic oligosaccha-
rides that are generated by enzymes from other gut bacteria.

In conclusion, the arabinan utilization operon of
L. crispatus DSM29598 encodes enzymes for hydrolysis
and metabolism of extracellular arabinan, arabino-oligosac-
charides, and arabinose. These arabinan and arabinose meta-
bolic enzymes of Lactobacillus species were likely acquired
by lateral gene transfer. Two extracellular arabinanases, AbnA
and AbnB, were characterized as endo-arabinanases which,
within the Lactobacillaceae, are exclusive to vertebrate
host—adapted Lactobacillus species. AbnA acted on linear
and branched arabinan from sugar beet pectin, while AbnB
only degraded linear arabinan. The arabinan operon of
L. crispatus together with other glycosyl hydrolases utilizes
linear and branched arabinans that are present in the cell walls
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of dicotyledonous plants. Intestinal microbial metabolism of
plant cell wall polysaccharides generates short-chain fatty
acids that improve the glucose and lipid metabolism to reduce
the risk of developing cardiovascular disease, type 2 diabetes,
and obesity and also enhance the gastrointestinal barrier func-
tion and exert immunoregulatory effects (Dechan et al. 2017;
Yan et al. 2018). The application of arabinan degrading
L. crispatus as probiotics or as synbiotics with pectins may
provide energy for microbial growth and produce short-chain
fatty acids to increase host health (Koropatkin et al. 2012).
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