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Glycoside hydrolases are organized into glycoside hydrolase families (GHFs) and within this larger group,
the 3-galactosidases are members of four families: 1, 2, 35, and 42. Most genes encoding GHF 42 enzymes are
from prokaryotes unlikely to encounter lactose, suggesting a different substrate for these enzymes. In search
of this substrate, we analyzed genes neighboring GHF 42 genes in databases and detected an arrangement
implying that these enzymes might hydrolyze oligosaccharides released by GHF 53 enzymes from arabinoga-
lactan type I, a pectic plant polysaccharide. Because Bacillus subtilis has adjacent GHF 42 and GHF 53 genes,
we used it to test the hypothesis that a GHF 42 enzyme (LacA) could act on the oligosaccharides released by
a GHF 53 enzyme (GalA) from galactan. We cloned these genes, plus a second GHF 42 gene from B. subtilis,
yesZ, into Escherichia coli and demonstrated that cells expressing LacA with GalA gained the ability to use
galactan as a carbon source. We constructed B. subtilis mutants and showed that the increased 3-galactosidase
activity generated in response to the addition of galactan was eliminated by inactivating lacA or gal4 but
unaffected by the inactivation of yesZ. As further demonstration, we overexpressed the LacA and GalA proteins
in E. coli and demonstrated that these enzymes degrade galactan in vitro as assayed by thin-layer chroma-
tography. Our work provides the first in vivo evidence for a function of some GHF 42 (3-galactosidases. Similar

functions for other B-galactosidases in both GHFs 2 and 42 are suggested by genomic data.

B-Galactosidases, such as the LacZ B-galactosidase of Esch-
erichia coli, are used as molecular biology tools, industrial
enzymes, and models for exploring structure-function relation-
ships. However, these uses do not often yield insight into the
physiological roles of these enzymes. Although (B-galactosi-
dases (EC 3.2.1.23) are also found in glycoside hydrolase fam-
ilies (GHFs) 1, 2, and 35 (groups differing in secondary struc-
ture and other attributes [20, 21]), we were especially curious
about the in vivo function of GHF 42 B-galactosidases because
they occur in organisms isolated from diverse habitats where
lactose would not be present, e.g., hot springs (33, 47, 65),
hypersaline environments (27, 54), and soil (Bacillus and Strep-
tomyces sSpp.).

Over a dozen GHF 42 enzymes have been characterized,
and most are B-galactosidases (as shown by maximal activity
with the B-linked galactosidic substrate o-nitrophenyl-p-p-ga-
lactopyranoside [ONPG] or p-nitrophenyl-B-p-galactopyrano-
side [PNPG]) with less than 10% relative activity on nongal-
actosidic chromogens (with two exceptions [27, 34]). However,
experimental data supporting lactose hydrolysis by GHF 42
B-galactosidases are absent (34, 44, 48) or weak. Several pro-
karyotes possessing a GHF 42 gene are unable to grow on
lactose as a sole carbon source (1, 9, 27), and at least two GHF
42 B-galactosidases do not cleave lactose in vitro (27, 64). The
determination of growth on lactose can be complicated by the
presence of multiple B-galactosidases (7, 16, 25) because not
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all of the B-galactosidases may be participating equally (or at
all) as lactases in vivo. Studies comparing the inductions or
activities of different B-galactosidases in response to lactose
within the same microorganism detected higher responses
from a B-galactosidase other than a GHF 42 enzyme (16, 25,
28-30, 33). Lactose is thus not likely the substrate for these
enzymes, and although we found reports of B-galactosidases
(belonging to GHF 35) active on other substrates (plant and
bacterial exo-f-1,3-galactanases [31, 35, 57, 66]), a plant exo-
B-1,4-galactanase active on pectic galactan (55), and an ar-
chaean exo-B-p-glucosaminidase (56), these substrates were all
too large to be directly accessible by the intracellular GHF 42
B-galactosidases. This suggests the existence of at least one
unknown substrate for the GHF 42 enzymes.

We used a bioinformatic approach to search for clues re-
garding GHF 42 functions. We extensively analyzed the GHF
42 phylogenies and their adjacent genes from sequence data-
bases and identified a conserved gene association, or gene
synteny, suggesting a function in the degradation of a pectic
plant polysaccharide, arabinogalactan type 1. The presence of
genes homologous to those encoding maltodextrin transporters
suggested that oligosaccharide products resulting from the ac-
tivity of an extracellular enzyme were being imported as sub-
strates for the intracellular B-galactosidases. An example of
this gene arrangement is found in Bacillus subtilis surrounding
lacA (BSU34130) (12, 14), one of two nonadjacent GHF 42-
encoding genes (the other being yesZ [BSU07080] [70]). We
therefore used B. subtilis as a model to explore our hypothe-
sized function. We first confirmed an increase in B. subtilis
B-galactosidase activity in the presence of galactan. We then
cloned the relevant genes from B. subtilis and examined (i) the
effects of the heterologously expressed proteins on the physi-
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TABLE 1. Primers used in this study

Primer name 5’ to 3’ primer pair sequences®

Purpose

Detection of Cm" insertion in lacA and in galA

Detection of Cm" insertion in yesZ

“QuikChange” addition of Xbal site (for lacZ use)

“QuikChange” addition of Ndel site for pETLacM

TAX GGCACAATGACTGGGAAAG
GCACCTTCACAGCTTGTTTC
YES CGACCGTGGAATATGAAC
GCTGTCCTGATAACCATTTG
7X CAGCAGCGGTCTAGAGCCGCGCGGCAGC
GCTGCCGCGCGGCTCTAGACCGCTGCTG
LACM GCTAAGAGAACAAGGAGGAGACATATGATGTCAAAGCTTG
CAAGCTTTGACATCATATGTCTCCTCCTTGTTCTCTTAGC
GALD CGGAGTCAGGACATATTCCAAAGGATCCCTGAAACAAAAAAATCC

“QuikChange” addition of BamHI site for pETGalD

GGATTTTTTTGTTTCAGGGATCCTTTGGAATATGTCCTGACTCCG

“ For each primer, the forward primer is on top and the reverse primer is on the bottom.

ology of E. coli, (ii) the consequences of interrupting these
genes in B. subtilis, and, (iii) by using thin-layer chromatogra-
phy (TLC), the effects of the enzyme activities in vitro. A
recently published biochemical study also substantiates the
ability of a GHF 42 enzyme to hydrolyze galactooligomers in
vitro (23). In this way, we provide evidence that the GHF 42
enzyme from B. subtilis, LacA, likely acts as a 3-1,4-galactoo-
ligomerase in vivo, contributing to the utilization of the galac-
tan backbone of arabinogalactan type 1. The presence of B-ga-
lactosidases encoded adjacent to GHF 53 genes in other
organisms suggests that this function is not unique to LacA of
B. subtilis. This information supports a possible environmental
role, such as plant polysaccharide degradation, for these en-
zymes.

MATERIALS AND METHODS

Analyses of genomes and relevant phylogenies. The genes and nucleotide
sequences near GHF 42 genes in genomes (http://www.ncbi.nlm.nih.gov
/genomes/Iproks.cgi) and from smaller sequencing projects (Carbohydrate Active
EnZYmes database [8]) were examined, and when possible, at least three open
reading frames (ORFs) up- and downstream of the GHF 42 gene were analyzed.
The orientation and size of the ORFs were also considered. The theoretical
amino acid sequences were used to search the Conserved Domain Database of
the National Center of Biotechnology Information (NCBI) by using CDsearch
(40) in parallel with searches of the NCBI protein database (http://www.ncbi.nlm
.nih.gov) by using BLAST (2). Frequently, significant alignments with conserved
domains were detected (in the pfam database [3] and/or clusters of orthologous
groups database [59, 60]), and the matches with the lowest E values were
recorded. If neither of these was identified or if the alignment did not match a
majority of the conserved domain, BLAST results and the general trend of
putative function were recorded instead. Different colors were assigned to genes
with different functions, producing color-coded alignment diagrams whereby
conserved patterns could more easily be discerned. The N-terminal sequences of
each GHF 42 were checked using the Signalp server (4) to detect signal se-
quences. The conceptual translations of GHF 42 and GHF 53 genes were initially
aligned using Clustal W in BioEdit (17, 18, 61) and visually inspected to correct
errors. The aligned sequences were trimmed to avoid bias in the N- and C-
terminal regions and covered regions homologous to BSU34130 (from amino
acid positions 16 to 684 for GHF 42) and BSU34120 (from positions 53 to 337 for
GHEF 53). Bootstrapped neighbor-joining phylogenetic trees were produced us-
ing MEGA (37).

Initial screen for increased B-galactosidase activity. B. subtilis strain PLBS338
is a prototrophic derivative of 168 (67). Cells of this strain, hereforth referred to
as wild type, were screened for increased B-galactosidase activity by using a
homogenous solution of cells washed in M9 minimal medium (43) containing no
carbon to inoculate a semiquantitative screen using 48-well plates containing
Spizizen’s minimal medium (19) containing 0.2% of a sugar (glucose, galactose,

ribose, xylose, mannose, fucose, fructose, sorbose, rhamnose, sucrose, trehalose,
salicin, cellobiose, melibiose, maltose, raffinose, lactose, sorbitol, gentiobiose,
N-acetyl-p-galactosamine, N-acetyl-D-glucosamine, D-galacturonic acid, p-glucu-
ronic acid, lyxose, or lactobionic acid) or 0.2% of polysaccharide (cellulose,
dextran, dextran sulfate, starch, inulin, glycogen, xanthan gum, laminarin, locust
gum, chitin, arabinogalactan type II [from larch], gum arabic, polygalacturonic
acid, apple pectin, citrus pectin, phytone, xylan, gellan gum, soy flour, or galactan
[arabinogalactan type I from lupin from which most of the arabinose has been
removed {41}]). After 24 h at 30°C, ONPG was added to 2.2 mM and the plates
returned to 30°C for 24 h before 0.5 M Na,COj; was added to stop the reaction
and intensify the color. The upper half of the liquid was removed from 96-well
plates to avoid precipitates and read in a Molecular Devices Thermo Max
microplate reader at 420 nm at room temperature. The results were inter-
preted as no effect (44,5, <0.7), modest increase (A4,9, >0.7), and clear
increase (A9, =1.5).

Construction of vectors. A library was created in E. coli to obtain 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal)-hydrolyzing transformants ex-
pected to carry one of the two B-galactosidase genes (both GHF 42) of B. subtilis,
either the yesZ gene or a portion of the yvf gene region, including the genes yvfN,
historically renamed lacA4, and yvfO, which we renamed gal4. Genomic DNA was
harvested from lysozyme-treated B. subtilis cells using the Puregene genomic
DNA isolation kit (Gentra Systems, Inc.) (with the modification of lysis at 85°C
for 10 min) and restricted with BglII, and the pAa18 plasmid (62) DNA (lacZ~,
Amp") with BamHI, and genomic fragments of 6.6 to 9.5 kb were purified using
gel extraction. The restricted plasmid was treated with calf-intestinal phos-
phatase, and the genomic DNA fragments and vector were ligated (Fast-Link;
Epicentre). These constructs were used to transform E. coli ER2585F’ (lacY™
lacZ thi Tet") treated with the Z competent kit (Zymo Research). This host-
vector combination does not produce the native B-galactosidase (LacZ) of E.
coli. The resulting genomic library was screened for X-Gal (0.1 mg ml™") hy-
drolysis on LB (Luria-Bertani) with ampicillin (0.1 mg ml~') and IPTG (isopro-
pyl-B-p-thiogalactoside) (100 pM) at 37°C to detect B-galactosidases. Other
media used the same concentrations of X-Gal, ampicillin, and IPTG. The trans-
formants pYes and pYvf were subcloned, yielding constructs pYess and pYvfs,
respectively. The pYvfs plasmid was subcloned to yield pLacA and pGalA.
Plasmids expressing both GalA (pGalA) and either YesZ (pYesZsG) or LacZ
(E. coli) were also created, yielding pGalAYesZsG and pGalALacZ. The lacZ
gene was also placed into pAal8 (pLacZ). The lacZ gene was from a pET-
28a(+) construct (6), and an Xbal site was created in a noncoding 5’ region using
the QuikChange site-directed mutagenesis kit (Stratagene) to obtain constructs
without a six-His tag (Table 1).

Studies with E. coli. The colony sizes of E. coli strains expressing different
B-galactosidases with (pYvfs, pGalAYesZsG, and pGalALacZ) or without
(pLacA, pGalA, pYesZs, and pLacZ) simultancous expression of the GalA
galactanase were measured after 5 days of growth at 30°C on minimal media (M9
containing ampicillin and vitamins [Basal Medium Eagle vitamin solution]) con-
taining no carbon source or 0.2% galactose, lactose, or galactan, using cells
grown on the galactose minimal medium, and washed and resuspended in M9
without carbon as inoculum. The growth was compared to that of E. coli carrying
pAal8 on the same media, with the growth of this strain on galactose used as a
positive control and growth on lactose used as a negative control. Within E. coli,
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GalA was expected to be exported because the Signalp server (4) predicted a
signal peptide in the N-terminal sequence even when the gram-negative option
was selected, although the predicted cleavage site was slightly different.

Creation and studies of B. subtilis mutants. To interrupt the genes of interest,
the Cm" determinant (chloramphenicol acetyltransferase [CAT] cassette) of
pC194 (13) (ptrpBGI-PLK [42]) was blunt-end ligated into lacA, galA, and yesZ
using Srfl, Pmll, and Smal sites, respectively, to create placA::Cm’, pgal4::Cm’,
and pyesZ::Cm". E. coli with placA::Cm" or pyesZ::Cm" constructs was detected
by screening for the loss of B-galactosidase activity on LB medium with IPTG
and X-Gal. A modified plasmid restriction pattern was used to screen for
pgalA::Cm". These interrupted-gene constructs were transformed into wild-type
B. subtilis. Cells were made competent via a two-step transformation procedure
(19), omitting the freezing step. Recombinants were selected using chloramphen-
icol (5 pg ml™") in Trypticase soy agar without dextrose (Difco). PCRs using
ready-to-go PCR beads (GE Healthcare) and primer pairs, where one primer
annealed outside of the relevant cloned region (Table 1), were used to confirm
correct CAT cassette insertion.

B-Galactosidase activity of mutant and wild-type strains was observed on
Schaffer agar (53) containing X-Gal with or without arabinose (0.05%) and with
0.2% galactose or galactan. The ONPG plate assay was repeated using wild-type
and mutant strains with glucose, arabinose, xylose, mannose, rhamnose, lactose,
starch, cellulose, arabinogalactan type II, gentiobiose, polygalacturonic acid,
citrus pectin, apple pectin, phytone, xylan, gellan gum, galactan, and soy flour.

LacA B-galactosidase purification. Using the QuikChange kit, an Ndel site
was formed at the start site of lacA, allowing its insertion and ligation (as an
Ndel-Sacl fragment) into the vector pET28a™". In E. coli MC1061(DE3) cells,
this construct, pETHLacA, allows inducible expression of the LacA protein with
an N-terminal six-histidine tag (H-LacA). This strain was grown in terrific broth
(58) with 30 pg ml~" of kanamycin at 37°C to an optical density of 0.4; it was
cooled to 18°C, IPTG was added, and it was incubated at 18°C for 15 h. The cell
pellet resulting from centrifugation (6,370 X g at 4°C for 11 min) was resus-
pended (with the inclusion of a Complete EDTA-free protease inhibitor cocktail
tablet [Roche]) at 3 ml/g of Za buffer (a modification of Z buffer [43] without
B-mercaptoethanol, consisting of 0.1 M phosphate buffer, pH 6.5, with 10 mM
KCl and 1 mM MgSO,), passed through a French pressure cell (18,000 Ib/in?),
and centrifuged (30,996 X g at 4°C for 30 min), and the clarified lysate was
applied to nickel-iminodiacetate beads at 4°C. H-LacA was then batch elution
purified using centrifugation (1,239 X g at 10°C for 5 min). The material was
triple washed with an initial wash (with Zm buffer [Za buffer at pH 7], 300 mM
NaCl, 5 mM imidazole) and a secondary wash (with Zm buffer, 300 mM NaCl,
20 mM imidazole) prior to elution (with Zm buffer, 300 mM NaCl, 150 mM
imidazole). Eluted aliquots were dialyzed overnight at 4°C in 1 liter of Za buffer,
followed by a 2-h dialysis, and used for enzyme characterization.

LacA B-galactosidase characterization. Specific activity was measured in 1.2
ml of Za buffer with 2.2 mM ONPG incubated at 40°C for 15 min before the
reaction was started with 10 ul of diluted purified enzyme. The reaction was
stopped after 5 min with 0.5 ml of 0.5 M Na,COs, and the activity, defined as the
release of 1 wmol of o-nitrophenol (ONP) (or p-nitrophenol [PNP]) per min, was
measured at 420 nm. Specific activity was expressed as units per milligram of
protein. Protein concentrations were determined using the protocol for Bio-Rad
(Hercules, CA) protein assay dye reagent. All assays were performed at least in
triplicate, and the activity for all characterizations was measured as described
above. The thermodependence of activity was assayed between 27 and 60°C for
5 min. Thermostability assays were performed by incubating aliquots of enzyme
at 40, 50, 55, or 60°C and removing them at incremental times to assay at 40°C
for 5 min. Optimal pH values were determined by assaying in citric acid buffers
(0.1 M) (pH 5 to 6) and Za buffer (0.1 M) (pH 6 to 8). The effect of metal ions
was examined in a solution of 0.1 M MOPS (morpholinepropanesulfonic
acid) (pH 7) with or without either 1 mM MgCl,, MnCl,, CaCl,, or CuCl, or
10 mM NaCl or KCI. Substrate preference was examined using ONP and PNP
substrates (ONPG, PNPG, PNP-a-p-galactopyranoside, PNP-a-L-arabino-
pyranoside [PNPAp], PNP-a-L-arabinofuranoside, ONP-B-p-glucopyranoside,
PNP-B-p-glucopyranoside, PNP-a-p-glucopyranoside, ONP-B-p-fucopyranoside,
PNP-B-p-mannopyranoside, and ONP-B-p-xylopyranoside) at 2.2 mM at 40°C
after 5 min.

In vitro galactan degradation and thin-layer chromatography. Similar to
pETHLacA construction and H-LacA expression, a BamHI site was placed in
pGalA to aid in the construction of pETGalA-H for inducible expression of
GalA with a C-terminal six-histidine tag (GalA-H), with E. coli MC1061(DE3)
cells transformed, grown, and induced as they were for pETHLacA. The cells
were then incubated at 37°C for 4 h, harvested, frozen overnight, and thawed,
and a single extraction was performed using CelLytic B bacterial cell lysis ex-
traction reagent (Sigma) (15 ml/g) as per the directions of the manufacturer.
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Activity (assayed using azo-galactan [Megazyme]) occurred mainly in the clari-
fied lysate under these conditions and was not present in cells without the
construct.

The effects of the lysate containing GalA-H and the purified H-LacA were
examined singly and in combination by incubating them with galactan (final
concentration, 1.5%) at 37°C for 3 h and then freezing them. Concentration was
then achieved by lyophilization, followed by resuspension in 50% ethanol and
removal of precipitated proteins and intact polysaccharide via centrifugation
(3,000 X g, 10 min). The supernatants were applied to a silica gel TLC plate
(Fisherband, GelG) alongside controls (galactose, lactose, and stachyose), and a
single ascension performed using a solvent system of 1-butanol-acetic acid-water
(3:2:2, vol/vol). The plate was sprayed with a solution of 14% (vol/vol) sulfuric
acid in ethanol containing 0.07% naphthoresorcinol and incubated at room
temperature overnight in order to visualize the products.

RESULTS

Examination of gene arrangements and genomes containing
GHF 42 genes. We undertook a database analysis of GHF 42
B-galactosidase gene arrangements with the hope that poten-
tial operons might provide clues to the function(s) of the en-
coded enzymes. Conceptual translations of ORFs near GHF
42 genes were analyzed, and we diagrammed each gene ar-
rangement using a color scheme for general functions in order
to look for recurring patterns. The phylogeny of GHF 42 (not
shown) is comprised mainly of two robust divisions, one con-
taining genes mostly from Firmicutes and Actinobacteria and
the other consisting of sequences mainly from Proteobacteria
and Thermus spp.

Most interesting was a set of arrangements found in both of
these divisions that included COG 3867, arabinogalactan
endo-1,4-B-galactosidases belonging to GHF 53 (Fig. 1). These
enzymes hydrolyze the B-1,4-galactan backbone of a pectic
substance (arabinogalactan type I) found in plants, such as
soybeans and citrus fruit, into oligomers. These arrangements
also included genes putatively encoding ATP-binding cassette
(ABC) transporter subunits with homology to subunits known
or predicted to be involved in the transport of maltodextrins,
oligosaccharides, or sugars in general. Some arrangements ap-
pear to encode complete ABC systems, with encoded ATPases
compatible with sugar-transport systems (COG3839 [MalK]
genes). Several arrangements also have galactose metabolism
genes; this result is expected if galactose is a product of GHF
42 activity. Interestingly, the GHF 42 enzymes that are en-
coded near a GHF 53 gene are not restricted to a single
phylogenetic cluster (not shown). However, a phylogenetic tree
of GHF 53 sequences (not shown) showed that the bacterial
GHF 53 enzymes associated with GHF 42 genes are more
related to each other than to GHF 53 genes without this
association. Examining the other GHF 53 arrangements re-
vealed that the GHF 53 genes of Bacteroides thetaiotamicron,
Microbulbifer degradans, and some Xanthomonas spp. are ad-
jacent to GHF 2 B-galactosidase genes.

B-Galactosidase activity in B. subtilis. We decided to test the
effects of galactan on the model organism B. subtilis, which
contains two GHF 42 B-galactosidase genes, one of which is
adjacent to a GHF 53 homolog. The presence of an in vivo
substrate would be expected to increase B-galactosidase activ-
ity. Therefore, B. subtilis cultures were screened for increased
B-galactosidase activity in the presence of simple sugars and
other more complex carbon sources (listed in Materials and
Methods), such as galactan, by testing the amount of ONPG
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FIG. 1. Gene arrangements encoding GHF 42 and GHF 53 enzymes. Many arrangements also show ABC transporter genes and transcriptional
regulators similar to Lacl. Each locus tag refers to the relevant GHF 42 gene.

hydrolysis. The average background B-galactosidase activity
was greater on polysaccharides (A.4,, 0.40 to 0.70) than on the
simple sugars (none of which caused notable increases in 3-ga-
lactosidase activity). However, soy flour (a known source of
arabinogalactan type I) and galactan clearly increased -galac-
tosidase activity (44,4, =1.5) above the polysaccharide control
(cellulose). The ONPG hydrolysis was above background levels
but less than that observed for soy flour or galactan with gum
arabic, PGA, apple and citrus pectin, phytone, xylan, and gel-
lan gum (A4, 0.71 to 1.35).

Construction of vectors and knockouts. Because B. subtilis
has two B-galactosidase genes (lacA and yesZ), we examined
whether the expression of one or both was responsible for the
increased ONPG hydrolysis. Using the B. subtilis genome se-
quence to determine appropriate restriction sites, genomic
DNA from B. subtilis was used to construct libraries in E. coli.
The X-Gal-hydrolyzing transformants were pYvf, which en-
coded LacA (the GHF 42 B-galactosidase) and GalA (the
GHF 53 galactanase), or pYesZ, which encoded YesZ (the
second GHF 42 B-galactosidase). These constructs were used
to create subclones (pLacA, pGalA, and pYesZs) (Fig. 2).
Then the constructs placA::Cm", pgalA::Cm", and pyesZ::Cm’,
which carry the CAT cassette interrupting the lacA, galA, and
yesZ genes, were made. In E. coli, the disruption of the plas-
mid-borne lacA or yesZ genes yielded colonies that did not
hydrolyze X-Gal. The disruption of galA4 alone (in pYvfs) did
not affect X-Gal hydrolysis by the intact preceding lacA gene.
E. coli expressing GalA alone did not hydrolyze X-Gal.

Physiological effects on E. coli. The initial gene cloning al-
lowed us to determine whether the expression of GalA, LacA,

and/or YesZ could affect E. coli physiology, specifically its
growth on lactose or galactan as a sole carbon source. The E.
coli strain ER2585F’, which contains a chromosomal deletion
of lacZ, did not grow on galactan and hydrolyzed X-Gal only
when it expressed a cloned gene encoding LacA, YesZ, or
LacZ (Table 2). The GHF 42 B-galactosidases encoded by lacA
(pLacA) and yesZ (pGalAYesZg) were each expressed in
(lacZ™) E. coli, but unlike the E. coli expressing LacZ, they
were unable to immediately grow on lactose minimal medium
(Table 2).

Of greater interest for testing our hypothesis was determin-
ing whether the expression of both GalA and a 3-galactosidase
(LacA, YesZ, or LacZ) would confer on E. coli the ability to
grow on galactan minimal medium. The only E. coli strain that
exhibited growth on galactan equivalent to that seen on the
positive controls (galactose) was the one expressing the con-
struct carrying both the galactanase gene (gald) and lacA
(Table 2).

Creation of B. subtilis mutants and comparison with the wild
type. The transformation of B. subtilis with placA::Cm’,
pgalA::Cm’, or pyesZ::Cm" led to Cm" colonies, indicating that
marker replacement, double-crossover recombination had oc-
curred as none of these vectors can replicate within B. subtilis.
PCR amplification of genomic DNA from these recombinants
yielded products larger (than that from the wild type) by 1.4 kb,
indicating the presence of the Cm" cassette and the disruption
of the genes of interest (data not shown).

Wild-type B. subtilis is unable to grow on galactose as a sole
carbon source because it relies on the arabinose transporter to
import this sugar (36). Also, in its natural state, arabinogalac-
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FIG. 2. Plasmid inserts from B. subtilis genome. Fragments of the B. subtilis genome encoding LacA (A) and YesZ (B) were obtained by the
creation of genomic libraries. The fragments were subcloned using the restriction endonuclease sites indicated. Other sites (underlined) were used

to insert CAT cassettes (at arrows) in order to disrupt the genes.

tan possesses arabinose-containing side chains. Hence, arabi-
nose might help regulate relevant transporters, other glycoside
hydrolases, or interact with other relevant regulatory proteins.
For this reason, arabinose was used in combination with other
sugars to determine whether it affected B-galactosidase expres-
sion. The interruption of lacA, but not of yesZ, prevented
increased activity on galactan, and a functional gal4 gene was
required for the expression of LacA (Table 3; Fig. 3). The
addition of arabinose enhanced the intensity of the blue color
observed from both the wild-type and the mutant strains in the
presence of galactan, but when arabinose was used alone or in
combination with galactose, it did not cause increased -galac-
tosidase activity in wild-type colonies.

To further observe the B-galactosidase expression of the
mutants, the 48-well ONPG plate assay was repeated using a
reduced number of substrates. The interruption of lacA re-

TABLE 2. Physiological effects of lacZ, lacA, galA, and yesZ
expression in E. coli

Enzyme expression” Hydrolysis or growth®

Construct

LacZ YesZ LacA GalA X-Gal Galactose Lactose Galactan

pAal8 - - - -
PLacZ + -
PLacA - -
PGalA - -
pYvfs - -
(pGalALacA)
PGalAYesZg - + +
pGalALacZ + - - +

+
|

o+
o+t
o+t
[
[

+
+

++

+
+ + -

¢ +, gene for enzyme present; —, gene for enzyme absent.

b +, hydrolysis detected (hydrolysis of X-Gal determined by formation of blue
product and hydrolysis of other compounds determined by growth on M9 me-
dia). —, no hydrolysis detected.

duced the B-galactosidase activity observed with polygalactu-
ronic acid, citrus and apple pectins, galactan, and soy flour to
a level observed with controls. An equivalent decrease in ac-
tivity was not detected for the lacA::Cm" or yesZ::Cm" mutants
on phytone, xylan, and gellan gum.

LacA [3-galactosidase purification and characterization.
LacA is the first GHF 42 enzyme known to be encoded
adjacent to a GHF 53 gene to be characterized. Enzyme
from clarified lysate was initially examined for comparison
(data not shown). Then H-LacA was purified using nickel-
charged iminodiacetate column material. The purified pro-
tein had a specific activity of 51 units/mg. H-LacA had the
highest activity at pH 6.0 to 6.5 and 50°C, and it was ther-
molabile above this temperature. These results agree with
those for untagged LacA (not shown). None of the tested
metal ions increased enzyme activity when added, and Zn*",
Co**, and Cu®" were inhibitory. Activity on PNPG was
equal to that on ONPG. Trace activity was observed with
ONP-fucose and PNPAp (Table 4), but activity with other
substrates was not detectable.

TABLE 3. B. subtilis hydrolysis of X-Gal in the presence
of various substrates®

Construct Arabinose Arabinose + Galactan Arabinose +
galactose galactan
Wild type - - + Tt
lacA::Cm" — NT — _
yesZ::Cm" - NT + ++
galA::Cm" — NT — _

“ 4, hydrolysis of X-Gal detected; —, no visible hydrolysis of X-Gal; NT, not
tested.
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ga‘hﬂ\::CmR
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FIG. 3. Effect of mutations on B. subtilis 3-galactosidase expression. The increased 3-galactosidase expression by wild-type cells when galactan
is present as observed by X-Gal hydrolysis is eliminated where the lacA or galA gene has been interrupted by the insertion of the CAT cassette.

Interruption of the yesZ gene had no effect on X-Gal hydrolysis.

Thin-layer chromatography. We assayed the ability of the
LacA and GalA enzymes to degrade galactan and examined
the reaction products using TLC. The sizes of these products
were compared to those of a mono-, di-, and tetrasaccharide
(galactose, lactose, and stachyose, respectively). Intact galac-
tan (untreated or undegraded) was not very soluble under the
conditions used and was thus not visible on the plate. Galactan
treated with GalA-H yielded oligosaccharide products, but
only treatment with both GalA and LacA resulted in significant
release of monosaccharide-sized products, presumably galac-
tose, as well as other small oligosaccharides (Fig. 4). Neither
the control without added enzyme nor the treatment with
LacA alone showed any significant galactan degradation.

DISCUSSION

Initial analyses. An in-depth examination of the phylogeny
of GHF 42 suggested that there might be more than one
function for this group, with many observed gene arrange-
ments and many organisms possessing two or more noniden-
tical GHF 42 genes. One frequent arrangement led us to hy-
pothesize that arabinogalactan type I was a substrate for this
system, with oligosaccharides released by the action of B-ga-
lactanases as the substrates for the GHF 42 enzymes. The
presence in some arrangements of nearby galactose metabo-
lism genes for further processing of this sugar and the in-
creased likelihood of finding arabinogalactan type I from plant

TABLE 4. Relative activity of the purified LacA enzyme
on various chromogenic substrates

Substrate %agievlia;}t;ve
............................................................................................... 100
........................................................................... 104
p-Nitrophenyl-a-L-arabinopyranoside............c.cocoeeeeeenecnenceneene 4
o-Nitrophenyl-B-D-fucopyranoside 4
p-Nitrophenyl-a-D-galactopyranoside ..........c.cocoeeveveeeeeneneencene <0.1
p-Nitrophenyl-B-D-glucopyranoside (PNPGIu) ......cccceveveucurunenee <0.1
o-Nitrophenyl-B-D-xylopyranoside ..........c.cocceoeeeeeueereeeecreeeennnns <0.1
p-Nitrophenyl-B-D-mannopyranoside <0.1
p-Nitrophenyl-a-L-arabinofuranoside ............cccocoeeevierenccncnineneene <0.1

“ Activity on ONPG was taken as 100% and corresponds to a specific activity
of 46 U/mg. Results are as measured by ONP or PNP release at 40°C.

material in the native environment of microorganisms like B.
subtilis were also supportive of this hypothesis.

We looked for previous examinations of GHF 42 activity
with B-galactans and found two examples demonstrating a lack
of activity on whole polysaccharide (26, 34), as expected for
intracellular enzymes. In at least one of these examples, arabi-
nogalactan type II was used (34). Arabinogalactan type II has
a backbone-linked B-1,3, rather than a B-1,4 like arabinogalac-
tan type I, indicating the importance in distinguishing between
them. We also looked for evidence of our hypothesized func-
tion in reference to studies of galactanases. Increased (-galac-
tanase and B-galactosidase activities in response to galactan
(but not the specific genes) in B. subtilis were identified by the
work of Labavitch et al. (38), but the degradation of the ga-
lactanase products was not studied further. Later, Errington
and Vogt noticed the potential for a polycistronic operon in B.
subtilis (15), with the same organization we have now observed
in several other genomes. It was then shown that lacA (genome
annotation, yvfN) is regulated by the nearby repressor lacR,

O
§®§3§
£ 2 £ 3
§G§§T§Q0+LL—

.

FIG. 4. Enzymatic degradation of galactan in vitro. Preparations
containing either GalA-H (G) or H-LacA (L) were incubated sepa-
rately or concurrently (G+L) with galactan for 3 h at 37°C, and the
products were analyzed by TLC after precipitation and removal of the
remaining whole polysaccharide. A negative control treatment using
no enzymes (—) was also examined. The amount of product applied to
the TLC from the G+L reaction was half that applied from the others
(=, L, and G) in order to prevent overloading. Migration patterns of
the products were compared to those for stachyose, lactose, and ga-
lactose.
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although the function of the system was unclear as it was not
activated by simple sugars (9).

The work of those authors suggested an unexplored func-
tional association between LacA and GalA. Several endo-B-1,4
galactanases from Bacillus spp. yield galactotetramer and ga-
lactotrimer products (38, 51, 63, 69) which are more likely to
be hydrolyzed by GHF 42 than whole polysaccharide. In addi-
tion, the solved structure for GHF 42 (from Thermus ther-
mophilus A4) shows, in its monomeric form, a cleft-type active
site that could be suitable for the degradation of an oligosac-
charidic substrate (22). This enzyme can also form a trimer
with a pocket-type active site suitable for the hydrolysis of
smaller substrates such as lactose (22) or galactobiose. This
supports the possibility that other GHF 42 enzymes, such as
the LacA enzyme from B. subtilis, could accommodate both
larger substrates like galactooligomers and the smaller galac-
tobiose molecule, assuming that other GHF 42 structures are
similar to that found for 7. thermophilus sp. A4.

Therefore, we chose B. subtilis, which also has the advan-
tages of a well-studied and easily manipulated genetic system,
a sequenced genome, a lack of B-galactosidases in other GHFs,
and an inability to use lactose as a sole carbon source, for
testing the potential for the involvement of a B-galactosidase in
the degradation of galactan.

Experiments involving genes from B. subtilis. Using B. sub-
tilis as a model, we wanted to show that arabinogalactan type I
degradation is a likely role for the gene synteny we found, with
GHF 42 enzymes having the specific role of degrading the
oligosaccharides produced by the GHF 53 enzymes seen en-
coded in the arrangements. We showed that, unlike lactose,
adding arabinogalactan type I (but not type II) to a medium
caused increased B-galactosidase expression in, and allowed
the growth of, B. subtilis. Using B. subtilis mutants with inter-
rupted genes, we then demonstrated that the observed re-
sponse was specific to the gene arrangement. LacA (GHF 42)
(and not YesZ) was responsible for the observed B-galactosi-
dase activity, and GalA (GHF 53) was also necessary for the
increase in activity to occur. The lack of an effect of gald
interruption on LacA expression in E. coli constructs (as ob-
served by X-Gal hydrolysis) suggests that the loss of LacA
expression in B. subtilis by the interruption of GalA is not a
polar effect.

We also demonstrated the ability of these enzymes to confer
a new physiological trait on E. coli. Only LacA in combination
with GalA allowed E. coli to grow on galactan, indicating
cooperative activity on the substrate to yield galactose. Also,
neither YesZ nor LacA effectively allowed E. coli to grow on
lactose, further supporting the hypothesis that this is not the
natural substrate of either. Controls with E. coli expressing
GalA together with B-galactosidases other than LacA (i.e.,
YesZ or LacZ) did not grow on galactan, showing that these
are not functional substitutes and that not all B-galactosidases
are galactooligomerases. Additionally, the work of Nakano et
al. (46) indicates a failure of LacZ to hydrolyze galactooli-
gomers even in vitro.

In our in vitro TLC experiments, we compared changes in
the sizes of products yielded by the enzymes from the arabi-
nogalactan type I to controls of different sizes. The galactanase
yielded oligosaccharides larger than lactose, but when com-
bined with the B-galactosidase, some of the products were
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FIG. 5. Hypothesized functionality indicated by GHF 42/GHF 53
gene arrangements. Starting outside the cell, the GHF 53 galactanase
releases oligomers, such as galactotetraose, from galactan. These enter
the cell using an ABC transporter, which consists of several subunits.
Once within the cell, the oligomers release repression (LacR) of the
operon and are degraded by the GHF 42 B-galactosidase, releasing
galactose.
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monosaccharide sized. Further experiments were limited by
the difficulty in finding a commercial source of larger B-1,4-
galactooligomers. Because of this limitation and our interest in
comparing our results with other research, our preliminary
biochemical characterization of LacA used standard NP sug-
ars. The characterizations of other GHF 42 enzymes, none of
which are encoded adjacent to a GHF 53 gene, also used NP
sugars, allowing us to determine that the B. subtilis LacA does
not differ significantly.

Our observations, including the failure of the combination of
arabinose and galactose to increase B-galactosidase activity,
combined with the requirement for GalA for B-galactosidase
expression lead us to propose the following pathway (Fig. 5),
where galactooligomers may be the natural inducers that re-
lease the repressor LacR. Although the substrate we used had
most of the arabinose side chains associated with arabinoga-
lactan type I removed, B. subtilis cells that degrade the native
form of this substrate would probably also use arabinose as a
carbon source. If the side chains do not interfere with the
activity of GalA, then mixed oligomers may be transported into
the cell, where they are acted on by both a-L-arabinofurano-
sidases and B-galactosidases.

The source of galactan (plant cell walls that also contain
many other compounds) and the ability of B. subtilis to use a
wide variety of polysaccharides make it unlikely that this sub-
stance is available as the sole carbon source in the environ-
ment. However, that GalA and LacA can (based on our TLC
and E. coli experiments) degrade galactan and that the gene
expression appears to be induced by its presence led us to
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believe that they are important in this process. Given the ver-
satile nature of B. subtilis and the complexity of plant polysac-
charides, it is also likely that these enzymes can contribute to
the degradation of additional galactosidic polysaccharides in
the environment. However, given that LacA does not function
as a lactase, we propose that LacA be renamed to GalO to
better acknowledge its function in oligosaccharide degrada-
tion.

Other aspects of B. subtilis and beyond. The combination of
these results, especially the gain of function shown in E. coli,
indicates that LacA and GalA of B. subtilis can degrade galac-
tan. It is unknown what specific or nonspecific transport system
E. coli is using to import galactan oligomers, but the function
of the ABC transporter genes (yfK, yvfL, and yvfM) in B.
subtilis is strongly implied by our work, contrasting the study of
Kamionka and Dahl (32), who suggested that these proteins
were irrelevant to the function of the B-galactosidase. The
participation of a B. subtilis ATPase is also implied by our
work. The MalK homolog YurJ (BSU32550) (as predicted by
Quentin et al. [49]) or MsmX (BSU38810) may fulfill this role,
much like MsmX of Streptococcus mutans (50) contributes to
the transport of multiple substrates. These are the first results
clearly supporting an in vivo function for a GHF 42 B-galac-
tosidase and also suggest possible functions for adjacently en-
coded proteins. Similar gene arrangements in other organisms
suggest that this is not an isolated example.

Additional examples of this functional arrangement (with or
without the gene arrangement we observed) likely exist. It is
also possible that a galactanase gene exists elsewhere in a given
genome. A relationship between a B-galactosidase without lac-
tase activity and a galactanase encoded elsewhere in the ge-
nome was recently proposed by Hinz et al. (24) based on
galactooligomerase activity in the GHF 42 enzyme Bgalll (Bi-
fidobacterium adolescentis) (23). Although (inefficient) growth
by Bifidobacterium longum on galactan has been observed in
conjunction with increased B-galactosidase activity (10), the
genes encoding the observed activity were not identified (B.
longum has a GHF 2 gene as well as two GHF 42 genes) nor
was the B-galactosidase activity shown to be necessary for
growth. A comparable reaction may also be occurring in some
fungi. In comparison to bacterial galactanases, most fungal
galactanases (5, 11, 39, 45, 52, 68) yield B-1-4-galactobiose and
some fungi have B-galactosidases with reasonable K,,, values
(4.5 to 19.4 mM) on galactobiose (46). The association be-
tween GHF 53 and GHF 2 genes in a few bacteria also sup-
ports possible GHF 53-GHF 2 synergy.

As mentioned earlier, the GHF 42 enzymes may have
more than one function. YesZ in B. subtilis is clearly not
expressed under the same conditions as LacA and is only
43% homologous to LacA. The similarity of the hypothetical
products of genes preceding yesZ to enzymes acting on rh-
amnogalacturonan (Fig. 2) suggests that this substrate may
be relevant to the function of YesZ. Perhaps this GHF 42
acts on galactose-containing side chains or on a poly- or
oligosaccharide that frequently coexists with rhamnogalac-
turonan. Other possible functions for GHF 42 3-galactosi-
dases might be activity on aryl-galactosides, such as galac-
tosylated anthocyanins.
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