
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/99/$04.0010

Dec. 1999, p. 5443–5450 Vol. 65, No. 12

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Biochemical and Phylogenetic Analyses of a Cold-Active
b-Galactosidase from the Lactic Acid Bacterium

Carnobacterium piscicola BA
JONNA M. COOMBS AND JEAN E. BRENCHLEY*

Department of Biochemistry and Molecular Biology, Pennsylvania State University,
University Park, Pennsylvania 16802

Received 28 June 1999/Accepted 19 September 1999

We are investigating glycosyl hydrolases from new psychrophilic isolates to examine the adaptations of
enzymes to low temperatures. A b-galactosidase from isolate BA, which we have classified as a strain of the
lactic acid bacterium Carnobacterium piscicola, was capable of hydrolyzing the chromogen 5-bromo-4-chloro-
3-indolyl b-D-galactopyranoside (X-Gal) at 4°C and possessed higher activity in crude cell lysates at 25 than
at 37°C. Sequence analysis of a cloned DNA fragment encoding this activity revealed a gene cluster containing
three glycosyl hydrolases with homology to an a-galactosidase and two b-galactosidases. The larger of the two
b-galactosidase genes, bgaB, encoded the 76.8-kDa cold-active enzyme. This gene was homologous to family 42
glycosyl hydrolases, a group which contains several thermophilic enzymes but none from lactic acid bacteria.
The bgaB gene from isolate BA was subcloned in Escherichia coli, and its enzyme, BgaB, was purified. The
purified enzyme was highly unstable and required 10% glycerol to maintain activity. Its optimal temperature
for activity was 30°C, and it was inactivated at 40°C in 10 min. The Km of freshly purified enzyme at 30°C was
1.7 mM, and the Vmax was 450 mmol z min21 z mg21 with o-nitrophenyl b-D-galactopyranoside. This cold-active
enzyme is interesting because it is homologous to a thermophilic enzyme from Bacillus stearothermophilus, and
comparisons could provide information about structural features important for activity at low temperatures.

The ability of microorganisms to adapt to extreme environ-
ments raises important questions about the changes in enzyme
structure necessary for activity under extreme conditions. For
example, psychrophiles living in cold environments need en-
zymes which remain catalytically active at low temperatures.
Current information suggests that enzymes have evolved with
limited temperature ranges that provide activity at either high
or low temperature but not at both (4). Thus, it is of funda-
mental interest to explore the parameters that establish the
temperature range in which an enzyme is active. One approach
would be to obtain data on a large collection of related en-
zymes, which would allow the sequences and enzymology of
enzymes naturally adapted to different thermal optima to be
compared. One difficulty with this approach is that there is no
comprehensive database containing information on both gene
sequences and enzyme attributes. Some papers present en-
zyme properties but do not contain sequence data (2, 7, 29).
Others report sequences but often contain rudimentary enzy-
matic characterization (20, 32). The biochemical characteriza-
tion and evolutionary relatedness of these enzymes is rarely
discussed in the same forum.

One goal of our work is to provide information on both the
biochemistry and the phylogeny of cold-active enzymes, which
can be used for comparison with their higher-temperature
counterparts. b-Galactosidases are good candidates for build-
ing a database for comparisons because they have been studied
extensively and have been characterized in a number of organ-
isms. b-Galactosidases are members of a broad group of en-
zymes, the glycosyl hydrolases, which are responsible for the
breakdown of a variety of saccharides. Glycosyl hydrolases

have been classified by hydrophobic cluster analysis into 64
families according to sequence similarity (16–18). Four differ-
ent families of glycosyl hydrolases contain enzymes with b-ga-
lactosidase activity. About 25% of the b-galactosidase se-
quences available in GenBank are from lactic acid bacteria
such as Streptococcus, and all of these fall into family 1 or 2 of
Henrissat’s classification. Family 1 includes the LacG b-galac-
tosidases and phospho-b-galactosidases, as well as some b-glu-
cosidases. These enzymes are found in Lactococcus lactis (10),
Streptococcus mutants (31), and Lactobacillus casei (13). The
second group, family 2, contains the well-studied Escherichia
coli LacZ enzyme (23) plus b-galactosidases from Streptococ-
cus thermophilus (35) and an isozyme from L. lactis (GenBank
accession no. X80037). None of the lactic acid bacteria en-
zymes show sequence similarity to family 35 or 42, the other
b-galactosidase groups.

Lactic acid bacteria have been the focus of extensive re-
search because of their value in the food-processing industry
(15, 26). One of the most recent taxonomic additions to the
lactic acid bacteria group is the genus Carnobacterium (8, 9),
which was first isolated from refrigerated meat products. This
genus is physiologically similar to Lactobacillus but differs in
certain characteristics, such as the inability to grow on acetate
agar and a higher tolerance to oxygen and high pH (33). A 16S
rRNA sequence analysis demonstrates that Carnobacterium
forms a distinct phylogenetic clade within the lactic acid bac-
teria (9). Most research on this genus has focused on produc-
tion and regulation of bacteriocins (19, 27); however, no work
has been reported on hydrolases or other metabolic enzymes.
Because lactic acid bacteria have been such an integral part of
food chemistry, Carnobacterium species are a logical source for
the discovery of new catalysts.

We are interested in comparing enzymes within the different
families of glycosyl hydrolases in our investigation of cold-
active glycosidases from psychrophilic organisms. As part of
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this investigation, we have isolated a large collection of psy-
chrophilic bacteria and are studying genes from these organ-
isms which encode cold-active enzymes. One isolate, desig-
nated Carnobacterium piscicola BA, contained a fragment with
two genes, bgaB and bgaC, encoding b-galactosidases. Charac-
terization of the purified BgaB protein showed that the enzyme
was thermolabile and had an optimal temperature of activity
20°C below that of E. coli LacZ (25). Furthermore, analysis of
the deduced primary amino acid sequence of BgaB indicates
that it belongs to the family 42 glycosidases and is phylogeneti-
cally related to an enzyme from a thermophile, Bacillus stearo-
thermophilus (20). Its cold activity and similarity to a thermo-
philic enzyme made the BgaB enzyme of special interest for
characterization. Examination of several related enzymes with
incremental differences in temperature optima may lead to an
understanding of how an enzyme’s “thermostat” for activity is
established.

MATERIALS AND METHODS

Isolation and characterization of C. piscicola BA. C. piscicola BA was obtained
from a farm field treated with whey. Samples were taken in late winter and
transported and stored at 4°C to increase the probability of finding psychrophilic
microorganisms. C. piscicola BA was chosen for study because it hydrolyzed the
chromogen 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-Gal; United
States Biological, Swampscott, Mass.) as an indicator of glycosidase activity and
grew at 4°C on Trypticase soy agar (Becton-Dickinson, Cockeysville, Md.).

Physiological testing of C. piscicola BA was performed with API test strips
(Bio-Mérieux Vitek, Inc., Hazelwood, Mo.), and substrate testing of carbohy-
drate fermentation was done with phenol red broth (10 g of proteose peptone,
5 g of NaCl, 0.018 g of phenol red/liter) at an incubation temperature of 25°C.
Cell walls were prepared according to the short method (34), and amino acid
analyses were completed at the Protein and Carbohydrate Structure Facility at
the University of Michigan.

Phylogenetic analyses used sequence data from the 16S rRNA gene, amplified
from C. piscicola BA chromosomal DNA by PCR (Techne Progene thermocy-
cler, Cambridge, England) with primers FD1 and rP2 (39) designed to regions of
ghe 16S gene conserved among eubacteria. Ready To Go PCR beads (Amer-
sham Pharmacia Biotech, Piscataway, N.J.) and hot start conditions were used.
Amplification was for 30 cycles, with a melting temperature of 94°C for 1.5 min,
an annealing temperature of 55°C for 1.5 min, and an elongation temperature of
72°C for 1.5 min. The amplified fragment was sequenced at the ABI automated
fluorescence sequencing facility at the Pennsylvania State University. Identifica-
tion of similar sequences was determined by BLAST sequence analysis at the
Ribosomal Database Project web page (Center for Microbial Ecology, Michigan
State University) and the GenBank database at the National Center for Bio-
technology Information. RNA sequences were compiled in a preliminary align-
ment with the program MEGALIGN (DNAStar, Inc.) via Clustal V, and align-
ments were then optimized by eye with the Eyeball Sequence Editor (ESEE) (5).
Phylogenetic trees were constructed from these alignments with the program
Phylip (12).

Cloning b-galactosidase genes from C. piscicola BA. Chromosomal DNA was
extracted from C. piscicola BA by the Puregene kit (Gentra, Minneapolis, Minn.)
protocol for DNA isolation from gram-positive organisms. Chromosomal DNA
was subjected to a partial Sau3AI digest, and 2- to 6-kb fragments were purified
from a 0.7% agarose gel, using the Bioclean gel extraction kit (United States
Biological). DNA fragments were ligated (Epicentre Fast Link ligase; Epicentre
Technologies, Madison, Wis.) into a phosphatase-treated plasmid vector (shrimp
alkaline phosphatase; Amersham Life Sciences, Arlington Heights, Ill.). The
vector, pDa, was constructed from pUC18 by deletion of the a fragment of the
lacZ b-galactosidase normally found on that plasmid (37). Recombinant plas-
mids were transformed into E. coli DH5a cells and incubated at 37°C on Luria-
Bertani agar (10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, 15 g of Bacto
Agar per liter) with 100 mg of ampicillin (Fisher Biotech, Fairlawn, N.J.)/ml, 100
mg of X-Gal (United States Biological)/ml, and 0.1 mM isopropyl b-D-thiogalac-
topyranoside (IPTG; Fisher Biotech). After 16 h, the plates were transferred to
an 18°C incubator.

Restriction mapping and sequencing of cloned genes. Plasmid DNA was
isolated from transformants which demonstrated hydrolytic activity on X-Gal.
These plasmids were digested with restriction enzymes (Promega Life Sciences,
Madison, Wis.) to construct plasmid maps. Both ends of each DNA insert were
sequenced with primers designed for conserved regions on the vector DNA.
Complete double-stranded sequences of insert regions were obtained by primer
walking (The Nucleic Acid Facility, The Pennsylvania State University) and
alignment of overlapping DNA sequence with the program ESEE (5).

Subcloning and expression of the bgaB gene product. The bgaB gene was
amplified by PCR, using primers which created unique restriction sites at either
end of the gene. The forward primer contained an engineered NdeI site and had

the 59 to 39 sequence TTTCATATGTTACAGC. The reverse primer had an
engineered EcoRI restriction site and had the 59 to 39 sequence GACACTAG
GAATTCTCCCC. PCR conditions were identical to those used for amplification
of the 16S gene, with the exception that the extension time was 2.5 min at 72°C.
The PCR product was ligated into the expression vector pET22b (Stratagene
Cloning Systems, La Jolla, Calif.) and transformed into MC1061 DE3 cells
(lDE3 lysogenization kit; Novagen, Madison, Wis.). Expression of bgaB was
induced by adding IPTG to a final concentration of 1 mM. Cell pellets from
IPTG-induced cultures were resuspended in Z buffer (60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4) plus 10% (vol/vol) glycerol before being
lysed with a French pressure cell at 1,000 lb/in2. Resolubulization experiments to
recover active enzyme from cellular inclusion bodies (80% of overproduced
protein) were unsuccessful. Soluble enzyme was collected from the supernatant
of the crude cell lysate and used for all subsequent experiments.

Enzyme purification of overexpressed bgaB gene product. DNA was removed
from crude extracts by incubating lysate on ice in the presence of 0.225%
(vol/vol) polyethyleneimine. After centrifugation to remove the precipitated
DNA, the sample was dialyzed at 4°C against 0.025 M diethanolamine buffer (pH
9.5) plus 10% (vol/vol) glycerol in preparation for chromatofocusing. The en-
zyme was able to withstand a pH range from 9.5 to 6.0 provided that glycerol was
present in the buffers during dialysis and subsequent purification. The dialyzed
sample was then injected onto a Mono P chromatofocusing column by using the
AKTA protein purification system (Pharmacia Biotech, Uppsala, Sweden). A
chromatofocusing gradient was created by running ice-cold Polybuffer 96, 10%
(vol/vol) glycerol, pH 6.0 (Pharmacia), over the column after the protein was
loaded. In the resulting gradient, BgaB protein eluted between pH 6.9 and 6.5
(the predicted pI of the protein is 6.69). A gel filtration column, Sephadex G-75
(Sigma Chemical Co., St. Louis, Mo.), was required to remove Polybuffer from
the purified protein, since this buffer interfered with the protein determination.
Column fractions collected in Z buffer with 10% (vol/vol) glycerol were dialyzed
against polyethylene glycol 8000 to concentrate the protein sample before sub-
sequent assays. All subsequent assays for enzyme characterization were per-
formed with the purified protein. Verification of the deduced amino acid se-
quence was performed by N-terminal sequencing of the purified protein
(Macromolecular Core Facility, Hershey Medical Center, Hershey, Pa.).

Characterization of the BgaB enzyme. Triplicate assays were performed with
the chromogen ONPG (o-nitrophenyl b-D-galactopyranoside) (28). The sub-
strate specificity was tested with p-nitrophenyl substrates (Sigma). The concen-
trations of product formed were measured at 420 nm with a Hewlett-Packard
diode array spectrophotometer. One unit of activity is defined as 1 mmol of
ortho-nitrophenyl product released per min, and specific activity is expressed as
micromoles of ortho-nitrophenyl produced per minute per milligram of protein.
Protein concentration was determined with the Bio-Rad (Hercules, Calif.) pro-
tein assay dye reagent concentrate with bovine serum albumin as a standard. The
thermostability and thermal dependency of activity assays were carried out in an
Isotemp refrigerated circulator waterbath (Fisher Scientific) with thermal accu-
racy of 60.05°C. Kinetic analysis was performed with the Enzyme Kinetics
package from Trinity Software (Campton, N.H.).

Nucleotide sequence accession number. The GenBank accession numbers of
the C. piscicola BA bgaB and 16S rRNA gene sequences are AF184246 and
AF184247, respectively.

RESULTS

Characterization of C. piscicola BA. C. piscicola BA was
selected from several other isolates because it grew at 4°C
and hydrolyzed X-Gal. In addition, initial enzyme assays with
crude extracts from this organism indicated the presence of a
cold-active b-galactosidase. Because of our interest in this or-
ganism, we wanted to examine its phylogenetic relationships
and physiological characteristics. We amplified the 16S rRNA
gene by PCR, determined its sequence, and examined its phy-
logenetic relationships by the maximum-likelihood method
(Fig. 1). Trees constructed by maximum parsimony were con-
gruent with this analysis (data not shown). C. piscicola BA
clustered with the lactic acid bacteria and was most closely
related to C. piscicola and Lactobacillus maltaromicus within
the Carnobacterium clade. The 16S rRNA sequences of these
organisms differed by 3 or fewer nucleotides.

Gram-stained preparations of C. piscicola BA showed that it
was a short, gram-positive rod which did not form spores. The
strain was characterized physiologically by examining carbohy-
drate fermentation and cell wall structure. We also examined
growth on acetate agar, since the inability to utilize acetate is
one of the key features distinguishing the genus Carnobacte-
rium from Lactobacillus. The results (Table 1) showed the
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presence of meso-diaminopimelic acid (mDAP) linkage in the
cell wall and were consistent with the classification of C. pis-
cicola BA as part of the Carnobacterium genus. Other physio-
logical traits of C. piscicola BA were similar, but not identical,
to members of the lactic acid bacteria (Table 1). C. piscicola
BA differed from the type strain of C. piscicola in its ability to
ferment sorbitol, but it also differed from L. maltaromicus
because it could ferment raffinose. Another possible distin-
guishing feature was its habitat. Neither C. piscicola nor L.
maltaromicus has been isolated from soil; however, L.
maltaromicus has been found in milk. It is possible that C.
piscicola BA was introduced into our soil samples as part of the
whey treatment.

Cloning and sequencing b-galactosidase genes from C. pis-
cicola BA. Two transformants from a chromosomal library of
C. piscicola BA were able to hydrolyze X-Gal at 37°C, and two
more were discovered after the plates were shifted to 18°C.
Analysis of plasmid DNA from these transformants indicated
that each carried a uniquely sized fragment of chromosomal
DNA. Sequencing showed that each contained part of the
same gene sequence (bgaC), which had homology to a b-ga-
lactosidase gene from Xanthomonas manihotis. Upstream of
this gene was another open reading frame (ORF) with homol-
ogy to the bgaB gene from B. stearothermophilus. A third ORF,
which coded for a putative a-galactosidase, was detected up-
stream of bgaB in three of the transformants. These genes are
clustered, and the absence of a sequence resembling a known
promoter prior to bgaB or bgaC suggests that the three genes

form an operon. The two b-galactosidase genes were both
relatively small compared to those of the lacZ family, which
typically encode subunits of over 110,000 Da. The bgaB gene
was 2 kb long and encoded a 668-amino-acid protein. A puta-
tive ribosomal binding site (RBS) was apparent 8 bases before
the initiating methionine codon and was selected on the basis
of sequence similarity to other RBSs from lactic acid bacteria
and the absence of any other possible RBSs upstream. The
gene had a high mol% A1T, characterized by several series of
As or Ts throughout the sequence and by a predominant A-T
codon usage bias, reflecting the low G1C mol% (33.0 to 37.2)
of the Carnobacterium genus.

The finding of contiguous genes that could all encode gly-
cosidases was interesting. In order to analyze each in depth, we
separated them to examine the genes independently. Two of
these genes have been subcloned, and their hydrolase activities
have been demonstrated with chromogenic substrates. Because
initial work suggested that the bgaB gene product had a lower
temperature optimum than the bgaC product, it was selected
for further characterization.

Phylogenetic analysis of bgaB. The complete sequence of the
bgaB gene was examined for similarity to b-galactosidase genes
cloned from other organisms. Two of the sequences that were
found have been grouped by Henrissat and Bairoch into family
42 based on sequence similarity (17), and there is a high prob-
ability that bgaB from isolate BA also belongs in this group.
Both of these enzymes are from thermophilic organisms, bgaB
from B. stearothermophilus and a b-galactosidase from thermo-

FIG. 1. Phylogenetic analysis of the sequence from the 16S rRNA gene from isolate BA. 16S rRNA sequences from all other organisms are from the Ribosomal
Database Project. Sequences from GenBank were also analyzed for similarity to isolate BA 16S rRNA, but their inclusion did not change the position of isolate BA
within the Carnobacterium clade. Phylogenetic relationships are based on MegAlign alignments, optimized in ESEE and analyzed with the program Phylip. Sequence
differences between C. piscicola BA and its closest relatives are too small (2 to 3 bp) to show on this scale. B., Bacillus; C., Carnobacterium; L., Lactobacillus.
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philic isolate NA10. Interestingly, there are several thermo-
philic enzymes with sequences showing homology to sequences
of this family. They include genes cloned from Caldicellulosir-
uptor sp., Thermus sp., and Thermotoga maritima.

Sequence alignments of 11 homologous genes, including
bgaB from C. piscicola BA, were optimized by eye in ESEE.
These alignments were imported into the PAUP (36) and
Phylip (12) programs to examine phylogenetic relationships
(Fig. 2). From the diagram, it appears that sequences from the
deep-branching eubacteria cluster together and may form a
separate family of b-galactosidases. Of all of these sequences,
bgaB appears most closely related to the B. stearothermophilus
bgaB gene, with 49% sequence identity.

Although genes with similarity to family 42 enzymes have
been found in other organisms, it is not clear how prevalent
they are because the database is limited to those that have
been cloned and sequenced. The availability of genomic se-
quences provides an independent method of asking about the
prevalence or scarcity of these genes. Therefore, to determine
whether genes similar to bgaB exist in other organisms that had
not been examined specifically for these genes, we searched the
available genomic databases for sequences with homology to
bgaB. From an analysis of 17 completed genome sequences,
genes with similarity to bgaB were detected in the Bacillus
subtilis and T. maritima genomes. In the database containing
unfinished genomes, raw sequence with similarity to bgaB was
found in the genome of Yersinia pestis. This analysis shows that
although sequences with similarity to those of family 42 can be
found in other organisms, they are not ubiquitous among bac-
teria or archaea.

Conserved sequences. When comparing the deduced amino
acid sequence of bgaB with others similar to those of family 42,
we made the observation that there were three highly con-
served regions shared among all of the sequences in our anal-
ysis. These sequences may indicate putative active sites for the

enzyme. For the E. coli LacZ enzyme, the mechanism of hy-
drolysis involves a proton donor (a glutamic acid residue, pre-
ceded by an asparagine) and a nucleophile (also a glutamic
acid). The L. lactis enzyme and LacS from Sulfolobus sulfotari-
cus (both family 1 enzymes) have been shown through inhibitor
studies to require these specific residues for catalysis as well.
Seven other glycosyl hydrolases are also believed to require the
same catalytic residues, and these enzymes have been grouped
collectively into the GH-A clan (11). Primary sequence com-
parison reveals some slight similarity among conserved regions
of different families, as shown for the acid-base site dia-
grammed in (Fig. 3). A second conserved region is shown in
Fig. 3, which may be the nucleophilic site. This region does not
show homology to any of the other families of b-galactosidases,
however. The change of the nucleophilic site of family 42
enzymes may mean that this family has a different substrate for
activity than others of the GH-A clan. It may also indicate that
bgaB from isolate BA shares only partial common ancestry
with GH-A but may have arisen through the recombination of
a GH-A gene with one from another family.

Purification of the BgaB enzyme. Purification of the BgaB
enzyme was difficult due to the sensitivity of the protein to
standard purification conditions. Many methods resulted in a
substantial loss of activity, including the use of hydrophobic
interaction resins and isoelectric focusing. The enzyme also
demonstrated significant sensitivity to salts, which prohibited
using salt gradients to elute from columns. For example, the
enzyme lost 67% of its activity after 5 min in 0.5 M NaCl.
Similar results were seen with KCl and to a lesser extent with

FIG. 2. Phylogenetic analysis of the bgaB gene, based on its deduced amino
acid sequence. Sequences for b-galactosidases from GenBank were aligned with
MegAlign and ESEE. Phylogenetic trees were constructed using the program
PAUP. Haloferax alicantei was used as the outgroup for this analysis. Bootstrap
values were calculated based on 100 replicates. Sequence sources were as fol-
lows; Haloferax alicantei (22), Thermus sp. A4 (GenBank accession no.
BAA28362), Thermus sp. T2 (38), Thermotoga neapolitana (GenBank accession
no. AAC24217), Bifidobacterium breve (GenBank accession no. E05040), Caldi-
cellulosiruptor sp. 14B (GenBank accession no. CAA10365), Clostridium perfrin-
gens pbg (GenBank accession no. BAA08485), Bacillus circulans bgaB (GenBank
accession no. AAA22260), Bacillus circulans bgaA (GenBank accession no.
AAA22258), B. stearothermophilus bgaB (20).

TABLE 1. Comparison of the physiological features of isolate BA
with those of other organisms of the lactic acid bacteria group

Test

Resultsa

Isolate
BA

C.
piscicolab

L.
maltaromicusc

L.
acidophilusc

Cell wall
linkage

mDAP-direct mDAP-direct mDAP-direct Lys-D-
Asp

Catalase 2 2 2 2
Esculin 1 1 NDd 1
Urease 2 2 ND ND
Glucose 1 1 1 1
Ribose 1 1 1 2
Xylose 2 2 2 2
Mannose 1 1 1 1
Maltose 1 1 1 1
Lactose 1 1 1 1
Galactose 1 1 1 1
Trehalose 1 1 1 De

Sorbitol 1 2 1 1
Mellibiose 1 1 1 D
Raffinose 1 1 2 D
Inulin 1 1 ND ND
Mannitol 1 1 1 2
Acetate 2 2 ND 1

a 1, positive; 2, negative.
b Data from reference 8.
c Data from reference 24.
d ND, not determined.
e D, 11 to 89% of strains are positive for this reaction.
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(NH4)2SO4 (data not shown). The enzyme was rapidly inacti-
vated during storage in crude lysate at 4°C. After considerable
experimentation, we found that the presence of 10% glycerol
stabilized BgaB, and we were able to purify the enzyme by
chromatofocusing, followed by gel filtration to remove the
Polybuffer. The enzyme was at least 95% pure as demonstrated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(data not shown). N-terminal sequencing of the purified pro-
tein was performed, and the resulting amino acid sequence
showed translation initiation at an unprocessed methionine.
The sequence MLQQKKLFYG was identical to the sequence
deduced from DNA.

Characterization of the BgaB enzyme. Purified BgaB had an
optimal temperature much lower than those of related glycosyl
hydrolases. Based on thermal dependence of activity experi-
ments with ONPG as a substrate, the optimal temperature of
the purified enzyme was 30°C (Fig. 4). This optimum is at least
25°C lower than that reported for the B. stearothermophilus
enzyme (to which it is most similar). When the purified enzyme
was tested for stability in the presence of 10% (vol/vol) glyc-
erol, it proved very thermolabile, losing almost half of its ac-

tivity at 30°C within 1 h and becoming completely inactivated
at 40°C within 10 min (Fig. 5A). In the absence of glycerol, the
enzyme is extremely unstable even with low-temperature incu-
bation, with an 85% loss of activity at 20°C after 1 h (Fig. 5B).

Because Carnobacterium species can grow anaerobically, we
considered the possibility that the instability of the BgaB en-
zyme was due to a sensitivity to oxygen. To test this, we assayed
the enzyme under anaerobic conditions. The enzyme lost all
activity under these conditions even though a control with a
b-galactosidase from Kluyveromyces lactis was active under an-
aerobic conditions (data not shown). Activity of the anaerobic
BgaB enzyme was restored when it was subsequently assayed
under aerobic conditions.

A study of the substrate specificity of purified BgaB was
performed by comparing enzymatic activity on a variety of
chromogenic p-nitrophenyl (pNP) analogs. All reactions with
pNP b-galactosidase, pNP a-galactoside, pNP b-mannoside,
pNP b-fucoside, pNP b-arabanoside, pNP b-xyloside, pNP
b-galacturonide, pNP b-glucuronide, pNP b-lactoside, and
pNP b-cellobioside were performed at 20°C. The reactions
were done with purified protein which had been stored at

FIG. 3. Conserved sequences found for glycosyl hydrolases. The alignment of the proposed acid-base site is compared to the similar sequences of LacG from L.
lactis (10) and with the E. coli LacZ enzyme (23). The sequence of a conserved region which may contain the putative nucleophilic site does not demonstrate homology
to either LacZ or the family 1 b-galactosidases and is compared to the B7-12 enzyme from Arthrobacter psychrolactophilus (14).
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220°C and had a specific activity of 19.8 U/mg with ONPG
(which contains a b-1-4 sugar linkage). Of the 10 pNP sub-
strates tested, only 3 showed any detectable hydrolysis: pNP
b-galactoside (12.2 U/mg), pNP b-fucoside (1.23 U/mg), and
pNP b-galacturonide (0.04 U/mg).

Freshly purified enzyme was used to determine the Km,
Vmax, and catalytic constant (kcat) values at 20, 25, and 30°C.
The Vmax was highest at 30°C, with a value of 450 mmol z
min21 z mg21 the Km was 1.7 mM, and the kcat was 588 (s21).
The Km was lowest at 25°C, with a value of 1.04 mM, though
the value for all three temperatures tested was very close.

DISCUSSION

We are exploring the phenomenon of cold activity in glycosyl
hydrolases by characterizing enzymes from organisms adapted
to low temperature. The organism described here was isolated
from whey-treated Pennsylvania farmlands in late winter. On
the basis of 16S rRNA and physiological results, we have de-

termined that the isolate BA is a strain of C. piscicola rather
than a separate species, but it retains differences that distin-
guish it from the type strain. The finding that isolate BA is a
member of the lactic acid bacteria is of special interest because
b-galactosidases from these organisms make up about 25% of
the b-galactosidase gene sequences available in GenBank. The
finding of a previously undiscovered b-galactosidase gene from
a lactic acid bacterium is especially valuable because others
have studied these enzymes extensively for their potential use
in the dairy industry.

The fragment encoding b-galactosidase activity cloned from
isolate BA had several unique features. First, it contains a
putative a-galactosidase gene followed by two contiguous
genes encoding different b-galactosidases. No other fragment
with a similar arrangement of genes has been reported for any
organism, including other lactic acid bacteria. In addition, nei-
ther of the b-galactosidase genes is homologous to the LacZ
family; in E. coli it is the lacZ gene which encodes the enzyme
responsible for lactose utilization. Thus, these enzymes may
have functions other than growth with lactose as a carbon
source.

We have tested the substrate specificity of the BgaB glyco-
sidase to explore its function. The highest activity was found
with the lactose analogs ONPG and pNP b-galactoside, with a
low activity with pNP b-fucoside and pNP b-galacturonide. It
is possible that BgaB hydrolyzes long-chain sugars, such as
exopolysaccharide capsules of other organisms, or it may func-
tion in synthesis rather than degradation. Other b-galactosi-
dases have transglycosylation activities that produce oligosac-
charides of four or more sugar moieties (30) or are used in the
glycosylation of nucleotides (6). Although the function of
BgaB is not known, its presence on a fragment containing
other glycosidase genes may provide clues. For example, future
work will examine the possibility that the three genes are part
of a previously undiscovered operon for the degradation of
oligosaccharides containing both a and b linkages.

A second surprising feature is that both b-galactosidase
genes, bgaB and bgaC, demonstrate homology to gene families
not found among other lactic acid bacteria (families 42 and 35,
respectively). Family 42, which presently contains up to 13
sequences, does not have any complete gene sequences origi-
nating from the lactic acid bacteria group. In Leuconostoc

FIG. 4. Thermal dependency of activity of purified enzyme BgaB. Enzyme
solutions were stored in Z buffer plus 10% glycerol. Activity was assayed for 2 to
10 min in a reaction mixture containing Z buffer without glycerol and with
ONPG. The 100% specific activity value is 393 U/mg.

FIG. 5. Stability of purified BgaB enzyme activity at different temperatures. (A) Enzyme stored in Z buffer containing 10% glycerol was incubated at 30 (F), 35 (Œ),
or 40°C (■), and aliquots were removed at various times and assayed at 20°C. The 100% specific activity was 179.5 U/mg. (B) Enzyme was incubated at 20°C in Z buffer
in the absence of glycerol. Aliquots of enzyme were removed at different times and assayed for activity at 20°C.
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lactis, an ORF has been identified with homology to those of
family 42, a pseudogene fragment located upstream of the
LacS transporter coding region. This codes for a truncated
95-amino-acid protein which is not known to have a function in
the cell. It will be interesting to determine whether other genes
similar to those cloned from isolate BA remain undiscovered
in other lactic acid bacteria or if they are rare.

Of special importance for future comparisons of cold-active
enzymes to their higher-temperature counterparts is the find-
ing that the BgaB protein is closely related to thermophilic
enzymes and shows 49% amino acid identity with the BgaB
enzyme of B. stearothermophilus. The BgaB enzyme from iso-
late BA has an optimum around 30°C (Fig. 5), which is at least
25°C below that of the B. stearothermophilus enzyme. In addi-
tion, the B. stearothermophilus enzyme maintains 80% of its
activity after incubation at 70°C for 30 min (21). We have
examined trends in amino acid composition to determine
whether changes proposed by others to be characteristics of
either cold activity or thermal stability were noted when the
isolate BA and B. stearothermophilus genes were compared.
The BgaB protein from isolate BA does show an increase in
lysine compared to arginine, a decrease in proline, and an
increase in serine compared to the protein encoded by the B.
stearothermophilus gene. Although such changes have been
postulated as mechanisms for maintaining activity at low tem-
perature, whether they are indeed responsible is not clear,
since some studies with thermophilic enzymes found that
trends in amino acid composition do not always reflect ther-
mostability (1, 3).

One difficulty in determining the features important for set-
ting the temperature range for an enzyme is that many of the
comparisons have to be made with distantly related genes
because data on closely related genes are unavailable. Unfor-
tunately, it is difficult to separate changes due to other evolu-
tionary factors from those responsible for temperature differ-
ences when comparing phylogenetically distant genes. In
addition, the database for protein comparisons is limited, es-
pecially for cold-active enzymes. Comparisons of these few
proteins may not be sufficient to highlight the differences as-
sociated with temperature from average variations in protein
structure. We have analyzed the properties of several proteins
with a/b barrel structures and found that the variation in
amino acid composition within a group of thermophilic en-
zymes most often fits within the average variation found for
enzymes from mesophiles (28a).

A considerably larger database of structures and biochemi-
cal properties for phylogenetically related thermophilic and
cold-active enzymes is needed to help identify the features that
set an enzyme’s thermostat. The BgaB enzyme from isolate BA
is an ideal candidate for further structural studies. It is a
cold-active glycosidase which is likely to have an a/b barrel
structure that can be compared to other a/b barrel glycosyl
hydrolases in the database. The gene has a 49% identity with
its counterpart from B. stearothermophilus, so comparisons of
more phylogenetically related proteins can be made. Because
structural comparisons may be particularly useful for the BgaB
enzyme, future investigations to crystallize it and determine its
X-ray structure are planned.
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