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When grown on xanthan as a carbon source, the bacterium Bacillus sp. strain GL1 produces extracellular
xanthan lyase (75 kDa), catalyzing the first step of xanthan depolymerization (H. Nankai, W. Hashimoto, H.
Miki, S. Kawai, and K. Murata, Appl. Environ. Microbiol. 65:2520-2526, 1999). A gene for the lyase was cloned,
and its nucleotide sequence was determined. The gene contained an open reading frame consisting of 2,793 bp
coding for a polypeptide with a molecular weight of 99,308. The polypeptide had a signal peptide (2 kDa) con-
sisting of 25 amino acid residues preceding the N-terminal amino acid sequence of the enzyme and exhibited
significant homology with hyaluronidase of Streptomyces griseus (identity score, 37.7%). Escherichia coli trans-
formed with the gene without the signal peptide sequence showed a xanthan lyase activity and produced
intracellularly a large amount of the enzyme (400 mg/liter of culture) with a molecular mass of 97 kDa. During
storage at 4°C, the purified enzyme (97 kDa) from E. coli was converted to a low-molecular-mass (75-kDa)
enzyme with properties closely similar to those of the enzyme (75 kDa) from Bacillus sp. strain GL1, specifically
in optimum pH and temperature for activity, substrate specificity, and mode of action. Logarithmically growing
cells of Bacillus sp. strain GL1 on the medium with xanthan were also found to secrete not only xanthan lyase
(75 kDa) but also a 97-kDa protein with the same N-terminal amino acid sequence as that of xanthan lyase (75
kDa). These results suggest that, in Bacillus sp. strain GL1, xanthan lyase is first synthesized as a preproform
(99 kDa), secreted as a precursor (97 kDa) by a signal peptide-dependent mechanism, and then processed into
a mature form (75 kDa) through excision of a C-terminal protein fragment with a molecular mass of 22 kDa.

Xanthan is an extracellular polysaccharide produced by a
plant-pathogenic bacterium, Xanthomonas campestris, and has
a cellulosic chain as a backbone and a linear trisaccharide as a
side chain consisting of a mannosyl-glucuronyl-mannose se-
quence attached at the C-3 position on the alternate glucosyl
residue of the main chain (22, 32). The internal and terminal
mannosyl residues of the side chain are frequently modified
with an O-acetyl group at the C-6 position and with pyruvate
ketal at the C-4 to C-6 positions, although the extent of mod-
ification varies depending on both the growth conditions and
bacterial strains (37). Because xanthan shows superior rheo-
logical properties, such as pseudoplasticity, high viscosity at
low concentration, and tolerance toward a wide range of pHs
and temperatures (21, 23), the polymer has been widely used as
a gelling and stabilizing agent in the food, pharmaceutical, and
oil industries (36).

However, application of the polymer is fairly restricted due
to its high viscosity, and modified xanthans with novel physi-
cochemical and physiological functions are therefore sought to
exploit new application fields. Chemical modification of xan-
than is thought to be difficult because of the complex structure
of the polymer. Though Xanthomonas mutants created by ge-
netic engineering produce variant xanthans (4, 16), their pro-
duction levels are far from what is required for practical use
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(45). Therefore, because of the molecular design of xanthan,
the use of relevant enzymes seems to be the most suitable and
promising way to prepare modified xanthans.

Although some bacteria and microbial mixed cultures have
been reported to assimilate xanthan (2, 6, 7, 8, 19, 40, 41), we
first elucidated an enzymatic route for complete depolymer-
ization of xanthan in Bacillus sp. strain GL1 (12, 29). Xanthan
is, at first, attacked by extracellular xanthan lyase (75 kDa) to
remove the pyruvylated mannose from xanthan side chains and
then depolymerized to tetrasaccharides by extracellular 3-p-
glucanase (350 kDa). The tetrasaccharide is incorporated into
cells and further degraded to the constituent monosaccharides
by successive reactions catalyzed by B-p-glucosidase (51 kDa),
unsaturated glucuronyl hydrolase (42 kDa), and a-D-manno-
sidase (330 kDa). Among these xanthan-depolymerizing en-
zymes, xanthan lyase is thought to be a useful biochemical
agent for modification of xanthan, since the modified xanthan
with disaccharide as a side chain has been experimentally con-
firmed to show excellent food-technological properties hith-
erto unexplored, especially in its interaction with other edible
biopolymers (28a; unpublished data).

An analysis of the structure-function relationship of xanthan
lyase in combination with other polysaccharide lyases (alginate
lyases [Al-I, Al-II, and A1-III] [48], oligoalginate lyase [13],
and gellan lyase [15]) gives rise to fundamental and essential
insight into the nature of polysaccharide lyases, since polysac-
charide lyases, when they act on polysaccharides, strictly rec-
ognize uronic acid residues in the molecules and are therefore
hypothesized to contain a common structural feature in their
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catalytic sites. The crystal structures of a few polysaccharide
lyases acting endolytically have recently been determined (11,
20, 25, 28, 31, 46, 47, 49). The xanthan lyase presented in this
article will be suitable as a model for a structural analysis of the
exolytic enzyme.

A few xanthan lyases from bacteria or mixed culture fluids
have been characterized (1, 12, 33, 42), but the molecular
cloning of their genes and overproduction of the enzymes have
not yet been achieved. As the first step to prepare modified
xanthans and analyze the structure-function relationship of the
enzyme, in this study we cloned a gene encoding the xanthan
lyase of Bacillus sp. strain GL1 and analyzed its nucleotide
sequence and product.

MATERIALS AND METHODS

Materials. Pyruvylated xanthan (average molecular mass, 2 X 10° Da; pyru-
vylation of terminal mannosyl residue in the side chain, 50%) was a gift from
Kohjin Co., Tokyo, Japan. Silica gel 60-Kieselguhr F,s, thin-layer chromatogra-
phy (TLC) plates were obtained from E. Merck, Darmstadt, Germany. DEAE-
Toyopearl 650M and Butyl-Toyopearl 650M were purchased from Tosoh Co.,
Tokyo, Japan. Sephacryl S-200HR and QAE-Sephadex A-25 were from Phar-
macia Biotech, Uppsala, Sweden. A polyvinylidene difluoride (PVDF) mem-
brane (Immobilon PS?) was from Millipore Co., Bedford, Mass. Ponceau S,
sodium hyaluronate, and chondroitin A were from Nacalai Tesque Co., Kyoto,
Japan. A cloning vector of Charomid 9-36 and an expression vector of pET17b
were from Nippon Gene Co., Tokyo, Japan, and Novagen, Inc., Madison, Wis.,
respectively. Restriction endonucleases and DNA-modifying enzymes were pur-
chased from Takara Shuzo Co., Kyoto, and Toyobo Co., Tokyo, Japan.

Microorganisms and culture conditions. For the purification of xanthan lyase,
cells of Bacillus sp. strain GL1 were aerobically cultured at 30°C for 24 h in a
xanthan medium consisting of 0.1% (NH,),SOy, 0.1% KH,PO,, 0.1% Na,HPO,,
0.01% MgSO, - TH,0, 0.01% yeast extract, and 0.5% xanthan (pH 7.2). Six kinds
of E. coli strains [BL21(DE3), BL21(DE3)pLysE, BL21(DE3)pLysS, HMS174
(DE3), HMS174(DE3)pLysE, and HMS174(DE3)pLysS], purchased from No-
vagen, Inc., were used as hosts for expression of xanthan lyase. For the purifi-
cation of xanthan lyase expressed in E. coli, the cells were aerobically precultured
in Luria-Bertani (LB) medium (35) at 28°C. When the turbidity reached 0.5 at
600 nm, the culture received 0.1 mM isopropyl B-p-thiogalactopyranoside and
was incubated further at 16°C for 38 h.

Assays for enzyme and protein. Xanthan lyase was assayed as described pre-
viously (12). Briefly, the enzyme was incubated in a 1-ml reaction mixture con-
taining 0.05% xanthan and 50 mM sodium acetate buffer, pH 5.5, and the activity
was determined by monitoring the increase in absorbance at 235 nm. One unit of
enzyme activity was defined as the amount of enzyme required to produce an
increase in the absorbance at 235 nm of 1.0 per min. In order to investigate the
substrate specificity of the enzyme, various polysaccharides such as hyaluronate,
chondroitin, gellan, heparin, and pectin were used as substrates in the place of
xanthan. Protein content was determined by the method of Lowry et al. (26) with
bovine serum albumin as a standard or by measuring absorbance at 280 nm, by
assuming that an E,g, of 1.0 corresponds to 1 mg/ml.

Purification of xanthan lyase from Bacillus sp. strain GL1. Unless otherwise
specified, all procedures were carried out at 0 to 4°C. After cultivation of cells
of Bacillus sp. strain GL1 at 30°C for 24 h in 10 liters of xanthan medium
(1 liter/flask), the culture fluid was obtained by centrifugation at 13,000 X g and
4°C for 10 min and applied to a DEAE-Toyopearl 650M column (4.1 by 30 cm)
equilibrated with 20 mM potassium phosphate buffer (KPB), pH 7.0. The en-
zyme was eluted with a linear gradient of NaCl (0 to 1.0 M) in 20 mM KPB, pH
7.0 (2 liters), and 17-ml fractions were collected every 9 min. The active fractions,
which were eluted with 0.5 M NaCl, were saturated with ammonium sulfate
(30%), and then the enzyme solution was applied to a Butyl-Toyopearl 650M
column (2.7 by 17 cm) equilibrated with 20 mM KPB, pH 7.0, and saturated with
ammonium sulfate (30%). The enzyme was eluted with a linear gradient of
ammonium sulfate (30 to 0%) in 20 mM KPB, pH 7.0 (500 ml), and 4-ml
fractions were collected every 4 min. The active fractions that eluted at 9%
saturation with ammonium sulfate in 20 mM KPB, pH 7.0, were combined,
concentrated by ultrafiltration with a molecular weight cutoff of 10,000 (model
8200; Amicon Co., Beverly, Mass.) to about 3 ml, and then applied to a Sephacryl
S-200HR column (2.7 by 64 cm) equilibrated with 20 mM KPB, pH 7.0, con-
taining 0.15 M NaCl. The enzyme was eluted with the same buffer, and 3-ml
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fractions were collected every 6 min. The enzyme was eluted between fractions
60 and 70, and each of the fractions contained two proteins with molecular
masses of 97 and 75 kDa. The fractions were combined and dialyzed against 20
mM KPB, pH 7.0, overnight. The dialysate was immediately applied to a QAE-
Sephadex A-25 column (0.8 by 2.8 cm) equilibrated with 20 mM KPB, pH 7.0.
The enzyme was eluted with a linear gradient of NaCl (0 to 0.3 M) in 20 mM
KPB, pH 7.0 (100 ml), and 1-ml fractions were collected every 0.5 min. The active
fractions, which were eluted with 0.2 M NaCl, were used as the purified xanthan
lyase (75 kDa) from Bacillus sp. strain GL1.

Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and native gradient PAGE were done as described previously (10,
24).

Transfer of proteins on polyacrylamide gel to PVYDF membrane. Separated
proteins on SDS-polyacrylamide gel were transferred to a PVDF membrane by
electroblotting as described previously (27). The proteins on the membrane were
visualized by staining with Ponceau S and subjected to analysis of their N-
terminal amino acid sequences.

Preparation of internal peptides of xanthan lyase. After denaturation at 37°C
for 2 h in the presence of 8 M urea, the purified xanthan lyase (75 kDa, 600 pmol)
from Bacillus sp. strain GL1 was hydrolyzed at 37°C for 6 h with trypsin (10 pmol)
in 100 mM Tris-HCI buffer, pH 8.0. The resultant peptides were subjected to a
capillary high-performance liquid chromatography system composed of a model
140B pump, a model 785A UV monitor (Applied Biosystems Division of Perkin-
Elmer, Foster City, Calif.), a Micro Flow processor, a UZ flow cell, a Micro
Injector (LC Packings, Amsterdam, The Netherlands), and a Probot micro frac-
tionator (bai, Lautern, Germany). Peptides were eluted for 60 min with a linear
gradient of acetonitrile (5 to 60%) in 0.1% trifluoroacetc acid (TFA) through a
reversed-phase column (FUS-15-03-C18, 0.3 mm by 15 cm; LC Packings) and
detected by measuring the absorbance at 220 nm.

N-terminal amino acid sequence. N-terminal amino acid sequences of xanthan
lyase and internal peptides derived from the enzyme were determined by Edman
degradation using the Procise 492 protein sequencing system (Applied Biosys-
tems Division of Perkin-Elmer).

Molecular cloning of the xanthan lyase gene. A genomic DNA library (15) of
Bacillus sp. strain GL1 previously constructed in E. coli DHS5« using the Charo-
mid 9-36 cloning vector was screened by the colony hybridization method (3)
with a 3?P-labeled probe (TAYGCNCARGAYCAYGCSGT; 20-mer, 128 mix-
tures) corresponding to the N-terminal amino acid sequence of an internal
peptide prepared as described above. Several positive clones were obtained and
cultivated in LB medium supplemented with ampicillin at 100 pg/ml. A plasmid
vector was extracted from one of them and subjected to subcloning and DNA
sequencing.

DNA sequence and DNA manipulations. The nucleotide sequence of the
xanthan lyase gene was determined by the dideoxy-chain termination method
using an automated DNA sequencer (model 377; Applied Biosystems Division of
Perkin-Elmer) (38). Subcloning, transformation, gel electrophoresis, and South-
ern hybridization were performed as described previously (35).

Construction of an expression plasmid. To subclone the xanthan lyase gene
into the expression vector of pET17b, PCR was performed by using KOD
polymerase (Toyobo, Co.) with high-fidelity, genomic DNA from Bacillus sp.
strain GL1 as a template and two synthetic oligonucleotides (5'-GGCATATGT
CGGATGAATTCGACGCGCTTCGA-3" and 5'-CCGAGCTCCTAGCCGAC
GGCCACGAACTT-3") with Ndel and Sacl sites added at their termini as
primers. The PCR conditions recommended by the manufacturer (Toyobo, Co.)
were used. The amplified gene, which encoded truncated xanthan lyase (*°Ser to
939Gly) without the signal peptide, was digested with Ndel and Sacl and ligated
with the Ndel- and SacI-double-digested expression vector (pET-17b). The re-
sultant plasmid containing the xanthan lyase gene was designated pET17b-XLA4.

Purification of xanthan lyase from E. coli. Cells of E. coli harboring the
plasmid pET17b-XL4 were grown in 6 liters of LB medium (1.5 liters/flask),
collected by centrifugation at 13,000 X g and 4°C for 5 min, washed with 20 mM
KPB, pH 7.0, and then resuspended in the same buffer. The cells were ultrason-
ically disrupted (Insonator model 201M; Kubota, Tokyo, Japan) at 0°C and 9
kHz for 20 min, and the clear solution obtained after centrifugation at 15,000 X
g and 4°C for 20 min was used as a cell extract. The cell extract after supple-
mentation with 1 mM phenylmethylsulfonyl fluoride and 0.1 uM pepstatin A was
applied to a DEAE-Toyopearl 650M column (2.6 by 30 cm) equilibrated with 20
mM KPB, pH 7.0. The enzyme was eluted with a linear gradient of NaCl (0 to 0.7
M) in 20 mM KPB, pH 7.0 (400 ml), and 4-ml fractions were collected every 3
min. Active fractions, which were eluted with 20 mM KPB, pH 7.0, containing
around 0.5 M NaCl were combined and dialyzed against 20 mM Tris-HCI buffer,
pH 7.2, and the dialysate was used as the purified enzyme from E. coli.
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FIG. 1. Electrophoretic profile of xanthan lyases. The preparations were subjected to SDS-PAGE. Lane M, synthetic polypeptides with
molecular masses of 250, 150, 100, 75, 50, 37, 25, and 15 kDa; lane 1, partially purified xanthan lyase (after Sephacryl S-200HR column chromatography)
from Bacillus sp. strain GL1; lane 2, purified xanthan lyase (after QAE-Sephadex A-25 column chromatography) from Bacillus sp. strain GL1; lane 3,
cell extract of E. coli transformed with xanthan lyase gene; lane 4, purified xanthan lyase (97 kDa) from E. coli; lanes 5 and 7, processed xanthan
lyase (75 kDa) from E. coli; lane 6, conversion of 97-kDa enzyme from E. coli to 75-kDa enzyme. Arrows indicate the positions of xanthan lyases.

TLC. Xanthan degradation products by xanthan lyase were analyzed by TLC
with a solvent system of 1-butanol-acetic acid-water (3:2:2, vol/vol/vol). The
products were visualized by heating a TLC plate at 110°C for 5 min after spraying
it with 10% (vol/vol) sulfuric acid in ethanol.

Identification of the product by xanthan lyase. The products released from
xanthan by the enzyme were hydrolyzed with TFA and subjected to TLC analysis
and pyruvate assay (12).

Nucleotide seq ber. The nucleotide sequence for the xan-
than lyase gene reported in this paper has been deposited in the DDBJ, EMBL,
and GenBank nucleotide sequence databases under accession no. AB037178.

€ acc

RESULTS

Biosynthesis of xanthan lyase in Bacillus sp. strain GL1.
Although the cells of Bacillus sp. strain GL1 in stationary phase
on a medium with xanthan (48-h culture) produce extracellular
xanthan lyase of 75 kDa (12), an additional protein with a mo-
lecular mass of 97 kDa other than xanthan lyase (75 kDa) was
copurified from mid-logarithmic cultures (24-h culture) (Fig. 1,
lane 1). The N-terminal amino acid sequence of the 97-kDa
protein that electroblotted on a PVDF membrane was deter-
mined to be NH,-SDEFDALRIK, which completely matched
that of a previously purified xanthan lyase with a molecular
mass of 75 kDa from the bacterial cells (12). However, the
97-kDa protein found in the Sephacryl S-200HR column chro-
matography step was absent in a final enzyme preparation, and
only a 75-kDa enzyme was purified about 50-fold from the
culture fluid, with an activity yield of 1% (Fig. 1, lane 2).

N-terminal amino acid sequence of the internal peptide
from xanthan lyase. The N-terminal amino acid sequence
(NH,-SDEFDALRIK) of xanthan lyase (75 kDa) was not suit-
able to prepare a hybridization probe for cloning of the enzyme
gene. Therefore, the internal amino acid sequence of the en-
zyme was determined to prepare appropriate probes. Several
peptides were generated from the purified xanthan lyase (75
kDa) after treatment with trypsin, isolated by high-perfor-
mance liquid chromatography, and subjected to an analysis of
its N-terminal amino acid sequence. The sequences of three
kinds of peptides (P1, P2, and P3) were NH,-XXVDDPXIAP,
NH,-XYAQDHAVGH, and NH,-LAQFAPAPHA (with X
being an unidentified amino acid), respectively, and the amino

acid sequence of the P2 peptide was used for the preparation
of the oligonucleotide probe, since the length of the probe was
sufficient and degeneracy was low (20-mer, 128 mixtures).
Molecular cloning and sequence analysis of the xanthan
lyase gene. The gene for xanthan lyase was screened in a ge-
nomic DNA library of Bacillus sp. strain GL1, which was con-
structed in E. coli DHSa, which has no xanthan lyase activity.
Several positive clones that hybridized with the probe corre-
sponding to the amino acid sequence of the P2 peptide were
obtained. One of them harbored a plasmid (designated pXL1)
having a 6-kb fragment of genomic DNA in the Charomid 9-36
cloning vector and showed apparent xanthan lyase activity. A
nucleotide sequence of a part (about 4 kb) of the genomic
fragment contained in pXL1 was determined (Fig. 2). The frag-
ment was found to contain a gene consisting of 2,793 bp. The
gene encoded a polypeptide composed of 930 amino acid res-
idues with a molecular weight of 99,308 and coded for the
N-terminal amino acid sequence SDEFDALRIK (**Ser to
*Lys) of the purified xanthan lyase (75 kDa) from Bacillus sp.
strain GL1 and amino acid sequences of the internal peptides
(P1, P2, and P3) (Fig. 2), thus confirming that the predicted
amino acid sequence represents the primary structure of the
enzyme. Hereinafter, the xanthan lyase gene will be designated
xly. Judging from the N-terminal amino acid sequence of xan-
than lyase purified from the culture fluid of Bacillus sp. strain
GL1, a signal sequence consisting of 25 amino acid residues
was positioned preceding the N terminus of the enzyme, thus
supporting the localization of the enzyme in the external me-
dium. A predicted ribosome-binding site (Shine-Dalgarno se-
quence) (39) existed just before the start codon (ATG) of the
gene, and an apparent promoter with homology to the E. coli
consensus promoter (17) was found in 5’ regions of the gene
(Fig. 2). A hairpin structure containing a stem composed of 20
nucleotides was observed downstream the stop codon (TAG)
(Fig. 2), and the structure had a free energy of —28.2 kcal. The
endogenous promoter and terminator of Bacillus sp. strain
GL1 may function in E. coli cells transformed with pXL1.
The polypeptide with a molecular mass of 99 kDa from
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TCGCTGGCCGGCACCGCCARAGAAAARAAT
CAACGCGTAAACGTTTCGCGTTCAAGACGCCGTTCCCTTCAATGGGGCGGCGTCTTTTTGCGTICGCGCGTTCC TCTTCCCGGCCGGCTCGTCGCGCARC TCCGCGCTTCGCCCTGTACA
AGCGTACAGCCCTARACAAGGCCGCGGTCATATAC TGAACGGACARACGGTGAAGGGAGGAGTTCGCATGGCACGCGTGACCAAAGCGCAGGCGCARAAGC TCGTCGGACGCCATATCTA
TGCCGTTCGCAAGGATCGC TCCGTCGTATACGGCAAGC TGGTCGECATCAAAGGCGATTCGC TCATCC TAGAGCGGGGCAATAAAGGCAARCAGG T TCAGACCARAGCCATTATCCCGCT
GGTTTTGTTCGATCTGCTCGCGATCGGCACGGCCCCTTACGCATATTGGGGGGGCGGCTGGEGCGGCGGCTGGGGCGGCGGTTGGGGAGGCTGGTGGTAAGACCGGTCTTTCATCCACGC
TAAGCGCGGCAGCACCCGTTCCGTTCAAGC TCGTCATACGT TCAATAGCGAAGCATAACGGGAGGAAGCGGCGATGCATCCGC TTC TTCCCGT T T T TCATGGATAGATCGAACCTTTICT

=35 -10 RBS
GGATTCTCCGGCATTTTGCGCGATGTACATATTICGTTATGATGATAAATGAAAGCGCI TG TAAATGATGARGAAACGAGGAATG TTAATGAGCGGAAGC TGGAGAAADMAGGTTGAAGGGC
10 20 30 40 50 60 70 80 90 100 110 120

ATGCTGTCGGGCATCCTGATCGCTGCGCTCCTGATGACGCTGTGGGGAGGCTGGCAGCCGGACAT TGCGCACGCATCGGATGAATTCGACGCGCTTCGAATCAAGTGGGCGACGCTGCTG
M LS GG ILIAARAMALTLMTULUWSGG WOQUP DI AHA AGSTDETF D ATLRI K W A T L L

130 140 150 160 170 180 190 200 210 220 230 240
ACCGGAGGCCCGGCGCTGGATCCGGCGGATTCGGATATCGCAGCGCGGACGGACAAGCTTGCCCAAGATGCGARCGAC TAT TGGGAAGACATGGAC TTGTCCTCTTCGCGCACGTACATC
T G G P ALDUPADSDTIAARTUDI KILA BAQDA ANDTYWEDMDTULSS SR RTYTI

250 260 270 280 290 300 310 320 330 340 350 360
TGGTACGCGCTCCGCGGCAACGGCACTTCGGACAATGTAAACGCGGTTTACGAGCGTCTGCGGACGATGGC TTTGGCGGCGACGACCGTCGGC TCCAGCC T TTACGGCAACGCGGACCTC
W YALRGNGTSDNVNAV Y ERTULIZRTMALA AARBATTUVSG S S L Y GNA ATUPDTL

370 380 380 400 410 420 430 440 450 460 470 480
ARAGGARGACATTC TGGATGCGCTCGACTGGC TGTACGTCAACAGCTACAACAGCACGCGAAGCCGCTCCGCGTACAAC TGGTGGCAT TGGCAGCTTGGCATCCCGATGAGCCTGAACGAC
K EDIULDA ALUDWIL YV NS YNSTRSRSAYNUWWHWOQULOGTIPMSTILNTD

490 500 510 520 530 540 550 560 570 580 590 600
ATCGCGGTGCTGCTGTACGACGATATARGCGCAGCGCGGATGGCGACC TATATGGACACCATCGAT TATTT TACGCCTTCGATCGGACTCACGGGCGCGAACCGGGCGTGGCAGGCGATC
I AavVvLLYDDTISAARMATUYMDTTIU DZYF FTT?PSIGULTGA ANZRAMWGQNA ATI

610 620 630 640 650 660 670 680 690 700 710 720
GTCGTCGGCGTGCGCGCGG TCATCGTCAAGGACGCGGTCAAGCTGGCCGCGGCGCGCAACGGCTTGTCCCGCACAGGCATATTCCCGTACGCGACGGGCGGCGATGGCTTCTATGCGGAC
VvV VGGV RAUV IV XKD AV KLA AAARNGL SSGTOGIVFU©PZYATSGSGUDGT F Y ATD

730 740 750 760 770 780 790 800 810 820 830 840
GGCTCCTTCGTCCAGCATACCACTTTCGCCTATACCGGCGGATACGGCAGCTCCGTGCTGGARACGACGGCCAACCTGATGTACTTGC TG TCGGGC TC TACCTGGTCGGTATCCGATCCG
G s FVQgHTTFAZYTSGSG YOGS s VL ETTA ANTILMMT YTULULSGS TWS V S D P

850 860 870 880 890 900 810 920 930 940 950 960
AACCAGAGCAACGTTTGGCAGTGGATC TACGAAGCCTATCGGCCGCTGCTGTACAAGGGCGCGATGATGGACATGGTGCGCGGACGGGAGATTTCCCGCAGCTACGCGCAGGATCATGCG
N @ S NV W QW TIJYEA AYRZPILTULYZ XKSGAMMDMV VU RGRETIS SR RS Y A Q DH A

970 980 980 1000 1010 1020 1030 1040 1050 1060 1070 P2 1080
GTCGGGCACGGCATCGTCGCGAGCATCGTGCGGCTTGCCCAGTTCGCGCCGGCGCCGCATGCAGCCGCCTTCAARCAGATTGCGAAGCGCGTGATTCAGGARGATACGTTCAGCAGCTTC
VG H G I VA S I VRULAUOQOTFAPAUPHAAMATPFI KU GQTIA AIKI RVUVTIOCOQETDTTFS S F

1090 1100 1110 1120 P3 1130 1140 1150 1160 1170 1180 1190 1200
TACGGCGACGTATCGACCGACACGATCCGCCTTGCCAAGGCGATCGTTGACGATCCGTCCATAGCGCCCGCCGCGGCGCCGAATCTTTACAAGCAGTACGCTGCGATGGACCGGGCCGTC
Y G bvs TDTTIRULA AIKAIUV D DUP S I A PAAA AUPNIULTYZXKSOQYAA AMDTZBRAUV

1210 1220 1230 1240 1250 Pl 1260 1270 1280 1290 1300 1310 1320
CTGCAGCGGCCCGGTTTCGCTCTGGGACTCGCCTTGTATTCGACGCGGATCAGCAGC TACGAATCGATCARTAGCGAGAACGGGCGGGGC TGGTATACGGGAGCGGGCGCGACCTATCTG
L QRPGPFALGLA ALY S TRTISS YEJ SIDNSENSGRTGWYT TG AGA ATVYL

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
TACAATCAGGACCTTGCGCAATACAGCGAGGACTATTGGCCGACCGTGGATGCCTACCGGATCCCGGGGACGACGGTCGCCTC TGGGACGCCGATCGCGAGCGGGACCGGCACGTCGAGC
Yy N Q DL AOQ Y S EDYWUPTVDATYI RTIPGT TTUVASGTU®PTI ASTGTTGTS S

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
TGGACGGGCGGCGTATCGC TTGCGGGACAGTACGGCGCCAGCGGCATGGATCTCTCC TACGGCGCTTACAATCTGAGCGCGCGCAAATCC TGGTTCATGTTCGACGACGAGATCGTCGCG
W TG GV s L A G QY GA S GMDULS Y GA Y NTILSARIKSWT FMFDUDETIUVaA

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
CTCGGATCAGGCATATCCAGCACGGCAGGCATCCCGATCGAGACCGTCGTCGACAATCGCAAGCTGAACGGGGCCGGCGACAATGCC TGGACGGCGAACGGAGCGGCGCTGTCCACCGGT
L G 8 66I 8 8§ TAGTIUPTIETUVVDNZ RIEKTILNG G AGTDNA AUWTA AIUNGA AR ATLSTG

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
CTGGGCGTCGCGCAGACGC TGACCGGCGTCAATTGGGTGCACCTGGCGGGCAATACCGCCGACGGC TCGGACATCGGC TAC TACTT TCC TGGAGGCGCGACGC TGCAGACGAAGCGGGAA
L 6 V. AQ TUIL TGV NWV HLAGNUNTA ADSGS SUDTIGY Y FPGGATIULUGQTIZ KT RE

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
GCGCGCACGGGTACCTGGAAGCAGATCAACAATCGCCCGGCCACGCCCTCTACCGCCGTCACGCGCAACTACGAGACGATGTGGATCGACCACGGCACGAATCC TTCGGGTGCGTCGTAC
A R TG TW K Q I NN RPATUP S TAUV TRNZYETM®WTIDHSGTNUZPSGA S Y

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
GGGTATGTGCTGCTGCCGAACAAGACGAGCGCGCAGGTCGGCGCCTACGCCGCCGATCCCGCGATCGAGATCGTCGTCAATACGAGCGGCGTACAGTCGGTCARAGGARAAAACGC TCGGA
G Y vL L PNIKTSAQV GAY AADUPATIETIVVNTSSGV QS V KEIZ KTTLG

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
CTGGTCGGCGCGAACTTC PTGGACGGATACGACGCAGACGGCCGATCTGATCACGTCGAACAARAAGGCGTCGGTGATGACCCGCGAGATCGCGGACGAGCGCCTCGAGGCGTCGGTGTCC
LV GANU FWTDTTTQTADTLTITS SNI K I KA ASV VMTRETIA ADETRILTEH AT SV S

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
GATCCGACGCAAGCGAACAACGGCACCATCGCGATCGAACTGGCGCGCTCGGCCGAGGGC TACAGCGCGGATCCGGGCATTACGGTCACGCAGCTCGCTCCGACGATCAAATTCACCGTT
D PTQANNGTTIA ATITTEVLARSAETSGTYS$SADU®PGGITUVTQULAZPTTII KT FTUV

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
AACGTGRACGGCGCGAAGGGCAARTCGTTTCACGCGTCGTTCCAGCTGGGCGARAGATACGAGCGGACCGGTCGATCCGGGAGAGCCCGAACTGCCGTCCGTCATCGTGGACAATGCCGAT
N vV NG A KGX X S FHASV FQLGEUDTSGPVDZPGEU PTETLUZPSUVIVDNATD

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
TCGGCGGGTGTGACCAGGACGGGGACGTGGARAAC TGCCAGCACGCAGACGGACCGTTACGGCGCGAATTAT TTGCATGACGACAACGCCGGCAAAGGAACGAAAAGCGTGACTTTTACG
$ AGV TRTGTWXKTASTOQTUDIRYGANTYULUHUDUDNA AGI KT GTTI XSV TTF FT

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
CCGAATC TGCCGATCGCCGGCTCATATGAGGTGTATCTGATGTGGCCGGCCCATTTTAATCGGGAGGATGCGGTGCAGGTCGATGTCGGCCATGCATCGGGGRCGACGCGCACGGCGGTC
P NL PIAGS Y EV YL MWPAHT FNIREDW AVQVDVGHASUGTTU RTAUV

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
GATCAGCGTTCGGGCGGCGGGGTCTGGCAT TCGATCGGGACATACGAATTTTTGGCCGGATCGGGCGGCAGCGTCACGATCCGCARCGACGCGCTCGGGTCTCCCGACGGTTACGTCGTC
D QRS GGGV WHSIGTVYEVZFLA AGSSGSGS UV TTIRNDALTGSU?PUDG YV YV

2770 2780 2790
GCCGACGCGGTCAAGTTCGTGGCCGTCGGC TAGGCACGGAGCGCGTCAAAGAATAGAACAGGAGCCGGCGAACTGCCGGCTCCTTGC TTCAGTTCGTTATCGCGTAACGGTGACATTGTC
A D AV XK F V AV G =~ > <

FIG. 2. Nucleotide sequence of the xanthan lyase gene and its deduced amino acid sequence. Putative promoters (—35 and —10) and the
ribosome-binding site (RBS) are underlined. The N-terminal amino acids of xanthan lyase and internal peptides (P1, P2, and P3) determined by
protein sequencing are double underlined. An inverted repeat (possible terminator) is indicated by facing arrows.
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Bacillus sp. strain GL1 was used to search for similarity with
sequences in protein databases (PIR, Swiss Prot, and DAD)
with the FASTA program (30). The polypeptide displayed the
highest identity score with hyaluronidase of Streptomyces gri-
seus (37.7% identity in a 697-amino-acid overlap; accession no.
AB028210), followed by that of Streptococcus pneumoniae (27.1%
identity in a 724-amino-acid overlap; accession no. L.20670)
(5). From an alignment of these proteins, five well-conserved
regions among xanthan lyase and hyaluronidases were ob-
served (Fig. 3). Since hyaluronidase is a polysaccharide lyase
that catalyzes the B-elimination reaction by using hyaluronate
as a substrate (43), these regions are thought to play an im-
portant role in the B-elimination reaction of polysaccharide
lyases. Xanthan lyase also shows homology with chondroitin
AC lyase (one of the polysaccharide lyases) of Pedobacter he-
parinus (25.9% identity in a 649-amino-acid overlap; accession
no. U27583) (44), though xanthan lyase from Bacillus sp. strain
GL1 showed no activity against hyaluronate and chondroitin A
under our assay conditions (data not shown).

Southern blot analysis. In order to identify xanthan lyase
with a molecular mass of 75 kDa as a mature form derived from
a 99-kDa preproform, the copy number of the xanthan lyase
gene in genomic DNA of Bacillus sp. strain GL1 was investi-
gated by Southern blot analysis using a probe (5'-TCGGATG
AATTCGACGCGCTTCGAA-3") corresponding to the N-ter-
minal amino acid sequence of the mature enzyme. A single
band was detected in the genomic DNA digested with various
restriction enzymes (Fig. 4), indicating that the xanthan lyase
gene is unique in the genomic DNA of Bacillus sp. strain GL1.
Therefore, it was concluded that the 75-kDa xanthan lyase was
derived from a 99-kDa preproform.

Overexpression, purification, and characterization of xan-
than lyase in E. coli. For overproduction of xanthan lyase, the
expression plasmid (pET17b-XL4) with the truncated enzyme
gene (xly) under the T7 promoter was constructed and intro-
duced into six kinds of E. coli strains [BL21(DE3), BL21(DE3)
pLysE, BL21(DE3)pLysS, HMS174(DE3), HMS174(DE3)
pLysE, and HMS174(DE3)pLysS]. The transformant of BL21
(DE3)pLysS with the plasmid showed the highest xanthan ly-
ase activity (448 kU [400 mg]/liter of culture). The expression
level of the lyase in the transformant was over 1,000-fold
higher than that (0.226 kU/liter of culture) in Bacillus sp. strain
GL1 (12). In fact, xanthan lyase expressed in cell extract of
E. coli was estimated to occupy over 80% of total proteins (Fig.
1, lane 3).

Xanthan lyase was purified 1.15-fold from E. coli, with a
recovery of 96.4% (Table 1). The purified enzyme was con-
firmed to be almost homogeneous by SDS-PAGE (Fig. 1, lane
4). Properties of the enzyme from E. coli are as follows.

(i) Molecular mass. The molecular mass of the enzyme was
determined to be 97 kDa by SDS-PAGE (Fig. 1, lane 4). This
value was comparable with the theoretical value (96,778 Da)
calculated from the predicted amino acid sequence of xanthan
lyase without the signal sequence. The enzyme formed a band
at a molecular mass of 97 kDa on the native gradient poly-
acrylamide gel after being stained with Coomasie brilliant blue
R-250 (data not shown), indicating that the enzyme was mono-
meric. However, during storage of the enzyme for several days
at 4°C in 20 mM KPB, pH 7.0, or 20 mM Tris-HCI buffer, pH
7.2, the 97-kDa enzyme was gradually converted to a protein
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(75 kDa) that shows the same mobility (Fig. 1, lane 5) as that
of the enzyme from Bacillus sp. strain GL1 (Fig. 1, lane 2) on
SDS-polyacrylamide gel. The excision of the 22-kDa fragment
had no appreciable effect on the activity of enzyme, since the
specific activity (1.00 kU/mg) of the 75-kDa enzyme was almost
equal to that (1.05 kU/mg) of the 97-kDa enzyme. The N-
terminal amino acid sequence of both the 97- and 75-kDa pro-
teins was determined to be NH,-SDEFD, indicating that the
97-kDa enzyme expressed in E. coli was converted to the 75-
kDa protein by removal of the C-terminal region correspond-
ing to the 22-kDa fragment.

(ii) pH and temperature. The enzyme with a molecular mass
of 75 kDa was most active at pH 5.2 (sodium acetate buffer)
and 50°C and was stable below 40°C. These properites of the
enzyme (75 kDa) from E. coli were comparable with those of
the enzyme from Bacillus sp. strain GL1 (12).

(iii) Substrate specificity. The 75-kDa enzyme was highly spe-
cific for xanthan, especially pyruvylated xanthan. Although xan-
than lyase shows homology with microbial polysaccharide lyases
for hyaluronate and chondroitin, hyaluronate and chondroitin
A were inert as substrates. Other than on these polysaccha-
rides, the enzyme was inactive on gellan, heparin, and pectin.

(iv) Mode of action. The enzyme (75 kDa) from Bacillus sp.
strain GL1 is shown to produce pyruvylated mannose from
xanthan (12). The reaction products from xanthan by the en-
zyme (75 kDa) expressed in E. coli were highly viscous, and the
property made TLC analysis difficult. So, the products were
separated into low- and high-molecular-weight products by
using ultrafiltration with a molecular weight cutoff of 10,000.
The low-molecular-weight products were hydrolyzed in the
presence of TFA and then subjected to TLC analysis and pyru-
vate assay. The hydrolysates of the products with TFA showed
the same mobility as that of mannose on a TLC plate (Fig. 5,
lanes 4 and 5) and contained pyruvate (data not shown). There-
fore, as seen with the enzyme from Bacillus sp. strain GL1, the
75-kDa enzyme from E. coli was found to release pyruvylated
mannose. On the other hand, the high-molecular-weight prod-
ucts revealed high viscosity and had absorbency at 235 nm,
suggesting that the products are the modified xanthan with
unsaturated glucuronyl mannose as the side chains. Judging
from the identification of xanthan degradation products, the
enzyme was confirmed to act exolytically on side chains of
xanthan and release the pyruvylated mannose specifically.

DISCUSSION

For the first time, we have cloned the xanthan lyase gene
from Bacillus sp. strain GL1 and obtained a substantial amount
of enzyme. As a result, the maturation route of the enzyme in
cells of Bacillus sp. strain GL1 was supposed and a large
amount of the modified xanthan, which may be applicable
to food technology (28a), became readily obtainable. Xanthan
lyase is first synthesized as a preproform (99 kDa), secreted as
a precursor form (97 kDa) by a general signal sequence-de-
pendent mechanism, and finally converted to a mature form
(75 kDa) through the removal of a C-terminal 22-kDa frag-
ment. Specifically, xanthan lyase becomes a mature form
through two steps of posttranslational processing: release of
the signal peptide (2 kDa) and excision of the C-terminal
protein fragment (22 kDa). The intrinsic function of the C-
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FIG. 3. Amino acid sequence alignment of xanthan lyase (XLY) of Bacillus sp. strain GL1 (AB037178) and hyaluronidases.(HLS_{) of
Streptomyces griseus (AB028210) and S. pneumoniae (L20670). Five well-conserved regions are boxed. Identical and similar amino acid residues
among the three enzymes are marked with asterisks and dots, respectively.

718



VoL. 67, 2001

FIG. 4. Southern blot analysis. Genomic DNA from Bacillus sp. strain
GL1 was digested with various restriction enzymes and subjected to
Southern hybridization using the oligonucleotide coding for the N-ter-
minal amino acids of xanthan lyase (75 kDa) as a probe. Lane 1, BamHI;
lane 2, HindlIll; lane 3, Pst]; lane 4, Smal; lane 5, Sphl; lane 6, Kpnl.

terminal protein fragment is obscure, since the protein with a
molecular mass of 22 kDa showed no appreciable effects on the
enzyme activity and little homology with other proteins, includ-
ing hyaluronidases (Fig. 3) and proteases. Judging from the
N-terminal amino acid sequences and molecular mass of 75-
kDa enzymes of Bacillus sp. strain GL1 and E. coli containing
the xly gene, the probable processing site is in the vicinity of
valinyl residue 719. The disappearance of the 22-kDa fragment
on SDS-polyacrylamide gels (Fig. 2, lanes 5 to 7) is possibly
due to immediate degradation of the released fragment by
aminopeptidase or to depolymerization of the 97-kDa protein
by carboxypeptidase contaminated in the preparation of xan-
than lyase. However, the possibility that the xanthan lyase is
autoprocessed by the protease activity inherent in the enzyme
is not excluded, since the posttranslational processing of xan-
than lyase is observed with lyases expressed in both Bacillus sp.
strain GL1 and E. coli containing the xly gene. A more detailed
analysis of this posttranslational modification process is appar-
ently required.

After submission of this article, results on the xanthan lyase
gene (xalA) of Paenibacillus alginolyticus strain XL-1 were re-
ported by Ruijssenaars et al. (34). The xal4 gene codes for a
polypeptide consisting of 936 amino acid residues with a mo-
lecular weight of 100,823, including a signal sequence of 36
amino acid residues. Bacillus sp. strain GL1 is classified into
Paenibacillus species by 16S rRNA analysis (29), and xanthan
lyase of Bacillus sp. strain GL1 shows significant homology

TABLE 1. Purification of xanthan lyase from E. coli

Total Total Sp 4 . Purifi-
Ste rotein  activit pact  Yield cation
P P Yo (Umg) (%)
(mg) (kU) (fold)
Cell extraction 2,952 2,690 911 100 1.00

DEAE-Toyopearl 650M 2,479 2592 1,047 96.4 1.15

column chromatography
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FIG. 5. Release of pyruvylated mannose from xanthan by xanthan
lyases. Xanthan (0.25%) was incubated for 3 h with 20 U of xanthan
lyases from Bacillus sp. strain GL1 and E. coli per pl. Products were
analyzed by TLC. Lane 2, product produced by the enzyme from
Bacillus sp. strain GL1; lane 3, product produced by the enzyme from
E. coli; lane 4, hydrolysate of the product produced by the enzyme from
E. coli. Authentic samples: lane 1, xanthan (25 pg); lane 5, D-mannose (45
ng); lane 6, b-glucose (45 pg); lane 7, b-glucuronic acid (45 pg). Pyr-Man
indicates pyruvylated mannose.

(56.3% identity in a 933-amino-acid overlap) with that of P. al-
ginolyticus strain XL-1 (accession no. AF242413). However,
the maturation system of the enzyme in Bacillus sp. strain GL1
is quite different from that in P. alginolyticus strain XL-1, since
the posttranslational processing observed in Bacillus sp. strain
GL1 has not occurred in P. alginolyticus strain XL-1 (34).

The properties of microbial glycosyl hydrolases acting on
poly- and oligosaccharides have been well documented, and
the three-dimensional structures of a large number of polysac-
charide hydrolases such as amylases, chitinases, and cellulases
have been reviewed (9, 18). On the other hand, a structural
study of polysaccharide lyases has largely been restricted and,
to the best of our knowledge, the structures of only four poly-
saccharide lyases (lyases for pectate, alginate, chondroitin, and
hyaluronate) have been determined (11, 20, 25, 28, 31, 46, 47,
49). Although all polysaccharide lyases recognize uronic acid
residues in polysaccharides and catalyze the B-elimination re-
action, no information on the structure-function relationship
that specifies the recognition sites and reaction types of the
lyases has been accumulated. To elucidate the molecular basis
underlying the polysaccharide lyase reaction, we have focused
our attention on the bacterial heteropolysaccharide lyases
(lyases for alginate, oligoalginate, gellan, and xanthan) with
different types of reactions—endo- or exo-type reactions and
backbone- or side chain-type reactions (13, 14)—and have al-
ready determined the crystal structure of the alginate lyase
(endo- and backbone type from Sphingomonas sp. strain Al)
responsible for the depolymerization of alginate produced by
bacteria (49). The xanthan lyase in this article will be suitable
for structural analysis of polysaccharide lyase acting exolyti-
cally on side chains of polysaccharide.
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