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Sphingomonas sp. strain A1 has three endotype alginate lyases (A1-I, A1-II [family PL-7], and A1-III [family
PL-5]), each of which is encoded by a single gene. In addition to those of these lyases, a gene (the A1-II� gene)
showing significant identity with the A1-II gene was present in the bacterial genome and coded for an alginate
lyase with broad substrate specificity. Since no expression of A1-II� was observed even in bacterial cells grown
on alginate, the A1-II� gene was thought to be a silent gene derived from the A1-II gene, presumably through
duplication, modification, and translocation.

Alginate is a linear polysaccharide consisting of �-L-gulur-
onate (G) and its C5 epimer, �-D-mannuronate (M), arranged
in three different ways, i.e., in poly-�-L-guluronate [poly(G)],
poly-�-D-mannuronate [poly(M)], and heteropolymeric [poly
(MG)] regions (7). The polymer produced by brown seaweed is
widely used in the food and pharmaceutical industries due to
its ability to chelate metal ions and to form a highly viscous
solution (23), while some pathogenic bacteria, such as Pseudo-
monas aeruginosa, produce alginate as a capsule-like biofilm
that is responsible for both chronic pulmonary infections and
respiratory difficulty in the lungs of patients with cystic fibrosis
(3, 4).

Alginate lyase depolymerizes alginate through the �-elimi-
nation reaction. A large number of alginate lyases, from sources
ranging from bacteria to marine animals, have been character-
ized (32), although little information on the diversity and evo-
lution of alginate lyases has been accumulated. Based on their
primary structures, polysaccharide lyases are classified into 13
families (PL-1 to -13) (B. Henrissat, P. Coutinho, and E. De-
leury, http://afmb.cnrs-mrs.fr/�cazy/CAZY/index.html). Most
alginate lyases are classified into two families, PL-5 and -7.
Generally, alginate lyases in families PL-5 and -7 preferably
depolymerize poly(M) and poly(G), respectively, though many
enzymes can cleave M-G or G-M bonds.

In order to clarify the structure and function of alginate
lyases, we have studied the metabolism of alginate in cells of
Sphingomonas sp. strain A1 (21). Recently, the complete ge-
nome sequence of this bacterium was determined (W. Hashi-
moto et al., unpublished results). The bacterium incorporates
the macromolecule (alginate) through a “superchannel,” con-
sisting of a pit formed on the cell surface and a pit-dependent
ABC transporter (13, 22), and depolymerizes the polymer into

its constituent monosaccharides through concerted reactions
catalyzed by three intracellular endotype alginate lyases (A1-I,
A1-II, and A1-III) and an exotype alginate lyase (A1-IV) (8,
36). The three endotype alginate lyases are encoded by a single
gene (21), and precursor protein A1-I is autocatalytically pro-
cessed into A1-II and A1-III (14). A1-II and A1-III are cate-
gorized as family PL-7 and -5 lyases, specific for poly(G) and
poly(M), respectively. Therefore, A1-I is a fused enzyme with
the characteristics of family PL-5 and -7 enzymes. Some
pseudomonads, such as P. aeruginosa strain PAO1 (29) and
Pseudomonas syringae pv. Tomato strain DC3000 (6) have both
family PL-5 and -7 alginate lyases, although their genes are
separately located in the bacterial genomes. Therefore, we
propose that A1-II and A1-III encoded by the A1-I gene are
the original alginate lyases of families PL-7 and -5, respec-
tively, and that the A1-II and A1-III genes that were derived
from the A1-I gene independently evolved into various genes
belonging to families PL-7 and -5 through duplication, modi-
fication, and translocation. As the first step to confirm this
hypothesis, we report here the molecular diversity and evolu-
tion of alginate lyases in Sphingomonas sp. strain A1.

Occurrence of a gene homologous to the alginate lyase A1-I
gene in Sphingomonas sp. strain A1 and its sequence analysis.
Homology analysis of A1-I against the genome database of
Sphingomonas sp. strain A1 (Hashimoto et al., unpublished
results) was performed with the PSI-BLAST program assisted
by the DDBJ server (http://www.ddbj.nig.ac.jp/). As a result, a
hypothetical protein, designated A1-II�, showing significant
homology with A1-II (55.1% identity) was found, while no
open reading frame similar to that of A1-III was observed.
A1-II�, which consists of 308 amino acids with a molecular
weight of 31,991, is encoded by a gene (the A1-II� gene) ex-
hibiting high identity (62.3%) with the A1-II gene. In addition
to A1-II, A1-II� is similar to alginate lyases such as PA1176 of
P. aeruginosa (34.4% identity in a 227-amino-acid overlap;
accession number AE004547) (33), ALYPG of Corynebacte-
rium sp. strain ALY-1 (29.8% identity in a 248-amino-acid
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overlap; accession number AB030481) (20), and AlyA of Kleb-
siella pneumoniae subsp. aerogenes (27.7% identity in a 300-
amino-acid overlap; accession number L19657-2) (2). How-
ever, compared with alginate lyases analyzed so far, A1-II� has
an additional N-terminal extension composed of 80 amino acid
residues with serine repeat sequences. Open reading frames
up- and downstream of the A1-II� gene are significantly ho-
mologous to those of Neisseria meningitides arginyl-tRNA syn-
thetase (62.2% identity in a 571-amino-acid overlap; accession
number AL162756) (30) and Escherichia coli 30S ribosomal
protein (64.7% identity in a 553-amino-acid overlap; accession
number AB011415-3) (27), respectively.

Overexpression of A1-II� in E. coli cells. Overexpression
systems for the native A1-II� [A1-II�(L)] and for a truncated
A1-II� [A1-II�(S)] lacking the N-terminal 80 amino acid resi-
dues were constructed in E. coli cells as follows. DNA sequenc-
ing and manipulation were carried out as described previously
(1, 25). Genomic DNA was isolated from cells of Sphingomo-
nas sp. strain A1 grown in alginate medium (8). To introduce
the A1-II�(L) and A1-II�(S) genes into an expression vector,
pET21b (Novagen, Madison, Wis.), PCR was performed with
KOD polymerase (Toyobo Co., Tokyo, Japan), the bacterial
genome DNA as a template, and two synthetic oligonucleo-
tides as primers. The oligonucleotides for A1-II�(L) were 5�-
GGCATATGGAAAAGCAGTGCGGATGGTA-3� and 5�-G
GCTCGAGGTTGCTGTGCGACACCGACAGG-3�, with
NdeI and XhoI sites, respectively, added to their 5� regions,
and those for A1-II�(S) were 5�-GGCATATGCCGGCTGCC
GCACCCGGCAAGA-3� and 5�-GGCTCGAGGTTGCTGT
GCGACACCGACAGG-3�, with NdeI and XhoI sites, respec-
tively, added to their 5� regions. The pET21b vector is designed
to express the proteins with a histidine (His)-tagged sequence

at the C terminus. The fragments amplified through the PCR
were digested with NdeI and XhoI and then ligated with NdeI-
and XhoI-digested pET21b. The resultant plasmids containing
the A1-II�(L) and A1-II�(S) genes were designated pET21b-
A1-II�(L) and pET21b-A1-II�(S), respectively. The accuracy of
the nucleotide sequences of the A1-II�(L) and A1-II�(S) genes
was confirmed by DNA sequencing (data not shown). Trans-
formants with the plasmids [pET21b-A1-II�(L) and pET21b-
A1-II�(S)] of E. coli BL21(DE3) (Novagen, Madison, Wis.)
with no alginate lyase activity were grown at 16°C in Luria-
Bertani broth (24) in the presence of isopropyl-�-D-thiogalac-
topyranoside at 0.1 mM for induction of gene expression. By
means of reactions (Western blotting) with anti-His-tagged-
sequence antibodies (Bethyl Laboratories Inc., Montgomery,
Tex.) as described previously (11), expression of the proteins in
cell extracts of the E. coli transformants with pET21b-A1-
II�(L) and pET21b-A1-II�(S) was confirmed (Fig. 1A). The
assay for alginate lyase was performed with sodium alginate
(Nacalai Tesque Co., Ltd., Kyoto, Japan) as a substrate under
the conditions described by Yoon et al. (36), with slight mod-
ifications (substrate concentration, 0.05%; reaction tempera-
ture, 30°C). Both cell extracts exhibited alginate lyase activity
(Table 1), suggesting that A1-II� is an alginate lyase.

Purification and characterization of A1-II�(S) from E. coli
cells. In order to compare the enzymatic properties of A1-II�
and A1-II, purification of A1-II�(S) lacking the 80 amino acid
residues at the N terminus was conducted. The assay for pro-
tein was performed as described previously (5). Unless other-
wise specified, all operations were carried out at 0 to 4°C. E.
coli cells harboring pET21b-A1-II�(S) were grown in 1.5 liters
of Luria-Bertani medium (1.5 liters/flask), collected by centrif-
ugation at 6,000 � g and 4°C for 5 min, washed with 20 mM
Tris-HCl buffer (pH 7.5), and then resuspended in the same
buffer. The cells were ultrasonically disrupted (Insonator mod-
el 201 M; Kubota, Tokyo, Japan) at 0°C and 9 kHz for 20 min,
and the clear solution obtained by centrifugation at 15,000 � g
and 4°C for 20 min was used as the cell extract. The cell extract,
after supplementation with 1 mM phenylmethylsulfonyl fluo-
ride and 0.1 �M pepstatin A, was subjected to nickel ion-
bound chelating Sepharose Fast Flow column (1.5 by 5 cm)
chromatography (Amersham Biosciences, Uppsala, Sweden)
after equilibration with 20 mM Tris-HCl buffer (pH 7.5) con-
taining 10 mM imidazole and 0.5 M NaCl. A1-II�(S) was eluted
with a linear gradient of imidazole (0.01 to 0.5 M) in 20 mM
Tris-HCl buffer (pH 7.5) containing 0.5 M NaCl (30 ml), with

FIG. 1. Electrophoretic profiles of Sphingomonas alginate lyases.
(A) SDS-PAGE, followed by Western blotting with anti-His-tagged
sequence antibodies. Lane 1, cell extract of E. coli transformed with
pET21b-A1-II�(L); lane 2, cell extract of E. coli transformed with
pET21b-A1-II�(S); lane M, molecular mass standards. (B) SDS-PAGE,
followed by protein staining with Coomassie brilliant blue. Lane M,
molecular mass standards (synthetic polypeptides); lane 1, purified
A1-II�(S). (C) SDS-PAGE, followed by Western blotting with anti-A1-
II�(S) antibodies. Lane M, molecular mass standards; lane 1, Sphingo-
monas sp. strain A1 cells grown on alginate; lane 2, cells grown on
pectin; lane 3, cells grown on glucose. Arrows indicate alginate lyases.

TABLE 1. Purification of alginate lyases and
expression in E. coli cells

Stepa
Total

protein
(mg)

Total
activity

(U)

Sp act
(U/mg)

Yield
(%)

Purifi-
cation
(fold)

Cell extract
A1-II�(L) 818 2,065 2.52
A1-II�(S) 627 1,812 2.89 100 1.00

Chelating Sepharose 8.24 442 53.6 24.3 18.5

DEAE-Toyopearl 650M 5.07 437 86.2 24.1 29.8

a The purification procedures are described in Materials and Methods.
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a 1-ml fraction being collected every 1 min. The active frac-
tions, which were eluted at around 0.4 M imidazole, were
combined and dialyzed against 20 mM Tris-HCl buffer (pH
7.5). The dialysate was added to a DEAE-Toyopearl 650 M gel
(Tosoh Co., Tokyo, Japan) equilibrated with 20 mM Tris-HCl
buffer (pH 7.5). The gel suspension was centrifuged at 5,000 �
g and 4°C for 10 min, and the clear solution containing A1-
II�(S) was concentrated to about 2 ml by ultrafiltration with a
Centriprep instrument (10-kDa molecular mass cutoff; Milli-
pore Corp., Bedford, Mass.). The concentrate was used as the
purified A1-II�(S). Finally, A1-II�(S) was purified 29.8-fold
from the cell extract of the E. coli transformant, with an activity
yield of 24.1% (Table 1). The purified enzyme was confirmed
to be homogeneous by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to the method of
Laemmli (18) (Fig. 1B). The properties of the purified A1-
II�(S) were as follows.

(i) N-terminal amino acid sequence. By using a Procise 492
protein sequencing system (Applied Biosystems, Division of
Perkin-Elmer, Foster City, Calif.), the N-terminal amino acid
sequence of A1-II�(S) expressed in E. coli cells was determined
to be NH2-PAAAP, which corresponds to 81PAAAP85 of the
A1-II� amino acid sequence predicted from the nucleotide
sequence. Since A1-II�(S) expressed in E. coli cells is absorbed
by nickel ion-bound chelating Sepharose, the protein is thought
to contain a C-terminal extension of 8 amino acid residues
(LEHHHHHH) derived from the expression vector (pET21b),
thus indicating that A1-II�(S) consists of 236 amino acid
residues.

(ii) Molecular mass. The molecular mass of A1-II�(S) was
determined to be 25 kDa by SDS-PAGE (Fig. 1B). This value
was comparable to the theoretical one (25,763 Da) deduced
from the predicted amino acid sequence of the enzyme. On
permeation chromatography on Sephacryl S-200HR (Amer-
sham Biosciences), the enzyme was eluted as a protein with a
molecular mass of about 25 kDa (data not shown), indicating
that the enzyme is in a monomeric form.

(iii) pH and temperature. Experiments were carried out with
0.05% sodium alginate as a substrate and purified A1-II�(S)
(0.298 �g/ml).

(a) Optimal pH. Reactions were performed at 30°C for 5
min in the following 50 mM buffers; sodium acetate, sodium
HEPES, Tris-HCl, and glycine-sodium hydroxide.

(b) Optimal temperature. Reactions were performed for 5
min at various temperatures in 50 mM Tris-HCl buffer (pH
7.5).

(c) Thermal stability. After preincubation of the enzyme
(2.98 �g/ml) at various temperatures for 5 min, residual activity
was measured at 30°C for 5 min in 50 mM Tris-HCl (pH 7.5).
A1-II�(S) was most active at pH 7.5 in 50 mM sodium HEPES
buffer (Fig. 2A) and at 40°C (Fig. 2B). Fifty percent of the
enzyme activity was lost on preincubation at 45°C for 5 min in
50 mM Tris-HCl (pH 7.5) (Fig. 2C).

(iv) Metal ions and other compounds. The reaction was
carried out in the presence or absence of various compounds,
and then the residual activity was measured (data not shown).
A bivalent metal ion (Hg2�) partially (30%) inhibited the
reaction of A1-II�(S) at 1 mM. Other bivalent metal ions such
as Ca2�, Co2�, Mg2�, and Mn2� had no effects on the enzyme
activity at 1 mM. Thiol reagents (dithiothreitol, glutathione
[reduced form], 2-mercaptoethanol, and iodoacetic acid), and
a chelator (EDTA) showed no significant effect on the reaction
of A1-II�(S) at 1 mM.

(v) Substrate specificity. Since alginate has three block
structures [poly(M), poly(G), and poly(MG)], the substrate
specificity of A1-II�(S) was investigated with poly(M) (M,
95.1%; G, 4.9%), poly(G) (M, 6.1%; G, 93.9%), and poly(MG)
(M, 53.2%; G, 46.8%) (Table 2). A1-II and A1-III purified
from recombinant E. coli cells are specific for poly(G) and
poly(M), respectively, as described previously (36), whereas

FIG. 2. Effects of pH and temperature on the activity and stability of A1-II�(S). (A) Effect of pH, determined with sodium acetate (open
squares), sodium HEPES (closed squares), Tris-HCl (open circles), and glycine-sodium hydroxide (closed circle). The activity at pH 7.5 in sodium
HEPES was taken as 100%. (B) Optimal temperature. The activity at 40°C was taken as 100%. (C) Thermal stability. The activity of the enzyme
preincubated at 0°C was taken as 100%. The data are averages from two independent experiments and vary within 10%.

TABLE 2. Substrate specificities of A1-II�(S), A1-II, and A1-III

Substrate
Sp act (U/mg)

A1-II�(S) A1-II A1-III

Poly(M) 73.2 34.8 45.2
Poly(G) 73.2 202 2.25
Poly(MG) 78.2 80.0 15.1
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A1-II�(S) acted on poly(M), poly(G), and poly(MG) equally.
Unlike the alginate-related polysaccharides, pectin, xanthan,
and gellan were inert as substrates for A1-II�(S).

(vi) Action mode. Alginate di-, tri-, and tetrasaccharides
were prepared as described previously (10). The enzyme reac-

tion products separated on thin-layer chromatography (TLC)
plates (Silica gel 60/Kieselguhr F254; E. Merck, Darmstadt,
Germany) were visualized by heating the plates at 130°C for 5
min after spraying with 10% (vol/vol) sulfuric acid in ethanol as
described previously (8). Unsaturated saccharides on the TLC
plates were stained with thiobarbituric acid as described pre-
viously (31). Judging from the results of the TLC analysis, the
products in the initial stage of the A1-II�(S) reaction were
alginate oligosaccharides with various degrees of polymeriza-
tion, indicating that the enzyme acts on alginate in an endolytic
form (Fig. 3). Alginate was finally depolymerized into di- and
trisaccharides through the A1-II�(S) reaction. The alginate oli-
gosaccharides produced from alginate by A1-II�(S) reacted
with thiobarbituric acid (data not shown), thus indicating that
A1-II�(S) catalyzes the �-elimination reaction.

Expression of alginate lyases in Sphingomonas sp. strain A1.
In order to determine whether A1-II� is expressed or not in
cells of Sphingomonas sp. strain A1, bacterial cells grown on
alginate, pectin, or glucose were subjected to SDS-PAGE, fol-
lowed by Western blotting with anti-A1-II�(S) antibodies
raised in a rabbit. Proteins with molecular masses of 65 and 25
kDa corresponding to A1-I and A1-II, respectively, were ex-

FIG. 3. Mode of action of A1-II�(S). Alginate (1.25 mg) was incu-
bated with A1-II�(S) (7.5 �g) at 30°C, and the products were analyzed
by TLC with staining with sulfuric acid. The reaction times (hours)
were 0 (lane 1), 0.16 (lane 2), 0.33 (lane 3), 0.5 (lane 4), 1 (lane 5), 2
(lane 6), 3 (lane 7), 6 (lane 8), 24 (lane 9), 48 (lane 10), and 72 (lane
11). Lane 12, alginate-tetrasaccharide; lane 13, alginate-trisaccharide;
lane 14, alginate-disaccharide. Tera, Tri, and Di, unsaturated tetra-,
tri-, and disaccharides derived from alginate, respectively.

FIG. 4. Phylogenetic tree of family PL-5 and -7 alginate lyases. The bacterial producers of the enzymes are indicated. The scale bar indicates
approximately 10% sequence difference. Parentheses indicate the isozymes of alginate lyases.
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pressed in the bacterial cells grown on alginate, while no pro-
tein (32 kDa) corresponding to A1-II� was detected in the
bacterial cells cultured under the various conditions (Fig. 1C).

In this work, an alginate lyase gene, the A1-II� gene, distinct
from the A1-I, A1-II, and A1-III genes, was found to be
present in the genome of Sphigomonas sp. strain A1. A1-II�
shows the highest identity with A1-II and significant homology
with bacterial alginate lyases in family PL-7, thus indicating
that A1-II� is a member of family PL-7. The two sequences
YXRSELRE and YFKAGXYXQ are highly conserved in the
N- and C-terminal regions of family PL-7 lyases, respectively,
and are suggested to be responsible for the catalytic reaction of
the enzymes (32). A1-II� also has two conserved regions, which
almost completely match those of A1-II. Furthermore, a ty-
rosine residue is reported to play a crucial role in the catalytic
reaction of polysaccharide lyases such as the family PL-5 algi-
nate lyase A1-III (35) and the family PL-8 hyaluronate (17),
chondroitin (15), and xanthan (9) lyases. Therefore, one of the
tyrosine residues in the two consensus sequences in family
PL-7 alginate lyases is thought to be responsible for the cata-
lytic reaction of the enzymes. A1-II� (this work) and A1-II (36)
are similar in optimal pH, thermal stability, and behavior to-
ward various compounds tested but not in specific activity
[A1-II�(S), 86.2 U/mg; A1-II, 109 U/mg], optimal temperature
[A1-II�(S), 40°C; A1-II, 75°C], substrate specificity [A1-II�(S),
broad; A1-II, poly(G)], and final products [A1-II�(S), di- and
trisaccharides; A1-II, tri- and tetrasaccharides]. The enzyme
properties of A1-II�(S) are comparable to those of A1-I rather
than A1-II. Since it is thought that these differences between
A1-II�(S) and A1-II are caused by some substitutions in the
amino acid residues, X-ray crystal analysis of A1-II and A1-
II�(S) is now in progress in order to identify the amino acid
residues responsible for the determination of enzyme charac-
teristics (34). Most endotype alginate lyases analyzed so far
show substrate specificity for poly(M) or poly(G) (32), unlike
the enzymes of Alteromonas sp. strain H-4 (26) and
Pseudoalteromonas sp. strain 272 (16), indicating that A1-II�(S)
is an unusual type of enzyme with a broad substrate specificity.

Thus, as described above, Sphingomonas sp. strain A1 was
found to have diverse genes for alginate lyases. However, we
think that the A1-II� gene does not play a crucial role in the
metabolism of alginate in the bacterium and that the A1-II�
gene arose from the A1-II gene through separation from the
A1-I gene, modification, and translocation. The following five
facts may support this notion. (i) Little A1-II� is expressed in
bacterial cells. (ii) A1-II� exhibits the highest identity with
A1-II, although A1-II� has an N-terminal extension (80 amino
acid residues) containing serine repeat sequences. (iii) A1-II�
expressed in E. coli cells shows alginate lyase activity. (iv) The
locus of the A1-II� gene is 367 kb away from the gene cluster
responsible for the transport and depolymerization of alginate,
and no alginate-related genes are found up- or downstream of
the A1-II� gene. (v) No apparent bacterial promoter (12) or
ribosome-binding site (28) is present upstream of the A1-II�
gene. As to the molecular evolution of alginate lyases, we
propose that A1-II and A1-III encoded by the A1-I gene of
Sphingomonas sp. strain A1 are single-module ancestors for
family PL-7 and -5 enzymes, respectively, and that the A1-II
gene and the A1-III gene derived from the A1-I gene inde-
pendently evolved into various genes categorized into families

PL-7 and -5 through duplication, modification, and transloca-
tion. Thus, phylogenetic analysis of alginate lyases categorized
into families PL-7 and -5 was conducted (Fig. 4). Alginate
lyases belonging to family PL-5, except for A1-III, are similar
to each other, while family PL-7 enzymes are widely spread
throughout the phylogenetic tree. Almost all of the family PL-5
enzymes exhibit specificity for poly(M) (32). On the other
hand, a few family PL-7 enzymes, such as PA1167 of P. aerugi-
nosa (33) and AlxM of Photobacterium sp. (19), show substrate
specificities different from those of the general family PL-7
enzymes. Therefore, due to their broad substrate specificities,
the family PL-7 enzymes may be spread throughout the tree.
As shown in Fig. 4, A1-I of Sphingomonas sp. strain A1 is
situated at a central position in the trees, being intermediate
between families PL-5 and -7. Since there is no evidence that
the A1-I gene evolved through the fusion of the A1-II gene and
the A1-III gene independently existing, the alginate lyases cat-
egorized into families PL-5 and 7 may be evolved from the
ancestral proteins, A1-II and A1-III, forming A1-I.

Nucleotide sequence accession number. The nucleotide se-
quence of the alginate lyase (A1-II�) gene reported in this
paper has been deposited in the DDBJ, EMBL, and GenBank
nucleotide sequence databases under accession no. AB120939.

This work was supported in part by the Program for Promotion of
Basic Research Activities for Innovative Biosciences (PROBRAIN) of
Japan.

Poly(M), poly(G), and poly(MG) were obtained from T. Sawabe,
Hokkaido University, Hakodate, Japan.
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