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AWARD REVIEW

Structural studies on bacterial system used in the recognition and uptake of
the macromolecule alginate
Yukie Maruyamaa,b, Wataru Hashimotoa and Kousaku Murataa,b

aDivision of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University, Uji, Kyoto, Japan; bDepartment of Life
Science, Faculty of Science and Engineering, Setsunan University, Neyagawa, Osaka, Japan

ABSTRACT
Alginate is an acidic heteropolysaccharide produced by brown seaweed and certain kinds of
bacteria. The cells of Sphingomonas sp. strain A1, a gram-negative bacterium, have several
alginate-degrading enzymes in their cytoplasm and efficiently utilize this polymer for their
growth. Sphingomonas sp. strain A1 cells can directly incorporate alginate into their cyto-
plasm through a transport system consisting of a “pit” on their cell surface, substrate-binding
proteins in their periplasm, and an ATP-binding cassette transporter in their inner membrane.
This review deals with the structural and functional aspects of bacterial systems necessary for
the recognition and uptake of alginate.
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Alginate is a linear acidic polysaccharide composed
of β-D-mannuronate (M) and its C-5 epimer,
α-L-guluronate (G) [1]. It is widely distributed in the
cell walls of brown seaweeds and is produced by certain
bacteria such as Pseudomonas aeruginosa and
Azotobacter vinelandii. Seaweed-derived alginate is
widely used in a variety of fields, for example, in the
food industry as a thickener and stabilizing agent, and in
medicine as a covering agent for wounds and in surgical
suture materials [2,3]. On the other hand, P. aeruginosa
can form biofilms by using extra cellular partially-
acetylated alginate [4–6], which makes infectious disease
therapy for this bacterium difficult. In recent years, bio-
fuel production using marine biomass has become an
active field of research, and alginate from seaweeds has
attracted attention as a raw material for ethanol produc-
tion [7,8].

Sphingomonads are gram-negative rod-shaped bac-
teria that typically produce yellow-pigmented colonies
and, uniquely among gram-negative bacteria, lack
lipopolysaccharides, containing glycosphingolipids in
their outer membrane instead [9,10]. Sphingomonas
sp. strain A1 (strain A1) was isolated from soil and is
a potent producer of alginate lyase [11]. The strain A1
cell surface is covered with many large plaits, and
a mouth-like pit is formed on their cell surface when
grown on alginate-containing medium [11,12].
Alginate is found to be concentrated around this pit.
In general, bacterial cells release enzymes on assimilat-
ing macromolecules including alginate and uptake
depolymerized macromolecules into the cell.
However, alginate uptake system in strain A1 is unique
in that alginate-degrading enzymes are localized in the

cytoplasm [13], indicating that intact alginate polymers
must be incorporated into the cytoplasm, which
implies the presence of a unique system for the poly-
mer uptake (Figure 1). Some alginate-binding proteins
are located on the surface of strain A1 cells. Examples
include p5 and p7 (currently called Algp7), which were
found by proteomic analysis of strain A1 outer mem-
branes, and are thought to function in the recognition
and concentration of alginate [14]. In the periplasm,
two solute-binding proteins, AlgQ1 and AlgQ2, bind
alginate and pass it to a transporter, AlgM1M2SS,
localized in the cytoplasmic membrane. Once alginate
has been transferred to the cytoplasm, it is subse-
quently degraded by several alginate lyases to an unsa-
turated monosaccharide. Because M and G are C-5
epimers of each other, unsaturated sugars derived
from M and G (ΔM and ΔG) are identical. They
have C = C double bonds between their C-4 and C-5
atoms, and thus the difference in orientation of the
carboxyl group is eliminated.

The alginate transporter localized in the cyto-
plasmic membrane of strain A1 is a member of an
ATP-binding cassette (ABC) transporter that, when
coupled to the hydrolysis of ATP, can translocate
a wide variety of substrates across the membrane
[15,16]. These transporters form a very large pro-
tein superfamily sharing similar structural features,
and are present in all living organisms [17–21].
They consist of two homologous transmembrane
domains and two nucleotide-binding domains.
Bacterial ABC importers involved in the uptake of
nutrients require additional periplasmic or lipid-
anchored extracellular solute-binding proteins
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specific to a particular substrate [22]. Type I, II, and
III ABC importers have been identified, based on
the folds of their transmembrane domains and
other biochemical aspects [23]. Type I ABC impor-
ters possess five to eight transmembrane helices in
their transmembrane domain, while type II ABC
importers have ten. Type III importers (also
known as energy coupling-factor transporters) on
the other hand, require a membrane-embedded
component instead of a solute-binding protein.
The overall structure of the type I ABC importer
was first determined in the molybdate transporter
[24]. Its characteristic fold has also been observed
in other type I importers such as the E. coli maltose
transporter [25], methionine transporter [26], and
amino acid transporter [27]. Based on crystal struc-
tures of type I ABC importers, it is known that the

transmembrane domains possess at least two kinds
of conformation involved in the substrate transloca-
tion cycle, an inward-facing conformation opening
to the cytoplasmic space, and an outward-facing
conformation opening to the periplasmic space.
The strain A1 alginate transporter AlgM1M2SS is
also homologous to type I ABC importers.

This review focuses on recent findings around
alginate recognition and uptake in strain A1, in par-
ticular on the structural biology of the proteins
involved in alginate incorporation.

Alginate recognition in strain A1

Alginate binding to cell surface protein p5

Strain A1 cell surface protein p5, homologous to
a bacterial flagellin, binds tightly to alginate
(Kd~10

−9 M) at acidic pH [14]. Because a similar
interaction with alginate was also observed in E. coli
flagellin, it is thought to be a universal property of
flagellins. The p5 protein is able to entrap alginate at
a locally acidic part of the cell surface, and thus is
thought to play a role in concentrating alginate on the
cell surface. Alternatively, the high affinity between p5
and alginate may imply that p5 is an alginate receptor.
Flagellins are generally known for the diversity in their
amino acid chain length [28]. One of the most studied
flagellins, FliC from Salmonella enterica, has about 500
amino acid residues, while p5 lacks about 100 amino
acid residues in the center of the molecule.

The crystal structure of a p5 mutant lacking
N-terminal 53 and C-terminal 45 amino acid residues
(p5ΔN53C45) (PDB ID: 2ZBI) consists of an α domain
made up of three α helices and four β strands, and a β
domain made up of eight β strands and two α helices
[29]. As predicted by primary sequence comparison,
the structure of the α domain is similar to that of
flagellins from other bacteria, while the structure of
the β domain is quite different (Figure 2). Three-
dimensional structure and functional analyses of sev-
eral deletion mutants of p5 suggested that amino acid
residues 20–40 and 353–363 are essential for alginate
binding. Amino acid sequences in these regions are
highly conserved among bacterial flagellins, and con-
tain several basic residues (Figure 2). The lack of
alginate binding by some deletion mutants is not due
to structural disorders. In general, flagellins self-
assemble in vitro; however, deletion of N-terminal
and C-terminal amino acid residues from flagellin
removes this ability. Because no correlation exists
between self-assembly and alginate-binding ability,
the polymerization of p5 is not essential for alginate
recognition. The three-dimensional structure of
S. enterica flagellin, as determined by cryo-electron
microscopy, showed corresponding regions required
for alginate binding in p5 form loop structures

Figure 1. Alginate uptake in Sphingomonas sp. strain A1. An
overall picture of alginate import and depolymerization
systems. M and G represent the β-D-mannurorate and
α-L-guluronate residues of alginate, respectively. AlgQ1 and
AlgQ2 are solute-binding proteins that pass alginate to the ABC
transporter. AlgM1, AlgM2, and AlgS form a heterotetramer (ABC
transporter, AlgM1M2SS) and transport alginate across the inner
membrane. A1-I to III are endo-type alginate lyases and A1-IV is
an exo-type lyase. A1-I is divided to A1-II and A1-III. A series of
actions by these lyases produce unsaturated monosaccharides
(ΔM and ΔG), which are structurally the same. All of these
proteins, together with a transcriptional regulator, AlgO, are
coded by genes in the alginate-related gene cluster.
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connecting two adjacent helices [30]. We considered
this small cleft formed between two α domains to be
crucial for alginate binding. However, the crystal struc-
ture of p5 mutants that lacked N-terminal 20 and
C-terminal 20 amino acid residues (p5ΔN20C20) that
retained alginate-binding ability but did not form fila-
ments, showed there was no loop between the two
helices but that they formed a continuous helix
(unpublished result; PDB ID, 3K8V). The cleft struc-
ture formed between two α domains is unnecessary for
alginate binding.

Flagellin is a subunit protein composing bacterial
flagellum for cell locomotion. Strain A1 was originally
identified as a non-motile, non-flagellate bacteria [31].
However, in the course of study on how p5 interacts
on alginate on the cell surface, it has been found that
strain A1 does have a flagellum-forming ability
[32,33]. When non-motile wild-type strain A1 was
subcultured on soft agar plates, motile cells, designated
strain A1-M5, were observed [32]. According to the
position of flagella on a bacterial cell, they can be
classified into several types, i.e., peritrichous, polar,
sub-polar or lateral flagella [34]. Strain A1-M5 cells
possess a single uni-polar flagellum. Microarray analy-
sis showed that mRNA of p5 in this strain increased
67-fold compared with the wild-type strain A1. In
general, a bacterium possesses one flagellar system;
however, some bacterial species e.g., Aeromonas,
Azospirillum, Rhodospirillum and Vibrio, possess two
distinct flagellar systems. Such bacteria constitutively
form polar flagella expressed by one flagellar system
and lateral flagella from the other system, depending
on their growth conditions [35,36]. Some bacteria
form one flagellum from multiple flagellins with high
shared sequence homologies [37]. On the other hand,
flagellins with low shared sequence identities form

different types of flagella, typically polar and lateral
flagella [35]. Through genome analysis of strain A1,
it has been revealed that the bacterium possesses many
flagella-related genes, including flagellin genes. The
flagella-related genes in strain A1 can be divided into
two gene sets [32]. Gene set I is a large gene cluster
containing 35 flagella-related genes, while gene set II
contains small clusters of between two to twelve genes,
and has a total of 46 flagellar genes [32]. Two flagel-
lins, p5 and p6, have been found in the outer mem-
brane fraction of non-flagellated strain A1 grown on
alginate medium [14]. In addition to p5 and p6,
another flagellin, p5ʹ, is also expressed at a lower
level in strain A1-M5. As judged from their amino
acid sequences, and as a result of promoter analyses,
p6 is thought to be a lateral flagellin while p5 and p5ʹ
are non-lateral flagellins. Although strain A1 possesses
two distinct types (lateral and polar) of flagellar gene
sets, the cells produce only a single polar flagellum.
Strain A1 polar flagellar filaments consist of two kinds
of polar flagellins (p5 and p5ʹ), as well as a lateral
flagellin (p6), in contrast to the flagellar filaments of
other bacteria. Interestingly, it was observed that fla-
gellated strain A1 swarmed toward alginate on semi-
solid agar plates, but not toward other polysaccharides
[33], indicating the existence of some type of alginate
detection system in strain A1. As described above, p5
can interact closely with alginate. The possibility of
a recognition mechanism for alginate via flagellar fila-
ments is suggested.

Metal -binding protein Algp7

Another cell surface protein, Algp7, whose expression
is induced in the presence of alginate, shows an
affinity (Kd~10

−8 M) specific to high molecular

Figure 2. p5 and its derivatives.
(a) The correlation between amino acid deletions and alginate binding. (b) Tertiary structures of Salmonella flagellin and two
p5 mutants. (c) Amino acid sequence alignment of N- and C-terminal regions of p5, p6, and Salmonella flagellin. Residues 20–40
and 353–363 of p5 are boxed.
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weight alginate [38]. Algp7 shows homology to lipo-
protein [14] but lacks a lipobox [38]. The gene coding
for Algp7 along with three upstream genes forms an
operon. This operon is homologous to that of
a tripartite, low-pH ferrous ion transporter
(EfeUOB) observed in E. coli [39,40]. The primary
structures of EfeU, EfeO, and EfeB are similar to
those of yeast Ftr1p iron permease, M75 metallopep-
tidase, and periplasmic peroxidase, respectively.
Algp7 from strain A1 shows homology to EfeO, and
has the iron binding HXXE motif.

The three-dimensional structure of Algp7 (PDB
ID, 3AT7, 5Y4C), solved by us, consists of two up-
and-down helix bundles (Figure 3). An ion network is
formed at the metal binding motif and surrounds the
molecular surface in a characteristic manner [41].
Although Algp7 is categorized as an M75 metallopep-
tidase, no peptidase activity has been detected for this
protein so far. Despite our efforts to crystallize Algp7
in complex with alginate, no crystal containing algi-
nate has been obtained. Initially, the surface cleft with
its ion network was considered to be an alginate-
binding site [41]. A mutational study and an in silico
model of Algp7/oligoalginate constructed by
a docking simulation using coordinates of Algp7
and alginate oligosaccharide suggested that two posi-
tively charged residues (Lys68 and Lys69) on another
site of the molecule were necessary for alginate

binding (Figure 3) [42]. Algp7 also binds metal ions
such as ferric, ferrous, and zinc ions. In the crystal
structure (PDB ID, 5Y4C), an electron density map
for a metal ion, probably copper, was observed on the
opposite side to the proposed alginate-binding site.
The metal ion was bound to the cleft between two
bundles and coordinated by four acidic residues, i.e.,
Glu78, Glu82, Asp96, and Glu178 (Figure 3), distinct
from the M75 motif [43]. Algp7 may deprive alginate
of metal ions during the binding and release of the
polysaccharide because alginate works as a chelator of
dicationic ions.

Alginate uptake in strain A1

Heteropolysaccharide binding to periplasmic
alginate-binding proteins

Solute-binding proteins essential for type I and II
bacterial ABC importers are classified into several
groups based on their three-dimensional structures
[44]. Alginate-binding proteins of strain A1, AlgQ1
and AlgQ2, are coded at the alginate uptake-gene
operon and share about 85% of the same amino
acid sequence with each other. They are larger in
size compared with other solute-binding proteins.
Among the more than 500 solute-binding proteins
for which structures are known, a few proteins,

Figure 3. The structure of Algp7 (PDB ID; 5Y4C).
(a) The overall structure of Algp7 with bound copper ion (orange ball). (b) and (c) The surface structure of Algp7. The proposed
alginate-binding site is circled (b), the copper ion-binding site is shown in the inset (c). Blue and red in the surface model
represent positively and negatively charged amino acid residues, respectively. The orientation of (c) is the same with that of (a),
but opposite to that of (b).
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including AlgQ1 and AlgQ2, have been categorized
into the most recently identified seventh group.
A member of this group, the FusA protein of
Streptococcus pneumoniae, binds to fructo-oligo- and
fructo-polysaccharides, such as kestose and inulin,
and transfers them to an ABC importer [45].
Members in this group may have the basic structure
essential for interaction with polymers.

As described above, alginate is a linear acidic poly-
saccharide constituted by M and G, which are C-5
epimers of each other. Strain A1 cells can grow not
only on alginate polysaccharide with different M/G
ratios but also on oligoalginates. The M/G ratio does
not influence the growth of strain A1. Alginate passed
across the outer membrane is bound by the solute-
binding proteins, AlgQ1 or AlgQ2, in the periplasm.
AlgQ1 and AlgQ2 are thought to function in a similar
way. Interactions between AlgQ1 or AlgQ2 and oli-
goalginates were observed by using a differential scan-
ning fluorimetry method or ultraviolet absorption
difference spectroscopy [46,47]. All alginate oligosac-
charides examined interacted with both AlgQ1 and
AlgQ2, regardless of differences in M/G composition,
structure of the non-reducing end sugar (saturated or
unsaturated), and sugar length (di- to tetrasacchar-
ides). The dissociation constants (Kd) of some kinds
of alginate oligomers were determined to be in the
range of 10−6 ~ 10−5 M. Based on the crystal structures

of AlgQ1 in complex with six types of oligoalginates
(MMM, MG, ΔMMM, ΔGGG, ΔMMGM, and ΔMM)
[46,47] (PDB ID; 3VLU, 3VLW, 3A09, 3VLV,1Y3P,
1Y3N) and AlgQ2 with ΔMMM and ΔMMGM [48]
(PDB ID; 5H71, 1J1N), it was found that two binding
proteins with at least four subsites recognized the non-
reducing end sugar residue of oligosaccharides most
accurately, but did not prefer saturated G residues at
subsite 1 because of steric hindrance of the C-5 car-
boxyl group. Although the structures of oligoalginates
differ according to their composition, AlgQ1s with
different oligoalginates are structurally identical even
at their ligand-binding site (Figure 4). AlgQ1 interacts
flexibly with the hydroxyl groups of uronate residues
at subsites 2 and 3, while C-5 carboxyl groups are
recognized by specific residues of AlgQ1, although
there is a difference in the orientation of the carboxyl
group between G and M residues. This mechanism for
substrate recognition enables AlgQ1 and AlgQ2 to
bind to heteropolysaccharide alginate, leading to the
sufficient growth of strain A1 cells in various alginates
with different M/G ratios.

Alginate ABC importer

Alginates that are bound by AlgQ1 and AlgQ2 in the
periplasm are transferred to the ABC importer. The
alginate ABC importer of strain A1, AlgM1M2SS,

Figure 4. The structure of AlgQ1 and alginate oligosaccharide. (a) The structural difference between MMM and ΔGGG. Carbon
atoms in MMM and ΔGGG are represented as yellow and green, respectively. (b) The overall structure of AlgQ1 in complex with
MMM (PDB ID; 3VLU). (c) The alginate-binding site of AlgQ1 in complex with MMM (PDB ID; 3VLU). (d) The alginate-binding site
of AlgQ1 in complex with ΔGGG (PDB ID; 3VLV). Hydrogen bonds formed between AlgQ1 and alginate are shown as dashed
lines. The subsite number is shown in the parentheses in (c) and (d).
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comprises the transmembrane AlgM1-AlgM2 heterodi-
mer and the cytoplasmic AlgS-AlgS homodimer. Genes
coding for the three subunits AlgS, AlgM1, and AlgM2,
together with other genes for related proteins such as
periplasmic solute-binding proteins and alginate lyases,
form a cluster in the strain A1 genome (Figure 1) [49].
Three subunits, i.e., AlgS, AlgM1, and AlgM2, have
been simultaneously expressed using the E. coli system
and purified as a heterotetramer, using several deter-
gents and a histidine tag connected to the C-terminus of
AlgM2 [50].

The importer transports alginate to the cytoplasm
using ATP hydrolysis energy from the cytoplasmic
AlgS. The ATP hydrolysis activity of AlgM1M2SS was
increased by the addition of alginate or its oligosac-
charide in the presence of an alginate-binding protein
when AlgM1M2SS was reconstituted into liposomes
or dissolved in a specific detergent solution [50]. ATP
hydrolysis activity of similar levels was detected using
oligosaccharides with different M/G ratios, probably
due to the wide substrate recognition ability of
AlgQ2, as described above. On the other hand, cello-
triose and chitotriose did not induce AlgM1M2SS
activity [50]. Furthermore, when fluorescently-
labeled (2-pyridylaminated) alginate oligosaccharides
(di- to tetrasaccharides) were added to proteolipo-
somes in the presence of AlgQ2, the transportation
and ATP hydrolysis activity of AlgM1M2SS were
increased [50]. Vanadate, a phosphate analog,

inhibited both ATP hydrolysis and substrate trans-
portation. These observations indicate that purified
AlgM1M2SS specifically transports alginate, depend-
ing on the presence of AlgQ1 or AlgQ2, and ATP
hydrolysis by AlgS.

AlgM1M2SS tetramers purified using detergents
were crystallized with and without an alginate-
binding protein, nucleotide, and an oligoalginate.
AlgM1M2SS tetramer, and AlgM1M2SS complexed
with AlgQ2 and ΔMMM, were successfully crystal-
lized and analyzed at resolutions of 4.5 Å and 3.2 Å,
respectively [50] (PDB ID; 4TQV, 4TQU). In the
structural analysis, we used mutant proteins,
a deletion mutant of AlgM1, in which N-terminal
24 residues were omitted, and an inactive mutant of
AlgS where Glu160 had been replaced with Gln. The
conformation of AlgM1M2SS in both crystals was
essentially the same. AlgM1 and AlgM2 showed simi-
lar topology, with six transmembrane helices, and
a dimer that is closed to the periplasm but open to
the cytoplasm, the so-called inward-facing conforma-
tion (Figure 5). One helix of AlgM2 protrudes into
the periplasmic space and is therefore an important
region for interactions with a solute-binding protein.
Two helices in the cytoplasm are important for inter-
actions between AlgS and AlgM1 or AlgM2. One of
the two helices in each subunit fits with the pocket of
AlgS. The helix is called the coupling helix and is
conserved among ABC transporters. Two ATP-

Figure 5. The crystal structure of the alginate transporter (PDB ID; 4TQU). (a) The overall structure of AlgM1M2SS in complex
with AlgQ2. (b) The tunnel structure (grayed mesh) that continues to the alginate-binding site of AlgQ2. (c) Charged amino acid
residues in transmembrane AlgM1M2. Blue and red represent basic and acidic residues, respectively.
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binding sites of the AlgSS homodimers are widely
separated from each other, and the C-terminal reg-
ulatory domains interact with each other in the crys-
tal structure. Considering these structural features,
the conformation of AlgM1M2SS/AlgQ2 complex is
believed to be in the state before substrate transloca-
tion. In the AlgM1M2SS/AlgQ2 complex, the
C-terminal domain of AlgQ2 interacts with AlgM2,
and the N-terminal domain interacts with AlgM1.
The substrate-binding cleft between the two domains
of AlgQ2 is partially covered by AlgM1M2.
Therefore, a long tunnel-like structure is formed in
the AlgM1M2SS/AlgQ2 complex (Figure 5). The tun-
nel continues to the alginate-binding site of AlgQ2,
and its length is about 30 Å, corresponding to algi-
nate heptasaccharide. This tunnel-like structure is
thought to be essential for the interaction between
AlgM1M2SS and AlgQ2 binding alginate polymer.

A large inner cavity in the transmembrane domain
of the ABC transporter is used to translocate sub-
strates across the cell membrane. This is also true for
AlgM1M2SS. The surface of the inner cavity of
AlgM1M2 contains both acidic and basic amino
acid residues (Figure 5); it is different from that of
the maltose transporter which transfers neutral sac-
charides as a substrate. The importance of these
charged residues for the effective binding of alginate
from AlgQ1 or AlgQ2, and its subsequent release to
the cytoplasm, was partially understood through
mutagenesis analysis [50]. In general, conformational
changes of the ABC importer occur in accordance
with the binding and release of solute-binding pro-
teins and/or ATP hydrolysis of the nucleotide-
binding domain, accompanied by the opening and
closing motions of the periplasmic and cytoplasmic
ends of the inner cavity, though the manner of con-
formational change is different for each type of ABC
transporter. As a result of such conformational
change, the ABC importer can carry substrate from
the periplasm to the cytoplasm. In AlgM1M2SS, the
distance between the periplasmic and cytoplasmic
ends of the inner cavity is approximately 27 Å, cor-
responding to approximately six residues of linear
alginate. The distinctive charged residues observed
at the surface of the AlgM1M2 inner cavity are absent
in MalFG, which transfers maltose. A site-directed
mutagenesis study suggested that negative and posi-
tive charges derived from the residues Glu259 and
Arg209 on the periplasmic side of AlgM1 and AlgM2
may contribute to the effective passing of the nega-
tively charged substrate released by the alginate-
binding protein. Other mutants at the surface of the
inner cavity of AlgM1M2, such as H141A, K195A,
E196A, and R249A of AlgM1, showed differing
decreases in their transportation and ATP hydrolysis
activities [50]. These mutants might fail due to incor-
rect positioning of the substrate, resulting in

inadequate conformational changes in AlgM1M2
upon ATP hydrolysis by AlgS.

In our assay system for alginate transportation
activity, fluorescently-labeled oligoalginates taken
into the proteoliposome containing AlgM1M2SS
were quantified. Transportation of oligosaccharides
longer than tetrasaccharides were not observed in
this system. On the other hand, fluorescently-labeled
longer oligosaccharides were able enhance the ATP
hydrolysis activity of the proteoliposome. Since the
crystal structure of the AlgM1M2SS/AlgQ2 pentamer
in complex with longer oligoalginates adopts the
same inward-facing conformation as that with trisac-
charides, it is believed that substrate-bound AlgQ2 in
a closed form docks with AlgM1M2SS to cause ATP
hydrolysis of AlgS [51].

The structures of the AlgM1M2SS and AlgM1M2SS/
AlgQ2 complexes are similar to those of the maltose
transporter in general; however, there are some key
differences, as described above. In particular, the tun-
nel-like structure at the AlgQ2 and AlgM1M2 interface
and the charged features of the inner cavity of the
AlgM1M2 dimer are specific to the alginate ABC trans-
porter, suggesting these structural features are essential
for poly- and acidic saccharide transportation.

Concluding remarks

The characteristic mechanism to incorporate alginate
has been applied to other fields. Modified strain A1
containing alcohol dehydrogenase (ADH) and pyruvate
decarboxylase (PDC) genes from Zymomonas mobilis
produced 13.0 g/L ethanol in three days using alginate
as the sole carbon source [52], which was the first report
on bioethanol production from alginate. Molecular
transplantation of the strain A1 alginate incorporation
system to dioxin-degrading Sphingomonas wittichii
RW1 led to the formation of the cell surface pit and
an increase in the dioxin-degrading capacity of the
modified strain [53]. Recent knowledge gained about
the molecular mechanism of alginate recognition and
uptake by strain A1 could further increase the capabil-
ities and applications of strain A1.
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