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ABSTRACT: A Gram-negative bacterium,Sphingomonassp. A1, has a macromolecule (alginate) import
system consisting of a pit on the cell surface and an alginate-specific ATP-binding cassette importer in
the inner membrane. Transport of alginate from the pit to the ABC importer is probably mediated by two
periplasmic binding protein homologues (AlgQ1 and AlgQ2). Here we describe characteristics of binding
of AlgQ1 and AlgQ2 to alginate and its oligosaccharides through surface plasmon resonance biosensor
analysis, UV absorption difference spectroscopy, and X-ray crystallography. Both AlgQ1 and AlgQ2
were inducibly expressed in the periplasm of alginate-grown cells of strain A1. Biosensor analysis indicated
that both proteins specifically bind alginate with a high degree of polymerization (>100) and that
dissociation constants for alginate with an average molecular mass of 26 kDa are 2.3× 10-7 M for
AlgQ1 and 1.5× 10-7 M for AlgQ2. An in vitro ATPase assay using the membrane complex, including
the alginate ABC importer, suggested that both alginate-bound forms of AlgQ1 and AlgQ2 are closely
associated with the importer. X-ray crystallography showed that AlgQ1 consisted of two domains separated
by a deep cleft that binds alginate oligosaccharides through a conformational change in the two domains.
These results directly show that alginate-binding proteins play an important role in the efficient transport
of alginate macromolecules with different degrees of polymerization in the periplasm.

Alginate is a linear polysaccharide composed ofR-L-
guluronate (G)1 and its C5 epimerâ-D-mannuronate (M),
arranged in three different ways: poly-R-L-guluronate (polyG),
poly-â-D-mannuronate (polyM), and heteropolymeric random
sequences (polyMG) (1). Alginate produced by brown
seaweed is widely used in the food and pharmaceutical
industries because the polymer chelates metal ions and forms
a highly viscous solution (2).

Sphingomonassp. A1 (strain A1) isolated from soil is a
Gram-negative bacterium assimilating a macromolecule
(alginate) (3), and directly incorporates the polymer into
cytoplasm through a biosystem consisting of a mouthlike

pit on the cell surface and an alginate-specific ATP-binding
cassette (ABC) transporter in the inner membrane (4, 5).
Incorporated alginate is depolymerized to constituent monosac-
charides through the reactions of three endotype alginate
lyases (A1-I, A1-II, and A1-III) and one exotype alginate
lyase (A1-IV) in the cytoplasm (6, 7).

ABC transporters typically consist of four subunits (two
ABC proteins and two transmembrane subunits) (8), and are
classified into two groups, importers and exporters, on the
basis of the direction of solute flow. Almost all ABC
importers from bacteria to mammals analyzed thus far
transport small molecules with a molecular mass of less than
2 kDa such as sugars, amino acids, oligopeptides, metals,
anions, iron chelators (siderophores), and vitamin B12 (8).
In macromolecule assimilation, living cells generally incor-
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porate small molecules produced by extracellular macro-
molecule-degrading enzymes. The alginate ABC importer
of strain A1 is thus unusual in that the substrate is a
macromolecule with an average molecular mass of 26 kDa.
In most ABC importers in Gram-negative bacteria such as
Escherichia coli(9), a periplasmic binding protein mediates
the transport of the substrate from the outer membrane to
an ABC importer in the inner membrane, and genes encoding
the binding protein and ABC importer are assembled into a
cluster (10). A system consisting of ABC proteins, trans-
membrane domains, and an associated periplasmic binding
protein thus is crucial for substrate import. This is also true
in the ABC importer system for alginate in strain A1; i.e.,
the strain A1 genetic cluster for the alginate import system
contains five genes for an ABC protein (AlgS), transmem-
brane domains (AlgM1 and AlgM2), and two binding
proteins (AlgQ1 and AlgQ2), in that order (5). Although the
alginate ABC importer of strain A1 has a general architecture
composed of two molecules of AlgS and a heterodimer of
AlgM1 and AlgM2, the organization of the genetic cluster
for the alginate import system is unusual in that it contains
two copies of binding proteins. InE. coli, 44 ABC importers
are estimated to be encoded in the genome, and almost all
have one type of ABC importer-associated periplasmic
binding protein except for the arginine ABC importer (ArtP,
ArtM, and ArtQ system) and the putative ABC importer
(YrbF and YrbE system) (9).

We have recently determined the crystal structures of
AlgQ2 and its complex with alginate tetrasaccharide by X-ray
crystallography (11, 12). AlgQ2 consists of two domains
separated by a cleft, and binds and releases alginate tetrasac-
charide through the conformational change in the two
domains. No direct evidence shows, however, that proteins
(AlgQ1 and AlgQ2) are expressed in the periplasm of strain
A1 cells and bind alginate macromolecules. Structural and
functional differences between AlgQ1 and AlgQ2 remain to
be clarified, although primary structures of both proteins are
similar (76% identical). This article clarifies the expression
of AlgQ1 and AlgQ2 in strain A1, their interaction with the
alginate ABC importer, and their characteristics in binding
to macromolecules and oligosaccharides. Our results provide
new insights into the bacterial molecular mechanism under-
lying macromolecule import in periplasm.

EXPERIMENTAL PROCEDURES

Materials.Alginate (sodium salt; average molecular mass
of 26 kDa;D-mannuronate, 56.5%) fromEisenia bicyclisand
hyaluronate (sodium salt) were purchased from Nacalai
Tesque Inc. (Kyoto, Japan). PolyM (M, 95.1%; G, 4.9%)
and polyG (M, 6.1%; G, 93.9%) were kindly donated by T.
Sawabe (Hokkaido University, Hokkaido, Japan). CM-
Toyopearl 650M, DEAE-Toyopearl 650M, and SuperQ-
Toyopearl 650C were purchased from Tosoh Corp. (Tokyo,
Japan). Restriction endonucleases were obtained from Takara
Bio Inc. (Otsu, Japan) and DNA-modifying enzymes from
Toyobo Co., Ltd. (Tokyo, Japan). Gellan (average molecular
mass of 500 kDa, deacetylated) and pectin (average molec-
ular mass of 350 kDa) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Pyruvylated xan-
than (average molecular mass of 2000 kDa) was a gift from
Kohjin Co., Ltd. (Tokyo, Japan).

Microorganisms and Culture Conditions.To assess the
expression of binding proteins and prepare the membrane
complex, strain A1 cells were cultured aerobically at 30°C
in an alginate medium consisting of 0.1% (NH4)2SO4, 0.1%
KH2PO4, 0.1% Na2HPO4, 0.01% MgSO4‚7H2O, 0.01% yeast
extract, and 0.5% alginate (pH 7.2) or a glucose medium
containing 0.5% glucose in place of alginate (pH 7.2).E.
coli strains HMS174(DE3)pLysS and BL21(DE3)pLysS
(Novagen, Madison, WI) were used as hosts for overexpres-
sion of AlgQ1 and AlgQ2, respectively. For expression of
proteins inE. coli, cells were precultured aerobically at 37
°C in Luria-Bertani (LB) medium (13) supplemented with
ampicillin (0.1 mg/mL). When the turbidity reached 0.5 at
600 nm, isopropylâ-D-thiogalactopyranoside was added to
the culture (1 mM), and cells were further cultured at 16°C
for 12 h.

Isolation of Periplasmic Fractions.Periplasmic fractions
were separated from exponentially and stationary growing
cells of strain A1 on alginate or glucose as described
elsewhere (14). Unless otherwise specified, all procedures
were conducted at 0-4 °C. Briefly, strain A1 cells (wet
weight of 7 g) were collected by centrifugation at 6000g
and 4°C for 5 min, washed with distilled water, and then
resuspended in distilled water (26 mL). After the addition
of 0.1 M Tris-HCl (pH 8.3) (15.7 mL), 2 M sucrose (13.2
mL), 1% EDTA (2.6 mL), and 0.5% lysozyme (2.6 mL),
the cell suspension was incubated at 30°C for 1 h and then
centrifuged at 20000g for 15 min. The supernatant was
ultracentrifuged at 100000g for 1 h. The resulting supernatant
was dialyzed against 20 mM Tris-HCl (pH 7.5) and the
dialysate used as a periplasmic fraction.

Sequencing and Manipulation of DNA.The AlgQ1 gene
nucleotide sequence was determined by dideoxy chain
termination using a model 377 automated DNA sequencer
(Applied Biosystems Division of Perkin-Elmer, Foster City,
CA) (15). Subcloning, transformation, and gel electrophoresis
were conducted as described elsewhere (13).

Construction of the Plasmid for OVerexpression of AlgQ1.
An overexpression system for AlgQ1 was constructed inE.
coli cells as follows. To introduce the AlgQ1 gene into an
expression vector, pET3a (Novagen), PCR was conducted
using KOD polymerase (Toyobo Co., Ltd.), the genomic
DNA of strain A1 as a template, and two synthetic oligo-
nucleotides as primers. Oligonucleotides for overexpression
of AlgQ1 were 5′-TCTCCATATGTTCGCGGCTCCGTCG-
GTG-3′ and 5′-CCGGATCCTTACTTGGCTCCGACCTG-
GGCTG-3′, with NdeI andBamHI sites (underlined) added
to their 5′ regions. The fragment amplified through PCR was
digested withNdeI andBamHI and then ligated withNdeI-
andBamHI-digested pET3a. The resultant plasmid containing
the AlgQ1 gene was designated pAQ1.

Protein Assay.Protein concentrations were determined by
the method of Bradford (16), with bovine serum albumin as
the standard.

Purification of AlgQ1 and AlgQ2 from Cells of E. coli.
Unless otherwise specified, all procedures were conducted
at 0-4 °C. Cells of E. coli strain HMS174(DE3)pLysS
harboring pAQ1 were grown in 1 L of LB medium (1
L/flask), collected by centrifugation at 6000g and 4°C for
5 min, washed with 20 mM potassium phosphate buffer
(KPB) (pH 6.8), and then resuspended in the same buffer.
Cells were ultrasonically disrupted (model 201M insonator,
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Kubota, Tokyo, Japan) at 0°C and 9 kHz for 20 min, and
the clear solution obtained upon centrifugation at 15000g
and 4°C for 20 min was used as a cell extract. The cell
extract was applied to a CM-Toyopearl 650M column (2.6
cm× 10 cm) previously equilibrated with 20 mM KPB (pH
6.8). The protein was eluted with a linear gradient of 0 to
0.5 M NaCl (300 mL) in 20 mM KPB (pH 6.8), with a 3
mL fraction collected every 3 min. Fractions containing
AlgQ1, eluted with 0.3-0.4 M NaCl, were combined and
dialyzed against 20 mM sodium HEPES (pH 6.8). The
dialysate was used as a purified AlgQ1. AlgQ2 was also
purified from cells of E. coli strain BL21(DE3)pLysS
harboring pAQ2 as described elsewhere (11).

Preparation of anti-AlgQ2 Antibodies and Western Blot-
ting. AlgQ2 purified from cells ofE. coli was injected into
a rabbit to raise anti-AlgQ2 antibodies. After the rabbit was
bled, antiserum was obtained by centrifugation and used as
anti-AlgQ2 antibodies. To determine the expression of
binding proteins in strain A1, bacterial cells and their
periplasmic fractions were subjected to SDS-PAGE (17),
followed by Western blotting using anti-AlgQ2 antibodies
as described elsewhere (18). Anti-IgG conjugated with
horseradish peroxidase (Pharmacia Biotech, Uppsala, Swe-
den) and a POD Immunostain system (Wako Pure Chemical
Industries, Ltd.) were used to visualize the cross reaction.

N-Terminal Amino Acid Sequence.The N-terminal amino
acid sequence of AlgQ1 purified fromE. coli cells was
determined by Edman degradation with a Procise 492 protein
sequencing system (Applied Biosystems Division of Perkin-
Elmer).

Biosensor Analysis of Alginate Binding by AlgQ1 and
AlgQ2.Surface plasmon resonance (SPR) biosensor analysis
was conducted at 25°C using CM5 sensor chips on a Biacore
3000 instrument (Biacore International AB, Uppsala, Swe-
den). AlgQ1 and AlgQ2 were each immobilized in the
dextran matrix on a CM5 sensor chip through amino
coupling. Dextran surfaces of flow cells on the chip were
activated with a mixture (35µL) of N-ethyl-N′-(dimethyl-
aminopropyl)carbonate (750 mg/mL) andN-hydroxysuccin-
imide (115 mg/mL), and then reacted with the protein (45
µg/mL, 35µL) in 10 mM sodium acetate (pH 4.0) at a flow
rate of 5µL/min. Unreacted activated dextran surfaces were
blocked with 1 M ethanolamine (35µL) at the same flow.
Five types of 10 mM buffers containing 150 mM NaCl and
0.005% Tween 20, i.e., sodium acetate (pH 4.0), sodium
acetate (pH 5.0), MES-NaOH (pH 6.0), HBS-EP (pH 7.4)
(10 mM HEPES and 3 mM EDTA), and Tris-HCl (pH 8.0),
were used as dilution and running buffers. Alginate diluted
to different concentrations (0.26-6.5 mg/mL) was injected
over AlgQ1- or AlgQ2-immobilized surfaces at a flow rate
of 20µL/min, and binding after 2 min injections was assessed
in resonance units (RU). After alginate was injected, the
running buffer was let to flow for dissociation at the same
flow. Tris-HCl (0.1 M, pH 8.0) was used to regenerate the
sensor chip. To determine substrate specificity in the binding
assay, pectin, xanthan, gellan, and hyaluronate were used
instead of alginate. All binding data were subtracted from
data for binding to a blank flow cell.

Preparation of Alginate Oligosaccharides.To determine
the substrate specificity of AlgQ1 and AlgQ2, polyM and
polyG were depolymerized by alginate lyases (A1-III and
A1-II) into di- and tetrasaccharides, respectively (6). Alginate

di- and tetrasaccharides for cocrystallization were prepared
by reacting alginate with alginate lyase A1-III (19). Alginate
oligosaccharides were purified by gel permeation column
chromatography (Bio-Gel P2, Bio-Rad, Richmond, CA).

UV Absorption Difference Spectroscopy.UV absorption
difference spectra observed in interactions between proteins
(AlgQ1 and AlgQ2) and sugars (alginate oligosaccharides)
were examined at pH 7.0 (10 mM sodium HEPES) with a
Shimadzu MPS-2000 spectrophotometer at 25°C.

Partial Purification of the Membrane Complex.The
membrane complex containing the alginate ABC importer
was detected by Western blotting using anti-AlgS antibodies
as described elsewhere (5). Cells of strain A1 cultured in
300 L of alginate medium at 30°C for 48 h were harvested
by centrifugation, washed once with 50 mM Tris-H2SO4 (pH
8.0) containing 1 mM EDTA, and resuspended in the same
buffer. They were then lysed in the presence of DNase by
two sonication passes. After removal of unbroken cells by
centrifugation at 3000g and 4°C for 10 min, the resultant
supernatant was transferred to a clean tube. The centrifuga-
tion step was repeated twice. The supernatant was subjected
to ultracentrifugation at 100000g and 4 °C for 1 h. The
membrane pellet was washed with 50 mM Tris-H2SO4 (pH
8.0) and subjected to a second ultracentrifugation at 100000g
and 4°C for 1 h. The final pellet was resuspended in 50
mM Tris-H2SO4 (pH 8.0) at a protein concentration of 15
mg/mL and frozen in aliquots at-80°C. Membrane vesicles,
prepared as described above (15 mg/mL, typically 350 mg
total), were incubated with 1.5 volumes of 10 M urea for 10
min on ice and collected by ultracentrifugation at 100000g
and 4°C for 30 min. The pellet was washed once with 20
mM Tris-H2SO4 (pH 8.0) and resuspended at a protein
concentration of 2.5 mg/mL in buffer containing 20 mM Tris-
H2SO4 (pH 8.0), 5 mM MgCl2, 1 mM dithiothreitol (DTT),
and 20% glycerol. Proteins were solubilized from urea-treated
membranes by addition of 1.2% octyl glucoside. After
incubation on ice for 20 min, the particulate fraction was
removed by ultracentrifugation at 100000g and 4°C for 30
min. The supernatant was loaded onto a DEAE-Toyopearl
650M column (1.2 cm× 6 cm) previously equilibrated with
buffer A containing 20 mM Tris-H2SO4 (pH 8.0), 1 mM
DTT, 20% glycerol, and 0.2% octyl glucoside. The column
was washed with 10 mL of buffer A and then eluted with a
linear gradient of 0 to 0.5 M Na2SO4 in buffer A (30 mL) at
a flow rate of 0.5 mL/min, a 1 mLfraction being collected
every 1 min. Desired fractions containing AlgS were dialyzed
against buffer B containing 50 mM Tris-H2SO4 (pH 7.5),
50 mM Na2SO4, 1 mM DTT, 20% glycerol, and 0.2% octyl
glucoside, applied to a SuperQ-Toyopearl 650C column (1.2
cm× 5 cm) previously equilibrated with buffer B, and eluted
with a linear gradient of 0 to 0.5 M Na2SO4 in buffer B (30
mL) at a flow rate of 0.5 mL/min, a 1 mL fraction being
collected every 1 min. Fractions containing AlgS, eluted with
0.3 M Na2SO4, were dialyzed against buffer B, and the
dialysate was used as a partially purified membrane complex
containing the alginate ABC importer.

ATPase Assay.ATPase activity was measured as described
elsewhere (5). The final concentrations of the membrane
complex, AlgQ1, AlgQ2, AlgS, and alginate in the assay
mixture were 5 mg/mL, 2 mg/mL, 2 mg/mL, 1 mg/mL, and
1.0 mM, respectively.
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Crystallization and X-ray Diffraction.Crystals of apo-
AlgQ1 (ligand-free) were obtained by hanging-drop vapor
diffusion. The solution for a crystallization drop was prepared
at 20°C on a siliconized cover slip by mixing 3µL of the
protein solution (15 mg/mL) with an equal volume of mother
liquor consisting of 30% polyethylene glycol 4000, 0.1 M
MgCl2, and 0.1 M Tris-HCl (pH 8.5). Cocrystals of AlgQ1
with alginate oligosaccharides were obtained in the same
way. The mother liquor for cocrystallization consisted of 20%
polyethylene glycol 8000, 1 mM alginate di- or tetrasaccha-
ride, and 0.1 M sodium citrate (pH 5.6). Diffraction data for
crystals of AlgQ1 were collected up to 1.9 Å for apo-AlgQ1,
2.0 Å for tetrasaccharide-bound AlgQ1 (holo-AlgQ1-TE),
and 1.6 Å for disaccharide-bound AlgQ1 (holo-AlgQ1-DI),
with a λ of 0.9 Å, using an Oxford PX210 CCD detector at
beamline BL44XU (Beamline for Macromolecule Assem-
blies, Institute for Protein Research, Osaka University, Osaka,
Japan) at SPring-8 (Hyogo, Japan). Data were collected at
the temperature of liquid nitrogen. A complete data set was
recorded for a single crystal with exposure of 8 s for a 1°
oscillation. Collected images were processed with D*Trek
(20) and CCP4 truncate (21).

Structure Determination and Refinement.Crystal structures
of AlgQ1 and its complexes with sugars were determined
by molecular replacement using CNS-SOLVE (22). Coor-
dinates of the ligand-free form of AlgQ2 (11) [apo-AlgQ2;
RCSB Protein Data Bank entry 1KWH (23)] were used as a
search model. The model was built with TURBO-FRODO
(Bio-Graphics) on a Silicon Graphics Octane computer.
Annealing refinement was simulated with this model using
15-2.5 Å resolution data.|Fo| - |Fc| and 2|Fo| - |Fc| maps
were used to locate the correct model. Several rounds of
conjugate gradient minimization refinement andB-factor
refinement, followed by manual model building, were carried
out to improve the model by increasing data to 1.9, 2.0, and
1.6 Å resolution for apo-AlgQ1, holo-AlgQ1-TE, and holo-
AlgQ1-DI, respectively. Water molecules were incorporated
when the difference in density exceeded 3.0σ above the
mean, and the 2|Fo| - |Fc| map showed a density exceeding
1.0σ. The stereo quality of the model was assessed using
PROCHECK (24). Molecular models were superimposed
using the fitting program included in TURBO-FRODO (Bio-
Graphics). Ribbon plots were prepared using MOLSCRIPT
(25) and RASTER3D (26).

RESULTS

Expression of AlgQ1 and AlgQ2 in Cells of Strain A1.
The expression of AlgQ1 and AlgQ2 in strain A1 cells was
investigated by Western blotting using anti-AlgQ2 antibodies
(Figure 1). Cells grown on alginate appeared to produce only
AlgQ2 (Figure 1, lane 4), although neither AlgQ1 nor AlgQ2
was detected in cells grown on glucose (data not shown).
Primary structure-based analysis using PSORT (http://
www.psort.org/) and ProtScale (http://kr.expasy.org/tools/
protscale.html) predicted both to be soluble secretory proteins
with signal peptides, suggesting that they are periplasmic
proteins. In fact, the N-terminal sequence of AlgQ1 purified
from E. coli cells was determined to be25REATW29, and
both AlgQ1 and AlgQ2 expressed inE. coli cells were
localized in the periplasm, indicating that the first 24 amino
acid residues should function as a signal peptide as with
AlgQ2 (11). Periplasmic fractions from exponentially and

stationary growing cells of strain A1 on alginate were
subjected to Western blotting and found to contain both
AlgQ1 and AlgQ2 (Figure 1, lanes 5 and 6). The absence of
AlgQ1 protein bands in alginate-grown cells (lane 4) was
probably due to the limited amount of cells applicable to
Western blotting. No proteins cross-reacting with anti-AlgQ2
antibodies were observed in periplasmic fractions from cells
grown on glucose (Figure 1, lanes 7 and 8), indicating that
AlgQ1 and AlgQ2 are periplasmic proteins that can be
induced in the presence of alginate.

Binding of AlgQ1 and AlgQ2 to Alginates.The SPR
biosensor is powerful in analyzing the macromolecule
interactions by detecting mass changes accompanying the
binding of a soluble analyte to a ligand immobilized in the
dextran matrix on the sensor chip. To assess interactions
between proteins (AlgQ1 and AlgQ2) and the macromo-
lecular polysaccharide through SPR biosensor analysis,
AlgQ1 and AlgQ2 purified fromE. coli cells were im-
mobilized in the dextran matrix on the sensor chip at 11 338
and 10 246 RU, respectively. Initial experiments conducted
using alginate dissolved in the general running buffer, HBS-
EP (pH 7.4), showed interactions between proteins (AlgQ1
and AlgQ2) and alginate that increased in frequency with
an increase in alginate concentration (Figure 2a,b). Part of
the alginate once bound to AlgQ1 and AlgQ2 was dissociated
by the running buffer flow. Although multiple binding data
cannot be fitted completely to the 1:1 binding models
provided with BIAevaluation (Biacore International AB),
dissociation constants (Kd) between proteins and alginate
were estimated to be 6µg/mL for AlgQ1 and 4µg/mL for
AlgQ2, which correspond to 0.23 and 0.15µM, respectively,
when alginate with an average molecular mass of 26 kDa
was used (Table 1). Since profiles of binding of AlgQ1 to
alginate were similar to those of AlgQ2, results are shown
below for only AlgQ1. The effects of pH (4.0-8.0) on the
interaction were then examined. The binding of AlgQ1 to
alginate was detected when buffers at pH 4.0, 5.0, and 6.0
were used, and peaked at pH 4.0 (Figure 2c). No interaction
was observed at pH 8.0. AlgQ1 bound alginate and xanthan,
but with greater affinity for alginate (Figure 2d). Alginates
with different degrees of polymerization (100-500) became

FIGURE 1: Expression of strain A1 AlgQ1 and AlgQ2. SDS-
PAGE, followed by Western blotting using anti-AlgQ2 antibod-
ies: lane 1, purified AlgQ1 (0.5µg of protein); lane 2, purified
AlgQ2 (0.5µg of protein); lane 3, molecular mass standards (from
the top, 175, 83, 62, 48, 33, 25, and 17 kDa); lane 4, cells of strain
A1 grown on alginate; lane 5, periplasmic fraction of exponentially
growing cells of strain A1 on alginate; lane 6, periplasmic fraction
of stationary growing cells of strain A1 on alginate; lane 7,
periplasmic fraction of exponentially growing cells of strain A1
on glucose; and lane 8, periplasmic fraction of stationary growing
cells of strain A1 on glucose.
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substrates for AlgQ1 and AlgQ2 (data not shown), while
other polysaccharides such as pectin, gellan, and hyaluronate
were inert as substrates (Figure 2d), indicating that AlgQ1
and AlgQ2 are specific to alginate.

Interactions of AlgQ1 and AlgQ2 with oligo- and monosac-
charides were analyzed using UV absorption difference
spectroscopy. Spectral changes were observed when alginate
oligosaccharides were added to the protein solution (Figure
2e). Since differences depending on the substrate concentra-
tion gave a saturation curve, dissociation constants (Kd) were
determined to be 2.8-15 µM for alginate oligosaccharides
by nonlinear curve fitting (Table 1). No significant difference
in Kd was seen between AlgQ1 and AlgQ2 for alginate
oligosaccharides. Although results through UV absorption
difference spectroscopy suggest that both proteins interact
specifically with alginate oligosaccharides in addition to the
macromolecule alginate, further analysis was required for
the direct evidence regarding interactions between proteins
and oligosaccharides.

Interaction of AlgQ1 and AlgQ2 with the Membrane
Complex. Since AlgQ1 and AlgQ2 were identified as
macromolecule-binding (alginate-binding) proteins localized
in periplasm, we studied their association with the alginate
ABC importer contained in the membrane complex (Figure
3). Through SDS-PAGE analysis followed by staining with
Coomasie brilliant blue and Western blotting using anti-AlgS

FIGURE 2: AlgQ1 and AlgQ2 binding to poly- and oligosaccharides.
Interaction between proteins and polysaccharides and between
proteins and oligosaccharides was studied by SPR biosensor analysis
(a-d) and UV absorption difference spectroscopy (e). (a) Depen-
dence of alginate concentration (0.26, 1.3, 2.6, and 6.5 mg/mL) on
AlgQ1 binding to alginate at pH 7.4. (b) Dependence of alginate
concentration (0.26, 1.3, 2.6, and 6.5 mg/mL) on AlgQ2 binding
to alginate at pH 7.4. (c) Effect of pH on AlgQ1 binding to alginate.
Alginates (1 mg/mL) dissolved in different buffers were injected
over AlgQ1-immobilized surfaces: pH 4.0, sodium acetate; pH 5.0,
sodium acetate; pH 6.0, MES-NaOH; and pH 8.0, Tris-HCl. (d)
Specificity in AlgQ1 binding to 100µg/mL polysaccharides
(alginate, xanthan, gellan, hyaluronate, and pectin) at pH 4.0. (e)
UV absorption difference spectrum observed on binding of AlgQ1
(1.7µM) and alginate disaccharide (∆MM) (20 µM) at pH 7.0 and
25 °C.

Table 1: Dissociation Constants between Alginate-Binding Proteins
and Sugars

dissociation constantKd (µM)

substrate AlgQ1 AlgQ2

alginate 0.23a 0.15a

disaccharide∆MM b 2.8 6.1
alginate tetrasaccharidec 15 13
G-rich alginate tetrasaccharided 9.1 14
maltose NDe NDe

a Calculated using the average molecular mass of 26 kDa. See the
text for details.b PolyM depolymerized to disaccharide through the A1-
III reaction. c Same sample that was used for cocrystallization.d G-
rich alginate tetrasaccharide produced from polyG through the A1-II
reaction.e A 0.83 mM substrate solution gave no difference in the UV
spectrum.

FIGURE 3: ATPase activity of the membrane complex: lane 1,
membrane complex alone; lane 2, membrane complex with alginate;
lane 3, membrane complex with AlgQ1; lane 4, membrane complex
with AlgQ2; lane 5, membrane complex with AlgQ1 and alginate;
lane 6, membrane complex with AlgQ2 and alginate; lane 7, purified
AlgS alone; lane 8, purified AlgS with AlgQ1; lane 9, purified AlgS
with AlgQ2; lane 10, purified AlgS with AlgQ1 and alginate; and
lane 11, purified AlgS with AlgQ2 and alginate. The ATPase
activity of the membrane complex is 0.08µmol min-1 (mg of
protein)-1 and that of AlgS alone 0.88µmol min-1 (mg of
protein)-1, both of which are taken relatively to be 100%.
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antibodies, we confirmed that the partially purified complex
included the alginate ABC importer as major proteins and
the other proteins as a few faint proteins. The complex
exhibited ATPase activity, the level of which did not change
in the presence of alginate (Figure 3, lanes 1 and 2). Activity
in the complex was slightly elevated in the presence of
ligand-free alginate-binding proteins (Figure 3, lanes 3 and
4), while alginate-bound proteins significantly increased
enzyme activity (Figure 3, lanes 5 and 6). AlgS was purified
by further purification of the membrane complex that
constitutes a homodimer and exhibits ATPase activity, which
was not activated even in the presence of alginate-bound
proteins (Figure 3, lanes 10 and 11). These data suggest that
the activation of AlgS by alginate-bound AlgQ1 and AlgQ2
is mediated through transmembrane domains, although these
experiments were still primitive because of the possibility
that the membrane complex might contain a faint ATPase
other than AlgS.

Structure Determination of AlgQ1 and Its Complexes with
Di- and Tetrasaccharides.To clarify the structural difference
between AlgQ1 and AlgQ2, and to obtain direct evidence
of interactions between proteins and oligosaccharides, crystal
structures of AlgQ1 and its complexes with alginate di- and
tetrasaccharides were determined by X-ray crystallography.
Table 2 summarizes the results of X-ray data collection and
refinement statistics. All models of AlgQ1 (apo and holo
forms) consist of 490 amino acids, suggesting that proteins
are truncated. In fact, the C-terminal amino acid was
determined to be Tyr by carboxypeptidase Y digestion and
amino acid analysis, indicating that AlgQ1 was digested
between Tyr490 and Gly491. The polypeptide chain se-
quence for the 490 amino acids was well traced, and the
electron density of main and side chains was generally very
well defined on the 2|Fo| - |Fc| map. Judging from the
results of Ramachandran plot analysis (27), we confirmed
that most non-glycine residues lie within most favored
regions, the exception being Lys251 (apo-AlgQ1,φ ) 65°
andψ ) -141°; holo-AlgQ1-TE,φ ) 62° andψ ) -133°;
and holo-AlgQ1-DI,φ ) 65° and ψ ) -139°), which is
present in a generously allowed region. Lys251 is located
next to the terminus of a helix (H12/C). The 2|Fo| - |Fc|

density map exceeding 1.0σ was not strong enough to
identify the reducing end sugar residue of holo-AlgQ1-TE,
so we used the map exceeding 0.6σ and found aD-
mannuronateR-anomer to be the best fit for the density map.

Figure 4a shows a ribbon model of apo-AlgQ1, which
consists of two globular domains (N domain consisting of
residues 1-133 and 310-400 and C domain consisting of
residues 134-309 and 401-490) that form anR/â structure.
These two domains are connected through three loop
segments consisting of residues 133-136, 292-314, and
399-401. One calcium ion is present in the C domain.
Overall structures of holo-AlgQ1-TE and holo-AlgQ1-DI are
shown in panels b and c of Figure 4, respectively. Tetrasac-
charide or disaccharide is bound in the deep cleft between
the N and C domains.

Table 3 lists the root-mean-square (rms) deviation of
equivalent CR atoms calculated within a pair distance of 2.0
Å and altered rotation angle between N and C domains upon
substrate binding. The rms difference between holo-AlgQ1-
TE and holo-AlgQ1-DI for the entire structure is 0.42 Å,
being 0.27 and 0.30 Å for the N and C domains, respectively.
When N domains of apo and holo forms were superimposed,
the rotation angle required to superimpose the C domain was
determined to be 0.6°, so structures of holo-AlgQ1 with
tetrasaccharide and disaccharide are almost the same. The
rms difference between apo-AlgQ1 and holo-AlgQ1-TE is
small for each N or C domain, and folding topologies of the
N or C domain are similar. However, the value for the entire
protein is larger, and the rotation angle was calculated to be
44°; the two domains are closer in holo-AlgQ1 because of
substrate binding.

Alginate-Binding Sites.Binding sites of holo-AlgQ1-TE
and holo-AlgQ1-DI are shown in Figure 5. The bound
tetrasaccharide in holo-AlgQ1-TE is ribbon-shaped and
consists of∆M1-M2-G3-M4 from the nonreducing end,
where∆M, M, and G denote unsaturatedD-mannuronate,
saturatedD-mannuronate, and saturatedL-guluronate, respec-
tively. Unsaturated mannuronate,∆M1, was produced from
alginate through the reaction of A1-III. Sugar-binding sites,
corresponding to alginate residues, are designated S1-S4.
Each alginate residue of the bound tetrasaccharide was in a

Table 2: Data Collection and Refinement Statistics

apo-AlgQ1 holo-AlgQ1-TE holo-AlgQ1-DI

crystal
space group P212121 P21 P21
cell dimensions [a (Å), b (Å), c (Å), â (deg)] 49.2, 59.2, 165.3 58.8, 67.4, 63.0, 95.9 58.5, 67.8, 62.8, 95.3
no. of molecules/asymmetric unit 1 1 1

data collection
no. of measured reflections 229676 135158 314762
no. of unique reflections 41719 33209 63420
Rsym (%) 9.4 10.1 9.4
completeness 99.7 99.0 99.5

refinement
resolution (Å) 8-1.9 15-2.0 15-1.6
no. of reflections used 38345 (99.7%) 32534 (98.1%) 63331 (97.4%)
no. of residues/no. of waters 490/326 490/406 490/654
no. of calcium ions 1 1 1
saccharide - one tetramer one dimer
averageB-factor 20.4 19.1 16.2
structure form open closed closed
rms deviation

bond lengths (Å) 0.0077 0.0056 0.0051
bond angles (deg) 1.38 1.24 1.25

R-factor (%) 19.4 19.9 19.7
Rfree (%) 24.4 25.5 22.4
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4C1 (M2 and M4) or1C4 pyranoside form (G3), and M1 is
unsaturated mannuronate. In the holo-AlgQ1-DI crystal,
bound disaccharide was found to consist of∆M1-M2 with
R-anomeric M2 at S1 and S2. The mode of binding to
disaccharide∆M1-M2 is the same as that in holo-AlgQ1-
TE.

The bound oligosaccharides interact with surrounding
amino acids. Table 4 summarizes hydrogen bond interactions

between the bound alginate oligosaccharides and alginate-
binding proteins. Secondary structure elements are designated
the same as for apo-AlgQ2 (11). The number of direct
hydrogen bonds between AlgQ1 and the tetrasaccharide in
holo-AlgQ1-TE is 13 (∆M1, 8; M2, 3; G3, 1; and M4, 1),
and the number of associated water molecules is 13 (∆M1,
2; M2, 6; G3, 3; and M4, 2). The number of direct hydrogen
bonds between AlgQ1 and the disaccharide in holo-AlgQ1-

FIGURE 4: AlgQ1 structure: (a) apo-AlgQ1, (b) holo-AlgQ1-TE, and (c) holo-AlgQ1-DI. Colors denote secondary structure elements (blue
for R-helices, purple forâ-strands, cyan for loops and coils, and yellow for the calcium ion; sugar shown in CPK model). N marks the
N-terminal end and C the C-terminal end.

Table 3: Comparison of Equivalent Domains and Rotation Angles

rms difference for CR atoms (Å)

molecules compareda entire structure N domain C domain
altered rotation angle

between the N and C domains (deg)

holo-AlgQ1-TE vs holo-AlgQ1-DI 0.42 (490) 0.27 (216) 0.30 (247) 0.6
apo-AlgQ1 vs holo-AlgQ1-TE 1.53 (155) 0.39 (214) 0.54 (246) 44
apo-AlgQ2 vs holo-AlgQ2-TEb 1.45 (173) 0.63 (211) 0.59 (243) 33
apo-AlgQ1 vs apo-AlgQ2c 0.91 (463) 0.69 (212) 0.59 (246) 7
holo-AlgQ2-TEb vs holo-AlgQ1-TE 0.73 (487) 0.56 (214) 0.58 (246) 5

a The first molecule is open wider than the second.b Results for AlgQ2 complexed with tetrasaccharide (12). c Results for ligand-free AlgQ2
(11).
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DI is 11 (∆M1, 8; and M2, 3), and the number of associated
water molecules is 10 (∆M1, 2; and M2, 8). Hydrogen bond
interactions between the disaccharide∆M1-M2 and amino
acid residues are almost the same in holo-AlgQ1-TE and
holo-AlgQ1-DI, except for the M2-O1 interaction of the
disaccharide reducing end in holo-AlgQ1-DI. Five water
molecules are located at S3 and S4 subsites in holo-AlgQ1-
DI. Table 5 summarizes C-C contacts between alginate
oligosaccharides and alginate-binding proteins. The number
of C-C contacts between AlgQ1 and tetrasaccharide holo-
AlgQ1-TE is 36 (∆M1, 23; M2, 7; G3, 2; and M4, 4). The
number of C-C contacts between AlgQ1 and disaccharide
holo-AlgQ1-DI is 30 (∆M1, 23; and M2, 7). These results
suggest that the nonreducing end of a sugar is heavily
involved in binding with AlgQ1. C-C contacts are mainly
through aromatic side chains, and the Trp270 residue in the
C domain exhibits the most favorable stacking interactions

with ∆M1. Most hydrogen-bonding residues are located in
the N domain and most stacking aromatic residues in the C
domain.

To analyze specificity at the S1 subsite, we used compu-
tational simulation to place saturated or unsaturated gulur-
onate or saturated mannuronate at the S1 subsite. If saturated
mannuronate is positioned thusly, O4 interacts with OE1 and
OE2 of Glu396 at a distance of 2.8-2.9 Å. When guluronate
is present instead of∆M1, guluronate cannot form a C-C
contact with Trp270 or other aromatic residues because both
axial OH-2 and equatorial OH-3 of∆M1 are displaced to
the hydrophilic side.

Structural Comparison between AlgQ1 and AlgQ2.The
overall structure of AlgQ1 is very similar to that of AlgQ2
(11, 12). Some 24% of substitution is scattered over the
sequence, but most residues that interact with alginate are
conserved, except for residues 187 and 208. As shown in

FIGURE 5: Binding site of holo-AlgQ1: (a) holo-AlgQ1-TE and (b) holo-AlgQ1-DI. Aromatic residues are colored yellow, basic residues
pink, acidic residues cyan, and nonpolar residues green, and the sugar is colored red.
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Table 3, apo-AlgQ1 is more open than apo-AlgQ2 (rotation
angle of 7°), but holo-AlgQ1-TE is more closed than holo-
AlgQ2-TE (rotation angle of 5°), which is the complex of
AlgQ2 and alginate tetrasaccharide (12). The rotation angle
of AlgQ1 upon substrate binding is therefore∼10° greater
than that of AlgQ2. Hydrogen bonds between N and C
domains of apo- and holo-AlgQ1 are found in the same
residues with AlgQ2 (12) (data not shown). Basically, the
hinge bends in three connected loops (Table 6). Backbone
torsion angles differ between AlgQ1 and AlgQ2 at residues
133, 134, and 310. In apo-AlgQ2, an indirect water-mediated
hydrogen bond exists between the N of Gly133 and the O
of Glu310 via a water molecule, and the hydrogen bond is
lost in holo-AlgQ2-TE. In apo-AlgQ1, no indirect hydrogen
bond exists between these residues because the O of Glu310
turns in the opposite direction due to substitution at residue
312 (Val in AlgQ2 to Pro in AlgQ1). This may be a reason
for the difference in rotation angle between AlgQ1 and
AlgQ2.

Even though tetrasaccharides used for cocrystallization are
mixtures of M and MG blocks (19), we found∆M1-M2-
G3-M4 in both holo-AlgQ1-TE and holo-AlgQ2-TE with the
same binding mode (Tables 4 and 5). This tetrasaccharide
may be the predominant species, but AlgQ1 and AlgQ2 could
recognize the same substrate.

Amino acid substitutions at alginate-binding sites consist
of Asp187 and Trp208 in AlgQ1 to His187 and Tyr208 in
AlgQ2. Interactions with∆M1-M2 are the same in three holo
forms, i.e., holo-AlgQ1-TE, holo-AlgQ1-DI, and holo-
AlgQ2-TE. A C-C contact between M2 and Arg20 is found
in holo-AlgQ1, whereas a C-C contact between M2 and
His187 is found in holo-AlgQ2. At the S3 subsite, a hydrogen
bond with His187 and a C-C contact with Arg313 are found
in only holo-AlgQ2. A C-C bond exists between M4 and
Trp208 in holo-AlgQ1-TE. The electron density map of M4
in holo-AlgQ1-TE is weaker than for other sugars, so M4
appears to be unstable at the S4 site.

DISCUSSION

We have directly demonstrated through SPR biosensor
analysis that both AlgQ1 and AlgQ2 are macromolecule-
binding proteins expressed in the periplasm of strain A1 cells
(Figure 2a,b). Further, UV absorption difference spectroscopy
and X-ray crystallography indicated that both proteins show
an affinity for alginate oligosaccharides with different M/G
compositions and that these interactions are involved in the
structural change of aromatic residues Tyr129, Trp270, and
Trp399 in the active cleft (Table 1 and Figures 2e and 5).
Although several periplasmic binding proteins have function-
ally and structurally been clarified (8, 28), all of them are
specific for small molecules. These structural and functional

Table 4: Hydrogen Bond Interactions between Alginate-Binding Proteins and Alginate Oligosaccharides

distancea (Å)/water number

sugar atom bond atom element/domain holo-AlgQ1-TE holo-AlgQ1-DI holo-AlgQ2-TEb

∆M1
O2 Asn375 ND2 H18/N 3.2 3.2 3.2
O2 Tyr395 OH H19/N 3.1 3.1 3.1
O2 water 2.7/WAT567 2.7/WAT625 2.8/WAT71
O3 Tyr395 OH H19/N 3.0 2.9 2.9
O3 Glu396 OE1 H19/N 2.5 2.6 2.5
O5 Asn375 ND2 H18/N 2.9 3.1 3.1
O61 Asn375 ND2 H18/N 3.1 3.0 3.2
O61 Ser273 OG H14/C 2.4 2.5 2.5
O62 water 2.7/WAT581 2.7/WAT612 2.8/WAT73
O62 Ser273 N H14/C 2.9 3.0 3.0

M2
O1 water - - 3.0/WAT621 -
O2 Trp270 NE1 SC2/C 3.4c 2.9 3.0
O2 water 3.3c/WAT652 2.8/WAT614 3.0/WAT973
O3 Arg186 NH2 L-SC1:H9/C 2.8 3.0 2.9
O4 water 2.9/WAT567 2.9/WAT625 2.9/WAT71
O5 water 3.1/WAT594 2.9/WAT616 -
O5 water - 2.9/WAT1013 -
O61 water 2.7/WAT594 2.8/WAT597 2.7/WAT62
O61 water 2.7/WAT538 2.7/WAT616 2.7/WAT63
O62 Tyr129 OH SA1/N 2.7 2.7 2.6
O62 water 2.7/WAT567 2.8/WAT625 2.8/WAT71

G3
O2 Arg313 NH2 L-SC4:SA3/C-N 2.9 3.1
O2 water 3.1/WAT505 3.0/WAT276
O2 water - 3.1/WAT86
O3 water 2.8/WAT852 2.9/WAT164
O61 water 3.2/WAT816 2.7/WAT380
O62 His187 NE2 L-SC1:H9/C - 3.0
O62 water - 2.8/WAT

M4
O1 water 2.8/WAT576 2.7/WAT26
O1 water - 2.8/WAT325
O2 Asp21 OD1 L-SA5:SA6/N 2.3 2.7
O3 water - 3.1/WAT407
O61 water - 2.7/WAT408
O61 water - 2.8/WAT127
O62 water 2.8/WAT505 2.6/WAT580

a Distance ofe3.2 Å. b Results for AlgQ2 molecule A (12). c More than 3.2 Å.
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analyses of AlgQ1 and AlgQ2 thus provide novel information
about macromolecule import.

AlgQ1 and AlgQ2 were inducibly produced in the peri-
plasm of alginate-grown cells of strain A1. The organization
of the genetic cluster for import and depolymerization of
alginate in strain A1 shows that genes for the ABC importer
(AlgS, AlgM1, and AlgM2) and periplasmic binding proteins
(AlgQ1 and AlgQ2) constitute an operon structure (5),
suggesting that the expression of binding proteins as well
as the ABC importer is probably controlled by a promoter
activated in the presence of alginate.

Although a dimeric form of AlgS is active as ATPase in
vitro even after separation from the alginate ABC importer,
the ATPase activity of AlgS is substantially increased in the
presence of both transmembrane domains (AlgM1 and
AlgM2) and periplasmic binding proteins (AlgQ1 and
AlgQ2) complexed with alginate (Figure 3). This activation
of ATPase is also observed in theE. coli maltose transport
system (29). The purified ABC protein (MalK) for maltose
import exhibits constitutive ATPase activity in the absence
of maltose, but ATPase activity increases in the presence of
binding protein (MalE) and its substrate. Maltose-bound
MalE is better able to stimulate ATP hydrolysis than maltose-
free MalE. The mechanism for association of MalE with the
maltose ABC importer (MalFGK2) was recently clarified
(30). Although both maltose-bound MalE in its closed
conformation and maltose-free MalE in its open conformation
can interact with the importer, maltose-bound MalE initiates
the transport cycle. Once MalK binds ATP, the opening of
domains in MalE (release of maltose) and the periplasmic
entrance produced by transmembrane domains (MalF and
MalG) are induced. In the alginate import system of strain
A1, activation of the ABC protein (AlgS) also requires the
participation of transmembrane domains (AlgM1 and Al-
gM2) and alginate-bound proteins (AlgQ1 and AlgQ2), thus
suggesting that information about structural change induced
in binding proteins through alginate binding is transferred
to the ABC protein via mediation by transmembrane
domains, and the transport cycle for alginate import is similar
to that for E. coli maltose import. To clarify the intrinsic
mechanism underlying the ABC protein, we are now going
to reconstitute the alginate ABC importer using AlgS,
AlgM1, and AlgM2 purified independently from cells ofE.
coli containing each of these genes. We will then analyze
the interaction between the ABC importer and periplasmic
binding proteins.

E. coli maltose import has been well studied in the
periplasmic binding protein-dependent transporter of sugar
import (8, 10, 30). MalE, which has the ability to bind
maltose and maltodextrin, undergoes a ligand-induced con-
formational change and interacts with the membrane ABC

Table 5: C-C Contacts between Alginate-Binding Proteins and
Alginate Oligosaccharidesa

no. of contacts

sugar
atom

bond
atom

element/
domain

holo-
AlgQ1-TE

holo-
AlgQ1-DI

holo-
AlgQ2-TEb

∆M1
C1 Trp270 SC2/C 6 6 6
C3 Trp270 SC2/C 2 2 2
C3 Glu396 H19/N 1 1 1
C4 Trp270 SC2/C 1 1 1
C4 Glu396 H19/N 2 2 2
C4 Trp399 L-H19:H20/N-C 1 1 1
C5 Trp270 SC2/C 5 5 5
C6 Trp270 SC2/C 6 6 6
C6 Ser273 H14/C 1 1 1
C6 Trp399 L-H19:H20/N-C 1 1 1

M2
C2 His187 L-SC1:H9/C - - 1
C3 Trp270 SC2/C 2 2 1
C4 Trp270 SC2/C 2 2 2
C5 Arg20 L-SA5:SA6/N 1 1 -
C6 Tyr129 SA1/C 2 2 2
C6 Arg313 L-SC4:SA3/C-N - - 1

G3
C2 Arg313 L-SC4:SA3/C-N - 2
C3 Arg313 L-SC4:SA3/C-N - 1
C4 Arg20 L-SA5:SA6/N 1 1
C5 Arg20 L-SA5:SA6/N 1 1
C6 Arg20 L-SA5:SA6/N - 2

M4
C2 Asp21 L-SA5:SA6/N 1 1
C3 Arg20 L-SA5:SA6/N 1 1
C5 Asn75 L-SA4:H3/N 1 1
C6 Trp208 L-H9:SD1/C 1 -
a Distance ofe4.4 Å. b Results for AlgQ2 molecule A (12).

Table 6: Changes in Backbone Torsion Angle in Hinge Connections of AlgQ1 and AlgQ2
L-SA1:SC3

residue 132 residue 133 residue 134 residue 135 residue 136

φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg)

holo-AlgQ1-TE 10 9 -42 -72 39 34 28 -39 8 2
holo-AlgQ1-DI 8 17 -48 -70 37 42 18 -34 6 2
holo-AlgQ2-TEa 7 29 -48 29 1 17 21 -32 12 -4

L-SC4:SA3

residue 308 residue 309 residue 310 residue 311 residue 312

φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg)

holo-AlgQ1-TE -8 10 -10 13 30 -6 -10 6 4 -5
holo-AlgQ1-DI -13 17 -16 14 29 -8 -10 6 8 -6
holo-AlgQ2-TEa 6 5 -7 17 6 -1 -11 15 10 6

L-H19:H20

residue 398 residue 399 residue 400 residue 401 residue 402

φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg) φ (deg) ψ (deg)

holo-AlgQ1-TE -13 13 -7 -3 -8 26 6 -9 0 -4
holo-AlgQ1-DI -11 13 -11 0 -9 32 0 -8 -5 7
holo-AlgQ2-TEa -2 -1 5 0 -6 15 8 -13 6 -7

a Results for AlgQ2 complexed with alginate tetrasaccharide (12).
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transporter. Two significant differences in substrate-binding
proteins exist between alginate and maltose import, the
feature of substrate and the periplasmic binding protein copy
number. Alginate used in this study is a polysaccharide with
more than 100 degrees of polymerization consisting of two
types of highly polar sugar (M and G), while maltose and
maltodextrin are composed of fewer than seven glucose
residues. Two genes for periplasmic binding proteins (AlgQ1
and AlgQ2) are included in the genetic cluster for the alginate
import system of strain A1.E. coli, in contrast, contains one
type of maltose-binding protein (MalE) in the maltose operon
(10), which is typical in the case of otherE. coli ABC
importers (9).

Compared to those of other periplasmic binding proteins,
the binding cleft of AlgQ1 and AlgQ2 appears to extend
further and longer. The surface area of the binding cleft in
alginate-binding protein (AlgQ2, PDB entry 1J1N) was
calculated to be 1739 Å2 by a castP analysis (http://
cast.engr.uic.edu/cast/) (31), while that in maltose-binding
protein (MalE, PDB entry 1FRD) was 600 Å2. MalE is
shown to accommodate at most a liner tetrasaccharide in the
binding cleft, although the protein can bind maltooligosac-
charides composed of seven glucose residues (32). Compu-
tational simulation shows that at least a linear hexasaccharide
can be accommodated in the active cleft of alginate-binding
proteins, thus indicating that this larger space in the cleft
enables AlgQ1 and AlgQ2 to bind macromolecules with high
degrees of polymerization of the monosaccharide, but both
alginate-binding proteins mainly recognize the first two sugar
residues from the nonreducing end of alginate. The binding
of two saccharides,∆M1-M2, to S1 and S2 is the key to
making the closed form. Although∆M-M was found at the
S1-S2 subsite for all three holo forms [holo-AlgQ1-TE,
holo-AlgQ2-TE (12), and holo-AlgQ1-DI],D-guluronate may
bind to S1 and S2 because similarKd values are obtained
with other alginate oligosaccharides when a G-rich tetrasac-
charide mixture that should containL-guluronate at the
nonreducing end is used as a substrate for UV difference
absorption spectroscopy. Since the natural form of alginate
should have a saturated nonreducing end, alginate-binding
proteins appear to recognize a saturated form at the S1
subsite. Further analysis of the structural features of alginate-
binding proteins with native saturated and/or G-rich alginates
should provide thus new insights into the mode of binding.

Distinct from other bacteria, cells of strain A1 produce
two types of periplasmic alginate-binding proteins (AlgQ1
and AlgQ2) in the periplasm that are similar in primary
structure. Yet what is the purpose of this? In this work, we
thoroughly analyzed the structure and function of AlgQ1 and
AlgQ2 but failed to find significant differences between them
except for an altered rotation angle between N and C
domains. AlgQ1 and AlgQ2 share the following structural
and functional features: an overall structure consisting of
N and C domains with a deep cleft, conformational change
of two domains in the binding or release of alginate,
dissociation constant (Kd) toward alginate and its oligosac-
charides, substrate specificity, and optimal binding pH. We
thus concluded that AlgQ1 and AlgQ2 likely arose due to
gene duplication in cells of strain A1.

Through comparative genomics, our conclusion is sup-
ported by the organization of a certain genetic cluster in
Agrobacterium tumefaciens(33). The genetic cluster ho-

mologous to that for alginate import and degradation of strain
A1 is included in theAgrobacteriumgenome, and consists
of five genes encoding hypothetical proteins, Atu3021,
Atu3022, Atu3023, Atu3024, and Atu3025, showing sig-
nificant homology with AlgS (60% identical), AlgM1 (62%),
AlgM2 (67%), AlgQ1 (56%), and A1-IV (55%), respectively.
Due to the high degree of similarity, hypothetical proteins
are assigned to those responsible for sugar import and
degradation. TheAgrobacteriumgenetic cluster contains a
single gene encoding an alginate-binding protein homologue.
We therefore postulate that the genetic cluster for alginate
import and degradation is transferred horizontally from that
of the Agrobacterium-like bacteria to strain A1, and two
copies of the alginate-binding protein are generated through
gene duplication in strain A1.
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