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ABSTRACT: Alginate is a heteropolysaccharide that consists
of f-D-mannuronate (M) and a-L-guluronate (G). The Gram-
negative bacterium Sphingomonas sp. Al directly incorporates
alginate into the cytoplasm through the periplasmic solute-
binding protein (AlgQl and AlgQ2)-dependent ABC trans-
porter (AlgM1-AlgM2/AlgS-AlgS). Two binding proteins with
at least four subsites strongly recognize the nonreducing
terminal residue of alginate at subsite 1. Here, we show the
broad substrate preference of strain Al solute-binding proteins
for M and G present in alginate and demonstrate the structural
determinants in binding proteins for heteropolysaccharide
recognition through X-ray crystallography of four AlgQl
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structures in complex with saturated and unsaturated alginate oligosaccharides. Alginates with different M/G ratios were
assimilated by strain Al cells and bound to AlgQ1 and AlgQ2. Crystal structures of oligosaccharide-bound forms revealed that in
addition to interaction between AlgQl and unsaturated oligosaccharides, the binding protein binds through hydrogen bonds to
the C4 hydroxyl group of the saturated nonreducing terminal residue at subsite 1. The M residue of saturated oligosaccharides is
predominantly accommodated at subsite 1 because of the strict binding of Ser-273 to the carboxyl group of the residue. In
unsaturated trisaccharide (AGGG or AMMM)-bound AlgQ], the protein interacts appropriately with substrate hydroxyl groups
at subsites 2 and 3 to accommodate M or G, while substrate carboxyl groups are strictly recognized by the specific residues Tyr-
129 at subsite 2 and Lys-22 at subsite 3. Because of this substrate recognition mechanism, strain Al solute-binding proteins can

bind heteropolysaccharide alginate with different M/G ratios.

lginate is an acidic heteropolysaccharide that consists of S-
p-mannuronate (M) and the CS epimer a-L-guluronate
(G)." The alginate polymer consists of poly(M), poly(G), and
heteropolymeric random sequences poly(MG). Because of
their different configurations, poly(M) adopts a linear extended
conformation, whereas poly(G) exhibits a buckled structure.
Brown seaweeds and certain bacteria are known to produce
alginate.” Seaweed alginate is widely used as a gelling agent in
food, pharmaceutical, cosmetic, and medical industries, and
enzymatically degraded oligosaccharides show potent physio-
logical activity as elicitors in plants and bifidobacteria.’ On the
other hand, Pseudomonas alginate functions as a biofilm
involved in bacterial respiratory infectious diseases, particularly
in cystic fibrosis patients.* A large number of reports on
alginate-degrading microbes and/or enzymes have been
published, providing useful biochemicals for modifying or
processing edible seaweed alginate and removing bacterial
biofilm alginate.®
The use of sugar cane and corn starch for the production of
ethanol has produced serious social problems, such as their

insufficient supply and the sudden increase in prices.® Recently,
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marine biomass has been recognized as a promising source for
biofuel production. Brown seaweed, a type of marine biomass,
can be readily cultivated and has not been exploited as a major
crop. Alginate is an attractive marine biomass component
because of its high content (30—60%) in dried seaweeds and
easy extraction; the M/G ratio in alginate varies depending on
the producer species, season, and area.” Nevertheless, in
comparison to neutral starch and cellulose in land plants, little
information about the utilization of this acidic polysaccharide is
available.

In general, microbes secrete polysaccharide-degrading
enzymes extracellularly and incorporate degraded oligosacchar-
ides into microbial cells when grown on polysaccharides. This
mechanism is considered to be an extracellular degrading
enzyme-dependent assimilation system. In particular, poly-
saccharide lyases are key enzymes for microbial degradation of
acidic polysaccharides such as alginate and pectin.® On the
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other hand, the Gram-negative Sphingomonas sp. Al (strain A1)
isolated from a paddy field as an alginate-assimilating bacterium
is peculiar in that the bacterium directly incorporates external
alginate into the cytoplasm simultaneously across the outer and
inner membranes and degrades the polysaccharide by
cytoplasmic alginate lyases.” The alginate incorporation
machinery of strain Al includes three component segments: a
pit on the cell surface,'® solute-binding proteins in the
periplasm,’’ and an ATP-binding cassette (ABC) transporter
in the inner membrane.'* The cell surface pit with a diameter of
0.02—0.1 ym is formed to accumulate external alginate through
rearrangement of pleat molecules. Periplasmic alginate-binding
proteins (AlgQl and AlgQ2) mediate the transfer of the
polysaccharide from the cell surface to the inner membrane.
The inner membrane-bound ABC transporter (AlgM1-AlgM2/
AlgS-AlgS) directly incorporates alginate into the cytoplasm
with the energy generated through ATP hydrolysis. Hetero-
dimeric membrane proteins AlgM1-AlgM2 and homodimeric
ATPase (AlgS-AlgS) constitute the ABC transporter. Incorpo-
rated alginate is then depolymerized into di-, tri-, and
tetrasaccharides through the action of three cytoplasmic
endotype alginate lyases, namely, Al-I, Al-II, and Al-IIL"
The alginate oligosaccharides thus formed are finally degraded
into monosaccharides by cytoplasmic exotype alginate lyase Al-
IV with a broad substrate preference for M and G."* Distinct
from ordinary bacterial solute-binding protein-dependent ABC
transporters,'> the strain Al uptake system is characteristic in
that the substrate is a macromolecule. This is the first identified
alginate import system, although pectin assimilation mecha-
nisms, including extracellular degradation, import of oligosac-
charide across the membrane, and monosaccharide metabolism,
have been well documented in the plant pathogenic bacteria
Erwinia chrysanthemi.'®

Because substrate recognition by solute-binding proteins
triggers import by ABC transporters, binding of AlgQl and
AlgQ2 to heteropolysaccharide alginate is crucial for the
macromolecule import mechanism. The two alginate-binding
proteins, AlgQl and AlgQ2, resemble each other in primary
structure and specifically bind and release alginate macro-
molecules, respectively.'” X-ray crystallography has revealed
that both proteins composed of N- and C-domains bind
alginate in the deep cleft formed when the N- and C-domains
close and release the polymer when the domains open.'™'®
Positively charged residues in the active cleft allow AlgQl and
AlgQ2 to bind acidic alginate preferentially. Although the
proteins tightly bind the nonreducing terminal residues of
alginate molecules, at least four subsites that accommodate
sugar residues are present in the active cleft. Recognition of
heteropolysaccharide alginate by these binding proteins,
however, remains to be clarified. More recently, genetically
engineered strain Al cells with an ethanol fermenting ability
have been shown to produce ethanol from alginate.'” The
recognition mechanism of AlgQl and AlgQ2 for M and G
present in alginate molecules is also important for effective
import and utilization of the marine biomass in strain Al cells.
This article addresses the mode of binding of AlgQ1 to M and
G at each subsite through the determination of crystal
structures in complex with alginate oligosaccharides with
different M/G ratios.

B MATERIALS AND METHODS

Bacterial Culture. To investigate the preference for M, G,
or both in alginate, strain Al cells were aerobically cultured at
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30 °C in an alginate medium consisting of 0.1% (NH,),SO,,
0.1% KH,PO,, 0.1% Na,HPO,, 0.01% MgSO,-7H,0, 0.01%
yeast extract, and 0.5% sodium alginate (pH 7.2). Four types of
sodium alginate were used. Eisenia bicyclis sodium alginate (M/
G ratio of 56.5/43.5) was purchased from Nacalai Tesque.
Three kinds of sodium alginate, I-1 (M/G ratio of 56.5/43.5),
I-1G (M/G ratio of 41.2/58.8), and I-1 M (M/G ratio of 73.3/
26.7), were kind gifts from Kimica. The turbidity of the culture
was periodically measured at 600 nm.

Protein Expression and Purification. Escherichia coli
strain HMS174(DE3)pLysS (Novagen) was used as the host
for the expression of AlgQ1."” For expression in E. coli, the cells
were aerobically precultured at 30 °C in Luria-Bertani
medium®® supplemented with sodium ampicillin (0.1 mg/
mL). When the turbidity reached approximately 0.5 at 600 nm,
isopropyl B-p-thiogalactopyranoside was added to the culture
(0.1 mM), and the cells were further cultured at 16 °C for 44 h.
Unless otherwise specified, all operations were performed at 0—
4 °C. E. coli cells harboring plasmid pAQ1'” were grown in 6 L
of LB medium (1.5 L/flask), collected by centrifugation at
6000g and 4 °C for S min, washed with 20 mM potassium
phosphate buffer (pH 7.0), and resuspended in the same buffer.
The cells were ultrasonically disrupted (Insonator model 201M,
Kubota) at 0 °C and 9 kHz for 20 min, and the clear solution
obtained after centrifugation at 20000g and 4 °C for 20 min was
used as the cell extract. AlgQ1 was purified from the cell extract
by cation-exchange chromatography [CM-Toyopearl 650 M
column (2.6 cm X 20 cm) (Tosoh)] and gel filtration
chromatography [Sephacryl S-200 HR column (2.6 cm X 100
cm) (GE Healthcare)]. The eluted protein AlgQl was dialyzed
against 20 mM Tris-HCl (pH 7.5) overnight. The dialysate was
used as purified AlgQl. Expression and lpuriﬁcation of AlgQ2
were conducted as described previously.'" The homogeneity of
the purified protein was confirmed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis.”'

Preparation of Alginate Derivatives. M- and G-rich
saccharides were separated from seaweed alginate as described
previously, but with slight modifications.”” E. bicyclis sodium
alginate (10 g) was hydrolyzed at 100 °C for 90 min with 0.3 M
HCI (1 L). After acid hydrolysis, the reaction mixture was
subjected to centrifugation at 1650g and 25 °C for 20 min, and
the resultant precipitant saccharides were washed with 0.3 M
HCl and resuspended in distilled water (125 mL). After
solubilization by neutralization with NaOH, saccharides were
concentrated and dried by centrifugation under vacuum. The
resultant saccharides were dissolved in 0.1 M NaCl (250 mL),
and the solution was adjusted to pH 2.85 with 30 mM HCI
(250 mL). After centrifugation at 1650g and 25 °C for 20 min,
the reaction mixture was separated into G-rich saccharides as
the precipitant and M-rich saccharides as the supernatant. The
precipitant was washed with 0.1 M HCl (100 mL) and
resuspended in distilled water (150 mL), followed by
solubilization by adjustment at pH 7.0 with NaOH. The G-
rich saccharides were precipitated with ethanol (300 mL) and
freeze-dried after being washed twice with ethanol and
centrifugation. The resultant powder was used as G-rich
saccharides. The supernatant (500 mL) containing M-rich
saccharides was adjusted to pH 7.0 with NaOH and treated
with ethanol (1 L). The precipitated M-rich saccharides were
freeze-dried after being washed twice with ethanol. The
resultant powder was used as M-rich saccharides. M- and G-
rich saccharides were subjected to nuclear magnetic resonance
(NMR) analysis to determine the content of M and G.
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Saturated alginate oligosaccharides were prepared as follows.
M-Rich saccharides (0.3% solution) were hydrolyzed at 100 °C
for 20 h with 7 mM HCI. After neutralization with NaOH, the
hydrolysates were concentrated by being freeze-dried and
subjected to gel filtration chromatography [Biogel P-6 column
(1.5 cm X 140 cm) (Bio-Rad)]. Each saturated monosaccharide
(M), disaccharide (MM), and trisaccharide (MMM) was
purified to homogeneity. Similarly, the saturated monosacchar-
ide (G), disaccharide (GG), and trisaccharide (GGG) were
purified from G-rich saccharides by acid hydrolysis and gel
filtration.

Unsaturated alginate oligosaccharides were prepared by
treatment with alginate lyase. M-Rich saccharides (10%) in
20 mM Tris-HCl (pH 7.5) were incubated at 25 °C for 12 h
with alginate lyase AI-III"* specific for M-rich saccharides.
Enzymatically degraded saccharides were subjected to anion-
exchange chromatography [Q-Sepharose HP column (2.6 cm X
10 cm) (GE healthcare)] and eluted with a linear gradient of an
ammonium bicarbonate solution. Unsaturated disaccharide
(AMM) and trisaccharide (AMMM) were purified to
homogeneity. Similarly, alginate lyase A1-II”** capable of
degrading G-rich saccharides was used for the preparation of
unsaturated disaccharide (AGG) and trisaccharide (AGGG).

The homogeneity of oligosaccharides was confirmed by thin-
layer chromatography as described previously.'*

NMR. M- and G-rich saccharides were lyophilized and
dissolved in deuterium oxide. "H NMR spectral analysis of the
saccharides was performed at 400 MHz with a Bruker AV400M
instrument provided by Hitachi Chemical Techno Service.

Sugar Assay. The concentration of alginate oligosacchar-
ides was measured with glucose as the standard according to
the dinitrosalicylic acid method®* based on the determination
of reducing sugars.

Differential Scanning Fluorimetry (DSF). Interaction
between solute-binding proteins (AlgQl and AlgQ2) and
alginate oligosaccharides (MMM, GGG, AMMM, and AGGG)
was assessed by DSF as described by Niesen et al.> In brief,
this method was performed using the MyiQ2 real-time
polymerase chain reaction (PCR) instrument (Bio-Rad). The
fluorescence of SYPRO Orange (Invitrogen) was monitored
using filters provided with the PCR instrument (excitation at
492 nm and emission at 610 nm). The reaction mixture (20
uL) consisting of AlgQl or AlgQ2 (1.7 uM), each
oligosaccharide (0, 1, 2, 4, 8, 16, 32, 64, 128, 256, or 512
uM), SYPRO Orange (1000-fold diluted), and Tris-HCI (20
mM, pH 7.5) was subjected to heat treatment. The temperature
was increased from 25 to 95 °C by 0.5 °C/cycle (10 s/cycle)
for a total of 141 cycles. The fluorescence emitted from SYPRO
Orange upon binding to the denatured protein was measured.
The fluorescence profile was obtained by plotting the relative
fluorescence unit (RFU) at every temperature. The resultant
fluorescence profile was analyzed using iQS (Bio-Rad), and the
midpoint of the increase in the profile was defined as the
melting temperature (T,,).

Crystallization and X-ray Diffraction. Purified AlgQl
was concentrated by ultrafiltration using Centriprep (10000
molecular weight cutoff) (Millipore) to 15 mg/mL. The
protein crystals in complex with MMM, MG, and AMMM
were prepared at 20 °C by hanging-drop vapor diffusion; the
reservoir solution for the AlgQI1-MMM or AlgQ1-MG crystal
consisted of 20% (w/v) polyethylene glycol 10000 and 0.1 M
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5).
In the case of AlgQl-AMMM crystals, the reservoir solution
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included 20% (w/v) polyethylene glycol 4000 and 0.1 M
sodium citrate (pH S5.6). The 3 uL of protein solution
containing each alginate oligosaccharidle (MMM, GG, or
AMMM) at 1 mM was mixed with an equal volume of a
reservoir solution. Distinct from the aforementioned crystals,
AlgQl in complex with AGGG was crystallized at 20 °C by
sitting-drop vapor diffusion against 20% (w/v) polyethylene
glycol 10000 and 0.1 M 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (pH 7.5). The 1 uL of protein solution
containing 1 mM AGGG was mixed with an equal volume of
the reservoir solution. Crystals were placed in a cold nitrogen
gas stream at —173 °C. X-ray diffraction images were collected
using a Quantum 315 charge-coupled device detector (ADSC)
for AlgQ1-MMM, AlgQ1-MG, and AlgQI1-AGGG crystals or a
Jupiter 210 charge-coupled device detector (Rigaku) for
AlgQl-AMMM crystals, with synchrotron radiation at a
wavelength of 1.00 A at the BL-38BI station of SPring-8
(Hyogo, _]agan). The data were processed and scaled using
HKL2000.”

Structure Determination and Refinement. The struc-
ture of AlgQl-AMMM was determined through molecular
replacement with CNS>” using previously determined coor-
dinates of AlgQl-AMM [Protein Data Bank (PDB) entry
1Y3N] as an initial model and refined with ShelXL.*® Other
structures of AlgQl-MMM, AlgQl-MG, and AlgQl-AGGG
were determined through molecular replacement with Molrep™
supplied in the CCP4 interface program package® using
coordinates of AlgQl-AMMM as an initial model. Structure
refinement was conducted using RefmacS.>' Randomly selected
reflections (5%) were excluded from refinement and were used
to calculate Rg,.. After each refinement cycle, the model was
adjusted manually using winCoot.>> Water molecules were
incorporated where the difference in density exceeded 3.00
above the mean, and the 2F, — F. map showed a density of
more than 1.00. Alginate oligosaccharide parameter files for
structure refinement were constructed at the PRODRG site.*
Protein models were superimposed, and their root-mean-square
deviation (rmsd) was determined with LSQKAB,** part of the
CCP4 program package. Final model quality was checked with
PROCHECK,® and a cis peptide bond was observed at Pro-
312. Fi§ures for protein structures were prepared using
PYMOL.*® Coordinates used in this work were taken from
the PDB of the Research Collaboratory for Structural
Bioinformatics.>”

Accession Numbers. The atomic coordinates and
structure factors for AlgQl-AMMM (entry 3A09), AlgQl-
AGGG (entry 3VLV), AlgQl-MMM (entry 3VLU), and
AlgQ1-MG (entry 3VLW) have been deposited in the PDB.

B RESULTS AND DISCUSSION

Growth of Strain A1. Because alginate contains both M
and G residues, three block regions (M-rich, G-rich, and
randomly sequenced residues) are included in the molecule. To
examine the preference of strain Al for M, G, or both, the
growth of strain Al cells was periodically determined by
measuring the turbidity of the culture. Although sodium
alginate purchased from Nacalai Tesque and sodium alginate I-
1 obtained from Kimica show identical M/G ratios (56.5/43.5),
there is a significant difference in molecular mass between
them. Nacalai alginate has a higher molecular mass than Kimica
alginate I-1. The viscosity of 1% of each alginate solution at 20
°C is as follows: Nacalai alginate, 1000 mPa/s; Kimica alginate
I-1, 100—200 mPa/s. Although the slight difference in the
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growth curve of strain Al on Nacalai alginate and Kimica
alginate I-1 was observed probably due to the molecular mass
or molar concentration of both polymers, no significant
difference was found in the growth of strain Al among four
types of alginate with different M/G ratios in the media tested
(Figure 1). This result suggests that alginate import proteins of
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Figure 1. Strain Al cells were grown on various alginates with different
M/G ratios: orange for I-1G (41.2/58.8), violet for I-1 (56.5/43.5),
green for I-1M (73.3/26.7), and blue for sodium alginate (56.5/43.5).
Although sodium alginate purchased from Nacalai and sodium alginate
I-1 obtained from Kimica show identical M/G ratios (56.5/43.5),
there is a significant difference in molecular mass between them. This
growth experiment was conducted thrice.

strain Al show an ability to interact with both M and G
residues. Hereafter, the focus will be on the recognition
mechanism of heteropolyaccharide alginate by the periplasmic
solute-binding proteins, AlgQ1 and AlgQ2.

Affinity of AlgQ1 and AlgQ2 for Alginate Oligosac-
charides. To prepare various alginate oligosaccharides,
saturated and unsaturated oligosaccharides (mono-, di-, and
trisaccharides) were obtained from M- and G-rich saccharides
by acid hydrolysis and lyase treatment, respectively. Saturated
and unsaturated trisaccharides obtained from M-rich saccha-
rides were designated as MMM and AMMDM, respectively.
Similarly, GGG and AGGG are trisaccharides obtained from G-
rich saccharides. The composition of these saccharides was
determined using 'H NMR analysis (Figure 2). More than 90%
of G residues were present in G-rich saccharides, whereas only
72% of M residues were present in M-rich saccharides.

The affinity of AlgQl and AlgQ2 for alginate oligosacchar-
ides was inferred using DSF*® on the basis of changes in protein
stability by ligand binding. This method has already been
adopted to study the interaction between bacterial periplasmic
solute-binding proteins and substrate ligands.*® Four alginate
trisaccharides (MMM, AMMM, GGG, and AGGG) were used
as substrate ligands in this experiment. The fluorescence of
SYPRO Orange that bound to denatured proteins was
measured during heat treatment (from 25 to 95 °C). Melting
temperatures (T,,) of AlgQl and AlgQ2 in the absence and
presence of trisaccharides were determined as the midpoint of
the increase in the fluorescence profile (Table 1). For example,
the fluorescence profile of AlgQl in the presence of the dye
shifted to a higher temperature in proportion to the increase in
the concentration of MMM added (Figure 3, top), suggesting
that the ligand-bound AlgQl was thermally more stable than
the ligand-free protein. On the other hand, there was no
difference in the T, values of alginate-binding proteins in the
absence or presence of cellotriose (data not shown). Almost a
single midpoint (T, 51.3 °C) was observed in the profile of
AlgQl in absence of MMM; two T, values (52.5 and 57.6 °C)
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Figure 2. '"H NMR spectra of (a) M-rich saccharides and (b) G-rich
saccharides. Notations M and G indicate peaks derived from M and G
residues, respectively.

were detected in the presence of 8 yM MMM, and the peak of
the higher T, intensified in the presence of 32 uM ligand
(Figure 3, bottom). The decrease in the lower-T,, peak area
and the increase in the higher-T,, peak area were dependent on
ligand concentration. These features were also observed in
AlgQl and AlgQ2 reaction mixtures that included GGG,
AMMM, and AGGG (Figure 1 of the Supporting Informa-
tion). When cellotriose was used as a ligand, a single lower T,
was obtained.

Because there are two forms (open and closed) of AlgQl and
AlgQ2 upon substrate binding, low and high T, values in the
fluorescence profile of alginate-binding proteins appear to be
derived from ligand-free (open) and ligand-bound (closed)
forms, respectively. Thus, low and high T, values were
designated as T, and Tq respectively. The presence of
two T, values was possibly caused by the difference in
denaturation between ligand-free and -bound forms. The T,
profiles of AlgQl and AlgQ2 were distinct from those of
Camgylobacter jejuni cysteine-binding protein having a single
T,> Topen and Tjoqeq Values calculated from the fluorescence
profile of AlgQ1 and AlgQ2 in the absence and presence of the
four ligands are listed in Table 1. The larger shift of T j,.q Was
almost saturated at the ligand concentration of 512 uM.
Because only a single T, was detected in the denatured profile
of AlgQ2 in the absence of ligand, T jo..q of AlgQ2 could not be
determined in the absence of ligand (Table 1). This indicates
that AlgQ2 adopts only an open form in the absence of ligand.
On the other hand, AlgQ1 gave two T, values in the absence of

dx.doi.org/10.1021/bi300194f | Biochemistry 2012, 51, 3622—3633
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Table 1. Temperature Denaturation Transitions of Open and Closed Forms

MMM GGG AMMM AGGG
ligand (uM) Lopen Leiosed open L oiosed Loren Mgtz open Mgt
AlgQl
0 51.32 55.52 50.98 55.26 S1.3§ 55.05 50.88 54.98
1 51.05 55.88 S1.35 58.57 51.07 56.55 50.81 55.63
2 50.85 56.24 50.85 55.29 S1.53 57.61 S1.52 55.99
4 51.43 56.46 50.95 55.46 53.59 59.46 SL.65 56.54
8 52.5 57.56 50.54 56.45 61.62 52.88 57.63
16 53.47 58.42 51.44 56.54 63.86 58.87
32 59.58 52.43 58.13 65.41 59.64
64 61.59 53.41 58.82 66.36 61.49
128 63.53 61.04 68.08 62.92
256 64.25 61.51 68.95 64
512 65.9 63.38 70.41 65.07
AlgQ2
0 45.98 44.6 45.35 46.16
1 45.18 S1.51 45.26 51.44 44.72 53.57 45.01 54.05
2 45.84 51.46 44.55 51.47 54.64 55.04
4 5291 45.38 S1.53 56.46 57.94
8 53.97 46 51.99 58.69 59.04
16 55.72 53.3 59.91 60.58
32 57.1 54.86 61.05 61.53
64 58.48 56.56 62.68 62.84
128 59.46 58.07 63.53 63.66
256 60.95 59.03 64.55 63.52
512 61.85 60.36 65.65 63.77
ligand. AlgQ1 molecules even in the absence of ligand possibly form. The T, values of AlgQl and AlgQ2 were almost
contained the minor closed form as well as the major open constant in the presence of ligands at lower concentrations (<2
uM). This indicates that, in addition to ligand-bound AlgQl
5 1400 and AlgQ?2 as a closed form, ligand-free proteins also existed as
i 200 | an open form in the presence of ligands. In the case of AlgQl,
= Topen increased in proportion to ligand concentration at >4 yuM.
S 1000 This increase in T,,, was thought to be due to two
§ possibilities: (i) the presence of a few ligand-bound AlgQl
g 800 1 molecules still showing open-like form (the T, of the ligand-
2 600 1 bound AlgQl in the open-like form seems to increase in
e proportion to ligand concentration) and (ii) the interference
% 400 1 effect of Ty...q derived from an increased number of ligand-
-% 200 - bound AlgQl molecules in a closed form on T, for ligand-
2 free and open form molecules (this interference is thought to
0 be caused by the fluorescence detector).
20 30 40 50 60 70 80 90 100 AT joseq (the difference in T4 in the presence and absence
0 Temperature (*C) of ligand) was dependent on ligand concentration, and all these
/fﬂ:\«,\\q oligosaccharides similarly induced the larger shift in Tyeq
o 1 (Figure 1 of the Supporting Information), suggesting that both
0 1 1 0 N M 00 binding proteins have a comparable affinity for alginate
- § oligosaccharides with different M/G ratios. Thus, X-ray
3 40 crystallography was performed to identify structural determi-
2 nants in strain Al solute-binding proteins with a broad
%— 80 substrate preference for both M and G.
' Overall Structure. Crystal structures of strain Al
periplasmic alginate-binding proteins (AlgQl and AlgQ2) in
-120 complex with unsaturated alginate di- and tetrasaccharides
(AMM and AMMGM) have already been determined, and the
160 unsaturated residue at the nonreducing terminal saccharide of
the substrate was strongly bound to the binding proteins at
Figure 3. Analysis of substrate binding by DSF: (top) fluorescence subsite 1.”' The mode of binding of AlgQl to oligosacchar-
profile of AlgQl with MMM (blue, 0 uM; green, 8 uM; red, 32 uM) ides with different M/G ratios was analyzed by X-ray
and (bottom) negative derivative curve plot obtained from the crystallography. Four crystal structures of alginate-binding
fluorescence profile. proteins in complex with oligosaccharides (AlgQl-AMMM,
3626 dx.doi.org/10.1021/bi300194f | Biochemistry 2012, 51, 3622—3633
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(@)

(b)

(c)

(d)

Figure 4. Overall structures of (a) AlgQ1-AMMM, (b) AlgQ1-AGGG, (c) AlgQ1-MMM, and (d) AlgQ1-MG complexes. Colors denote secondary
structure elements (blue, a-helices; purple, f-strands; pink, loops and coils; sugar shown as a CPK model). N denotes the N-terminal end and C the

C-terminal end.

AlgQI1-AGGG, AlgQl-MMM, and AlgQl-MG) were deter-
mined at 1.40, 1.50, 1.55, and 2.00 A resolution, respectively
(Figure 4). Statistics for data collection and structure
refinement are summarized in Table 2. The polypeptide
chain of AlgQ1 could be traced for almost all 490 amino acid
residues, and the electron density of main and side chains was
generally well-defined on the 2F, — F. map. A Ramachandran
plot® revealed that almost all non-glycine residues lie within
the most favored or additionally allowed regions. The residue
(Lys-251) in the generously allowed region has been discussed
previously.'” In the AlgQl-MG complex, two molecules
designated A and B exist in the asymmetric unit, although
only one molecule is in the asymmetric unit of the other three
structures. The rmsd between molecules A and B in AlgQ1-MG
is calculated to be 0.52, suggesting that the two molecules are
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structurally identical. The structure of molecule A was assessed
later because molecules A and B are structurally identical to
each other. Distinct from ligand-free binding proteins,"" all
molecules of AlgQl in these crystal structures show a closed
form due to oligosaccharide binding. No significant difference
was observed in overall structure among alginate oligosacchar-
ide-bound AlgQ1 proteins.

Structure of Oligosaccharides. Alginate oligosaccharides
in complex structures are bound to the deep cleft formed by the
N- and C-terminal domains of AlgQl. The composition and
conformation of these oligosaccharides were analyzed on the
basis of the 2F, — F, map (Figure S). The oligosaccharides in
AlgQl1-AMMM, AlgQ1-AGGG, and AlgQ1-MMM are defined
as AM1-M2-M3, AG1-G2-G3, and M1-M2-M3, respectively.
Sugar residue numbers corresponded to binding sites, namely
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Table 2. Data Collection and Refinement Statistics”

AlgQl-AMMM AlgQ1-AGGG AlgQl-MMM AlgQ1-MG
(PDB entry 3A09) (PDB entry 3VLV) (PDB entry 3VLU) (PDB entry 3VLW)
Crystal

space group P2, P2, P2, P2,
cell dimensions

a (A) 58.4 58.4 58.5 79.8

b (A) 67.7 67.5 67.5 67.5

¢ (A) 632 61.6 617 90.7

p (deg) 95.0 94.6 94.6 93.3
no. of molecules per asymmetric 1 1 1 2
unit

Data Collection
wavelength (&) 1.0000 1.0000 1.0000 1.0000
resolution limit (last shell) (A)  $50.00—1.40 (1.45—1.40)° 50.00—1.50 (1.53—1.50)" 50.00—1.55 (1.58—1.55)" 50.00-2.00 (2.07—2.00)%
no. of measured reflections 333239 311011 282146 238701
no. of unique reflections 92768 (8095) 75638 (3550) 68880 (3488) 65158 (6439)
redundancy 3.6 (29) 4.1 (3.6) 4.1 (4.1) 3.7 (3.6)
Ry (%) 4.7 (40.9) 49 (22.6) 6.8 (44.2) 9.4 (44.5)
1/6(I) 27.3 (1.6) 459 (12.2) 402 (4.1) 204 (3.4)
completeness 95.5 (83.5) 99.3 (94.9) 99.6 (99.8) 99.8 (99.8)
Wilson plot B value 15.8 12.3 19.7 214
Refinement
resolution limit (A) 50.00—1.40 (1.50—1.40) 50.00—1.50 (1.54—1.50) 50.00—1.55 (1.59—1.55) 50.00-2.00 (2.05—2.00)
Regye (%) 13.1 (282) 18.5 (24.6) 19.1 (26.6) 19.0 (23.0)
Ree (%) 20.8 204 (27.0) 21.3 (29.0) 22.3 (28.8)
no. of reflections used 87453 71833 (5041) 65278 (4568) 61732 (4566)
Final Model

no. of residues/no. of waters 490/766 490/819 490/524 489 X 2/458
no. of calcium ions 1 1 1 2
no. of saccharides one trisaccharide one trisaccharide one trisaccharide two disaccharides
no. of glycerols 0 0 0 18
average B factor

protein 21.2 11.0 19.3 23.8

waters 36.7 259 30.8 323

saccharides 19.1 9.1 20.4 22.1

glycerols 45.8
rmsd from ideal

bond lengths (A) 0.012 0.006 0.006 0.006

bond angles 0.029 (A) 0.932 (deg) 0.900 (deg) 0.949 (deg)
Ramachandran plot

iavg)red/allowed/outliers 97.0/3.0/0 97.9/2.1/0 97.4/2.6/0 97.3/2.7/0

%
rotamer outliers (%) 43 13 2.0 2.9

“Data in the highest-resolution shells are given in parentheses.

subsites 1—3 in AlgQl. Unexpectedly, in the case of AlgQl
cocrystallized with disaccharide from G-rich saccharides, the
binding protein accommodates MG, but not GG, in the active
cleft. The M and G residues in MG are bound to AlgQl at

(a)

Subsite 1

Subsite 2

Subsite 3

Figure S. Structures of alginate oligosacchrides (2F, — F. omit map;
blue, contoured at 1.05): (a) AM1-M2-M3, (b) AG1-G2-G3, (c) M1-
M2-M3, and (d) M1-G2. Carbons are colored green and oxygens red.
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subsites 1 and 2, respectively. The reason for the predominant
accommodation of MG in AlgQ1 is described below.

A structural difference exists at the nonreducing terminal
residue between saturated and unsaturated saccharides. The
nonreducing terminal residue of unsaturated saccharides
contains no hydroxyl group at C4 because the double bond
forms between C4 and CS of the residue through the p-
elimination reaction, ie., lyase catalysis."> Because of the
arrangement of C3—C6 atoms in one plane, the unsaturated
residue shows a partial planar ring structure. AM and AG are
structurally identical for the following two reasons: (i) M and G
are mutually CS epimers, and (i) the unsaturated sugar residue
lacks the hydrogen atom of CS.

Because saccharides with a pyranose ring show different
configurations, the conformation of alginate oligosaccharides in
complex structures was analyzed. On the basis of the electron
density map of sugar residues, the saturated M and G residues

dx.doi.org/10.1021/bi300194f | Biochemistry 2012, 51, 3622—3633
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GIn-391

Asn-375

Trp-270

Ser-273 /\O

Asn-375

Figure 6. Alginate-binding site (stereoviews). Residues colored green bind to oligosaccharides through hydrogen bonds (dashed lines). Interactions
between AlgQl and oligosaccharides are shown as a stick model (blue, G; brown, M; yellow, AM and AG): (a) AM1-M2-M3, (b) AG1-G2-G3, (c)

M1-M2-M3, and (d) M1-G2.

were found to adopt *C; and 'C, chair configurations,
respectively, indicating that the sequence of M residues
shows a flat chain conformation in parallel with glycosidic
bonds, whereas a buckled structure is constructed by the
sequence of G residues. This structural feature of oligosacchar-
ides coincides with that of well-characterized M- and G-rich
blocks."*® Therefore, AMMM and MMM bound to AlgQl
form a linear extended conformation in contrast to GGG.
Interactions between the Binding Protein and
Oligosaccharides. Alginate oligosaccharides are bound to
AlgQl by hydrogen bonds and van der Waals (C—C) contacts
(Figure 6). Hydrogen bonds formed between AlgQl and
oligosaccharide molecules are listed in Table 3. The crystal
structure of the AlgQl-AMMM complex reveals that the
number of direct hydrogen bonds is 14 (AMI, 9; AM2, 3;
AM3, 2) and the number of water-associated hydrogen bonds
is 10 (AM1, 2; AM2, §; AM3, 3). In the AlgQl-AGGG
complex, the number of direct hydrogen bonds is 16 (AGI, 10;
AG2, 4; AG3, 2) and the number of water-associated hydrogen
bonds is 16 (AGI, 2; AG2, 7; AG3, 7). Between AlgQl and
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MMM, the number of direct hydrogen bonds is 18 (M1, 11;
M2, 3; M3, 4) and the number of water-associated hydrogen
bonds is 13 (M1, 3; M2, 6; M3, 4). Between AlgQl and MG,
the number of direct hydrogen bonds is 13 (M1, 11; G2, 2) and
the number of water-associated hydrogen bonds is 7 (M1, 3;
G2, 4).

The C—C contacts between AlgQl and oligosaccharide
molecules are summarized in Table 4. A slight difference is
observed in the contacts at subsite 1 between AlgQl in
complex with saturated and unsaturated oligosaccharides. The
C4 atom of unsaturated residues in AMMM and AGGG is
closer to Trp-270 than that of saturated residues in MMM and
MG (Figure 6a). This is due to the different ring structures of
saturated (chair configuration) and unsaturated (partial planar
configuration) residues. Similar to previously determined
structures of binding proteins in complex with unsaturated
oligosaccharides,”’18 AlgQ1 shows a strong stacking interaction
with saturated and unsaturated nonreducing terminal residues
of substrates.

dx.doi.org/10.1021/bi300194f | Biochemistry 2012, 51, 3622—3633
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Table 3. Interactions between AlgQ1 and Oligosaccharides

protein/ AlgQl- AlgQl- AlgQl-  AlgQl-
water AMMM AGGG MMM MG
sugar  subsite 1  atom AM1 AG1 M1 M1
atom
02 Asn-375 ND2 3.0 32 (3.3)° (32)°
02 Tyr-395 OH 3.1 3.1 3.1 32
02 water 2.8 2.8 2.9 29
03 Glu-396 OEl 2.6 2.6 2.7 2.7
o3 Tyr-395 OH 2.8 2.8 2.7 2.7
03 GIn-391 NE2 32 (3.3)° 3.1 3.1
04 Glu-396 OEl - - 32 32
04 Glu-396 OE2 - - 3.1 3.1
04 water - - 3.0 3.0
[6N) Asn-375 ND2 3.0 3.0 3.1 3.0
061 Arg-186 NH2 - 32 - -
061  Asn-375 ND2 3.0 (33)° 3.0 3.0
061 Ser-273 oG 2.6 2.6 2.6 2.7
062 Ser-273 N 2.9 3.1 3.0 3.0
062 water 2.7 2.8 29 2.8
protein/ AlgQl- AlgQl- AlgQl-  AlgQl-
water AMMM AGGG MMM MG
sugar subsite 2 atom M2 G2 M2 G2
atom
02 Arg-186 NH1 - 3.0 - 2.7
02 Trp-270 NE1 3.1 - 3.0 -
02 water 2.7 2.7 2.7 -
02 water 2.6 3.1 2.9 -
03 Arg-186 NH1 - - 2.9 -
03 Arg-186  NH2 2.8 - - -
[OX] Trp-270 NE1 - 3.1 — -
03 water - 2.8 - 2.6
03 water - 3.0 - -
04 water 3.0 3.1 3.1 -
061 Arg-20 NH2 - 3.0 - -
061 Tyr-129 OH 2.6 2.7 2.7 2.7
061 ‘water 2.7 2.8 2.7 2.7
062 water 2.7 2.7 2.7 2.7
062 water - - 2.8 2.7
protein/ AlgQl- AlgQl- AlgQl-
water AMMM AGGG MMM
sugar subsite 3 atom M3 G3 M3
atom
o1 Asp-74 OD2 - - 2.6
01 Asn-75 ND2 - - 32
o1 Trp-208 NE1 — 2.7 -
O1 water 2.9 2.8 -
02 Arg-20 NE 3.1 — -
02 Asp-74 OD2 - - 2.9
02 water 2.7 2.6 2.9
02 water - 29 -
03 water 2.9 2.8 2.9
03 water - 2.7 -
04 water - 32 3.1
04 water - - 3.0
062 Lys-22 Nz 2.8 2.8 2.8
062 water - 2.7 -

“Although lengths of hydrogen bonds listed here are <3.2 A, the values
of >32 A are presented in parentheses when no significant
conformational differences are observed among determined structures.

Binding Mode at Subsite 1. Because the intrinsic
substrate for macromolecule import in strain Al cells is an
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alginate polysaccharide with a saturated residue at nonreducing
terminal saccharides, but not unsaturated saccharides, the
interaction at subsite 1 between AlgQl and MMM was focused
(Tables 3 and 4, Figure 6c, and Figure 2a of the Supporting
Information). Distinct from the unsaturated M residue (AM1),
the saturated M1 residue has a hydroxyl group at C4. The O4
atom at this hydroxyl group of the MI residue forms two
hydrogen bonds with the carboxyl group of Glu-396.
Furthermore, the O4 atom of the M1 residue indirectly
interacts with Ala-272 and Glu-396 through a water molecule,
although this water molecule also exists in complex structures
of AlgQ1-MG, AlgQl-AMMM, and AlgQl-AGGG.

To clarify the mode of binding of AlgQ1 to the saturated G
residue at subsite 1, the disaccharide was prepared from G-rich
saccharides. Although the content of G residues in G-rich
saccharides was determined to be >90% by NMR (Figure 2),
the disaccharide in complex with AlgQ]1 in the crystal structure
was found to be MG, not GG. Because MG is considered to be
a minor component in hydrolysates from G-rich saccharides in
comparison with GG, AlgQ1 seems to prefer the M residue at
subsite 1 rather than the G residue. The carboxyl group of the
M1 residue in AlgQ1-MG and AlgQ1-MMM is bound to Ser-
273 through formation of two hydrogen bonds (Table 3, Figure
6¢,d, and Figure 2a of the Supporting Information). Moreover,
the aromatic Trp-270 residue exhibits a stacking interaction
with the M1 residue at subsite 1. There is a difference in
orientation of the carboxyl group between M and G residues
because both are CS epimers. Although the interaction at
subsite 1 between the saturated G residue and AlgQl was
simulated, no saturated G residue can be accommodated at
subsite 1 because of steric hindrance. The arrangement of
amino acid residues at subsite 1 of AlgQ1 is almost identical to
that of AlgQ2, suggesting that both strain Al alginate-binding
proteins can interact with only alginate molecules with the
saturated M residue at the nonreducing terminus. This
preference can be explained with the reason stated below. In
the production of both alginates by bacteria and seaweeds, the
mannuronan polymer is first synthesized as a precursor, and
some M residues in the precursor are then epimerized to G
residues by mannuronan CS-epimerases. Several epimerases
from the alginate-producing bacterium Azotobacter vinelandii
have already been characterized, and these enzymes are shown
not to act on nonreducing terminal saccahrides.*""** Seaweed,
Laminaria digitata expresses several genes sharing significant
similarities with bacterial epimerases,” suggesting that no
conversion of an M residue to a G residue at the nonreducing
terminal saccharide occurs in seaweed alginate. Therefore, the
nonreducing terminal saccharide of bacterial and seaweed
alginate is essentially the M residue, and the strain Al alginate-
binding proteins AlgQl and AlgQ2 accommodate only the M
residue at subsite 1.

Flexible Accommodation at Subsites 2 and 3. Distinct
from subsite 1, both M and G residues are accommodated at
subsites 2 and 3 (Figures S and 6). Structural comparison was
performed for interactions at subsites 2 and 3 between AlgQ1-
AMMM and AlgQl-AGGG or between AlgQl-MMM and
AlgQ1-MG (Tables 3 and 4, Figure 7, and Figure 2 of the
Supporting Information). At subsite 2, hydrogen bonds are
formed in AlgQ1-AMMM and AlgQ1-MMM between Trp-270
and the O2 atom of the hydroxyl group of the M2 residue and
between Arg-186 and the O3 atom of the hydroxyl group of the
M2 residue. On the other hand, interactions in AlgQ1-AGGG
and/or AlgQI-MG occur via formation of a hydrogen bond
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Table 4. C—C Contacts between Alginate-Binding Proteins and Alginate Oligosaccharides®

no. of contacts

bond atom AlgQl-AMMM AlgQl-AGGG AlgQl-MMM AlgQ1-MG
sugar atom subsite S1 element/domain AM1 AG1 M1 Ml
Cl Trp-270 SC2/C 7 7 6 6
C2 Trp-270 sC2/C 1 1
C3 Trp-270 SsC2/C 2 2 2 2
C3 Glu-396 H19/N 1 1 1
C4 Trp-270 SC2/C 3 3 1
C4 Asn-375 H18/N 1 1
C4 Glu-396 H19/N 1 1 1
C4 Trp-399 L-H19:H20/N-C 1 1 2 2
CS Trp-270 sC2/C S 4 S S
Cs Asn-375 HI18/N 1 1
Cs Trp-399 L-H19:H20/N-C 1
C6 Trp-270 sC2/C 4 4 3 3
C6 Ser-273 H14/C 1 1 1 1
C6 Asn-375 H18/N 1 1 1 1
Cé Trp-399 L-H19:H20/N-C 1 1 1 1
no. of contacts
bond atom AlgQl-AMMM AlgQl-AGGG AlgQl-MMM AlgQl1-MG
sugar atom subsite S2 element/domain M2 G2 M2 G2
Cl Arg-20 L-SAS:SA6/N 1 2
C2 Arg-186 L-SC1:H9/C 1 1
c3 Arg-186 L-SC1:H9/C 1
C3 Trp-270 SC2/C 3 2
C4 Trp-270 SC2/C 4 2 4
Cs Arg-20 L-SAS:SA6/N
Cs Trp-270 SC2/C
Ccé Tyr-129 SA1/C 2 2 2
cé Trp-270 sc2/C 1
no. of contacts
bond atom AlgQl-AMMM AlgQI-AGGG AlgQl-MMM
sugar atom subsite S3 element/domain M3 G3 M3

Cl Arg-20 L-SAS:SA6/N 2 1

Cl Arg-74 SA4/N 1

Cl Asp-187 L-SC1:H9/C 1

C2 Arg-20 L-SAS:SA6/N 1 1

c2 Arg-74 SA4/N 2

C3 Arg-20 L-SAS:SA6/N 1

C3 Arg-313 L-SC4:SA3/C—-N

C4 Arg-20 L-SAS:SA6/N 2 S 2

Cs Arg-20 L-SAS:SA6/N 6 2

Cé6 Arg-20 L-SAS:SA6/N 3 6 3

“Distance of <4.4 A.

between Trp-270 and the O3 atom of the hydroxyl group of the
G2 residue and between Arg-186 and the O2 atom of the
hydroxyl group of the G2 residue. In contrast, the O61 and
062 atoms of carboxyl groups of both M2 and G2 residues are
commonly recognized by Tyr-129. There is little significant
difference in C—C contacts at subsite 2 between the modes of
binding of AlgQ1 to M and G residues. Moreover, at subsite 3,
the 062 atoms of carboxyl groups of both M3 and G3 residues
are commonly hydrogen-bonded to Lys-22, although few direct
interactions are observed between AlgQ1 and oligosaccharides.

Tyr-129 interacts with the carboxyl groups of both M2 and
G2 residues bound at subsite 2, while Trp-270 and Arg-186
recognize their different hydroxyl groups. At subsite 3, Lys-22
binds carboxyl groups of both M3 and G3 residues. On the

basis of these results, substrate carboxyl groups are found to be
recognized by specific residues Tyr-129 at subsite 2 and Lys-22
at subsite 3. The O2 atom of residue M2 and the O3 atom of
residue G2 are located at almost the same position and,
therefore, are recognized by residues such as Trp-270 at subsite
2. In other words, AlgQ1 strictly recognizes substrate carboxyl
groups by specific residues but interacts appropriately with
substrate hydroxyl groups. These structural characteristics at
the binding site are probably involved in the flexible
accommodation of residues M and G at subsites 2 and 3.

B CONCLUSIONS

The strain Al periplasmic solute-binding proteins AlgQ1l and
AlgQ2 strictly recognize the nonreducing saturated M residue
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Glu-396

Tyr-395

GIn-391

Glu-396
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GIn-391 Trp-270

Lys-22

Figure 7. Superposition of AlgQ1 with bound AMMM and AGGG: yellow, AlgQ1-AMMM; cyan, AlgQ1-AGGG. Oxygen atoms of sugar residues
are colored in red. Hydrogen bonds formed between sugar residues are represented as dashed lines. These two intrasugar hydrogen bonds are
formed in AMMM but not in AGGG. Although conformations of AMMM and AGGG are apparently different, both bind in the same position of

AlgQI without a significant change in the structure of the protein.

of substantial substrate alginate at subsite 1. These proteins
interact appropriately with substrate hydroxyl groups at subsites
2 and 3 to accommodate the M or G residue, while substrate
carboxyl groups are strictly recognized by specific residues. This
mechanism of substrate recognition allows AlgQ1 and AlgQ2
to exhibit the binding ability with heteropolysaccharide alginate,
leading to the sufficient growth of strain Al cells in various
alginates with different M/G ratios.

B ASSOCIATED CONTENT

© Supporting Information

AlgQl and AlgQ2 were subjected to a substrate binding assay
using various alginate oligosaccharides through DSF analysis
(Figure 1), and modes of binding at each subsite were
compared using AlgQl in complex with various alginate
oligosaccharides (Figure 2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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