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ABSTRACT: A nonmotile Gram-negative bacteriurBphingomonasp. Al, directly incorporates macro-
molecules such as alginate through a “super-channel” consisting of a pit formed on the cell surface, alginate-
binding proteins in the periplasm, and an ATP-binding cassette transporter in the inner membrane. Here,
we demonstrate the proteomics-based identification of cell-surface proteins involved in the formation of
the pit and/or import of alginate. Cell-surface proteins were prepared from the outer membrane released
as vesicles during the conversion of intact cells to spheroplasts. Seven proteifrfs7{pdith acidic
isoelectric points were inducibly expressed in the outer membrane of strain Al cells grown on alginate
and showed significant identity with bacterial cell-surface proteins—(@ TonB-dependent outer-
membrane transporter; p5 and p6, flagellin; and p7, lipoprotein). Each mutant with a disruption of the
pl—p4 or p6 gene showed significant growth retardation in the alginate medium. Flagellin homologues
(p5 and p6) were further analyzed because strain A1 forms no flagellum. p5 was found to be uniformly
distributed on the cell surface by immunogold-labeling electron microscopy and to exhibit alginate binding
with a nanomolar dissociation constant by a surface plasmon resonance sensor. The cell surface of the p6
gene disruptant differed from that of the wild-type strain Al in that pit formation was incomplete and
cell-surface structures shifted from pleats to networks. These results suggest that, distinct from bacterial
flagellins constituting a helical filament of flagella, strain Al cell-surface flagellin homologues function
as receptors for alginate and/or regulators of cell-surface structures.

Alginate produced by brown seaweed and certain bacteriapatients 8). These biofilms often prote®&. aeruginosaells
is a linear polysaccharide composedosi-guluronate (G) from phagocytic cells and/or antibioticgt,(5), making
and its C5 epimep-p-mannuronate (M) and arranged in  biofilm-dependent diseases difficult to treat. Alginate-depo-
three ways: polyG, polyM, and heteropolymeric random lymerizing enzymes are thus expected to become useful
sequencesl). Brown seaweed alginate is widely used in biochemicals in modifying or processing edible seaweed
the food and pharmaceutical industries because the polymerlginate and removing bacterial biofilm algina®).(
chelates metal ions and forms a highly viscous solut®)n ( Strain Al, isolated as a potent producer of alginate-
Extracellular biofilms including alginate are important depolymerizing enzymes (alginate lyases), is a nonmotile
virulence factors for pathogenic bacteria, suciPasudomo-  Gram-negative bacterium belonging to the ger@phin-
nas aeruginosaduring lung infections in cystic fibrosis gomonag(7). Alginate lyase Ill (A1-1ll) of Sphingomonas
sp. Al (strain Al) is promising as a therapeutic agenffor
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Ficure 1: Cell-surface structure. Transmission electron microscope
images after negative staining with phosphotungustic acid. (a) Strain
A1l cell grown in the absence of alginate. (b) Strain Al cell grown
in the presence of alginate. (c) p6 gene disruptant cell grown on
alginate. Cell-surface structures in three imagesciaare typical
(more than 80%) among about 20 cells in view fields.

Sphingomonades are distinct from other Gram-negative
bacteria in that they contain glycosphingolipids instead of
lipopolysaccharides in the outer membrah@) (This unusual
characteristic provides their cell surface with pleat structures,
hydrophobic circumstances responsible for degrading refrac-
tory environmental pollutants, and/or the ability to interact
with the antibiotic polymyxin B {1—13). The cell surface

of strain Al also contains mono- and oligosaccharide
glycosphingolipids instead of lipopolysaccharidésdnd is
covered with many large pleat&3) (Figure 1a).
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Ficure 2: Alginate-import super-channel and alginate lyases in
strain Al. Details are given in the text. @sL-guluronate; M -p-
mannuronatealy, gene for alginate lyases (Al-1, Al-Il, and Al-
Il); ccpA catabolite-control protein genelgS algM1, andalgM2,

~Strain Al directly incorporates alginate into the cytoplasm ABc transporter genes for alginate impaigQ1andalgQ?2, genes
simultaneously across the outer and inner membranes throughior alginate-binding proteinsg1-1V, alginate lyase Al1-1V gene.

what we term a “super-channell4), because alginate lyases
are exclusively localized in the cytoplasra5( 16). The
alginate incorporation pathway contains three components
(Figure 2): a pit on the cell surfac&3), alginate-binding
proteins in the periplasml1{—19), and an ATP-binding
cassette (ABC) transporter in the inner membra&@®e (Vhen
strain Al cells grow on alginate, a pit with a diameter of

Accumulated evidence indicates that the pit concentrates
alginate and transports the polymer into the periplagm (
13). Pit formation and the expression of periplasmic binding
proteins, the ABC transporter, and alginate lyases are induced
in the presence of alginate, suggesting the occurrence of a
cell-surface alginate-sensing receptor involved in signal

0.02-0.1 um forms on the cell surface, possibly through transduction. This, however, raises the following questions
rearrangement of pleat structures, and concentrates thedbout the cell surface (outer membrane): What molecules
polymer (L3) (Figure 1b). The pit disappears when cells are '€cognize external alginate or constitute the pit? How does
transferred to a medium in the absence of alginate (Figurethe pit concentrate alginate? What transporters are responsible
1a). The transport of alginate from the pit to the inner for importing alginate across the outer membrane? No cell-
membrane is mediated by periplasmic alginate-binding Surface molecules responsible for recognizing external al-
proteins [AlgQ1 (59 kDa) and AlgQ2 (59 kDa)]. The ABC ~ ginate and transporting the polymer into the periplasm have
transporter localized in the inner membrane directly incor- been substantiated. Having recently determined the complete
porates alginate into the cytoplasm. An ATP-binding protein 9énome sequence of strain Al [W. Hashimoto et al. (2003)
[AlgS (40 kDa)] and transmembrane domains [AlgM1 (37 Apstract for Annual Meeting of \_]apan Society for Bioscience,
kDa) and AlgM2 (33 kDa)] constitute the ABC transporter. Biotechnology, and Agrochemistry, p 159], we are ready to
Incorporated alginate is then depolymerized to di-, tri-, and conduct the proteome analysis. To clarify the overall
tetrasaccharides through the action of three cytoplasmicmacromolecule-import system (super-channel) in strain AL,
endotype alginate lyases, Al-l (65 kDa), Al-1l (25 kDa), this paper focuses on identifying cell-surface proteins
and Al-lll (40 kDa). The alginate oligosaccharides thus involved in t_he formation of the pit and/or import of alginate
formed are finally degraded by cytoplasmic exotype alginate Py proteomics.

lyase Al-IV (86 kDa) to monosacchande;, which are then EXPERIMENTAL PROCEDURES

nonenzymatically converted to-keto acids. Genes for
periplasmic alginate-binding proteins, the ABC transporter, Materials.Alginate (sodium salt; average molecular mass,
and alginate lyases form a cluster in the genome of strain 26 kDa; M, 56.5%) fromEisenia bicyclisand hyaluronate

Al and are inducibly expressed in the presence of alginate.(sodium salt) were purchased from Nacalai Tesque, Inc.
This is, to our knowledge, the first known bacterial super- (Kyoto, Japan). DEAE-Toyopearl 650M and SuperQ-Toyo-
channel responsible for the direct import and depolymeri- pearl 650C were purchased from Tosoh Corp. (Tokyo,
zation of macromoleculed ) (Figure 2). Japan). Restriction endonucleases were obtained from Takara
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Bio, Inc. (Otsu, Japan), and DNA-modifying enzymes were horseradish peroxidase (Pharmacia Biotech. Co., Uppsala,
obtained from Toyobo Co., Ltd. (Tokyo, Japan). Gellan Sweden) and a POD immunostaining kit (Wako Pure
(average molecular mass, 500 kDa; deacetylated), pectinChemical Industries, Ltd., Osaka, Japan) were used to
(average molecular mass, 350 kDa), aixchromobacter  visualize the protein band. The expression of an outer-
protease | (lysylendopeptidase) were purchased from Wakomembrane protein (p5) in strain Al cells was also confirmed
Pure Chemical Industries, Ltd. (Osaka, Japan). Pyruvylatedby Western blotting using anti-p5 antibodies.
xanthan (average molecular mass, 2000 kDa) was a gift from Protein AssayThe protein concentration was determined
Kohjin Co., Ltd. (Tokyo, Japan). by the methods of Bradford26) for soluble proteins and
Microorganisms and Culture Condition$o prepare the  Lowry et al. 27) for insoluble proteins, with bovine serum
outer membrane, strain Al cells were aerobically cultured albumin as the standard.
at 30°C in an alginate medium consisting of 0.1% (NH Differential Display. (i) SDS—PAGE: outer-membrane
SO, 0.1% KHPO,, 0.1% NaHPG,, 0.01% MgSQ-7H,0, proteins were separated on 12.5% SEBP\GE gel. (ii) Two-
0.01% yeast extract, and 1.0% alginate (pH 7.2) or a yeastdimensional (2D)-PAGE: the outer membrane was solubi-
extract medium containing 0.1% (NJ2S0O;, 0.1% KHPO,, lized for isoelectric focusing (IEF) on ice for 10 min with a
0.1% NaHPQ,, 0.01% MgSQ@ 7H,0, and 1.0% yeast extract  solution consisting ©7 M ureg 2 M thiourea, and
(pH 7.2). To determine the growth of wild-type and gene- 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
disruptant cells of strain A1, cells were aerobically cultured sulfonate (CHAPS). Insoluble materials were discarded by
at 30°C for 16 h in an alginate medium consisting of 0.1% centrifugation at 100GPand 4°C for 10 min. After 0.5%
(NH4)2SO;, 0.1% KHPOy, 0.1% NaHPQO,, 0.01% MgSQ- immobilized pH gradient (IPG) buffer, 20 mM DTT, and a
7H,0, 0.01% yeast extract, and 0.5% alginate (pH 7.2), and trace of bromophenol blue were added, solubilized samples
the turbidity of the culture was periodically measured at 600 were loaded on immobiline dry strip gels (pH 30, 24 cm;
nm. Escherichia colstrain BL21(DE3) (Novagen, Madison, pH 4—7, 24 cm) (Amersham Biosciences Corp., Piscataway,
WI) was used as the host for overexpressing the outer- NJ) through rehydration and kept for more than 12 h under
membrane proteins of strain ALl. To express proteing.in  mineral oil. IEF was conducted at 2C for 96 000 Vh using
coli, cells were aerobically precultured in Luri8ertani (LB) IPGphor IEF (Amersham Biosciences Corp.). After equili-
medium @1) supplemented with ampicillin (0.1 mg/mL) at bration with a buffer of 50 mM Tris-HCI (pH 6.8% M urea,
37 °C. When turbidity reached 0.4 at 600 nm, isoprofyl-  30% glycerol, 2% SDS, and 0.25% DTT, strip gels were
p-thiogalactopyranoside (IPTG) was added to the culture (0.1 subjected to SDSPAGE (12.5% gel) using EttaDALT I
mM) and cells were further cultured at & for 42 h. (Amersham Biosciences Corp.). Proteins separated on 2D-
Isolation of the Outer Membran&he outer membrane PAGE gels were detected with Coomassie brilliant blue
was prepared from strain Al cells by two different proce- R-250 or silver.
dures. (i) Preparation of the outer membrane from the total Preparation of Internal Peptides of Outer-Membrane
membrane fraction2Q): briefly, strain Al cells grown on  Proteins. Spots for outer-membrane proteins {gd7) in-
alginate or yeast extract were converted to spheroplastsducibly expressed in the presence of alginate were cut out
through treatment with lysozyme and EDTA, and resultant from 2D-PAGE gels and hydrolyzed at 36 for 20 h with
spheroplasts were ultrasonically disrupted (model 201M lysylendopeptidase in 0.1 M Tris-HCI (pH 8.5). Resultant
insonator, Kubota, Tokyo, Japan) afG and 9 kHz for 5 peptides were subjected to capillary HPLC using a 140B
min. After intact cells and spheroplasts were removed by pump, a 785A UV monitor (Applied Biosystems Division,
centrifugation at 200@Pand 4°C for 15 min, cell lysates  Perkin—Elmer, Foster City, CA), a microflow processor, a
were ultracentrifuged at 1000§0and 4 °C for 2 h. UZ flowcell, a microinjector (LC Packings, Amsterdam,
Precipitants (total membranes, i.e., a mixture of outer and Netherlands), and a Probot microfractionater (Bai, Lautern,
inner membranes) after washing were subjected to sucroseGermany). Peptides were eluted for 100 min with a linear
density gradient centrifugation. (ii) Isolation of the outer gradient of acetonitrile (290%) in 0.1% trifluoroacetic acid
membrane during the conversion of intact cells to sphero- through a reversed-phase column (Symmetry C18u815
plasts 23): unless otherwise specified, all operations were 1.0 x 150 mm, Waters, Millipore, Billerica, MA) and
conducted at 64 °C. Strain Al cells (wet weight of 8 g)  detected by measuring absorbance at 210 and 280 nm.
were collected by centrifugation at 6apfor 5 min, washed N-Terminal Amino Acid Sequendé-terminal amino acid
with distilled water, and then resuspended in distilled water sequences of internal peptides derived from-pT were
(29.7 mL). After 0.1 M Tris-HCI (pH 8.3) (17.9 mL), 2 M  determined by Edman degradation with a Procise 494 HT
sucrose (15.1 mL), 1% EDTA (3.0 mL), and 0.5% lysozyme protein sequencer (Applied Biosystems Division, Petkin
(3.0 mL) were added, the cell suspension was incubated atElmer, Foster City, CA).
30 °C for 1 h and then centrifuged at 20@Pfor 15 min to Sequencing and Manipulation of DNAlucleotide se-
remove spheroplasts. The supernatant was ultracentrifugedjuences of ptp7 genes and their disrupted genes were
at 10000@ for 1 h. Resultant precipitants were washed with determined by dideoxy-chain termination using automated
0.1 M Tris-HCI (pH 7.5) containing 2% glycerol and 1 mM DNA sequencer Model 377 (Applied Biosystems Division,
dithiothreitol (DTT), re-ultracentrifuged at 100096r 1 h, Perkin—Elmer) 28). Subcloning, transformation, and gel
and then resuspended in the same buffer (outer membrane)electrophoresis were conducted as described elsew2Bre (
Western BlottingTo detect the inner-membrane protein, Gene Disruption.Plasmids for disrupting pip7 genes
membrane fractions were subjected to sodium dodecyl were constructed as follows: DNA fragments containingpl
sulfate-polyacrylamide gel electrophoresis (SBBAGE) p7 genes in the center were amplified by the polymerase
(24), followed by Western blotting using anti-AlgS antibodies chain reaction (PCR) using KOD polymerase (Toyobo Co.,
as described elsewher@5). Anti-lgG conjugated with Ltd.), genomic DNA of strain Al as a template, and two
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synthetic oligonucleotides as primers. Oligonucleotides for
cloning each gene were as follows: pl, forwarth 5
GGCATATGAAATACCCGCACGAGGTAC-3and reverse
5-GGCTCGAGCCACTTGTATTCGCCCGTCAGC 32,
forward 3-GGCATATGTCACGCCAGCATCGCTACC-3
and reverse'sSGGCTCGAGACGAGAAGCGTCGAAGCT-
GTAC-3; p3, forward 5>GGCATATGCAACAACGCTC-
GCTCAAGC-3 and reverse's6GCTCGAGGAAATCCAC-
CGATGCCGAC-3; p4, forward 5GGCATATGACCG-
GAGAGATTCACATGA-3 and reverse 'SGGCTCGAG-
GAACGTCCCCTGCATCCCCAGC-3 p5, forward 5
AAGGATCCCGAACGCTTGTTGATGGACGTG-3and re-
verse 5AAGGATCCGTCGTTGCTGATTTCGCCCAGT-

3; p6, forward 5AAGGATCCATGCTGAGTCTTC-
ACACCAATGC-3 and reverse'SAAGGATCCTTACTG-
CATCAGCGACAGCACGA-3; and p7, forward 5 AAG-
GATCCATGTTGTCCACCATGAAGCAATA-3 and re-
verse 5 AAGGATCCTCAGTCGAGCCCCAACAAC-
CCAC-3. These oligonucleotides have a site (indicated by
underlining) for the restriction enzymeNdd, Xhd, or
BanHI) added to 5 regions. Fragments (pIp7 genes)
amplified by PCR were isolated and ligated withncll-
digested pUC118 (Takara Bio, Inc.). Resultant plasmids
containing each of the pip7 genes were designated
pUC118-pX (X, 7). Kanamycin-resistant gene cassettes
for aminoglycoside 3phosphotranferase (Kijnwvere ampli-
fied through PCR using pUC4K (Amersham Biosciences

Hashimoto et al.

harboring pRK201330). p1—p7 gene disruptants (Knand
Cn) generated by homologous recombination were selected
on a 0.5% alginate medium solidified with 1.5% agar
containing 0.5% yeast extract,/®/mL polymyxin B, and

25 ug/mL kanamycin.

Expression and Purification of Flagellin Homologues.
Plasmids for overexpression of p5, p6, d@adcoli flagellin
(FliC) were constructed as follows: to introduce p5, p6, and
FliC genes into an expression vector, pET21b or pET21d
(Novagene), PCR was conducted using the genomic DNA
of strain Al orE. coli as a template and two synthetic
oligonucleotides as primers. The following oligonucleotides
were used for overexpression: p5, forwatdE5CATATG-
GCAATGACCATTAACACCAACG-3 and reverse '5
GGCTCGAGGCTCAGCAGCTTCAGCACTTGC 306, for-
ward 3-CCCATATGCTGAGTCTTCACACCAATGCCG-

3 and reverse'sSCCCTCGAGCTGCATCAGCGACAGCA-
CGAGC-3; and FliC, forward 5GGCCATGGCACAAGT-
CATTAATACCAACAG-3' and reverse'S56GCTCGAGAC-
CCTGCAGCAGAGACAGAACC-3. These oligonucle-
otides have anNdd, Ncd, or Xhd site (indicated by
underlining) in 5 regions. p5 and p6 gene fragments
amplified by PCR were digested witdd and Xhd and
then ligated witiNdd- and Xhd-digested pET21b. The FIiC
gene fragment amplified by PCR was digested vhkta
and Xhd and then ligated withiNcd- and Xhd-digested
pET21d. Resultant plasmids containing p5, p6, and FIiC

Corp.) as a template and two synthetic oligonucleotides asgenes were designated pET21b-p5, pET21b-p6, and pET21d-

primers. Oligonucleotides for cloning the Kigene were as
follows: for disruption of p1 and p3 genes, forward@G-
GATATCGGGGGCGCTGAGGTCTGCCTCGTG-and re-
verse 5GGGATATCGGGGGGGAAAGCCACGTTGT-
GTCT-3; for disruption of p2, p4, and p7 genes, forward
5'-GGAGCGCTGGGGGCGCTGAGGTCTGCCTCGTG-
3 and reverse'56GAGCGCTGGGGGGGAAAGCCACGT-
TGTGTCT-3; for disruption of the p5 gene, forward-5
GGCCATGGGGGGGCGCTGAGGTCTGCCTCG-and
reverse 5GGCCATGGGGGGGAAAGCCACGTTGTGTCT-
3'; and for disruption of the p6 gene, forwardGGTGGC-
CAGGGGGCGCTGAGGTCTGCCTCGTG-and reverse
5'-GGTGGCCAGGGGGGGAAAGCCACGTTGTGTCT-

3. These oligonucleotides have a site (indicated by underlin-

ing) for the restriction enzymeECaRV, Eco47l1ll, Ncd, or
Ball) added to 5regions. Knigenes were introduced at the
Ball site of pl and p6 genes in pUC118-p1 and pUC118-
p6; at theEcoa7Ill site of p2, p4, and p7 genes in pUC118-
p2, puC118-p4, and pUC118-p7; at tRecRV site of the

p3 gene in pUC118-p3; and at thncll site of the p5 gene

in pUC118-p5. Resultant plasmids with a disruption in each
of the p1-p7 genes were designated pUC118-pX:/Kix,
1-7). pX::Km' (X, 1—-7) genes disrupted by insertion of the
Km" gene were amplified through PCR using pUC118-pX::
Km' (X, 1—7) as a template and two oligonucleotides (M13
forward and reverse primers) withBanH| site added to 5
regions. Resultant PCR products were digested BairHI

and ligated withBanHI-digested pKTY320 with the gene
for chloramphenicol acetyl transferase (¢(29). Resultant
plasmids were designated pKTY320-pX::K¢X, 1—7) and
introduced intoE. coli strain DH% (Toyobo Co., Ltd.)E.

coli strain DH5 containing each pKTY320-pX::Km(X,
1-7) was used to transconjugate strain Al cells through
triparental mating in the presence Bf coli strain HB101

FliC, respectively.

Unless otherwise specified, all purification was conducted
at 0—4 °C. Cells of E. coli strain BL21(DE3) harboring
pPET21b-p5, pET21b-p6, or pET21d-FIiC were grown in 1.5
L of LB medium (1.5 L/flask), collected by centrifugation
at 600@ and 4°C for 5 min, washed with 20 mM Tris-HCI
(pH 7.5), and then resuspended in the same buffer. Cells
were ultrasonically disrupted (model 201M insonator, Kubo-
ta) at 0°C and 9 kHz for 20 min. Precipitants obtained on
centrifugation at 1500pand 4°C for 5 min were resus-
pended in 20 mM Tris-HCI (pH 7.5) contairgrl M arginine
and solubilized by sonication. After supplementation with 1
mM phenylmethylsulfonyl furoride and 0 M pepstatin A,
solubilized materials were applied to a DEAE-Toyopearl
650M column (2.6x 20 cm) previously equilibrated with
20 mM Tris-HCI (pH 7.5). Proteins were eluted with a linear
gradient of 0-1.0 M NaCl (300 mL) in 20 mM Tris-HCI
(pH 7.5), with a 3-mL fraction collected every 3 min.
Fractions containing p5, p6, or FliC, which were eluted with
0.3-0.4 M NacCl, were combined and dialyzed against 20
mM Tris-HCI (pH 7.5). The dialysate was subjected to a
SuperQ-Toyopearl 650C column (1x05.0 cm) previously
equilibrated with 20 mM Tris-HCI (pH 7.5). Proteins were
eluted with a linear gradient of-00.5 M NaCl (30 mL) in
20 mM Tris-HCI (pH 7.5), with a 1-mL fraction collected
every 1 min. Fractions containing p5, p6, or FIiC, which
were eluted with 0.2 M NaCl, were combined and dialyzed
against 20 mM Tris-HCI (pH 7.5). The dialyzate was used
as purified p5, p6, or FIiC.

Immunogold-Labeling Electron Microscopmtibodies to
purified p5 were raised in a rabbit, and the serum was used
as polyclonal antibodies against p5. Immunoelectron mi-
croscopy was conducted as described elsewRdjeRriefly,
strain A1l cells grown on alginate or yeast extract were fixed,
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(a) (b) Mizushima and Yamad&8) reported that part of the outer
kDa kDa membrane is released as vesicles from bacterial cells, while
e 28= intact cells are converted to spheroplasts through treatment

75m 25m with lysozyme-EDTA in a high osmotic solution. We thus
50= 50= tried to isolate the outer membrane as vesicles. Strain Al
=l oS el cells were converted to spheroplasts and then centrifuged to
Porin oo remove spheroplasts. The resultant supernatant was ultra-
il 25= centrifuged, and precipitants were recovered. Precipitants

were also subjected to sucrose density gradient centrifugation.
The protein profile of membrane fractions with high to low
densities was analyzed by SBBAGE. Most fractions
Ficure 3: Isolation of the strain Al outer membrane. Total showed profiles similar to each other, that is, porins with a
membranes obtained from spheroplasts and vesicles released duringholecular mass of about 35 kDa were major proteins and
the conversion of intact cells to spehroplasts were subjected 10 some proteins with molecular masses of 75, 40, and 20 kDa

sucrose density gradient centrifugation. Each fraction with a high . -
density from total membranes () and vesicles (b) is shown through Were observed (Figure 3b, left). No AlgS protein was

SDS-PAGE analysis, followed by protein staining with Coomassie detected in any membrane fraction (Figure 3b, right),
brilliant blue (left) and Western blotting using anti-AlgS antibodies indicating that precipitants after ultracentrifugation contain

(right). the homogeneous outer membrane. The strain Al outer
. ] ) ~ membrane was determined to have a density of 1.20 mg/
dehydrated, and embedded in epoxy resin. Ultrathin sectionsm|_ precipitants were used in further experiments as the
were immunostained using anti-p5 antibodies and anti-rabbitjsg|ated outer membrane.
I9G antibodies conjugated to 15 nm colloidal gold (Amer-  pifferential Display in Outer-Membrane Protein®uter
sham Biosciences Corp.). _ ~ membranes obtained from strain Al cells grown in the
Surface Plasmon Resonance (SPR) Biosensor Analysis. presence and absence of alginate were first subjected to
measure the interaction between flagellin homologues (p5'SDS—PAGE, and protein expression profiles in the outer
p6, and FIiC) and polysaccharides, SPR biosensor analysisnembranes were compared (Figure 4a). Although profiles
was conducted at 2% using CM5 sensor chips on a Biacore \yere pasically similar to each other, some proteins with
3000 (Biacore International AB, Uppsala, Sweden), as molecular masses of around 75 and 40 kDa were inducibly
described previouslylQ). expressed in the outer membrane of alginate-grown cells,
RESULTS while a protein band (19 kDa) was detected only in yeast-
extract-grown cells. We tried to identify these proteins
Outer Membrane of Strain AlTo isolate the outer through N-terminal amino acid sequence analysis but failed,
membrane from Gram-negative bacteria suck asoli and possibly because of the low resolution of SBISAGE.
Salmonella typhimuriupwe generally did as follows2@): Two types of outer membranes were then subjected to 2D-
bacterial cells are converted to spheroplasts through treatmenPAGE. Because thiourea is reported to be an effective reagent
with lysozyme-EDTA in a high osmotic solution, and for solubilizing outer membrane proteins from Gram-negative
resultant spheroplasts are ultrasonically disrupted. From abacteria 83), strain Al outer membrane proteins were
mixture of total membranes obtained after ultracentrifugation solubilized with CHAPS in the presence of urea and thiourea.
of speroplasts, outer and inner membranes are separated b$olubilized outer membrane proteins were separated by 2D-
sucrose density gradient centrifugation. Two membranes arePAGE consisting of IEF (pH 310) and SDSPAGE
divided on the basis of their density because the density of (12.5% gel) and stained with silver (parts b and c of Figure
the outer membrane is well-known to be higher than that of 4). Interestingly, protein expression profiles in outer mem-
the inner membrane. A mixture of total membranes obtained branes on 2D-PAGE gels differed significantly between strain
from strain Al spheroplasts was subjected to sucrose densityAl cells grown in the presence and absence of alginate,
gradient centrifugation. The protein profile of membrane although profiles on SDSPAGE gels were similar to each
fractions with high to low densities (1.211.16 mg/mL) was other (Figure 4a). Comparing protein expression profiles in
analyzed by SDSPAGE. Major protein bands with a the outer membrane of alginate-grown cells to those of yeast-
molecular mass of about 35 kDa were observed in fractions extract-grown cells, we found over 20 proteins to be
with a high density (Figure 3a, left) and probably cor- expressed inducibly in outer membranes of alginate-grown
responded to outer-membrane porins based on the abundanceells (Figure 4b). Seven proteins (pfp7) with acidic
of porins consisting of 306420 amino acids in Gram- isoelectric points (pl values) were significantly abundant
negative bacteria3@). Other than porins, a large number of because they were readily detected even with Coomassie
faint bands with a high and low molecular mass were brilliant blue. Their pl and molecular mass were determined
included in each fraction. Because ATP-binding protein AlgS as follows: p1 (pl 5.7, 75 kDa), p2 (pl 5.2, 75 kDa), p3 (pl
of the ABC transporter for alginate is localized in the inner 5.2, 74 kDa), p4 (pl 4.9, 75 kDa), p5 (pl 4.8, 41 kDa), p6
membrane of strain Al cell20), we examined the purity  (pl 5.7, 31 kDa), and p7 (pl 5.7, 27 kDa).
of the outer membrane by Western blotting through the Identification of Outer-Membrane Proteino identify
absence of detection of the AlgS protein included in the outer-membrane proteins (pp7) inducibly expressed in the
fractions. We found the AlgS protein in almost all fractions, outer membrane of strain Al cells grown on alginate, we
even in a fraction with a high density (Figure 3a, right), digested ptp7 with lysylendopeptidase, isolated internal
suggesting the difficulty in separating outer and inner peptides, and then determined N-terminal amino acid se-
membranes from total membranes. guences of peptides (Table 1). We analyzed internal peptides

15= 15=
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(a)kpa M 12 dependent outer-membrane receptor/transporter; p5 and p6,

?23:_._ flagellin; and p7, putative lipoprotein (Table 2).

- Characterization of Gene Disruptant$o find clues to
50__! the involvement of ptp7 in the formation of the pit and/or
3?__ﬂ£ import of alginate, we constructed mutants with a disruption

in each gene through an insertion of the Kgene. Gene
25.._“ disruption was confirmed through antibiotic selection and

PCR amplification. Genomic PCR indicated that each gene
disruptant had an enlarged gene of the outer membrane
protein compared to wild-type strain Al because of the
insertion of the Krm gene (Figure 5a). A mutant with a
disruption of the p1, p2, p3, p4, or p6 gene shows significant
growth retardation in the alginate medium (Figure 5b), while
there was little difference in the growth on other carbon
sources (e.g., pectin) between each mutant and wild-type
strain Al (data not shown). The growth of disruptants
accelerated at the later stage, suggesting that disruptions
might cause defects in adaptation to alginate.

Although little significant difference was observed in cell-
surface structures between some disruptants and wild-type
strain A1, the cell surface of the p6 gene disruptant differed
from that of wild-type strain Al in that formation of the pit
was incomplete and cell-surface structures changed from
pleats to networks (Figure 1c). In the case of the p5 gene
disruptant, some cells show modulated surface structures
observed in the p6 gene disruptant, but their frequency (50%)
was lower than that of the p6 gene disruptant cells (over
80%). Among the proteins identified, i.e., pp7, the
presence of flagellin homologues p5 and p6 was unexpected,
because extensive examination by optical and electron
microscopy failed to show the flagellation and motility of
strain Al cells grown under various conditions testéd.8).

FiGure 4: Protein expression profiles in outer membranes from
strain Al cells. (a) SDSPAGE followed by protein staining with ,
Coomassie brilliant blue. Lane M, molecular mass standards (from We thus focused on functions of p5 and pé.

top): polypeptides with molecular masses of 250, 150, 100, 75, Genetic Features of Flagellin Homologudghe p5 gene

50, 37, 25, and 15 kDa; lane 1, the outer membranes@®f  of 1152 hp encodes a polypeptide composed of 383 amino

protein) from alginate-grown cells; and lane 2, the outer membrane _ . . . ;
(40 ug of protein) from yeast extract-grown cells. (b) Outer acid residues with a molecular weight of 39 751 and a

membrane proteins (0.7 mg) from alginate-grown cells were Predicted pl of 4.79. The p6 gene of 894 bp encodes a
subjected to 2D-PAGE (IEF, pH-310; SDS-PAGE, 12.5%), polypeptide composed of 297 amino acid residues with a
followed by protein staining with silver. Eight proteins (pf8) molecular weight of 31 066 and a predicted pl of 5.30. The
indicated by arrows were inducibly expressed in the presence thomology of p5 and p6 against DNA/protein databases was

alginate. (c) Outer membrane proteins (0.7 mg) from yeast extract- . .
grown cells were subjected to 2D-PAGE (IEF, pHB; SDS- analyzed using the BLAST program assisted by the Genom-

PAGE, 12.5%), followed by protein staining with silver. eNet server (http://www.genome.ad.jp/). p5 and p6 showed
the most significant homology with a probable flagellin of

from p1—p7 after failing to determine the N-terminal amino  Xanthomonas axonopodi35) [e value, e-100; identity, 52%;
acid sequences of pP4 possibly because of the N-terminal accession number (acc. no.), AE011832] and a lateral
amino acid modification (e.g., pyroglutamylation) as is often flagellin of Vibrio parahaemolyticug36) (e value, 4e-69;
seen in outer-membrane proteins in Gram-negative bacteriadentity, 45%; acc. no., LO6176), respectively. p5 and p6
(34). In fact, all of pI—p4 after removal of signal peptides are mutually similar (40% identity). Bacterial flagellins are
are predicted to have a glutamine residue as the N terminusgenerally known to constitute a helical flagellar filament
through the primary structure analysis using a LipoP program through self-assembly and function as a prope&).(The
(http://www.cbs.dtu.dk/services/LipoP/). structure and function d@. coliandS. typhimuriunilagellins

pl—p7 genes were identified on the basis of overall have been well-characterize@88 39). N- and C-terminal
genomic information on strain A1 [W. Hashimoto et al. domains highly conserved among bacterial flagellins are
(2003) Abstract for Annual Meeting of Japan Society for responsible for self-assembly (propeller shaft) in flagellar
Bioscience, Biotechnology, and Agrochemistry, p 159] and filaments, while the central domain forming a propeller is
internal amino acid sequences of proteins (Table 1). The pl variable @9). Strain A1 p5 and p6 are highly similar to other
and molecular mass of p¥7 were predicted from deduced bacterial flagellins in the N- and C-terminal domains,
amino acid sequences and confirmed to be comparable taalthough little homology is observed in the central domain.
those determined experimentally, indicating the correctnessPart (~100 amino acids) of the central domain of p5 and p6
of p1—p7 identification. In homology analysis using primary and flagellins ofX. axonopodisandV. parahaemolyticuss
structures of p%p7, they show significant identity with  missing compared t&. coli (38) andS. typhimurium(39)
bacterial cell-surface proteins as follows: gi4, TonB- flagellin structures.
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Table 1: Genetic Characteristics of Outer-Membrane Proteins Inducibly Expressed in the Presence of Alginate

internal amino acid sequence ORF starp stogf bp? chairf amino acid Mwse pI"

pl NH-VYWDALYRGHAV SPH1326 1547388 1545160 2229  complement 742 81267 5.76
(77941)  (5.44)

p2 NH,-GFSTDPDGWARQ SPH2525 2901644 2899647 1998  complement 665 74 565.37
(71073)  (5.11)

p3 NH,-GDIVSASSGANN SPH3146 3630592 3628436 2157  complement 718 76 3415.36
(73645)  (5.17)

p4 NH-LNNLFDAEVREH SPH1886 2161953 2164103 2151  sense 716 76 1135.14
(71975)  (4.90)

p5 NH,-VTDADFASETAN SPH223 268 711 269862 1152  sense 383 39751 4.79

p6 NH-LSAAMTFQIGAA SPH1824 2091 496 2090603 894  complement 297 31066 5.30

p7 NH-IEPIAELFSDLD SPH726 842 948 842124 825  complement 274 304875.72

(27971)  (5.31)

20ORF name in the strain A1l genonfd.ocation of the start codon in the strain Al genorhkocation of the stop codon in the strain Al
genomed Base pairs¢ Indication of the encoded chain of the double-stranded strain Al geriddngno acid residues from the deduced amino
acid sequencé.Molecular weight predicted from the deduced amino acid sequence. The value in parentheses indicates the molecular weight
calculated from the deduced amino acid sequence without a signal peptide predicted through a LipoP program (http://www.cbs.dtu.dk/services/
LipoP/). M Isoelectric point predicted from the deduced amino acid sequence. The value in parentheses indicates the isoelectric point calculated
from the deduced amino acid sequence without a signal peptide predicted through a LipoP program (http://www.cbs.dtu.dk/services/LipoP/).

Table 2: Homology Analysis of Outer Membrane Proteins Inducibly Expressed in the Presence of Alginate

identity accession
evalue (%) homologous protein MW producer number

pl e-118 35 putative TonB-dependent receptor protein 82 01Ritrosomonas europaea BX321863
p2 5e-52 26 putative TonB-dependent outer-membrane receptor protein 80 &&ptospira interrogans AE011607
p3 0.0 47 putative ferric siderophore receptor 78 708ordetella pertussis BX640417
p4 e-170 47 putative TonB-dependent receptor 74 738urkholderia mallei CP000011
p5 e-100 52 putative flagellin 40 880 Xanthomonas axonopodis AE011832
p6  4e-69 45 lateral flagellin 29 746 Vibrio parahaemolyticus L06176
p7  1e-95 66 putative lipoprotein 30 195 Pseudomonas syringae ~ AE016853

@ Molecular weight.

Localization of Flagellin Homologuesmmunoelectron showed gold particles on the surface of alginate-grown cells
microscopy directly demonstrates detailed localization of (Figure 6c¢, upper), but not in cells grown in the absence of
antigenic proteins in cells. To examine the localization of alginate (Figure 6¢, lower), indicating that p5 was inducibly
flagellin homologues in strain Al cells by immunoelectron expressed in alginate-grown cells and exclusively localized
microscopy, antibodies to flagellin homologues had to be in the cell envelope.
prepared. An overexpression system for p5 and p6 was thus Biosensor Analysis of the Interaction Between Flagellin
constructed irE. coli cells. After construction of a plasmid Homologues and Polysaccharidéecause flagellin homo-
containing the p5 or p6 gene, the accuracy of their nucleotide logues were expressed on the cell surface of strain A1 grown
sequences was confirmed by DNA sequencing (data notin the presence of alginate, we studied the interaction between
shown). A transformant oE. coli strain BL21(DE3) with flagellin homologues and alginate using the SPR biosensor.
plasmid pET21b-p5 or pET21b-p6 was grown at°{Bin p5 binding to alginate was detected at pH 4.0, 5.0, and 6.0,
LB broth in the presence of IPTG at 0.1 mM to induce gene peaking at pH 4.0 (Figure 7a). In further interaction experi-
expression. Although both p5 and p6 were overexpressedments at pH 4.0, the interaction between p5 and alginate
as inclusion bodies i&. coli cells, flagellin homologues were  increased with an increasing alginate concentration (Figure
solubilized with 1 M arginine and then purified through two  7b). Because multiple binding data could not be fitted to
anion-exchange column chromatographies. Purified p5 and1:1 binding models provided with BIA evaluation software
p6 were confirmed to be homogeneous by SIPAGE (Biacore International AB), we analyzed interaction kinetics
(Figure 6a). Antibodies to p5 were obtained by immunization using a hypothetical model with two alginate-binding sites,
of the purified p5 in rabbit because we could purify much A and B, in p5. Dissociation constantsqj between p5 and
soluble p5. Western blotting analysis using anti-p5 antibodies alginate were estimated to be 1x310~7 M for site A and
showed a single protein band with a molecular mass of 40 2.6 x 10-° M for site B. p5 bound alginate and xanthan but
kDa corresponding to p5 in strain Al cells grown on alginate with a greater affinity to alginate (Figure 7c). Other polysac-
(lane 1 in Figure 6b) and also in the outer membrane of charides such as pectin, gellan, and hyaluronate were inert
alginate-grown cells (lane 2 in Figure 6b). This evidenced a as substrates. The alginate-binding ability of p6 was also
high specificity of anti-p5 antibodies for p5. Although p5 confirmed to be comparable to that of p5.
seemed not to be included in the outer membrane of yeast- To verify the universality of the alginate-binding ability
extract-grown cells (lane 3 in Figure 6b), a faint band of p5 in bacterial flagellins, we overexpressed, purified, and
appeared after a prolonged immunostaining (lane 4 in Figure characterized. coli FliC (Figure 6a), as is the case of p5
6b), suggesting that p5 is constitutively expressed in strain and p6. In addition to p5 and p6, FIiC also bound alginate
A1l cells, although at a low level. Immunoelectron micros- and is anticipated to have two alginate-binding sites with
copy by immunogold labeling using anti-p5 antibodies dissociation constants of 24 107 M and 1.5x 107° M,
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Ficure 5: Characterization of outer membrane gene disruptants.
(a) Confirmation of gene disruption. PCR products (outer membrane
genes) from genomic DNAs of the gene disruptant (left) and wild-
type strain Al (right) were subjected to agarose gel electrophoresis.
Block 1, p1 gene amplification; block 2, p2 gene amplification; LR . R —— —-—
block 3, p3 gene amplification; block 4, p4 gene amplification; FIGURE 6: Expression of flagellin homologues. (a) SDBAGE
block 5, p5 gene amplification; block 6, p6 gene amplification; followed by protein staining with Coomassie brilliant blue. Lane
and block 7, p7 gene amplification. (b) Growth of wild-type strain M, molecular mass standards (from top): polypeptides with
Al and p}p7 gene disruptants in the alginate medium. molecular masses of 250, 150, 100, 75, 50, 37, 25, 20, and 15 kDa;
lane 1, purified p5 (3:g); lane 2, purified p6 (3tg); and lane 3,
comparable to those of strain Al flagellin homologues purified E. coli flagellin (FIiC) (3 ug). (b) SDS-PAGE followed

(Figure 7d). by Western blotting using anti-p5 antibodies. Lane M, molecular
mass standards (from top): 83, 48, 33, 25, and 17 kDa; lane 1,
DISCUSSION strain Al cell lysates (29 of protein); lane 2, the outer membrane

(2 ug of protein) from alginate-grown cells; lane 3, the outer
In this work, we have found strain A1 outer-membrane membrane (2g of protein) from yeast extract-grown cells; and
proteins inducibly expressed in the presence of alginate!ane 4, the same sample as in lane 3, although prolonged
throuah proteome analvsis and identified flagellin homo- immunostaining. (c) Localization of p5 in strain Al cells. Immu-
gh p aly g h nogold electron microscopy image of strain Al cells grown on
logues as flagellum-independent cell-surface proteins re- aiginate (upper) and yeast extract (lower).
sponsible for alginate binding and/or modulation of cell-
surface structures. This is, to the best of our knowledge, the Through a differential display between outer membranes
first report on flagellum-independent cell-surface flagellins from strain Al cells grown in the presence and absence of
with alginate-binding ability. alginate, seven proteins (pb7) with acidic pl values were
Separation of outer and inner membranes from a mixture found to be expressed in the outer membrane of alginate-
of total membranes by sucrose density gradient centrifugationgrown cells (Table 1). Most homologous proteins withpl
was unsuccessful (Figure 3a), indicating that both membranesp7 are bacterial cell-surface (outer membrane) proteins (Table
have similar densities within 1.161.21 mg/mL. Gram- 2), suggesting that the outer membrane was well-fractionated.
negative bacteria generally differ greatly in outer- and inner- p1—p4 and p7 are also predicted to have a signal sequence
membrane density, e.g., 1.23 and 1.15 mg/mL for outer andthrough the primary structure analysis using a LipoP program
inner membranes ofE. coli, respectively 40). The close (http://www.cbs.dtu.dk/services/LipoP/). ppb7 genes are
density in outer and inner membranes of strain Al is probably scattered in the strain A1 genome (Table 1), while genes
due to the unusual cell-surface structures observed infor the ABC transporter (AlgS, AlgM1, and AlgM2),
sphingomonades. As described in the Introduction, sphin- periplasmic alginate-binding proteins (AlgQ1 and AlgQ2),
gomonades have unusual outer membranes containing gly-and alginate lyases (Al-, Al-Il, Al-Ill, and A1-1V) thus
cosphingolpids in place of lipopolysaccharidd®)( The far analyzed are assembled into a cluster in the strain Al
density of outer and inner membranes fr@phingomonas  genome (location, 4 392 055} 383 073) (Figure 2). Genes
puacimobilis is determined to 1.19 and 1.14 mg/mL, for pl—p7 are thus thought to be expressed independently
respectively 40); therefore, the negligible difference in of the genetic cluster, although all of pp7, the ABC
density between outer and inner membranes is thought totransporter, periplasmic alginate-binding proteins, and algi-
be common to sphingomonades. nate lyases are produced inducibly in the presence of alginate.
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force generated from an inner-membrane complex (FonB
ExbB—ExbD) 46). E. coli FhuA, one of these transporters,
functions as a receptor for siderophores and for antibiotics
and phagesA(l). Siderophores such as ferrichrome, entero-
400 bactin, enterochelin, and citrate are well-known as TonB-

[ 200
Time (sec) dependent outer-membrane iron transporters. ExbB and
250- ExbD are located in the inner membrane, while TonB
(C) anchoring the inner membrane extrudes into the periplasm
2001 Aiginate to associate with TonB-dependent outer-membrane transport-
2 ers @7). The TonB box highly conserved in the N-terminal
o %] region of outer-membrane transporters is responsible for the
§,M. Xanthan interaction of TonB and transporterd§. In fact, pl, p2,
@ p3, and p4 show high homology with other TonB-dependent
o« J A . .
s outer-membrane transporters in the N-terminal region (data
ol Gean not shown). We surmised that pp4 homologous with
Hyaluronate
TonB-dependent outer-membrane transporters were overex-
50 p povs pom To pre_ssed in the presence of alglnate__be_caus_e (l) t_he import of
Time (sec) alginate into the periplasm and/or (ii) iron limitation in the

alginate medium as a result of the formation of an ion
alginate complex.

In Gram-negative bacteria, external siderophores and
vitamin By, are transported into the cytoplasm by TonB-
dependent outer-membrane transporters, periplasmic binding
proteins, and inner-membrane ABC transporterg 60).
Because, in alginate import in strain A1, periplasmic binding
proteins and the inner-membrane ABC transporter have
already been identifiedl@, 20), p1, p2, p3, and/or p4 may
function as TonB-dependent outer-membrane transporters for
50 . r T v r the import of alginate across the outer membrane. In

’ b nm:fsec) » ” homology modeling 1), the transporter (p3) appeared to

constitute a tunnel-lik@g-barrel structure spanning the outer
FIGUrRe 7: Interaction between flagellins and polysaccharides. The g P g

interaction was analyzed using an SPR biosensor. (a) Effect of pH memt_)rane (Flgur_e 8). . .

values on the binding of p5 to alginate. Alginates (1 mg/mL)  Alginate potentially chelates iron (ferric ions}3), sug-
dissolved in different buffers were injected over p5-immobilized gesting that iron available for growth is limited in the alginate
surfaces. pH 4, sodium acetate; pH 5, sodium acetate; pH 6, MES-medium. Under iron-deficient conditions, a large number of
NaOH; and pH 8, Tris-HCI. (b) Dependence of the alginate pscteria produce siderophores and outer-membrane iron
concentration (0.33100 ug/mL) on p5 binding to alginate. (c) ¢ t to i ti fectively: theref train Al
Specificity in p5 binding to 10@g/mL polysaccharides (alginate, ransporters to import iron efiectively, thereiore, strain
xanthan, gellan, and hyaluronate). Ed)coli FliC binding to alginate cells may overproduce pl, p2, p3, and/or p4 in the outer
(0.63-100 ug/mL) as in b. membrane to incorporate limited iron in the alginate medium.

The possibility that p1, p2, p3, and/or p4 transport iron into
pl, p2, p3, and p4 show significant identity with TonB- the periplasm using alginate as a siderophore cannot be
dependent outer-membrane transporters (Table 2). Transportignored. In any case, a mutant with a disruption of the p1,
ers thus far analyzed incorporate sideropho#ds-@4) or p2, p3, or p4 gene shows significant growth retardation in
vitamin By, (45) into the periplasm with a proton-motive the alginate medium, indicating that pfp4 cooperatively
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incorporate substrates into the periplasm. We are nowis shown in Figure 8. Although data are insufficient, cell-
constructing the overexpression system of-p4 in E. coli surface proteins cooperate to incorporate alginate as fol-
to clarify their intrinsic function. lows: alginate in the milieu is recognized by flagellin
One unexpected finding in this work concerns the local- homologue receptors, and the resultant signals are transmitted
ization and function of flagellin homologues. Bacterial to DNA through an unknown mechanism. The lack of a
flagellin is a helical filament, a component of the flagellum, derivation of a mutant with double disruptions of p5 and p6
and functions as a propelle8?). In spirochetes, flagellar  genes suggests that flagellin homologues play an important
filaments are present in the periplasm and filament rotation role in the construction of cell-surface structures and/or that
gives cells specific motility §3). In regard to the function  the trigger in alginate import and depolymerization is the
of flagellin beyond that of a propeller, flagellum-dependent recognition of alginate by flagellin homologues. On the basis
flagellins of a plant-pathogenic bacteriufRseudomonas  of signal transduction, genes for importing and depolymer-
syringae are reported to play an important role in inducing izing alginate are expressed and then the super-channel,
a hypersensitive reaction in plang&, and some pathogenic including the pit, binding proteins, and ABC transporter, is
bacterial flagellins cause a host innate immune responseconstructed. Cell-surface alginate-binding protein (p8) con-
through the interaction with Toll-like receptors of hos§)( centrates alginate and its granules in the 5#) (and TonB-
These functions of flagellum-dependent flagellins, however, dependent outer membrane transporters-(gf) with tunnel-
are not intrinsic but result from the interaction with bacteria like  structures incorporate alginate into the periplasm. p7
and hosts. Strain Al flagellin homologues are independentmay function as a lipoprotein responsible for pit maintenance
of flagellum formation and are exclusively localized on the and stabilization through linkage between the pit and
cell surface. Although the p5 or p6 gene disruptant could peptidoglycan, although supporting data for this assumption
grow on alginate, the growth of a mutant with a disruption has yet to be obtained.
of the p6 gene was retarded in the alginate medium. Distinct
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