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Special cell surface structure, and novel macromolecule
transport/depolymerization system of Sphingomonas sp Al
K Momma, W Hashimoto, O Miyake, H-J Yoon, S Kawai, Y Mishima, B Mikami and K Murata

Research Institute for Food Science, Kyoto University, Uji 611-0011, Japan

A bacterium isolated from soil as an alginate lyase producer shows characteristic morphological and taxonomical
properties consistent with being classified in the genus Sphingomonas . The bacterium utilizes high molecular weight
(HMW)-alginate for growth by depolymerization of the polymer with intracellular alginate lyases, which are generated

from a common precursor protein through autoregulated post-translational modifications. Electron microscopic
observations of the cell surface and of thin sections of cells grown on HMW-alginate revealed dynamic changes in

both cell surface and membrane structures. The most remarkable change is recognized in the formation of mouth-

like pits which open and close depending on the presence or absence of HMW-alginate. Enzymatic and genetic
analyses of HMW-alginate incorporation processes confirmed the presence of a pit-dependent and macromolecule-
specific ABC transporter system in cells of Sphingomonas species Al. This is the first description of a bacterium
with a pit on the cell surface and a pit-dependent endocytosic uptake system for macromolecules.
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Introduction ginosaand related bacteria form part of the biofilms that
. . - protect bacterial cells from the attack of phagocytes, anti-
Alginate is a polymer composed @p-mannuronate and bodies or chemotherapeutic agents (antibiotics), inevitably

the C5 epimer a-L-guluronate; the polysaccharide is . L ; : . )
biosynthes?zed b‘; Lbr%wn seaweeds aﬁd ycertain microbeteadmg to bacterial infectious diseases which are highly

The two uronic acids are usually arranged in three differen ?;ﬁg’;gtf ot?mg]t%ﬂcsr! dt/:)erarténn?g\t/zl E)lflgigil; gfesreisrc?r?glgpth(g
ways within the alginate molecule to form block structures. S Lo

Th()ely are homopgolymeric [polg-p-mannuronate (MM Promising approaches to conquer biofilm-dependent bac-
blocks) and polya-L-guluronate (GG blocks)] and hetero- terial infectious diseases [18]. Therefore, enzymes that can

. . . liquefy alginate are required.
polymeric (MG blocks) regions. In MG blocks, there is a . .
random arrangement of the monomers G and M [22]. GG For food technological and therapeutic purposes, the use

blocks tightly bind calcium ions and can form firm but of an enzyme, alginate lyase, is promising, since the

brittle gels. The ‘egg-box model’ has been proposed Enzyme splits alginate intramolecularly and can produce

explain this specific interaction between GG blocks and Calphgomers with their inherent properties. An alginate lyase

cium ions [46]. Regions rich in MM or MG blocks non- producer isolated from soil was identified as a bacterium

specifically bind divalent metal ions, and form elastic gels in the genusSphingomonassince: (i) the bacterium con-

: : . . . . ‘tains no lipopolysaccharide, which is a major component
;23 E’l'sé(]:os'ty of alginate is proportional to its molecular of the outer membrane of other Gram-negative bacteria;
Becauée of its metal-chelating and viscous propertiesand .(”) _the bacterium contains glycosphingolipid, which is
alginate is used widely in the food and pharmaceuticaﬁoligéqgggujszzwp?snﬁgf[ ?2523 [i)rllas:giar:]eorpebsrane of eukar-
industries [15]. However, methods for depolymerization are’ Thi iew f Y imaril b h 3& I ot
now being sought, not only to prepare low viscosity algin- Is review focuses primarily on the depolymerization

ates with novel physiological and food technological func-mtee igg{]s'sgeoigﬁgﬁt;t% zlr?'?ﬁ éecZ?Ss,i’rfzgg g’?r[; ;ﬂ?g'%lf
tions, but also to exploit new areas of application in bio-

polymer-based industries. Besides structural anc’ghe bacteriumSphingomonasp (strain Al), to understand

rheological properties, bacterial exopolysaccharides hav C(eUI?(():IaciLrj‘Latre)bte:Zﬁsuggerlylng regulation of macromol-
attracted a great deal of attention in recent years because 9 port.
they play important functional roles in the process whereby

microorganisms adapt to selection pressures of differenProperties of bacterial alginate lyase producer
environments. The typical ecological function of bacteria
exopolysaccharides is observed in many bacterial adhesi
and infection processes, particularly seen in cystic fibrosi

(CF) [16]. In CF, alginate produced 3seudomonas aeru-

loAh highly potent alginate lyase producer isolated from soil
s a yellow-pigmented, Gram-negative rod (Figure 1-I: A—
) with a G+C content of 62-63 mol%. The bacterium is
polymixin B-resistant, and contains mono- and oligosacch-
aride-type glycosphingolipids and isoprenoid quinone
Correspondence: Dr K Murata, Research Institute for Food Science, Kyoté"lblq,l“"no,ne 10) Major cellular fatty aCI(.jS in .the strain are
University, Uji 611-0011, Japan palmitoleic acid 16:1, heptadecanoic acid 1¢i$;11-octa-
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Figure 1 Cell surface structure ddphingomonasp Al. (l) Pit formed on the cell surface in the presence of alginate (culture time: A, O h; B, 2 h; C,

7 h; D, 14 h; E, 20 h; F, 24 h). () Alginate localization on the cell surface (A, cells grown in the absence of alginate; B, cells grown in the presenc
of alginate). Cell surfaces were stained with ruthenium red. (Ill) Thin section of alginate-grown cells. An arrow indicates the position comgespond

the pit.

2-hydroxypentadecanoic acid 15:0. 3-Hydroxy fatty acidsments for carbon and nitrogen sources, and can specifically
are not found. Based on these and other taxonomic andse polyuronic acids (alginate and pectin) and their depoly-
physiological properties, the bacterial alginate lyase promerization products. Glucose and pyruvate can be utilized
ducer was placed in the gen&phingomona$27], mem-  as a carbon source, but with far less efficiency than poly-
bers of which have been reported in patients and clinicalironic acids. Among the amino acids, omhglutamate .-
materials [50], in ears of rice and other plants of the familyaspartate and their amides-dlutamine and.-asparagine)
Gramineae [30] and in other natural environmentsare utilized as nitrogen sources. Yeast extract is poorly util-
[45,49,51]. Among the bacteria in this genus, the isolate iszed as a carbon and nitrogen source. Other compounds
similar to Sphingomonas terram cellular fatty acid com- tested are not assimilated: mono- and oligosaccharides
position. (mannose, rhamnose, fructose, galactose, galactosamine,
Sphingomonasp Al exhibits strict nutritional require- xylose, arabinose, maltose, lactose, trehalose), polysac-
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charides (gellan, fucoidan, inulin, arabic gum, levan, carra-Overexpression of A1-1ll
geenan, carboxymethyl-cellulose, pullulan, dextran, hepAmong the alginate lyase species, Al-lll is exceedingly
arin, condroitin, xylan, galactan, xanthan, chitin, cellulose,powerful in liquefying viscous alginate produced by
chitosan, curdlan), organic acids (malate, oxaloacetate, citnucoidP. aeruginosgTable 1), and can be used as a thera-
rate, isocitrate), and sugar alcohols (glycerol, mannitolpeutic agent in CF and other biofilm-dependent bacterial
sorbitol). infectious diseases. In order to prepare large amounts of
Al1-111, the region of nucleotide sequence corresponding to
Al-Ill (from 5His to 4*?Ser in Figure 2) was excised from
a gene encoding Al-l, inserted in a downstream faced to a
Formation and specificity signal peptide sequence (33 amino acids derived from an
Only in the presence of alginate do8phingomonasp A1 extracellular a-amylase ofBacillus subtilig in a vector
produce alginate lyases which catalyze the depolymerizplSA412 and transcription of the sequence was put under
ation of alginate. The bacterial cells flocculate duringthe control of a penicillinase gene expression system [25].
growth on a medium containing alginate [52]. The activity B. subtilisANA-1 (Npr~, Apr-, Amy~) harboring the hybrid
of alginate lyase reaches maximum in mid-log phase anglasmid produces a large amount of Al-lll (0.3 gL
then declines in association with the progress of floccuextracellularly [25]. The specific production of Al-lll justi-
lation. fies our conclusion that Al-1ll, as well as Al-ll, is gener-
Three kinds of monomeric alginate lyases [Al-l ated through the processing of Al-l [41,55] as analyzed
(66 kDa), Al-Il (25 kDa), Al-lll (40 kDa)] are produced later (Figure 3).
intracellularly [23,24,52] (Table 1). These alginate lyases
are classified into three types with respect to their substrate
specificity: (i) lyases active on both brown seaweed (non-Reaction mechanism of A1-lll
acetylated) and bacterial (acetylated) alginates—A1-I, isoAl-Ill of Sphingomonasp Al is a polyB-p-mannuronate
electric point (pl)=9.0, is of this type; (ii) lyases specifi- lyase and cleaved the glycosidic linkage of p@hp-man-
cally active on non-acetylated alginates—A1-1l §6.8) nuronate (MM blocks) and heteropolymeric region (MG
belongs to this type; and (iii) lyases highly active on acetyl-blocks), but was inert on polg-p-guluronate (GG blocks).
ated alginates—A1-Ill (pE 10) is categorized as this type. The enzyme was observed to act endolytically, to interact
All of these alginate lyases depolymerize sodium-, potasswith tetrasaccharide in alginate, and to form di- and trisac-
ium-, and propylene glycol-alginates with various M/@ ( charides as final products [19]. This suggests that the
Dp-mannuronate/-L-guluronate) ratios most efficiently at enzyme recognizes the unit of tetrasaccharide in alginate
pH 7.5-8.5, 76C. and cleaves the middle linkage of the tetrasaccharide. The
Another interesting feature of these alginate lyases liesubstrate specificity of Al-Ill resembles those of alginate
in the amino acid sequences of their N-terminal regiondyases ofP. aeruginosa[33] and Azotobacter vinelandii
(Table 1). The sequence of the first 20 amino acids of A1{14], but differs from that ofKlebsiella pneumoniaglO].
| [40] is consistent with that of Al-lll, whereas that of A1- The enzyme ofK. pneumoniaeis a polyw-L-guluronate
Il [40] matches a sequence of 20 amino acids located in atyase and specifically cleaves linkages in pak-guluron-
internal region of Al-l. The significance of the N-terminal ate (GG blocks). The reaction mode of Al-lll is similar to
amino acid sequences is discussed below in connectiotnat of alginate lyases frorAzotobacter chroococcuf 7]
with processing of the Al-l molecule. and Turbo cornutug39], but distinct from that oP. aeru-

Properties of alginate lyase

Table 1 Properties of alginate lyases 8phingomonasp Al

Properties Al-l Al-1l Al-11

MW (subunit) 66 kDa (monomer) 25 kDa (monomer) 40 kDa (monomer)
Localization Cytoplasm Cytoplasm Cytoplasm
Isoelectric point 9.03 6.82 10.16
Optimal pH (reaction) 8.0 8.0 7.6

Substrate specificity*
Non-acetylated alginate:

Na-salt M/@=0.4-0.5 134 146 30.1
M/G =1.4-1.5 142 138 25.5
K-salt M/IG=1.2-1.3 122 132 23.5
Acetylated alginate:
Alginate (10-91-2%) 68.3 0 125
Alginate (10-91-19) 62.1 0 132
Alginate (2-92-28) 59.8 0 108
N-Terminal amino acid sequence HPFDQAVVKDPTASYV APAAAHSSIDLSKWKLQ HPFDQAVVKDPTASY

aSpecific activity:A E,35 min™ mg™ protein.
PMolar ratio of M and G in alginate.
cAlginate produced byP. aeruginosanfected lungs of CF patients (parenthesis: classification number of patients in Columbia University).
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50
MPLACLATTRVGAAREKSGDSSMFDIPFPGHGRRLAVAALAFAGCAFAGS
—PoO 100

54
LQOAHPFDQAVVKDPTASYVDVKARRTFLQSGQLDDRLKAALPKEYDCTTE
—Al-I,Al-III 150
ATPNPQQGEMVIPRRYLSGNHGPVNPDYEPVVTLYRDFEKISATLGNLYV
200
ATGKPVYATCLLNMLDKWAKADALLNYDPKSQSWYQVEWSAATAAFALST
250
MMAEPNVDTAQRERVVKWLNRVARHQTSFPGGDTSCCNNHSYWRGQEATT
300
IGVISKDDELFRWGLGRYVQAMGLINEDGSFVHEMTRHEQSLHYQNYAML
350
PLTMIAETASRQGIDLYAYKENGRDIHSARKFVFAAVKNPDLIKKYASEP
400
ODTRAFKPGRGDLNWIEYQRARFGFADELGFMTVPIFDPRTGGSGTLLAY
450

413

KPQGAAAQAH?%%PAAAHSSIDLSKWKLQIPVDPIDVATRDLLKGYQDKY

—Al-IT 500

FYVDKDGSLAFWCPASGFKTTANTKYPRSELREMLDPDNHAVNWGWQOGTH
EMNLRGAVMHVSPSGKTIVMQIHAVMPDGSNAPPLVKGQFYKNTLDFigg
NSAAGGKDTHYVFEGIELGKPYDAQIKVVDGVLSMTVNGQTKTVDFVZgg
AGWKDLKFYFKAGNYLQDRQADGSDTSALVKLYKLDVKHSg41

Figure 2 Deduced amino acid sequence of alginate lyases. The N-terminal amino acid sequence of Al-l and Al-Ill is underlined. The N-termin:
amino acid sequence of Al-1l is doubly underlined. The C-terminal amino acid sequence of Al-lll is boxed. Arrows indicate the N-terminals af precursc
protein Po, Al-1, Al-lll and Al-Il.

ginosa[33] andDendryphiella saling47]. The lyases from cleft exists in the barrel consisting of helices, alginate poss-

P. aeruginosaandD. salinacan act on trisaccharides. ibly penetrates into the cleft and interacts with the catalytic
center of Al-lll.

Chemical modification of A1-ll

The activity of Al-1ll is completely lost after treatment

with phenylglyoxal, diethylpyrocarbonate (DEP), or 2,4,6-

trinitrobenzenesulfonic acid, although the effect of DEP isGene structure

reversed by the addition of hydroxylamine. Sulfhydryl Alginate lyase genes have been isolated fiénpneumon-

agents N-ethylmaleimide, iodoacetamide andp- iae [10] and Pseudomonassp [35,37]. However, these

chloromercurybenzoate) show no effects on activity of thegenes are for extracellular alginate lyases and are distinct

enzyme. These results indicate that the catalytic site of Alfrom those for the intracellular enzymes produced by

Il contains arginine, histidine and lysine, but not cysteine,Sphingomonasp Al. The gene responsible for the alginate

Structure of the alginate lyase gene

as functional groups (Hisanet al, unpublished results). lyase of Sphingomonasp Al has been cloned iBscher-
ichia coli DH1 as a nucleotide fragment with 2176 base
Three-dimensional structure of A1-1ll pairs [53,55]. The open reading frame (ORF) consists of

Alginate lyase (Al-1ll) overexpressed iB. subtiliswas 1923 base pairs which can encode a polypeptide of 641
crystallized by the vapor-diffusion method with ammonium amino acids (Figure 2). The N-terminal 20-amino acids
sulfate as a precipitant [38]. The crystal belongs to thesequence of the lyase producedtycoli DH1 is consistent
space groupC2 with cell dimensions of & 48.9, b=92.4,  with the first 20 amino acids (fromMet to 2°Asp) in the
and c=81.6 A, and one molecule constitutes an asymmetdeduced sequence, indicating thaEincoli DH1 cells, the

ric unit. The crystal structure of Al-lll has been revealedlyase is synthesized as a precursor protein (Po: 71 kDa)
by multiple isomorphous replacement and refined at 1.78vith an apparent alginate lyase activity.

A to a conventional crystallographi®-factor of 0.180 In Sphingomonasp Al cells, all alginate lyase species
(Figure 4) [56]. The enzyme is composed of oahhelices  are exclusively localized in the cytoplasm [53]. However,
and contains ng-sheet structures. The enzyme has a noveln E. coli DH1, the enzyme is equally distributed between
aglas-barrel supersecondary structure and the topology oboth periplasm and cytoplasm [55], indicating that the
Al-lll resembles that of glucoamylase. Since a ‘tunnel-like’ alginate precursor (Po) has a region required for translo-
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Figure 3 Post-translational processing for generation of alginate lyase species and the alginate depolymerization route. Alginates concentrated in the
pit are incorporated into cells through the ABC transporter system consisting of AlgH and AlgM. Alginate lyase is synthesized as a precursor protein
(Po), followed by the transformation to Al-l by releasing N-terminal peptide. Al-l is autocatalytically processed to Al-1l and Al-lll. Threef kinds o
lyases (Al-l, Al-1l, and Al-lll) depolymerize alginate to tri- and disaccharides with an unsaturated uronyl residue at the non-reducing teeminal. T
resultant oligosaccharides are converted to a monosaccharide by unsaturated-uronyl releasing enzyme.

cation of the protein across the cell membrane. Polypeptidaith a typical signal peptide, and the hydropathy of the
with a molecular weight of 5367 et to 3Ala) may func-  precursor protein shows no hydrophobic environments typi-
tion as a signal peptide for the translocation of the Al-Ical for the amino terminal flanking region of the translated
precursor. However, the polypeptide is quite long comparegbroteins. The translocation process for the Al-l precursor is
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Figure 4 Crystal structure of alginate lyase Al-lll. H1-H1&;helix; balls, S-S bond.

now being analyzed, including the C-terminus hydrophobicTherefore, Al-l is a peculiar enzyme in that it has three
region as an anchor. different catalytic centers for two alginate lyases (Al-1l and
Consensus sequences for promoter and ribosome-bindir&gl-111) and a protease. Al-1l and Al-lll generated through
sites are not confirmed in the upstream region of the ORREhe processing of Al-I can reveal novel functions (Table 1).
of the Al-l precursor. A palindrome-like sequence isBriefly, although Al-l1 is active on both brown seaweed
located just 10 base pairs downstream of stop codon TGAhon-acetylated) and bacterial (acetylated) alginates, Al-ll
Further biochemical and genetic analyses are needed #nd Al-lll are almost specific to the former and the latter
identify the promoter, transcriptional start point and poten-alginates, respectively.
tial termination sequences. A homology search using the Several bacteria produce alginate lyase [48].aerugi-
EMBL Data Bank found no genes homologous with thenosa[33] andA. vinelandii[14], which are typical bacteria

Al-1 gene. producing the alginate biofilm or cyst wall, produce per-
iplasmic alginate lyases with a molecular weight of 39—
Processing of alginate lyase 40 kDa, and their genes are located in a cluster involved in

As indicated aboveSphingomonasp Al produces three the biosynthesis and transport (excretion) of the alginate
different types of intracellular alginate lyases: Al-l1 molecule [7,34]. Thus, the alginate lyaseRfaeruginosa
(66 kDa) [52], Al-ll (25 kDa) [23] and Al-lll (40 kDa) shows a significant amino acid sequence identity (63%) to
[24] (Table 1). The sum of molecular weights of Al-ll and that of A. vinelandii[14]. In contrastK. pneumoniagro-
A1-lll roughly corresponds to the molecular weight of A1l- duces alginate lyase (28 kDa) extracellularly [10]. No pecu-
I. The N-terminal amino acid sequence of Al-l is consistentiar post-translational modification pathways for alginate
with that of Al-1ll (Figure 2). The amino acid sequence lyase biosynthesis, as evidenced in the cas&pmifiingo-
from 4*3Ala to “*val in the deduced amino acid sequencemonassp Al, have been observed in any of the other bac-
of Al-l is identical with the predetermined N-terminal terial strains so far examined. Thus, t8phingomonasp
amino acid sequence of Al-ll. Furthermore, the last twoAl lyases are quite different from those of other bacteria
C-terminal amino acid sequences of Al-lll are determinedn maturation processes as well as in localization, and exhi-
to be Val-Ser (boxed in Figure 2), indicating that the pep-bit low identity scores in comparison with thoseRfaeru-
tide bond betweerf!?Ser and***Ala is cleaved. ginosa [accession No. L14597-1; 25% identity in 280
Based on the facts presented above, we can postulateamino acid (aa) overlaph. vinelandii(AF027499-3; 24%
possible molecular cascade for the generation of alginatelentity in 332 aa overlap), and. pneumoniagL19657-
lyase species isphingomonasp Al (Figure 3). The Al- 2; 27% identity in 294 aa overlap).
| is first synthesized as a precursor protein Po (71 kDa), the
presence of which has been confirmed [40], and then the
protein Po is processed to generate a mature form of Al-Regulation of alginate lyase gene expression
(66 kDa) by removing the N-terminal peptide (5 kDa). The The alginate lyases iBphingomonasp Al are induced in
elimination of a 5-kDa peptide from precursor protein Pothe presence of alginate and the induction is repressed when
is necessary to induce protease-like activity in the Al-lglucose is included in the medium. Other nutritional
molecule. The native Al-l is subsequently processed at éarbon or nitrogen sources and metal ions) and physico-
presumed site (betweett?Ser and“®Ala) to yield Al-1l  chemical (temperature, pH or oxygen supply) conditions
(25 kDa) and A1-Ill (40 kDa). The processing of Al-l is show marked influences on formation of the alginate lyases.
attained by protease-like activity of the A1l-l molecule itself However, whenE. coli DH1 clones carrying the alginate
[26], and this step is rate-limiting or regulated, probably bylyase gene oSphingomonasp Al are grown in the pres-
the oxygen supply [23,24], since Al-1, usually present asnce of sorbitol (0.5-1.0 M) or sucrose (0.6 M), the induc-
the major component among alginate lyase species, igon of alginate lyase by alginate is substantially repressed
promptly processed when the culture is vigorously agitated(Murata et al, unpublished results), suggesting regulation
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of the alginate lyase gene expression by an external osmaven in the periplasmic space [40]; (ii) formation of the pit
larity. is dependent on the presence of HMW-alginate in medium;
(i) the pit closes or opens depending on the presence or
absence of HMW-alginate; (iv) alginate is concentrated in
a specific region on the cell surface; (v) HMW-alginate-
Sphingomonasp Al has particular cell surface features grown cells have an irregular membrane region where the
that facilitate the translocation of macromolecules. Anmembrane sinks into the cytosol; (vi) a mutant unable to
opening, which we call a ‘pit’, is the most fascinating and depolymerize HMW-alginate fails to form a pit. Thus, a
peculiar surface structure of the bacterium. To the best ofiovel and pit-dependent direct uptake system for macro-
our knowledge this is the first description of such a struc-molecules is considered to be functioning in cellsSphin-

Alginate uptake mechanism

ture in bacteria [27,28]. gomoassp Al, and it can be hypothesized that HMW-algin-
ate is first concentrated in the pit and then directly taken
Cell surface into the cells, probably in an unexplored endocytosic-like

The surfaces of cells grown in the presence (Figure 1-I: Bfashion.

F) or absence (Figure 1-1: A) of alginate are covered with

many large plaits. An apparent difference between the twasenes responsible for transport of HMW-alginate

kinds of cells is the occurrence of a pit (0.02—@uh in  The 9-kbHindlll DNA fragment that enables the mutant
diameter) on the surface of cells grown in the presence ofAL-L cells to grow on HMW-alginate has been cloned and
alginate. Formation of the pit is determined by the presencanalyzed (Mommaet al, submitted for publication). Two

or absence of alginate, and the pit produced in the presengmssible ORFs (ORF1 and ORF2) are responsible for the
of alginate disappears when the cells are returned teomplementation and designatetyH and algM, respect-

medium without alginate. ively. About 1.3 kbp and 0.2 kbp upstream fratgH, the
alginate lyase genegly [55], and the catabolite control
Alginate staining gene,ccp, respectively, are located in opposite directions

A number of globular particles found in and around the pitto algH and algM.
(Figure 1-1: B—F) are alginate gels. In the presence of algin- The genealgH consists of 1089 nucleotides encoding a
ate, a specific region and its neighborhood of cell surfacgolypeptide of 363 amino acids with a molecular mass of
are stained intensely with ruthenium red (Figure 1-lI: B),39.5 kDa. The deduced amino acid sequence (AlgH) is 52%
an agent used for the staining of mucopolysaccharides, sugdentical to the ATP-binding domain of the ABC (ATP-
gesting that alginate molecules are concentrated in a spéinding cassette) transporter©f coli, UgpC [44], and con-
cific cell surface region, which may correspond to the pit.tains a completely conserved ATP-binding region. The
second geneglgM, consists of 621 nucleotides which can
Cell sections code for a protein of 207 amino acids with a molecular
Thin sections of cells grown on alginate show a specificweight of 23.3 kDa. The deduced amino acid sequence
region where the cell membrane sinks into the cytoso(AlgM) is 42% and 26% identical to the LPLB protein from
(Figure 1-1ll); no such membrane structure feature isB. subtilis(P39128) and UgpA fronk. coli [44], respect-
observed in thin sections of cells grown in the absence oively; both are transmembrane domains of the ABC trans-
alginate. The average pit size is approximately 0.02401  porter. Hydropathic analyses suggest that AlgH is a soluble
in width and 0.05um in depth. Alginate molecules may be protein and AlgM is a membrane protein having three trans-
concentrated in the pit, as manifested by alginate staininghembrane helices. The proteins AlgH and AlgM show

(Figure 1-11: B), and then incorporated into cells. homology with UgpC and UgpA, respectively, both of
which are members of the ABC transporter involved in gly-
Pit-deficient mutant cerol 3-phosphate uptake [44]. UgpC has been reported to

Mutant AL-L derived fromSphingomonasp Al can not be functional as a supplier of energy through hydrolysis of
assimilate high molecular weight (HMW)-alginate (averageATP, and UgpA as a transmembrane protein of the ABC
MW 27 kDa) and fails to induce alginate lyases even in thetransporter. Therefore, AlgH is suggested to be an ATPase
presence of polymer (Mommeet al, submitted for for the supply of energy required for incorporation of
publication). However, when depolymerized low molecularHMW-alginate, and AlgM functions as a transporter pro-
weight (LMW)-alginate (average MW 1 kDa) is used in tein. In fact, AlgH is confirmed to be expresseddphingo-
place of HMW-alginate, AL-L resumes growth with a suf- monas sp Al and purified AlgH shows high ATPase
ficient induction of alginate lyase. The two results on theactivity. Furthermore, disruption of eithedigH or algM
mutant AL-L indicate the presence of an HMW-alginate results in failure to incorporate HMW-alginate (Momraa
transport system irSphingomonasp Al. Transmission al, submitted for publication).
electron microscopy of the mutant shows the absence of a Although the cells ofSphingomonas malave a similar
clear pit structure as seen in Figure 1. cell surface structure to that &phingomonasp Al, they
The results argued in this section indicate the presenceannot use alginate for their growth. When transformed
of a novel and unique pit-dependent mechanism for uptakwith the above-described 9-KHindlll fragment, the cells
of macromolecules, which is supported by the followingof Sphingomonas malproduce the pit-like structure and
facts: (i) cells ofSphingomonasp Al can use HMW-algin- acquire capabilities to incorporate HMW-alginate and to
ate present in medium by using alginate lyase, which isuse the polymer for growth. This result supports our
exclusively localized in the cytoplasm and not excretedassumption that AlgH and AlgM, possibly including a pro-
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tein coded by an unknown genaoff4) located downstream medium, and only by incubation with intracellular
of AlgM, play an important role in the incorporation of enzymes, is the polymer completely depolymerized
extracellular HMW-alginate into cells. The location of (Hashimotoet al, unpublished results). These facts indicate
alginate lyase dly) and catabolite controlc€p) genes in that, as in the case of alginate, pectin is incorporated
the vicinity of genes involved in the uptake of alginate indi- directly into cells. Although a detailed uptake system for
cates that the uptake and assimilation/depolymerization ahe polymer has not been elucidated, the examples of algin-
HMW-alginate are closely regulated. ate and pectin suggest that the cellSphingomonasp Al
Although experimental evidence is still not available, have a characteristic apparatus to take up macromolecules.
based on the above-described analyses, we can present a
putative pit-dependent transport/depolymerization mech,, . .. .
anism of HMW-alginate inSphingomonassp Al cells Applications of alginate lyase
(Figure 5). Briefly, HMW-alginate concentrated in the pit Food tailoring
is incorporated into the cells by an ABC transporter systemThe depolymerized products of Al-l activity on sodium
and then presumably accumulated in a vacuole, where thalginate (27 kDa) derived from an edible seawégsenia
polymers are depolymerized to the constituent monosacctbicyclis have an average molecular size of 1800, consisting
arides by alginate lyase in combination with an unsaturatedef ten sugar residues @-p-mannuronate and/at-L-gulu-
uronyl releasing enzyme (AlgU) (Miyaket al, unpub-  ronate [54]. The oligosaccharides can still form an egg-box
lished results). structure, in which various divalent metal ions are chelated.
In the generally accepted bacterial ABC transporter sysThe amount of magnesium, ferrous, and calcium ions incor-
tems, the substrates to be incorporated are first bound teorated into the box reaches 40, 80 and 50 mg per g (dry)
binding proteins and then the substrates are transferred tof depolymerized preparation, respectively [42]. As for
ABC transporters [2], as has been typically shown in theunmodified alginate, the low viscosity alginate and algin-
transport of maltose i&. coli[43] and histidine inSalmon-  ate-metal complexes might be useful in certain food appli-
ella typhimurium[12]. However, in the cells oBphingo- cations.
monassp Al, HMW-alginate-binding protein has not yet
been identified. Alginate may be concentrated in the pitBiomodulator
produced on the cell surface. Namely, the pit on the cellThe oligosaccharides described above have an elicitor
surface functions as a funnel in place of HMW-alginate-activity and can stimulate the proliferation and differen-
binding proteins. tiation of some plants such as rice, komatsuBasSica
In addition to alginate, the cells @phingomonasp A1  rapa ver pervidi§ and tobacco, although the oligosaccha-
can use polygalacturonate (pectin) as a carbon source foides repress the proliferation of HelLa cells and an alga,
their growth. However, during growth on pectin, the cells Chlamidomonas reinhardti[54]. Proliferation of Bifido-
excrete no pectin-depolymerizing enzymes into thebacterium a Gram-positive anaerobe, is also enhanced by

Alginate

aly‘ o 4

Figure 5 Model of alginate uptake iSphingomonasp Al. Genes oaly, ccp, algH, algM, andnorf4 encode alginate lyase, catabolite control protein,
AlgH (ATP-binding domain of ABC transporter), AlgM (transmembrane domain of ABC transporter), norf4 (unknown protein), respectively.
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the oligosaccharides; the effects are comparable with commodification processes for enzymes (alginate lyases). Here,
mercially obtainable growth factors &ifidobacteriun{1]. we limit our discussion to the pit-dependent macromolecule
incorporation system of the bacterium.
Therapeutic agent Generally, Gram-negative bacteria contain stereospecific
Although alginate is currently prepared from brown sea-solute transport systems in their inner membranes and non-
weeds, the polymer is also produced by such bacteria as stereoselective porins in their outer membranes that allow
vinelandii [31] and mucoid strains oP. aeruginosg32].  the passage of small ions, nutrients, and metabolic products
Alginate formation by mucoidP. aeruginosan the lungs across these lipid bilayer structures [18,27,50]. Although
of patients with cystic fibrosis (CF), a common and fatalhydrophobic and large hydrophilic molecules can not pass
genetic disorder among Caucasians [6], leads to respiratomarough the outer membrane porin channels, numerous pro-
difficulties [3,36]. Although antimicrobial agents can teins, peptides, carbohydrates, and hydrophobic drugs are
repress bacterial growth in the CF lung, problems withactively exported directly from the cytoplasm of these bac-
resistance and toxicity limit their utility, particularly in teria to the external milieu. However, no data have been
older patientsPseudomonaaslginate significantly contrib- accumulated as to the incorporation of macromolecules
utes to the increased viscosity of CF sputum. The ability toacross the cell membranes, except for the incorporation of
depolymerize this alginate may help clear the CF patientsDNA by natural transformation systems [8,9]. The analysis
airways and facilitate the delivery of other drugs the  of alginate utilization bySphingomonasp Al indicated
aerosol route. Recent success with an aerosolized prefhat an ABC transporter (traffic ATPase) is responsible for
aration of deoxyribonuclease in CF [29] supports the possithe incorporation of macromolecules.
bility that aerosolization of bacterial alginate lyase may The ABC transporters are involved in the transport of a
become feasible in therapy of CF and other infectious disvariety of compounds across membranes of both prokary-
eases caused . aeruginosa otes and eukaryotes. ABC transporters are composed of two
Antigenicity of microbial alginate lyase Al-lll is the structural elements: an integral membrane domain
most important problem in its practical use in medical (permease) and a hydrophilic domain (ATPase) that con-
areas. Polyethylene glycol (PEG)-modification is one of theains a conserved nucleotide-binding motif. In prokaryotic
promising ways to create non-antigenic enzymes. In factsystems, the two domains usually consist of separate poly-
Al-lll modified with succinimidyl succinate PEG (SS- peptides interacting with each other and forming a mem-
PEG, MW 12 000) efficiently liquefies the alginate biofilm brane-bound complex. The prokaryotic systems also con-
produced byP. aeruginosasolated from CF patients, and tain a soluble receptor (periplasmic substrate-binding
is stable in rabbit blood for more than 4 days withoutprotein) that binds the substrate in the periplasm and
appreciable loss of lyase activity (Suzutial, unpublished delivers it to the membrane-bound complex for translo-
results). However, modification of enzymes with PEG iscation.
tedious and intricate in addition to the difficulty in prep- Analogous to the best studied ABC transporter in many
aration of PEG-modified enzymes with high enzymatic andprokaryotes, that irsphingomonasp Al also consists of
low antigenic activities. The availability of the cloned genetwo elements, an integral membrane domain (AlgM, a pro-
should facilitate the modification by protein engineeringduct of algM) and a hydrophilic domain (AlgH, a product
techniques. X-ray crystallographic and biochemical analy-of algH). However, the molecular machinery 8jphingo-
ses (Figure 4) [20] indicated the sequence®@er4‘Cys monassp Al is different from typical prokaryotic ABC
in Al-lll is responsible for the antigenicity of the enzyme. transporter systems: (i) the system allows incorporation of
The excision of the epitope is now being carried out tohigh molecular weight alginate; (ii) the system is linked
create a non-antigenic and more compact alginate lyasevith a pit formed on the cell surface; and (iii) the system
The feasibility of the use of bacterial alginate lyase fordoes not require a periplasmic substrate-binding protein.
clinical treatment of CF patients has also been considereBased on these facts, we can postulate a novel model for
by Bayeret al [4], Berry et al [5] and Hatchet al [21].  the alginate uptake mechanism (Figure 5). Briefly, alginate
The mucoidP. aeruginosacan be isolated from various in the external medium is concentrated in the pit, and then
sources, such as lungs of patients with CF, the urinary tractncorporated into the cytosol by a membrane-bound com-
infected burn sites, contact lenses, and infected middle eaplex consisting of AlgM and AlgH. AlgH (ATPase) gener-
It seems likely that alginate biofilms are formed in eachates energy through ATP hydrolysis and transfers it to
site of the infection, and a non-antigenic alginate lyase proAlgM (permease).
duced by molecular manipulation may be utilized as an Thus, we for the first time showed the presence of a
agent to eliminate chronic problems caused by alginat@ovel system for uptake of macromolecules in bacteria. In
biofilms. the utilization of macromolecules, microbes usually depoly-
merize them by extracellular enzymes and then take up the
depolymerized low molecular weight products through the
cell membrane. The direct uptake of alginate presented here
We have summarized experimental results on thes, therefore, a unique system that may constitute a novel
transport/depolymerization system of macromoleculesoncept in the transport (import) of macromolecules. How-
(alginate) inSphingomonasp Al. The most spectacular ever, we can not say which system of macromolecule utiliz-
findings include: (i) the special cell surface structure (pit) ofation is energetically more efficient, since this is a matter
the bacterium; (i) pit-dependent macromolecule (alginatepf the economy of individual cells. Likewise, on the basis
incorporation; and (iii) autoregulated post-translationalof the results presented here, it is not possible to state

Concluding remarks
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whether the direct incorporation system mediated by the pit0 Caswell RC, P Gacesa, KE Lutrell and AJ Weightman. 1989. Molecu-
structure is a common mechanism in microbes. lar cloning and heterologous expression oKkebsiella pneumoniae
. . . . gene encoding alginate lyase. Gene 75: 127-134.

The goal of our genetic and biochemical studies on the; costerton Jw, PS Stewart and EP Greenberg. 1999. Bacterial biofilms:
fascinating macromolecule incorporation system found in  a common cause of persistent infections. Science 284: 1318-1322.
Sphingomonasp Al will be a clear view of the mechanism 12 Doige CA and GFL Ames. 1993. ATP-dependent transport systems in
that controls the assembly of the structural elements bacteria and humans: rg;lelvance to cystic fibrosis and multidrug resist-

: ance. Annu Rev Microbiol 47: 291-319.
(pI’Od_UC'[S ofaIgM and aIgH) and an EXplan_atlon of the 13 Donnan FG and RC Rose. 1950. Osmotic pressure, molecular weight
function of the complex in macromolecule incorporation.  and viscosity of sodium alginate. Can J Res 28: 105-113.
The much anticipated X-ray crystal structure determi-14 Ertesvag H, F Erlien, G Skjak-Bek, BHA Rehm and S Valla. 1998.
nations of algM and algH products and their complex Biochemical properties and substrate specificities of a recombinantly

should greatly enhance our knowledge of the mechanism produced Azotobacter vinelandiialginate lyase. J Bacteriol 180:
. . 3779-3784.
of action of these proteins. The crystal structure of AlgH 5 Gacesa p. 1988. Alginates. Carbohydr Polym 8: 161-182.

will soon be reported elsewhere. The cell surface structures Gacesa P and NJ Russell (eds). 1998eudomonasnfection and
of Sphingomonasp Al is of great interest. The large plaits _ Alginate. Chapman & Hall, London. - _
surrounding the cell surface are re-organized and/or re-cor}’/ Haraguchi K and T Kodama. 1996. Purification and properties of

. . e . _ poly(B-p-mannuronate) lyase fromzotobacter chroococcumAppl
stituted to generate a pit. Clarification of the signal trans- [ 2 et o hnol 44: 576581

duction route that leads to the formation of a pit on the cellig Hashimoto W and K Murata. 1997. Bacterial polysaccharide lyases:
surface appears absolutely necessary for understanding the enzymatic and genetic aspects and its application to pharmaceutical
regulatory mechanism of incorporation and assimilation of processes. Japan Soc Appl Enzymol 31: 28-39.
macromolecules. If this information is combined with the 19 Hashimoto W, M Okamoto, T Hisano, K Momma and K Murata. 1998.
- Sphingomonasp Al lyase active on both polg-p-mannuronate and
novel, p|t—dependent ABC tranSporter_ system, P.Ur P”d?f' heteropolymeric regions in alginate. J Ferment Bioeng 86: 236—238.
standing of macromolecule incorporation and utilization in2o Hashimoto W, K Momma, H Miki, Y Mishima, E Kobayashi, O
Sphingomonasp Al will probably expand rapidly. Miyake, S Kawai, H Nankai, B Mikami and K Murata. 1999. Enzy-
matic and genetic bases on assimilation, depolymerization, and trans-
port of heteropolysaccharides in bacteria. J Biosci Bioeng 87: 123—
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