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Detection of two loci involved in (1 3)-B-glucan (curdlan) biosynthesis by
Agrobacteriumsp. ATCC31749, and comparative sequence analysis of the putative
curdlan synthase gene

Stan J.Stasnopoulos’, Paul R.Fishef, Bruce A.Stone and Alinear (1~ 3)3-glucan, known as curdlan, is produced by an
Vilma A.Stanisich!-2 Agrobacteriunsp. and some other bacteria (Harada and Harada,
Department of Biochemistry afd®epartment of Microbiology, La Trobe _1996)' ThIS_ polysa_\ccharlde is obtained in gO_Od_erldS in an
University, Bundoora @83, Australia insoluble, microfibrillar form when th&grobacteriurris grown

; . e . on glucose-rich medium, and its synthesis is induced on depletion
Received on March 9, 1998; revised on May 6, 1998; accepted on May 14, . o
1998 Y P Y of the nitrogen source (Phillips and Lawford, 1983). The

(1- 3)-B-glucan molecules in native curdlan probably exist as an

2To whom correspondence should be addressed association of single helical chains (Kasai and Harada, 1980).

When suspensmns of native curdlan are heated at 55;-@low =
SPresent address: Department of Biochemistry, Mt. Sinai School of Medicinggt gel is produced. In this state, x-ray diffraction (Okuyeiad, §
New York, NY 10029

1991) and*C NMR (Saitoet al, 1977) studies have demonstratéd
Genes essential for the production of a linear, bacterial that most of the molecules are single chain helices but s@me
(1- 3)-B-glucan, curdlan, have been cloned for the first time triple-stranded helices may also occur. On heating to higi]
from Agrobacteriumsp. ATCC31749. The genes occurred in temperatures, the strength of the gel increases and ~the
two, nonoverlapping, genomic fragments that complemented (1 - 3)-B-glucan molecules are present as triple-stranded helises
different sets of curdlangrd)-deficient transposon-insertion  (Kasai and Harada, 1980). The unique gel forming properﬂeg of
mutations. These were detected as colonies that failed to stain curdlan have led to its use as a food texture modifier (Hatada &
with aniline blue, a (1- 3)-B-glucan specific dye. One fragment 1993; Harada and Harada, 1996) and as an enhancer of glow
carried a biosynthetic gene cluster (locus 1) containing the properties of concrete (Sakametoal., 1991). e
putative curdlan synthase genegrdS, and at least two other Structurally comparable (13)-B-glucans are found in theO
crd genes. The second fragment may contain only a singtel ~ walls of yeasts and certain groups of filamentous fungi (Stone and
gene (locus I1). Determination of the DNA sequence adjacent Clarke, 1992; Ciet al., 1995) and as storage polysaccharidegin
to several locus | mutations revealed homology to known brown algae (Iamlnarln) euglenoids (paramylon), chrysoph;&es
sequences only in the cases ofdS mutations. Complete (leucosin) and some fungi (cellulin, mycolaminarin, pachymaﬂ
sequencing of the 1623 bp crdgene revealed highest similarities  Stone and Clarke, 1992). Higher plants also produce a lingar
between the predicted CrdS protein (540 amino acids) and (1 - 3)-B-glucan, callose, in the cell plate at the earliest stag%of
glycosyl transferases with repetitive action patterns. These cell wall deposition, and in special walls in cells of reproductnie
include bacterial cellulose synthases (and their homologs), tissues (e.g., pollen mother cells, pollen tubes) as well as forn&mg
which form (1 - 4)-B-glucans. No similarity was detected with  deposits on the plasma membrane in abiotic and biotic stress
putative (1- 3)-B-glucan synthases from yeasts and filamentous (Stone and Clarke, 1992). N
fungi. Whatever the determinants of the linkage specificity of Curdlan is specifically stained by the triphenylmethane dye
these B-glucan synthases might be, these results raise the aniline blue (Nakanishét al, 1974) and by the aniline blucié
possibility that (1- 3)-B-glucans and (1-4)-B-glucans are fluorochrome (Evanset al, 1984) as are other {13)-B-glucans g
formed by related catalytic polypeptides. such as yeastSaccharomyces cerevisgagiucan, pachymano

(Poria cocus Nakanishiet al., 1974), and callos¥ffis viniferg
Key words Agrobacteriunsp. ATCC31749/(1 3)-3-glucan/ Aspinall and Kessler, 1957). Aniline blue has thus been used Both

re_petitiveB—_egcosyl transferasg$/glucan synthases/ to detect curdlan production by bacteria grown on agar medﬁjm
biosynthesis/curdlan/hydrophobic cluster analysis/ (Nakanishkt al., 1974) and to identify mutants unable to prodtkce
protein sequence analysis curdlan (Nakanlshat al., 1976).

A considerable body of biochemical and molecular geneﬂc
information is available concerning bacterial cellulose synthesis,
including the intriguing indication that the mechanisms may
differ betweenA.xylinum (Saxenaet al., 1991; Saxena and
Extracellular homo- and hetero-polysaccharides are produced Byown, 1995) and\.tumefaciengMatthysseet al., 1995a) even
many bacterial species (Leigh and Coplin, 1992; Sutherlanthough these bacteria encode highly homologous cellulose
1993). The best known is the{#)-3-glucan, cellulose, from synthases. Nothing is known about the molecular genetics of
Acetobacter xylinum, also producedAgyrobacterium tumefaciens curdlan biosynthesis in bacteria or callose synthesis in higher
Rhizobiunspp. Sarcina ventriculiand other species (Rastsal.,  plants, but there is growing information about the genes required
1991). Members of the Rhizobiaceae, includhggobacterium  for (1 3)-B-glucans produced by yeasts and filamentous fungi
Bradyrhizobium and Rhizobium synthesize linear and cyclic (Douglasetal., 1994; Inouet al., 1995; Mazuet al., 1995; Kelly
(1- 2)-B-glucans and cyclic (%3, 1- 6)-B-glucans (Breedveld et al., 1996; Micet al., 1997). Thus, knowledge of the synthesis
and Miller, 1994). and secretion of curdlan is also of considerable interest from a
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comparative viewpoint. In addition, this information might prove

useful in the isolation of plant (13)-B-glucan synthase gene A SEom B9 B9 M
homologues as has been achieved for plant cellulose synthas& o 77
genes (Peat al., 1996). As a first stage in such a study of curdlan, 63§7 62 61

we have cloned several essential curdlan genes from the s ofll 5% | Pro¢ om 5 B
industrially used strainAgrobacteriumsp. ATCC31749 (formerly | R [ — | L7
Alcaligenes faecaligar. myxogenedHaradeet al, 1966). The genes o ' T lows ‘ T Y

occur in two nonoverlapping genomic clones that complement thepvsisiz; pvsisia
mutations in curdlan-deficient insertion-mutants. The nucleotide pvs1so1
sequence of one geradS was determined and, based on its pvsise2
homology with knowi8-glycan synthases, is proposed to encode 2512 pVS1504
the (1~ 3)-B-glucan (curdlan) synthase catalytic protein.

Fig. 1.(A) Simplified map of transposon phoA (Manoil and Beckwith,

Results 1985) showing the location of IS50L containing i®Agene, thé&an
. .. . gene, IS50R, and various restriction sites. The 1S50 elements are shaded.
Isolation of curdlan-deficient mutants Afrobacterium (B) Map of curdlan locus | ohgrobacteriunsp. LTU50 in an 8.8 kEcaRI

. . . . fragment cloned in pUC19 (pVS1512) and pLAFR1 (pVS1513). The
Curdlan-producing (Crd strains of bacteria form colonies that Iocgtion of Crdt Tnpr?oAinse(rtpion muta)tions E)in LTU61(ELTU66) i)s shown
stain dark blue on agar medium containing aniline blue whereasiative to the putative curdlan synthase gerit§ and various restriction
curdlan nonproducers form nonstaining colonies (Nakaefsi, sites. The orientation of insertion of each insertion is indicated by the flag
1976). This phenotypic difference permitted the isolation of curdlan¥/nich points towards theipal site The direction of transcription @fdSis

L . from left to right The bars below the map represéntRI-junction
deficient mutants of LTUS0 (a Crmutant ofAgrobacteriumsp. ¢ aments that were cloned from LTUS1-LTUB6 into pUC19
ATCC31749) after mutagenesis with transposonph®A  (pvS1501-pVS1504Hpal(TnphoA-EcaRI(LTU) fragments recovered
(Manoil and Beckwith, 1985). This was achieved by conjugatiorfrom pvS1501-pVS1504 were used as probes (P1501-P1504). Restrictio
experiments in which a suicide plasmid containingtia®Km") site abbreviations: BBanHl; Bg, Bglll; E, EcoRl; H, Hpal; K, Kpnl; S,
(i.e., pRT733; Tayloet al., 1986) was mobilized from.coli ~ Sa% Sm.Sma; Ss,Sstl.
SM10 to LTU50. Kanamycin-resistant transconjugant colonies
were isolated at frequencies of abowt 50-3 per donor cell and  with P1500. This suggested that the recombinant cosmids irgthe
some (about 0.15%) stained poorly or not at all with aniline blugwo groups of bacteria contained nonoverlapping genomic clohes
When curdlan production by such mutants (LTU61-LTU113) wagnd hence that at least one different gene required for curglan
assessed from the amount of alkali-soluble polysaccharide thginthesis must be present in each clone. The first of these
they produced (Nakaniskt al., 1976), it was significantly less conclusions was confirmed HycoRI-digestion of a genomic3
than that from LTU50 (6 g¥). Moreover, the amount correlated clone from each of Group | (pVS1506) and Group |1 (pvs15]z§,)_
with the staining intensity of the colonies (i.e., <0.2-0:3f5ém  In each case, both the number and the sizes of all of the fragraents
white-colony mutants (Crjl and 1-4 g+ from mutants that differed (five fragments from pVS1506 (of 1.2-9.5 kb) and mate
formed weakly staining colonies (Cfd). Southern analysis of than nine from pVS1511 (from about 0.2-5.5 kb)). The secénd
the mutants showed that each haghigAinserted in one of nine conclusion, that each clone carried differemi genes, was %
distinguishableStul orPvul fragments (from 1-9 kb in size). confirmed by complementation analysis of the set of Gratants <
Thus, it was likely that several different genes required fof TU61-LTU88) that formed white colonies on ABA mediunts

W} papeojumoq

e//:sdny

curdlan synthesis had been affected. Plasmids pVS1506 and pVS1511 were each transferred individually
into these mutants by mobilization with the helper plasmid an
Cloning of curdlan synthesis genes frAgrobacterium RK2-derivative) located in the chromosome Etoli S17-1 &

(Simon et al., 1983). Curdlan production was restored in 26

The broad host range plasmid RP1 (=RK2) (Pansegjral, _ : S
1994) was found to transfer efficiently from an HB101 derivativq?ﬂ'::mz Egldg% ;_I:'I'du E?&g)é)p\b/ys ;\5/%6125111 inthe remaining t\‘go

to AgrobacteriumLTU50, and to be stably maintained in this
strain (data not shown). The cosmid vector pLAFR1, which i
derived from RK2 (Friedmaet al., 1982), was therefore chosen
for the construction of an LTU50 gene libraryEroli. Wild type
curdlan genes in the library were detected using probes containifige region of pVS1506 responsible for complementation of the
disrupted crd gene sequences from Crdanutants carrying mutations in LTU61-LTU86 was found to be located in an 8.8§b
distinguishable insertion mutations. The probes were obtained EgoRI fragment. This fragment was identified initially becausé’it
cloning the Knrcontaining EcoRlI-junction fragments from five was the only one from pVS1506 that hybridized with probes
mutants (LTU61-LTU64 and LTU87) into pUC19 (forming P1501-P1504 (derived from pVS1501-pVS1504, the clones
pVS1500-pVS1504, respectively). Each junction fragmentecovered from mutants LTU61-LTU64). When the 8.8 kb
contained a different length ohgrobacteriumDNA (from  fragment was cloned into pLAFR1, the resulting plasmid
0.2-4.0 kb) but the same portion ofphiwA(including theHpal (pVS1513; Figure RB) complemented the mutations in
(0.18 kb) site; FigurelA) allowing the recovery of the LTU61-LTU64 as expected, and also those in LTU65-LTU8S.
Agrobacterium sequences from pVS1500-pVS1504 onThus, pVS1513 mimics the behavior of the cosmid recombinant,
Hpal(TnphoA—-EcoRI@Agrobacteriun fragments (FigurdB).  pVS1506. A physical map of the 8.8 kb fragment was constructed
These fragments were used as probes (P1500-P1504, respectivéiiyjure 1B) based on restriction analysis of pvS1513 and
When 4200 colonies containing the gene library were screenp¥ S1501-pVS1504 which carry various parts of this fragment.
with the probes, 25 colonies (Group 1) hybridized withThe locations of TphoAin LTU61-LTU64 were deduced from
P1501-P1504, whereas 12 colonies (Group II) hybridized onlyne restriction analysis and confirmed by Southern analysis in

Tdentification of two regions (locus | and locus Il) in the
Agrobacteriumgenome encodingrd genes
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which EcoRI-digested genomic DNAs were probed individually 4
with P1501-P1504 (data not shown). The map locations of
TnphoAin LTU65 and LTU66 were also deduced by Southern
analysis. All six of the mapped mutations clustered in a 2.5 kb
region of the 8.8 kb fragment. This region defines the position of 0

locus .

The Crd mutations in LTU87 and LTU88 that were comple- - - =
mented only by the second cosmid recombinant (pVS1511) were
found by Southern analysis to be located in the same P&uib -4 L S e o e e
and 8 kiStul-fragments but differeBicoRI-fragments (an 0.4 kb 0 100 200 300 400 500

fragment in LTU87 and another, unidentified, fragment in
LTU8S; data not Shown) These mutations are therefore Closellyg 2. Hydropathy profile of CrdS. The plot (Kyte and Doolittle, 1982) is of
linked and define the position of locus II. the derived amino acid sequence of CrdS, using a window of 12 residues.
The number of amino acids is plotted on the x-axis, and hydropathy is
) . plotted on the yaxis. Of the six hydrophobic stretches, four (indicated by
Sequencing and analysis of the locus | gerd$ bars I-IV) are predicted by the ALOM program (Kleinal, 1985) to be
transmembrane domains. Domain | is also a putative cleavable signal

The plasmids pVS1501-pVS1504 carry junction fragmentsequence (von Heijne, 1986).
cloned from four different locus | insertion mutants. This
permitted a TphoAspecific primer to be used to determine the
sequence of thagrobacteriumnDNA adjacent to the transposon cellulose synthases (ca. 40% similarity, 23% identity; Eteal,
in each plasmid. Of the sequences obtained, only those frat896) when the cotton-specific regions of these proteins were
LTU61 (in pvVS1501) and LTUG2 (in pVS1502) shared homologymitted from the comparison]. Interestingly, no significafit
with known genes (see below). The sirgtigene that had been homology was detected with closely related proteins believed to
inactivated in these two mutants was then sequenced and narbedcomponents of fungal and yeast-@)-3-glucan synthases3
crdS This 1623 nt gene commences with an ATG start codon ar@id et al, 1995; Inouest al, 1995; Mazuet al, 1995; Kellyet al, U
terminates with a TGA stop codon. A putative ribosome bindind996, Mioet al., 1997) nor with bacterial proteins involved us
site (GCGAGGT) (Shine and Dalgarno, 1974) occurs 8 ntyclic (1-3, 1_> 6)-B-glucan or (L. 2)-glucan production g 8
upstream of the initiation codon, but no consensus -10 and -8Borriguetaet al., 1988; lelpet al., 1990; Bhagwadt al., 1996). &
E.colidike promoter sequences (Staden, 1984) were detected in A CLUSTALW (Thompsoret aL 1994) allgnment of CrdS—-
the upstream (120 nt) sequences. The G+C conteri®it 57%  and the bacterial cellulose synthase proteins, which are all apout
and is thus within the range found fagrobacteriumspecies 200 residues longer, showed that homology was confined mainly
(57-63%; Kersters and Deley, 1984). to the central regions corresponding to CrdS residues 118 to5353
The crdS gene encodes a predicted 540 amino acid prote(nFigureB) The proportion of completely conserved amino ac@s
(59 kDa) that contains a high proportion of hydrophobic amin@vas highest within the group AcsA, AcsAll, BcsA, and Yhj®
acids (50.4%) suggestive of a membrane-associated protein. Tt8g%) but decreased if CelA (35%) or CrdS (25%) was mclu&d
possibility was supported by hydropathy analysis (Kyte anth the comparison. CrdS had highest sequence identity with CelA
Doolittle, 1982) which revealed stretches of hydrophobic residue§33%). These sequence homologles and a dendrogram constr%ctec
four of which are predicted by the ALOM program (Kleiral., by the method of maximum parsimony (Hein, 1990) (Flg‘l)ree
1985) to be transmembrane domains (residues 9-33, 35-%&jicated that CrdS is a distant relative of the bacterial ceIIuIezse
379-395, and 482-498; FiguP® The first of these domains synthases, albeit one that produceB-glucan comprised of 3
contains a signal sequence with a probable cleavage site betwékn 3)- rather than (2 4)-linkages. These analyses also showgd
Ala27 and Leu28 (von Heijne, 1986). Hence, CrdS may bthat the cellulose synthases and CrdS were distinct from O&er
anchored in the cytoplasmic membrane by transmembrampetltlve transferases (e.g., HasA and NodC) whose products
domains Il, Ill, and IV and contains an extensive region (residue®ntain monosaccharides other than glucose.
59-378) between the first two of these. Computer analyses have revealed flhglycosyl transferaseso
The CrdS protein was found by a BLASTX search (Atshal,  share conserved sequences and structural features (based of
1990; Gish and States, 1993) to share homology with membédrgdrophobic cluster analysis (HCA); Saxenal., 1995; Saxenas
of the HasA family off3-glycosyl transferases with repetitive and Brown, 1997). The repetitive transferases in this gr@Jp
action patterns (Keenleyside and Whitfield, 1996). Furthecontain a D,D,D35QXXRW motif distributed over two domaing,
analysis using LFASTA (Pearson and Lipman, 1988) revealell and B (Saxena et.all995; Keenleyside and Whitfield, 1996§
that homology over regions exceeding 300 amino acid residuBl®n-repetitive transferases have domain A but not B, and so have
was highest (ca. 46% similarity, 26% identity) with bacteriabnly the first two Asp residues of the motif (Saxena and Brown,
cellulose synthases, namely, wifltetobacter xylinumAcsA  1995; Keenleyside and Whitfield, 1996). Inspection of the CrdS
(Saxeneet al., 1994), AcsAll (Saxena and Brown, 1995) andsequence (Figur@) and its HCA plot (Figur®) shows that the
BcsA (Wonget al., 1990),Agrobacterium tumefaciens CelA entire motif and both domains are present and align with
(Matthysseet al, 1995b) and with cellulose synthase homologsorresponding elements in AcsA, a type member of the repetitive
from E.coli (YhjO; Sofia et al., 1994) and a chlorella virus transferases (Saxena and Brown, 1995, 1997), and CelA (Matthysse
(A473L; Kutishet al, 1996). Lower homology was found with et al., 1995b) which shares greatest homology with CrdS. The
other repetitive glycosyl transferases from bacteria (e.g., witbntire motif also occurs in the cotton and chlorella virus homologs
Rhizobium melilotNodC (30% similarity, 22% identity); Jacobs (Tablel), extending the number of proteins in which it has been
et al, 1985) and plants (i.e., with a partial gene sequence frodetected (Saxena and Brown, 1997). An additional noteworthy
Arabidopsis thaliand88271 (ca. 36% similarity, 27% identity); structural feature revealed by the CrdS HCA plot is a Pro-Leu-rich
Saxena and Brown, 1997) and with cotton CelAl and CelAgluster at the boundary of transmembrane domain Il and domain A.
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Ax AcCsA LIAATSVTLPPEQQLIVAFVCVVIFFIVGHKPSR-RSQIFLEVLSGLVSLRYLTWRLTETLSFDTWLQGLLG—TMLLVAE
Ax BcsA LIAATTVTLSINEQLIVALVCVLVFFIVGRGKSR—RTQIFLEVLSALVSLRYLTWRLTETLDFDTWIQGGLG-VTLLMAE
Ax AcsAII MLMAGGVTISTTSQAFVTCGTVGLFLLLKGRKGR-GVTCFLMMLSLLVSLRYMVWRLTTTLELHSPLQAALS-LLLVAAE
Ec YhjO = = e MLLWGVALIVRRMPGR-FSALMLIVLSLTVSCRYIWWRYTSTLNWDDPVSLVCG—LILLFAE
At Ce VLAIITMPVSLQTHLVATAISLILLATIKSFNGQGAWRLVALGFGTAIVLRYVYWRTTSTLPPVNQLENFIPGFLLYLAE
As Crds MYFSAEGDVQSVLYVNLTIAIGAILFALLADPRKMVDRLAFSIIMLLSLGVYIVWRATDTLPPPGTLPRNALVLHLFHLR
. . - *. ke * *w . *

| UDP-G
AX ACSA LYALMMLFLSYFQTIAPLHRAPLPLPPNPDE~=~-~ WPTVDIFVPTYNEELSIVRLTVLGSLGIDWPPERVRVHEIL el
Ax BCSA LYALYMLFLSYFQTIQPLHRAPLPLPDNVDD--~~- WPTVDIFIPTYDEQLSIVRLTVLGALGIIDWPPDKVNVYIL: i of
Ax AcsAII LYALLTLCLSYFQMSWPLDRKPLPLPADTTD-- - -~ WPVVDVYVPSYNEELSLVRSTVLGALATIDWPADKLNVY ILODGH
Ec Yhjo TYAWIVLVLGYFQVVWPLNRQPVPLPKDMSL -~~~ WPSVDIFVPTYNEDLNVVKNTIYASLGIDWPKDKLNIWILIDGH
At Cela MYSVVMLGLSLVIVSMPLPSR~-KTRPGSPDY---~~ RPTVDVFVPSYNEDAELLANTL, YPADRFTVWLL 506
As Crds ADLGALCHGVHPHILRRTESGAVADQGEAYLAGNPHAPLVDVFICTYNEPLNVLEKSIIAAQ 'YP-~RLRVFVC -

* **-.0 -* * LN * e - - * . . - **-

Domain A
KAG b

AX ACSA @ memmmmmmmmmmee—eo RRPEFAAFAARCG. AIGHTDG---—-- DYILIFD DHVPTRAFLQ
AX BCSA = @ mememmmmmmmmeeeoo o VRPEFEQFAKDCGALIYIGRVDSSHAKAGNL, IKRTSG--~~- DYILII DHIPTRAFLQ
AX ACSAII 3 2 | ccmmmmrmmmmcemme o RRKSFHAFAMEAGAGYIIRDONNHARAGNL RVTEG--~-- EYVVIFIXCDHIPTRGFLK
Ec YhjO0 = = @ emmmmmmemme . GREEFRQFAQNVGVKYIARTTHEHARAGNINNALKYAKG=-~ ==~ EFVSIFDCDHVPTRSFLQ
At CellA SVQKRNAANTIVEAQAAQRRHEELKKLCEDLDVRYLTRERNVHARKAGNLNNGLAHSTG- - ——~ ELV HAPARDFLL
As CrdS = = = @ mmmmmmmmmmeo TSRGGKNLLTEAAGVNYVTRPDNKHAKAGNLNNALLHTNALEEVSDF IMVL] FAPQANFLR

. . *_ * ******.* . . . . . *.* * * %

QTP |—-

A A A L R I R

Ax AcsA FQRNLSAGYRTPPEGNLFYGVVQDGN-DFWDATFFCGSCAILRRTAIEQIGGFA
AxX BcsA } QTPHHFY SPDPFORNLAVGYRTPPEGNLFYGVIQDGN-DFWDATFFCGSCAILRREAIESIGGFA
Ax AcCSAII A FQRNLATGONVPPEGNMFYGLVQDGN~DFWDATFFCGSCAATRRSAVLGIGGFA
Ec Yhjo FERNLGRFRKTPNEGTLFYGLVQDGN-DMWDATFFCGSCAVIRRKPLDEIGGIA
At Cela IERNLRTFETMPSENEMFYGIIQRGL-DKWNGAFFCGSAAVLRREALQDSDGFS
As Crds IQHNLGIDKSFVDDQRVFFDFFKPAQGCRWLRFFASAHTFVEPRAAVNGIGGFP
* % * * * * *
Domain B
s 5 441
AxX ACSA TQTVT: TALKMQRLGWSTAYLRIPLAGGLATERLILHIG GMLQIFRIDNPLFGRGLSWGQRLCYLSAMTS
Ax BcsA VETVT TALRMORRGWSTAYLRIPVASGLATERLTTHIGQRMRI GMIQIFRVDNPMLGGGLKLGQRLCYLSAMTS
Ax AcsAII TETVT: TALKMOREGWHTAYLRQPLAAGLSTERLMLHIGQRVRI GMLQIMRLDNPLLGSGLRWQQRLCYLSAMSH
Ec Yhjo VETVT TSLRLHRRGYTSAYMRIPQAAGLATESLSAHIGRRIR GMVQIFRLDNPLTGKGLKFAQRLCYVNAMFH
At Cela GVSITHDCETALALHSRGWNSVYVDKPLIAGLOPATFASFIGORSRI QGMMQILIFRQPLFKRGLSFTQRLCYMSSTLF
As Cxds TDALTHOMLLTYRLMERGYVTRWLNEKWSVGLSAEGVPEYIT LGTIQIGLLRTGPLWRGNFTLTAPAALSAWTF
o %% * * % * o * .** * . . .
Ax AcsA FLFAVPRVIFLSSPLAFLFFGONIIAASPLALLAYAIPHMFHAVGTASK--INKGWRY SFWSEVYETTMALFLVRVTIVT
Ax BcsA FFFAIPRVIFLASPLAFLFFGONIIAASPLAVLAYAIPHMFHSIATAAK--VNKGWRY SFWSEVYETTMALFLVRVTIIT
Ax ACSAII FLFAIPRLVFLASPLAFLFLGQONIIAASPFAILVYAFPHVFHSIGTLSR--VEGRWRY SFWSEIYETTLALFLVRVTIMT
Ec Yhjo FLSGIPRLIFLTAPLAFLLLHAYIIYAPALMIALFVLPHMIHASLTNSK--IQGKYRHSFWSEIYETVLAWYIAPPTLVA
At Cela WLFPFPRTIFLFAPLFYLFFDLQIFVASGGEFLAYTAAYMLVNLMMQNY-—LYGSFRWPWISELYEYVQTVHLLPAVVSV
As Crds LLAVEAAYPVPAACAVHLLADGRVGAAGRWADVHEARPVISCAFLDLLPPGYPARGRLPLFTEVTHALTAVPITITLFQA
* * * *
Ax AcCsA LLSPSRGKFNVTDKGGLLEKGYFDLGAVYPNIILGLIMFGGLARGVYELSFGH—-LDQIAERAYLLNSAWAMLSLIIILA
Ax BcsA LMFPSKGKFNVTEKGGVLEEEEFDLGATYPNIIFAGIMTLGLLIGLFELTFHFNQLAGIAKRAYLLNCIWAMISLIILLA
Ax ACSAII LLNPRKGEFNVTDRGGLLQSEYFDLNAVYPNVILAVILALALVRGIGGMMWEY -~ ~HDRLALQSFALNTLWVAVSLIIVLA
Ec Yhjo LINPHKGKFNVTAKGGLVEEEYVDWVISRPYIFLVLLNLVGVAVGIWRYFYGP- - - PTEML-TVVVSMVWVFYNLIVLGG
At Cela IFNPGKPTFKVTARDESIAEA-RLSEISRPFFVIFALLLVAMAFAVIWRIYSEP~ ==~ YKADVTLVVGGWNLLNLIFAGC
As Crds IRKPFGRPFKVTEKGGDRSQV---R~VHLPTGIFFAFVTLVFGRLHRAGCLTS~=m = mm e e GCSVRAVLAGLPQS
* * %k % *

AX AcsA AIAVGRETQQKRNSHRIP

AX BcsA ATIAVGRETKQVRYNHRVE

Ax ACsAII SIAVGRETRQIRHKPRVR

Ec Yhjo AVAVSVESKQVRRSHRVE

At Cela ALGVVSERGDKSASRRIT

As Crds DLVRRRDGYRIHQLHLVD

Fig. 3. Multiple alignment of the entire CrdS amino acid sequence (residues 1-540) and portions of the polypépxiyjémm_(residues 41-589), BcsA
(residues 41-591), and AcsAll (residues 37-5B&pli YhjO (residues 1-531), armtumefacienQeIA_ (residues 17-583), usmg_the CLUST_ALW program
(v. 1.60). Each protein name is preceded by an acronym for the name of the bacterium from which the sequence was dam{@damd)mmr_e\_/lously
identified in repetitivel-glycosyl transferases are indicated by the horizontal lines above the sequence&Salxer895; Keenle_ysu_je and Whltfleld, 19_96).
Boxed regions enclose other conserved motifs described in Table | including the components of the D,D,D,QXXRW motlfsnmmmd dcro_ss domains A
and B (Saxena and Brown, 1997). Identical amino acid residues in all six sequences shown here are highlighted in bolaifieee wittl asterisks, whereas
conservative amino acid replacements are indicated with dots.
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of Agrobacteriunsp. ATCC31749 by their ability to complement
transposon (TphoA-insertion mutations that blocked curdlan
NodC synthesis. TherdSgene, which was fully sequenced, occurs in
l_ locus | together with at least two other curdlan genes. This was
|_ suggested by the finding that mutations wittraf§ and on either
HasA side of it, prevented curdlan production (Figdf), and that
locus | mutations were detected more frequently than those at
locus Il (26 versus 2) in the random collection of mutants that was
YhjO studied. It thus seems likely that locus | is a biosynthetic gene
cluster comparable with those found in other systems for bacterial
polysaccharide production (Leigh and Coplin, 1992). On the
_ AcsAll other hand, locus Il may contain only a singlé gene that is
separated from locus | by as much as 25 kb, the average size of
the cosmid clones that were isolated. Such wide separation of the
AcsA genes involved in polysaccharide production is unusual but
I- occurs, for example, in the alginate systemPeéudomonas

L aeruginosavhere the biosynthetic gene cluster is distant from its
BcsA two regulatory genes (Dere@t al., 1994). The role of the locus
[l gene(s) is unknown but it may also be involved in the regulation
of curdlan production. S
CelA Evidence that locus | contains a gene required for curdian

synthesis rests on the characteristiasdf the curdlan gene thafs
was sequenced. Mutations in this gene (in LTU61 and LTU§2;
CrdS Figure 1B) abolished curdlan production. Moreover, sequerite
analysis of the derived CrdS protein revealed homology v@th
B-glycosyl transferases with repetitive action patterns. Amorigst
these, homology was highest with known bacterial celIuId;)&se
Fig. 4. Phylogenetic tree constructed by the maximum parsimony algorithm Synthases (e.g., AcsA (Saxeetaal., 1994), BcsA (Wongt al, &
(TREEALIGN; Hein, 1990) using the amino acid sequence of CrdS 1990), CelA (Matthysset al., 1995b)) and with their prokaryotic3.
(Figure 3) and other sequences retrieved from GenBank. eukaryotic and viral homologs (e.g., YhjO (Sdfiaal, 1994), o
CelAl and CelA2 (Peaet al., 1996), A473L (Kutistet al., ©
1996)). Homologies with the prokaryotic proteins are mairdly
This feature, with some variations, is also apparent in the HCéonfined to the proposed cytoplasmic domain in the cengral
plots of AcsA (Saxenet al., 1995; Saxena and Brown, 1997) andportion of each protein (FiguB where sequence alignment was
CelA (Figureb). possible over about 235 amino acids. Homology was gfso
Domain A also contains an incompletely conserved sequenggidenced by the presence of three similarly located Asp residues
proposed to be a potential UDP-glucose/UDP-N-acetylglucosamiag@d other conserved sequences detected in repetitive glycosyl
binding motif (Delmer and Amor, 1995). A modified motif transferases and implicated in catalysis and UDPGIc substrate
derived from the Delmer sequences (Delmer and Amor, 199Binding (Delmer and Amor, 1995; Saxegtaal., 1995; SaxenaZ
Kawagoe and Delmer, 1997) was detected in all cellulosgnd Brown, 1997). Two conserved motifs, designated KAG and
synthases and several otBeglycosyl transferases as well as in QTP (Figure3, Tablel), of unknown significance were identifiect
domain A of CrdS (residues 146-157; Tdbleind was located and found to be confined to CrdS, the known cellulose synth&ses
in the expected position (FiguB. CrdS also carried a second and the YhjO and A473L homologs. Structural conservation Was
motif (residues 387-401), but this was located in putativeiso evident in HCA comparisons of CrdS with AcsA, a type
transmembrane domain Ill and contained only one Asp of th@ember of the repetitive transferases (Saegra., 1995), and -
highly conserved pair (i.e., that corresponding to the first Asp afelA (Matthysseet al, 1995b), which shares greatest homology
the D,D,D35QXXRW motif; Saxena and Brown, 1997). Twowith CrdS (Figures). This included the two domains, A and B
additional conserved sequences, one in domain A (KAG) and thigat are proposed to be characteristic of repetitive glycdsyl
other in the region between domains A and B (QTP), wergansferases (Saxermd al., 1995; Keenleyside and Whitfield2
confined to CrdS, the cellulose synthases and their homologugsgs: Saxena and Brown, 1997) and a Pro-Leu-rich cluster atthe
YhjO and A473L (Tablé). Three potential N-glycosylation sites start of the proposed cytoplasmic region (FigiteFrom these ~

(Asn-X-Ser/Thr) were detected in CrdS commencing at positiofarious similarities we deduced thatlS encodes the curdlan

Two such sites also occur in AcsA (Saxebal., 1990), which  ~ Although computer-based comparisons have provided a
is known to be a glycoprotein (Lin and Brown, 1989), and foumeans for identifying (Saxenet al., 1995) and classifying
occur in the cotton CelAl (Pearal., 1996). glycosyl transferases (Keenleyside and Whitfield, 1996; Campbell

et al., 1997; Saxena and Brown, 1997), experimental evidence
supporting functional roles for the conserved sequences is still
limited. Amino acids in the D,D,D35QXXRW motif of
The experiments described here are the first report of the cloniSgiccharomyces cerevisiahitin synthase (Chs2p; Nagahashi
of genes required for the biosynthesis of the bacteriat al, 1995) and A.xylinurcellulose synthase (AcsAB; Saxena
(1 3)B-glucan, curdlan. These genes occur in two unlinked loeind Brown, 1997) have been implicated in the catalytic mechanism
(I'and 11) and were identified in nonoverlapping genomic cloneby site-directed mutagenesis studies. In AcsAB, replacement of

Discussion
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Fig. 5. HCA plots (Lemesle-Varloagt al, 1990) of CrdS, CelA, and AcsA for the amino acid sequence indicated under each plot. The analysis was perforraed
using the HCA-Plot program (Doriane Informatique, Le Chesnay, France). The sequences are written on a-blelssi¢®b amino acids per turn) smoothed
on a cylinder. To make the three-dimensional representation easier to handle, the cylinder is cut parallel to its axépeeatitben Since some adjacent amind™
acids are now separated by the unfolding of the cylinder, their representation is duplicated to restore the full corfiieetavityno acids. Clusters of adjacent <
hydrophobic residues (Ala, Val, Leu, lle, Met, Phe, GIn) are within contours. Amino acids are denoted with the one-letter code except for proline (stars), glycine
(diamonds), serine (squares with dot), and threonine (squares). Vertical lines are drawn to indicate structurally conserved features including transmemblo%ne
domains (indicated by bars but numbered only for CrdS), domains A and B identified in AcsA @aderi®95), and the various conserved motifs
(enclosed in boldface outline).
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the first or second Asp residue impaineditro enzyme activity, includes the first Asp of the D,D,D35QXXRW moatif (Figu8e
as did replacement in Chs2p of the first or third Asp, or of GInA fragment of the cotton CelA protein containing the bindi
Arg, or Trp in the QXXRW sequence. Even conservativenotif has been expressedircoliand found to bind UDPGlIc ina
replacements of the third Asp, or of Gin, Arg, or Trp in Chs2@ Mg?*-dependent manner (Pesiral, 1996), as is the case fof.
were not tolerated, suggesting that these residues are involvedarcterial cellulose synthase (Maggral., 1991). UDPGlc-bind- S
the catalytic reaction. The two residues flanking the third Asp img did not occur with a corresponding fragment that lacked the
Chs2p were also essential for enzyme activity. This is of interestotif. Taken together, all this evidence is consistent with the
as one of these, Glu, is conserved in CrdS and the bactefgmbposed importance of the D,D,D35QXXRW and UDPGIc-
cellulose synthases (Figu8g and in NodC proteins (Nagahashi binding motifs in the catalytic events mediated by repetitive
et al., 1995). glycosyl transferases.

The binding motif for UDPGIc, the presumptive curdlan The detection of two potential UDPGIc-binding motifs in
synthase substrate, was initially recognized on the basis 6fdS was based on a search using a modified motif derived from
photoaffinity labeling which showed that a peptide from spinackequences identified by Delmer and Amor (1995) and Kawagoe
(Spinacea oleracgasucrose phosphate synthase (EC 2.4.1.13)nd Delmer (1997). Both CrdS motifs differ from the consensus
could bind this monosaccharide donor (Salvucci and Kleirgequence at three positions, but the first aligns with the
1993). Part of this peptide sequence occurs in the UDPGlIc-binderresponding single motif in the cellulose synthases (FRjure
ing motif recognized by Delmer and Amor (1995) in plant andrablel). The second is unique to CrdS and is exceptional in that
other glycosyl transferases (Kawagoe and Delmer, 1997), aitdacks the highly conserved DD residues (Tdhl&loreover,
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Table |. Characteristic sequence motifsfrglycan synthases and otheg[ycosyl transferases

Protein” Motif®
UDP-G* KAG? QTP* DDD;sQRW*
D(WY)PX36(IVXWY)YILVYXLV)DDG  Y(IV)XRXssH(AK)KAGNAJLN (LVYOMV)QTPHQX(FY)X3D  DXup130DXo00140DX30.40Q(QR)XRW
[<3 mismatches] [<3 mismatches] [<3 mismatches] [0 mismatches]
Axy AcsA DWPPEKVR.VHILDDG YIARPTNE. . ..HAKAGNLN ILMQTPHHFYSP.D DX ;6DX9sDX35Q0RVRW
Axy BesA DWPPDKVN.VYILDDG YIIRDOQONN. ...HAKAGNLN LMQTPHHFYSP.D DX ;6DX9¢DX 35:QRMRW
Axy AcsAIl DWPADKLN.VYILDDG YIIRDONN. .. .HAKAGNLN LLQTPHHFYSP.D DX ;6DX96DX3:QRVRW
Atu CelA DYPADRFT.VWLLDDG YLTRERNV. .. .HAKAGNLN LVQTPHFFVNP.D DX sDX DX 3:QRSRW
Eco thO DWPKDKLN. IWILDDG YIARTTHE....HAKAGNIN MMQTPHHFFSP.D DX 4¢DX¢6DX3:QRIRW
Asp CrdS DYPRLR. . .VFVCDDN YVTRPDNK. . . . HAKAGNLN VVQTPQFYENS.D DX 5,DX56DX35QRTRW
AYPVPAACAVHLLADG .
Ghi CelAl DYPVDKVS.CYISDDG YVSREKRPGYQHHKKAGAEN YVQFPQRFDGI.D DX16:DX21,DX37,QVLRW ¢
Ghi CelA2 - YVSREKRPGYQHHKKAGAEN  YVQFPQRFDGI.D ~X14¢DX3:DX37QVLRW ¢
PbCV A473L DWPKLN. . .VHVLDDG YITRPNNH. .. .MKKAGNLR IVQTPQFFEVRPD DX 46DXo3DX35QQYRW
Ath T88271 VWPSSRLV.VQVVDDS - - DX 55DX53DX 3:QQHRW
Spy HasA TYPLSE...IYIVDDG - - DX 55DX59DX35QQNRW
Rme NodC DYPGELR. .VYVVDDG - - DX51DX100DX35:0QLRW
Sce Chsl - - - DX101DX114DX3sQRRRW

Bopeojumo(

aThe protein name is preceded by an acronym for the name of the organism from which the encoding DNA was derived. AcsA, AcsAll, and BcsA a
cellulose synthases from strainsAafetobacter xylinum. CelA is cellulose synthase from a strain of Agrobacterium tumef@eiéisand CelA2 are
cellulose synthases from Gossypium hirsutum (cotton). YhjO and A473L are cellulose synthase homolgshteadchia coli andParamecium bursaria
Chlorella virus, respectively. CrdS is curdlan synthase #gnobacterium sp. ATCC3174988271 is a cellulose synthase homolog frdrabidopsis
thaliana HasA is hyaluronate synthase fr@meptococcus pyogenes WF14. NodC is Nodulation C protein from Rhizobium meliloti 1021. Chs1 is ch|t|
synthase 1 fronsaccharomyces cerevisiae
bBoldfacetext indicates matches to the motif, italics indicate mismatches and roman text indicates redundancies (i.e., X in motif). Also shown are how mal
mismatches were allowed in sequences scored as containing the motif. The GCG find patterns program was used to search the SwissProt databasg at th
Australian National Genome Information Service for sequences containing the motifs. The database contained 59,021 protein sequences at the timg of th
search, including 13 NodC (N-acetylglucosaminyltransferase), 3 putative cellulose synthase (AcsA, BcsA, YhjO), 4 fungal pusdfvglitan synthase o
subunit, 40 chitin synthase, and 14 glycogen synthase but no hyaluronate synthase sequences. Of the proteins listed in this table only AcsA, BcsA 8{th
NodC, and Chs1 were present. None of the motifs were found in any of the glycogen synthase or pu@tgliican synthase sequences.

CAs well as AcsA, BcesA, YhjO, and NodC, the SwissProt database included 45 sequences carrying this motif, including 5 other NodC proteins, all 0§Wh|ct
contained the DD pair. Of these 49 sequences with the motif as defined, 26 lacked the DD pair.
dThe SwissProt database included only three sequences carrying this motif: AcsA, BesA, and YhjO.
€As well as AcsA, BcsA, YhjO, NodC, and Chs1, the SwissProt database contained 27 sequences carrying this motif, including 13 other chitin synthiase a
6 other NodC genes. The minimal motif Q(QR)XRW with no mismatches was found in 88 SwissProt sequences, including 8 Nat@iarsyritBase
sequences. All sequences in the table contained the minimal Q(QR)XRW motif except the cotton cellulose synthase genes (CelAl and CelA2).
fThis sequence is incomplete and lacks the N-terminal portion where this motif is expected.

9The motif is detected only if the additional cotton-specific sequences are excluded and a mismatch at the valine residue is permitted. The first aspé?tate |
expected in the missing N-terminal portion of the CelA2 sequence.
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it is located in a putative transmembrane domain and in thfeatures of the active site rather than by the global foldmg
situation would be unlikely to be accessible to the glucosyleflected by HCAs (Campbebtt al., 1997). There are twm
donor. examples in which limited replacement of amino acids oveds a
Perhaps the most intriguing finding of this study is that CrdSestricted sequence determines specificity. One example is Im{[he
which catalyses (2 3)3-linkage formation, shares considerablefamily of humana-fucosyltransferases which share 85% sequefce
homology in both sequence and structure with cellulose synthasesmology and discriminate between acceptor substrates to &)rm
which specifically form (L. 4)3-linkages. This homology also either (1- 3)-or (1- 4)ﬂ—fucosyl linkages (Legaudtt al., 1995).
extends to two bifunctional enzymes that catalyze the formatiorhe other example is the {13)- and (13, 1-4)3- glucan
of both (1-3) and (1.4) linkages between two different hydrolases (EC 3.2.1.39 and EC 3.2.1.73, respectively) which
monomeric units. These are the hyaluronan synthase (HasWydrolyze (1-3)- or (1-4)-B-glucosidic linkages in their
from Streptococcus pyogen@ougherty and van de Rijn, 1994) respective substrates. Because their polypeptide backbones are
and Type 3 capsular polysaccharide synthase (Cps3S) frammucturally very similar, the differences in their substrate
S.pneumoniagArrecubietaet al., 1995; Dillardet al., 1995). specificity is acquired primarily by substitutions in amino acids
HasA and Cps3S also display the sequence and structuliaing a deep substrate-binding groove on the enzyme surface
characteristics of repetitive glycosyl transferases (Keenleysiq¥argheseet al., 1994; Hgj and Fincher, 1995). Alternatively,
and Whitfield, 1996) and have been grouped into the same familpkage specificity may be provided by ancillary proteins. An
as the bacterial cellulose synthases (Campball, 1997). Onthe analogy would be th@-galactosyl transferases (EC 2.4.1.22 and
basis of the results presented here, this family would also inclu@ 2.4.1.90) which, in the presence déatalbumin, use glucose
CrdS. The important issue of which features determine linkages an acceptor to form @4l — 4)Glc (lactose) but in its absence
(and donor) specificity in these enzymes remains to be resolvete acceptor is GIcNAc on N-linked oligosaccharides forming a
One proposal is that linkage specificity is determined by subti@alB(1 - 4)GIcNAc structure (Hill and Brew, 1975).
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Table Il. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Source or reference

E.coli

DH5a recAl hsdR17 Gibco-BRL

SM10 recAchr-RP4-2-Tc::Mu KrhTrat Simonet al. (1983)

S17-1 recA hsdR chr-RP4-2-Tc::Mu-Km::Tn7 Tpni Tra* Simonet al. (1983)

HB101 recA13 hsdR hsdM rpsL20 Sambroolet al. (1989)

LE392 hsdR Stratagene Cloning Systems

Agrobacterium

ATCC31749 Type strain; Ctd ATCC

LTU502 Spontaneous Chaerivative of ATCC31749 This work

LTU6L & LTUB2 LTU50crdS:TnphoA This work

LTU63-LTU86 LTUS50::TrphoAlocus | Crd mutants This work

LTU87 & LTU88 LTU50::TrphoAlocus Il Crd- mutants This work o

LTU89-LTU113 LTU50::TrphoACrdt- This work %

Plasmids g

RP1 Ap" Td" Km' Tra" IncP Pansegraet al. (1994) C_CDzh

pLAFR1 Broad host range cosmid vectoriVrko oriTrko; Tc Friedmaret al. (1982) g

puUC19 Ap, cloning vector Yanisch-Perroret al. (1985) _%
7

pRT733 Suicide plasmidoriVrek oriTrpa TnphoA Ap'Km' Tayloret al. (1989) ;F;

pVS1500 pUC19 with 6.8 kRcoRI-junction fragment of LTU87; KimAp" This work E;;;

pVS1506 LTU50 locus | clone in pLAFR1; Tc This work %_

pVS1511 LTU50 locus Il clone in pLAFR1; Tc This work é

2Used as the wild type strain in this work. g

a

It is remarkable that homology was detected between Crd&cording to Phillips and Lawford (1983) except that 20 rr§\/|
and cellulose synthases (which specify (1-84inkages) but KNOs3replaced NKCI, and on aniline blue agar medium (ABAY-
not, as might have been anticipated, with the proposezbntaining 4% (wt/vol) glucose, 0.5% Oxoid yeast extragt,
(1- 3)-B-glucan synthases detectecSicerevisiag¢Douglaset al,  0.005% (wt/vol) aniline blue (Fischer), and 2% Difco agar. The
1994; Inoueet al., 1995)Candida albicangMio et al., 1997) and pH of these media were adjusted to 7.0 before autoclaving. V\@en
Aspergillus nidulangKelly et al, 1996). The uniqueness of this required, antibiotic supplements (mg/l) in NA were ampicillf#i
group of closely related fungal proteins is also reflected in the{Ap, 100), kanamycin (Km, 15), and tetracycline (Tc, 15); those
absence from the 26 families of glycosyl transferases classified by ABA were ampicillin (100), chloramphenicol (Cm, 50}y
Visual BLAST and HCA comparisons (Campbatlal, 1997).  kanamycin (100), and tetracycline (2.5). i
This apparent difference between fungak @)-3-glucan synthases
and CrdS and the bacterial and plant cellulose synthases sugg@sitection and assay of curdlan
that the two groups of proteins have evolved from differen . . Ry
ancestors and are products of convergent evolution. This is n%ﬁrdlan production by bacteria was detected on ABA medifim

without precedent. The (13, 1. 4)-B-glucan hydrolases (EC which contains the (2 3)-B-glucan-specific dye, aniline blue3

L X . >
3.2.1.73) from plants (Hgj and Fincher, 1995) on the one hand a%akamsmet al., 1976). After incubation at 28 for 5 d, 2

. : ; curdlan-producing colonies are stained blue by the dye. Cur@lan
bacteria (Heinemaret al,, 1996) and protists (Chetal., 1997), %;duction in broth was assayed quantitatively by the method; of

sanb Aq

on the other, belong to distinct folding groups (Henrissat, 199 o ; -
i ; . ; i kanishet al. (1976) and involved stirring a 50 ml ADB cultur§
Henrissat and Bairoch, 1993; Davies and Henrissat, 1995), Agrobacterium(cell density(B x 10¥iml) together with an

their specificities and catalytic mechanisms are identical (Hﬂjaequal volume of 1 M NaOH. After 15 min the mixture was

Fincher, 1995). centrifuged and the supernatant neutralized (pH 7.0) by adding 4 M

HCI. The precipitate that formed was collected by centrifugation
Materials and methods at 20,000z g for 10 min, washed three times with distilled water,
then frozen at -20C before being freeze-dried and weighed.
Bacterial strains, plasmids, and media

. . o . : Conjugation procedures for transposon mutagenesis and
The bacteria and plasmids used in this study are listed 'nlrablecomplementation studies

Additional plasmids and their modes of construction are shown
in Figure1B. Strains ofE.coli or Agrobacteriumwere grown in  Bacterial cultures in 10 ml NB were grown to abowti®P cells/ml
nutrient broth (NB) and nutrient agar (NA; Palonatbal., 1989). either at 37C for E. coli donors or 28C for Agrobacterium
Agrobacteriumwas also grown in defined broth (ADB) preparedrecipients. Conjugations were performed at@8or 3—4 h on
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nitrocellulose filters as described by Palongba@l (1989) and the ABI PRISM Ready DyeDeoxy Termination Cycle Sequencing

then the transconjugants recovered on selective medium incubaBstem with the AmpliTaq DNA polymerase (Perkin-Elmer

at 28 C for 3-5 d. Transposon mutagenesigAgfobacterium  Corporation). The DNA extension products that were produced

was performed using the suicide plasmid pRT733 which carriegere analyzed in an ABI Model 373A DNA Sequencer.

TnphoA and is mobilizable fronk.coli SM10 (Taylor et al., Nucleotide and amino acid sequences were analyzed with the

1989). To ensure the isolation of non-sibling mutants, separatequence analysis package (version 7.0; Genetics Computer

filter matings between E.cdiM10 carrying pRT733 and LTU50 Group, Madison, WI) and other software provided by the

were performed and the transconjugants selected on ABAustralian National Genome Information Service (ANGIS,

medium containing Cm and Km (tpeoAcharacteristic was not University of Sydney).

utilized). Colonies that failed to stain with aniline blue were purified

and the inheritance Of 'ﬁhOAand |OSS_Of pRT733 Confil’med by the Nucleotide Sequence accession numbers

Km" ApS phenotype of the bacteria. Complementatitudies

involved conjugation betweerE.coli S17-1 carrying a The nucleotide sequence ofdS was submitted to GenBank

pLAFR1-recombinant and recipient cultures (Tnpfioduced under the accession number AF057142. GenBank accession

curdlan mutants). The transconjugants were selected on ABAImMbers of other sequences used in this study (seel Jafalee

medium containing Tc and Cm and after growth of the bacterACSA (X54676), BcsA (M96060), AcsAll (U15957), CelA

at 28C for 3-5 d, complementation was detected by the blud-38609), CelAl (U58283), CelA2 (U58284), A472L (U42580),

staining of the transconjugant colonies. HasA (L21187), NodC (M11268), and Chsl (M14045). The
YhjO accession number was from SwissProt P37653 and
accession number T88271 was from the EMBL EST databa%e.

DNA techniques and preparation of Agrobacteriumgenomic o

library
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fragments were purified from low melting agarose gels using the

Bresa-Clean DNA isolation kit (Bresatec) and then used for
cloning or as probes in Southern or colony hybridizationsabbreviations
DNA-DNA hybridizations were performed by the method of , .
Sambrooket al (1989) for the detection of low abundanceTCC. American Type Culture Collection; HCA, hydrophob
sequences. Probes were prepared from the Bglktiragment of  ClUSter analysis; UDPGIc, uridine diphosphate-glucose.
TnphoA (Figure1A) or theHpal(TnphoA-EcdrI(Agrobacterium
junction fragments of pVS1500-1505 (Figuf®) and labeled
with [0-32P]dCTP using the Megaprime DNA labeling kit References
(Amersham). Hybridization to DNA on nitrocellulose filters wasAltshul,S.F., Gish,W., Miller,W., Meyers,E.W. and Lipman,D.J. (1990) Ba
in 6x SSPE, 5 Denhardt's reagent, 0.5% SDS and [ugOnI—l local alignment search todl. Mol. Biol, 215, 403—-410. =)
denatured ,fra mented salmon S' erm DNA for 18 h €65 Arrecubieta,C., Garcia,E. and Lopez,R. (1995) Sequence and transcript%nal

. ’ g . . P - analysis of a DNA region involved in the production of capsular polysaccharitle
Filters were washed twice (20 min each time a(53n 2x SSC, in Streptococcus pneumonig@e 3.Gene167,1-7. >
0.5% SDS and once (30 min at’€) in 0.2« SSC, 0.1% SDS, Aspinall,G.0. and Kessler,G. (1957) The structure of callose from the grape vine.
then exposed to x-ray film. Genomic DNA was prepared by the Chem. Ind(Lond.), 1296. _ -2
procedure of Maet al. (1982) from 50 ml cultures grown Bh?‘gwgt*%AH_Grg_sva-_C-*T“_"Y'R-Eha”d Ke_'S‘e_r'D-L-f(lmuc""I”Syng(‘/‘;f's§

. . . . . n radyrnizobium Japonicumc aracterisation of a new locus

overnight in NB. TheAgrobacterlum genomic I|brary was influencingp-(1 - 6) linkages.). Bacteriol, 178,4635-4642. <
pr_epared from LTU50 genomic DNA that_ was partially digeste@reedveld,M.W. and Miller,K.J. (1994) Cyclig-glucans of members of the2
with EcoRI and size-fractionated in a linear 10-40% sucrose family RhizobiaceaeMicrobiol. Rev, 58,145-161. 2
gradient_ Fragments in the Size range of 15-35 kb were |igatedcfémpbe||,J.A., Davies,G.J., Bulone,V. and Henrissat,B. (1997)Aclassificatiog of

; : nucleotide-diphospho-sugar glycosyltransferases based on amino acid sequence
pLAFR1(TC) that had been digested wiEhoRI and treated with similarity. Biochem. J 326,929-942. Y

calf inteStine. a|ka|ine phOSphatase- The ligation mixture Wagnhen H., LiX-L. and Ljungdahl,L.G. (1997) Sequencing of a 1,B-hdjucanase Z
packagedn vitro using Gigapack Il (Stratagene) and the phage (lichenase) from the anaerobic fun@rpinomycestrain PC-2: properties of thee
particles obtained used to transdiceoli LE392 to Tc-resistance. enzyme expressed ischerichia coliand evidence that the gene haS%

Twenty transductants chosen at random all carried pLAFRY- Pacterial originJ. Bacteriol, 179,6028-6034. S
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