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ABSTRACT 

The structure of an extracellular acidic polysaccharide produced by Rhizobium 

trifolii 4s was studied by fragmentation with phage-induced depolymerase, methyla- 

tion analysis, digestion with exo-/I-D-glycanases, and n.m.r. spectroscopy. The poly- 

saccharide is composed of D-glucose, D-glucuronic acid, pyruvic acid, and acetic acid 

in the molar ratio of 5 :2: 1 : 2. The repeating unit is a heptasaccharide containing 

(a) terminal 4,6-O-( 1-carboxyethylidene)-D-glucose (1 residue), (6) (1+3)-linked D- 

glucose (1 residue), (c) (l-+4)-linked D-glucose (2 residues), (u’) (l-+4)-linked D- 

glucuronic acid (2 residues), and (e) (l-4), (1+6)-linked o-glucose (1 residue). A 

possible structure for the polysaccharide is proposed. The phage-induced depolymerase 

hydrolyzes linkages of 4-&Y-D-ghCOSyl-P-D-g~UCUrOniC acid adjacent to branching 

points. 
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INTRODUCTION 

Most extracellular, acidic polysaccharides of Rhizobium trifolii reported thus 

far’ - 6 contain D-glucose, D-galactose, and D-glucuronic acid as sugar constituents. 
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However, Ghal c‘t 01.’ reported that R. l,.(folir JCO produces a polysacchar~d~ typical 

of R. rm~liloti that does not contain I)-glucuronic acid. Higashi and Abbe” studit‘d the 

sugar composition of pnlysacch:irides of RI:i.z&w~ strains and shou ed that the 

polysaccharidc from one (Itrain X3) of six strains of R. !/,[fi)//i did not contnln I)- 

galactose. We are ~ntcr-cstcd 111 thl:, aberrant polywcchnrldc because ;I rt)lc of’ polj:- 

saccharides of .R/1i:0hi~,vi In the kymhiotlc !-clarion has been prqxm2tJ by re\ UYil 

u orkcrs ’ 13. M’e no\\ report structural \tudic< on tills polysacchsrrde. 
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Fig. 1. DEAE-cellulose chromatography of depolymerase-dlgested polysaccharide of R. rrifolir 4s. 
Polysaccharide was digested with the enzyme described in the text. The digest was separated on a 
column (2.5 : 15 cm) of DEAE-cellulose equilibrated with 20mM potassium chloride, and material 
was eluted with 1 L of a linear gradient of 2@200mM potassium chloride (-----). Fractions of 9.1 mL 
were collected and analyzed for carbohydrate by the phenol-sulfuric acid method (--_). The first 
peak (A) and second peak CB) of the digest are designated as oligosaccharide 1 and oligosaccharide 2, 
respectively. 

saccharide was prepared from the supernatant liquor of cultures grown for 5 days 

at 30” in the synthetic medium. The method used, involving precipitation with acetone 

and cetylpyridinium chloride, has been described previously7. The polysaccharide 

obtained was dissolved in water, treated with Amberlite IR-120 (H+), resin and 

lyophilized. The H+-form polysaccharide was used for analyses. 

Preparation of phage-induced depolymerase. - Phage-induced depolymerase 

was prepared as described previously*. One unit of enzyme activity is defined as the 

amount liberating 1 [lrnol of aldehyde groups as glucose per h. 

Preparation of hydrolysis products of polysaccharide with phage-induced de- 

polymerase. - A sample (100 mg) of the polysaccharide of R. trifolii4S was hydrolyzed 

with phage-induced depolymerase (15 units) for 24 h at 30” in 5hM Tris-HCl 

buffer, pH 7.2, (20 mL) containing 0.1 pmol of calcium chloride with a few drops of 

toluene to prevent microbial growth. After hydrolysis, the mixture was dialyzed by 

vacuum filtration through a collodion membrane. The dialyzable fraction was 

concentrated to 1 mL, and salts were removed by chromatography on a column of 

Sephadex G-10. Fractions in the void volume containing the oligosaccharide were 

concentrated to low volume and lyophilized, to yield 81 mg of material. 

A sample (60 mg) of the oligosaccharide was dissolved in 20mM potassium 

chloride and applied to a column of DEAE-cellulose (2.5 x I5 cm) equilibrated 

with 20mM potassium chloride. Material was eluted with 1 L of a linear gradient of 

20-200mM potassium chloride with a flow rate of 50 mL per h. As shown in Fig. 1, 

the oligosaccharide preparation gave two peaks of oligosaccharide (oligosaccharides 

1 and 2). The fractions in each peak were pooled and concentrated to low volume, 
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and salts were removed by chromatography on a column of Sephadcx G-IO. Ohgo- 

saccharide fractions in the void volume were concentrated and lyophilized; yields: 

oligosaccharide 1. 49 mg: oligosaccharide 2, 5.3 mg. 

Prepwution of &ac.l.iatcd nli~o.Fac,~harinp. -.--~ A solution of 0. I ‘I,, ollgosacchande 

1 aas Incubated in IOmM potassium hydroxide for 5 h at 20” under nitrogen. The 

solution was made neutral with M hydrochloric acid. concentrated to low volume. 

and passed through a column of Sephadex G-10. The effluent containing sugar IVHS 

concentrated and lyophllized. 

Pwparatiotl of’&pjvv~i~latrd pol~~suwhoriric ami oli~o.\n~cllu~irlc~. ~~ .A 501 u t io n 

of 0. I ‘I(, of polysaccharide or oligosaccharide 1 was heated for 2 h at 100’ after 

adjusting the solution to pH 2 with hydrochloric acid. The polysaccharidc solution 

was then dialyzed and lyophilized. The oligosaccharide solution \vas passed through 

a column of Sephadex G-10 and the effluent containing sugar \!aq concentrated and 

lyophilized. 

Prc~purcrth of c~arbo.\-~.l-~crllrce~ nli~o.~c~ccllmirlt~. -~~ A solut ton of 0.3 “<, of 

oligosaccharide 1 was carboxyl reduced by the method of Taylor and Conrad14. 

Salts in the mixture were removed by chromatography with a column of Sephadex 

G-10. The fully reduced oligosaccharide was obtained by passage through a column 

of Amberlite IR-45 (OH ~) resin. 

Digc~strm Of oliRo.sac.c~luriclc~ w*ith /~-I,-alLtcr,.sic/a.\c,. -~ Depyruvylated. deacylated 

oligosaccharide 1 (3 mg) \vas dlgested from the non-reducing terminal sugar of the 

side chain with almond P-o-glucosidase (Sigma Chem. Co.) at 30 in 100 /tL of 

50mM sodium acetate buffer (pH 5.0). Partially and extensively dIgested oligo- 

saccharide was obtained by treatment with 0.5 mg of enzyme for 2 h and 3 mg of 

enzyme for 16 h, respectively. One drop of toluene \~as added to prevent microbial 

g-owth. The mixture was then boiled for 1 min. the resulting precipitate Mas removed, 

and the supernatant solution W;IS treated with Amherltte IR-IN (H’ ) resin. The 

solution was concentrated and subjected to p.c. The digested ollgosaccharide was 

separated from liberated glucose by extracting the appropriate section of paper. 

The extract was concentrated and lyophilized. 

Depyruvylated. deacylated. carboxyl-reduced oligosaccharlde I was also 

digested extensively with the /I-o-glucosldasc. and the digested oligosaccharide was 

obtained by the method Just described. 

Dlgcwion of‘ oligo.rucd~arid~ w,ith 8-v-~~lrrr~onicizrrona.r~~. Deacylated ol~go- 

saccharide 1 (5 mg) was digested with 2 mg of bovine liver /I-r>-glucoslduronase 

(P-L Biochem. Inc. 1 for I6 h at 30’ In IOQ PL of 50mhr sodium acetate buffer (pH 5.0) 

containing a drop of toluene. The dlgested oligosaccharldc \vas obtained by p.c_ as 

already described. 

RESULI-S AND DIS(‘IISSION 

R. rrifolii 4S produced 240 mg of extracellular, acldlc polysacchande per 

100 mL of culture medium, The polysaccharlde had [%I? + I:! (c 0.3 water) and 
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TABLE I 

COMPONENTS OF EXTRACELLULAR ACIDIC POLYSACCHARIDE OF R. trifoiii 4S AND OLIGOSACCHARIDES 

PRODUCED BY HYDROLYSlS WITH PHAGE-INDUCED DEPOLYMERASE 

D-Gh,CO$e 

wr O,’ .O 
(mol ratio) 

u-Glucuronic 
acid 
wt :, 
(mol ratio) 

Pyrwic 
acid 
wtO, 
(mol raiio) 

Acetic 
acid 
wt 9, 
(mol ratio) 

Native polysaccharide 61.2 (5) 27.6 (2.0) 5.1 (1.0) 5.5 (1.7) 
Oligosaccharide 1 60.5 (5) 25.8 (1.9) 5.1 (1.0) 5.7 (1.8) 
Oligosaccharide 2 59.9 (5) 26.4 (2.0) 4.8 (0.9) 5.4 (1.7) 

TABLE 11 

METHYLATION ANALYSIS OF NATIVE AND MODIFIED POLYSACCHARIDES OF R. trifO&i 4s 

Methylated sugar (relative proportions) 

2,3,4,6-Glc 2,4,6-Gk 2,3,6-C% 2,3-Glc 
(T” 1.00) (T” 1.72) (Ta 2.321 (T” 3.63) 

Native polysaccharide 0.0 1 2.1 1.8 
Depyruvylated polysaccharide 1.0 1 2.3 1.1 
Carboxyl-reduced 
polysaccharide 0.0 1 3.6 1.8 

aRetention time of the corresponding alditol acetate relative to 1,5-di-0-acetyl-2,3,4,6-tetra-O- 
methyl-D-glucitol. 

was composed of D-glucose, D-glucuronic acid, pyruvic acid, and acetic acid in the 

molar ratio of 5 : 2 : 1 : 2 (Table I). 

The sugars from the methylated polysaccharide identified by g.1.c. were 2,4,6- 

t&O-methyl-D-glucose, 2,3,6-tri-O-methyl-o-glucose, and 2,3-di-O-methyl-D-glucose 

in the molar ratio of 1 : 2 : 2 (Table II). Depyruvylation of the polysaccharide resulted 

in an increase of 1 mol of 2,3,4,6-di-O-methyl-D-glucose and decrease of 1 mol of 

2,3-di-O-methyl-D-glucose per mol. These results show that this polysaccharide has 

(l-+3)- and (1+4)-linked D-glucose residues, D-glucose residues branching through 

a (l-+4)- or (l-+6)-linkage, and non-reducing terminal D-glucose residues having 

pyruvic acid linked to O-4 and O-6; these give 2,3-di-O-methyl-D-glucose. 

When the polysaccharide was carboxyl-reduced, the methylated sugars showed 

an increase of N 1.5 mol of 2,3,6-tri-O-methyl-D-glucose per mol. This increase is 

attributable to reduction of the carboxyl groups in (l-+4)-linked D-glucuronic acid 

residues. Although an increase of 2 mol of this methylated sugar is expected from the 

component analysis (Table I), it was difficult to reduce carboxyl groups of uranic 

acid residues completely, even after repeated reduction. 



The products obtained from the natwc polysaccharldc bq digcstlon wth phage- 

induced depolymerase wet-c separated into two ofoliposaccharide fractions by chroma- 

tography on a col~~rnn of DEAE-cellulose (Fig. I ). Each oligosaccharide \vas corn-- 

posed of II-glucox. wglucuronlc acid. pymrc acid. and acetIc nerd in the mc>lar 

ratlo of 5 : 2 : I : 2 (Table I ). This ratio is the MIIK as that of the nati\c polysaccharidc. 

Previously’ Higabhi antI Abe reported that the ratio of thew components of the 

oligosaccharide obtained by digestion L\, ith phagc-induced depol~merase was i : I .2 : 2, 

but hi:, ~237 \vrong. 

The I.educing-terminal sugar of each ollgosaccharide wa\ determined to be 

II-glucose by reduction <It’ the reduciiig-termIns sugar with socf~um borohydride, 

hydrolysis of the rcduccd ollgosaccharlde. and identification of the alditol by g.1.c. 

on a ~illconc OV-I7 col~~mn a\ the acetylatrd dcrivutrcc. The ratlo 01‘ D-$ucost~ to 

mglucltol on the gas chromatograni \\‘a\ 4: I for the \,ligossc~lia~.idc of the iii:ti~i 

fraction (ollgosaccharidr I ) and 9 : I for the ollgosaccharldc of the mlnor fraction 

(oligosaccharide 2). Thw. ~~llgosaccharide I is the rcpcating-unit hcptamxharidc of 

the polywcchar~de. con~stin, (7 t>f tivc I~-L’ILILWS~ and tb+ ~3 rwjucuron~c acid residues. c 
and ollgosaccharidc 2 I< the dimcr of the repeating-unll heptasaccharlde. Oligo- 

saccharlde 2 L\U hydrolyzed completely to the monomer- bg furlher trcatmwt with 

phage-lnduccd ciepolqmcrxsc. 

The methylatcd sugar\ of ollgo\accharide 1 tverc the same as those of the 

native polysaccharide (Table III 1. Thus. the repcatln, (r unit rctaincd the branching 

II-glucose reslduc, and the nonreducln_p-terrnlnnl sugar prc~d~md Py hydrolysis ulth 

TABLE III 

Ollgosaccharlde I 0.0 

Deacylated ohgosacchmde I 0.0 

Depyrwylatc‘d, deacylated 

CDPDA) oligosacchands 1 I 0 
TV-Glucosiduronasc-digesl~d, 

deacylated oligosaccharlde t 0.5 

jl-C;lucosida~e-digested 

DPDA oligowxharldc I 
(partially digested) I .o 

i;-Glucosidase-dlgezted 

I)PDA ohgosaccharrde I 
(extemivcly dlgested 1 I.1 

Reduced oligosaccharlde I 0 0 

I) 0 1 .o 2 

0 0 I I 6 

0 0 t ). (> 2 

0.0 0.0 I 
08 1 .o 2 

I 9 
1.7” 

0 H” 

I .7’J 

0.8" 
0.9 

“Lower value> may lx due 10 partl;ll drcompo~~tton of the reducmg-terminal I)-glucose during 

deacylation 
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phage-induced depolymerase was D-glucuronic acid. The reducing-terminal sugar 

was D-glucose, as described before. 

When deacylated oligosaccharide 1 was treated with fl-D-ghrcosiduronase. 

D-glucuronic acid was liberated from the nonreducing terminal. This conversion was 

monitored by p.c. Calorimetric analysis of the enzyme-digested oligosaccharide 

showed that 1.4 mol of D-glucuronic acid per mol was removed. We could not remove 

the 2 mol of acids in the oligosaccharide completely, even by further treatment. 

Methylation analysis of the oligosaccharide showed a decrease of 0.5 mol of 2,3,6- 

tri-O-methyl-D-glucose and an increase of 0.5 mol of 2,3,4,6-tetra-&methyl-D-glucose 

per mol (Table III). These results indicate that D-glUCUrOniC acid residues exist 

contiguously at the non-reducing terminal and that the D-glucose residue is linked to 

the D-g~ucuronic acid residue through a (l-+4)-linkage. We also confirmed the 

existence of this D-glucuronosyl-( I +4)-D-glUC0S.e linkage by methylation analysis 

of the acidic oligosaccharide obtained by partial hydrolysis of the native poly- 

saccharide with 2M trifluoroacetic acid for 3 h at 100”. 

When depyruvylated, deacylated oligosaccharide 1 was treated with B-D- 

glucosidase, D-glucose was shown by p.c. to be liberated from the nom-educing 

terminal of the side chain. Methylation analysis of depyruvylated, deacylated oligo- 

saccharide 1 digested partially or extensively with the enzyme showed that one mol 

of the terminal D-glucose and subsequently one mol of (I +3)-linked D-glucose per 

mol were removed by the digestion (Table III). As one mol of 2,3-di-O-methyl-D- 

glucose derived from branching D-glucose remained, at least one undigested D- 

glucose residue is attached to the branching D-glucose residue. This glucose residue 

could not be hydrolyzed, even by further addition of enzyme or longer incubation. 

From these data, the possible structure of oligosaccharide 1 may be as shown 

in the formula. The linkages hydrolyzed 

a a 
1 _i 

/I’-D-GIcA-( 1+4)-GlcA-(l-*4)-Glc-( l-+4)-Glc-OH 

6 

b b t 

1 1 1 
/&D-Gk-(~+3)-~-~-Gk-(l-r4)-~k 

4. o6 

\I 
CH,-C-C02H 

1 

readily with fl-D-glycosidases are /I (arrows a and b show the linkages hydrolyzed 

with /I-D-glucosiduronase and fi-D-ghrcosidase, respectively). The reducing-terminal 

sugar is branching D-glucose. This was confirmed as follows: the reducing-terminal 

D-glucose of oligosaccharide 1 was reduced to D-&Kit01 with sodium borohydride 
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and the reduced oligosoccharide I was methylated. The mcthylatcd sugars of the 

product (Table 111) showed a decrease of one mol of 3,3-di-U-methyl-b-glucose with 

an increase of one mot of 1 .2.3,5-tetra-O-methyI-u_Fiucose per mol. as compared 

with unreduced oligosaccharrde 1. The latter methylated sugar was Identified by 

its retention time and by mass spectrometry. If the reducing-tcrmtnal I)-glucose were 

not branching, penta-O-methyl-r,-glucose would be produced from the reduced 

olrgosaccharidc by reduction. 

The anomerlc linkages were studied by ’ H-n.m.r. analysts. The spectra of the 

native and depyruvylated polysaccharides indicated the presence of Y- and /&lrnl\ed 

residues, but the resolution was not good. The spectrum of oli~osaccbaride 1 produced 

59 51 io I. 6: 

(P.P.m.) 

Fig. :! ‘H-N.m.r. spectra of solutions In deuterum oxide at 85 : only the anomerlc-proton region 
IS shown. A. reduced oligosaccharlde 1; B, reduced oligosaccharide 2; C. carboryl-reduced oligo- 
saccharide 1; D. r~-I,-glucosldasc-dl~ested. deacylated. depyruvylatcd, carbouyl-reduced oligo- 
slccharlde I. 
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by digestion with phage-induced depolymerase showed a signal assigned to an CI 

linkage at ii 5.19 (Jr., 3.4 Hz). When the reducing-end p-glucose was reduced to 

D-glucitol with sodium borohydride, the two signals at 6 5.19 (Jr,, 3.4 Hz) and 

6 4.97 (Jr., 8.8 Hz), assigned to a- and j-linkages, respectively, disappeared. Thus, 

these two signals were derived from free reducing-end anomeric protons. This reduced 

oligosaccharide 1 has no other s( linkage (Fig. 2a), whereas reduced oligosaccharide 2 

has another signal at 6 5.41 (Jr,, 3.4 Hz) indicating an a linkage (Fig. 2b). Therefore, 

phage-induced depolymerase hydrolyzes this c( linkage between branching D-glUCOSC 

and o-glucuronic acid residues. The signal at 6 5.80 seems to be derived from H-5 

of glucuronic acid residues, because this signal disappeared by carboxyl reduction 

of the oligosaccharide (Fig. 2~). We assigned the signal at 6 5.10 (Jr,, 5.6 Hz) as the 

chemical shift of a P-D anomeric proton because this signal disappeared by digestion 

of the depyruvylated, deacylated, carboxyl-reduced oligosaccharide 1 with P-D- 

glucosidase (Fig. 2d). 

From these results we concluded that the structure of the acidic polysaccharide 

of R. trifolii is as follows: 

C c 

J i 
~~)-P-D-G~CA-(~~~)-P-D-G~CA-(~~~)-P-D-G~C-(~-~~)-~-D-G~C-(~~ 

6 

I\ 
4. o6 

\I 
CH,-C-CO,H 

2 

Arrows c represent linkages hydrolyzed with phage-induced depolymerase. Two 

moles of O-acetyl groups exist per repeating-unit heptasaccharide. 

The glycosyl-residue sequence of the backbone is the same as that of the back- 

bone of polysaccharides from R. legrrminosarum strains 128~53 and 128~63 and 

R. trifolii strains NA30 and 0430 elucidated by Robertsen et ~1.~. Differences are 

in the structure of the side chain. Our polysaccharide lacks the terminal, pyruvylated 

o-galactose residue, and the next pyruvylated o-glucose residue is attached through 

a (l-13) linkage, not a (144) linkage. The structure of the polysaccharide from 

R. trifolii U226 proposed by Jansson et al.’ shows that one-third of the side chains 

do not contain terminal pyruvylated n-galactose. However, our polysaccharide has 

no galactose. Preparations obtained from cultures of different ages (logarithmic, 

early stationary, or late stationary) also had no galactose. The R. trifolii 4s used for 

this study is infectious and nodulates white clover (Trifolium repens) efficiently. Thus, 



174 A. AMFMURA, T. HARADA, M. ABE, S. HIGAS 

the difference in the structure of the side chain of extracellular. acidic polysaccharides 

of R. frifolii does not seem to be important for the infection processes. 

The acidic polysaccharides of a non-infectious strain (Al) obtained from 

T. trifnlii 4S, and one (strain I(P) of six strains of R. /~~~7l7l7j/70.~~1.111)1 examined (all 

of which are tnfectious to pea) were also composed of II-glucox o-glucurontc acid, 

and pyruvic acid in the molar ratio of 5 :_. ‘. I with some acetic acid. These poly- 

saccharides were also hydrolyzed by phage-induced depolymerase to their repeating- 

unit heptasaccharides. The methylated sugars from the native polyaaccharides and 

the repeating units were the same as those of R. tr(folii 4s. Therefore. the structures 

of these three poiysaccharides seem to be identical. 
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