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ABSTRACT 

The exocellular polysaccharides of Agrobacterium tumefaciens and Agrobac- 
terium radiobacter have been investigated by the techniques of methylation and 

Smith degradation-periodate oxidation. The structure of the A. tumefaciens 
polysaccharide has been found to consist of hexasaccharide repeating-units having 

D-glUCOSe as the sole sugar component, and pyruvic acid, O-succinyl, and O-acetyl 

in the molar ratios of -5.8:1.03:0.91:0.87. Agrobacterium radiobacter polysac- 

charide was shown to contain D-glucose, D-galactose, pyruvic acid, 0-succinyl, and 

O-acetyl in the molar ratios of -3.1:2.2:1.2:1.1:1.02. 

INTRODUCTION 

Although each bacterial strain produces a unique D-glUCan’, a feature com- 

mon to all glucans is the preponderance of (l-6) linkages. Some glucans are com- 

posed almost exclusively of (l-6) linkages, whereas others may contain as little as 

50% of (1+6) linkages. As the non-(l-+6) linkages may be (1+2), (l&+3), or 

(l-+4), a series of glucans may contain a variety of linkage types. Differences in 

solubility and rheological characteristics are apparently due to the proportions and 

types of linkages, and the way in which these are arranged in each glucan molecule. 

Most glucans are considered to have high molecular weights (in the millions); a po- 

tentially useful exception* was described by Hehre’. 

There are several reports on the exocellular polysaccharides of Agrobac- 
terium species. Graham4 noted that all strains of A. radiobacter and A. tumefaciens 
produce polysaccharides in which only glucose was detectable. Zevenhuizen”~6 

found that the exocellular polysaccharide of A. tumefaciens has glucose as the main 

component, and galactose, mannose, and glucuronic acid as minor components. 

He also noted that the polysaccharide have P-glycosidic linkages, with O-3, -4, -6- 

and O-4, -6-linked D-ghcosyl residues. Tomonori et a1.7 studied the structure of the 
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exocellular polysaccharide of A. radiohacter. and showed that it contains galactose. 

glucose, succinic acid, and pyruvic acid in the molar ratios of 1:7.‘7-7.3: 1 :0.85. 

Makoto et al.” examined the water-soluble. exocellular polysaccharides from all 9 

strains of Agrobnct~r :um , and found that they contain succinic. pyruvic, and acetic 

acid as organic constiiuelnts. Acetic and succinic acid are probably attached as es- 

ters, whereas pyruvic acid is linked in an alkali-xtahle form (possibly an acelal). 

By using n.m.r. spectra. Harada et al.” confirmed that the exocellular 

polysaccharides of Apwhucterium strains contain succinyl and pyruvic acetal 

groups in the molar ratio of 1:0.45. Gorin et al. “) studied the cxoccllular p-D-glu- 

cans from A. tumejacirns and A. radiobacter by “‘C-n.m.r. spectroscopy, and 

showed that the D-glucan of ,4. tumqfaciens consists of (l-+?)-lmked /3-t>-gluco- 

pyranosyl residues and minor proportions of 7,3- and 1,6-di-O-<ubhtituted /$I~- 

glucopyranosyl residues. The glucan of A. rudiobucrer was found to contain 7c; ot 

galactnse. and J-C)- and 4.6di-O-substituted D-giucopyranosyi residue>. 

ENPERlMENTAI 

Genercrf methods. I_ Solutions were evaporated under dimlnished pressure at 

low temperature. unless specified otherwise. All products nere dried in \‘(ZLXU over 

calcium chloride. Fractionation of hydrolyzates was performed by descending p.c. 

at room temperature. using the non-aqueous phases of (A) 5:3: 1 water-.I-butanol- 

ethanol, (B) 4: 1 :5 I-butanol--acetic acid-water. and (C’) 7:7:5 pyridinc-cthyl ace- 

tate-water. Specific rotations were measured at 23 + 1” and 5X9 nm Total car- 

bohydrates were determined by the phenol-sulfuric acid’! methcjd. Gas-liquid 

chromatography (g,i.c.) was performed with a Vnrian 1700 chromatograph cquip- 

ped with a flame-ionization detector, and fitted with columns ! l-2 111) o! 55 of 

NPGS, 3Ci of ECNSS-3M. and 3% of (IV-225 on Chromosorb \V (X0-100 mesh), 

The micro-organisms studied. - The bacteria used in this study were kindly 

identified by the staff of the National Collection of Industrial Bacteria at Tarry Rr- 

search Station, Scotland, as two strains of Agrobacterium. Throughout this article. 

they are referred to as MS1 i and MS12. The former strain was Isolated frclrn garden 

soil in Alexandria, whereas the latter was from a salt marsh situated in the Burg El- 

Arab area of Alexandria. Pathogenicit) tests (unpublished results) confirmed the 

suggestion of 11. twwfacwtzs ;LS the source for isolate MSI, . and of .4. rndiohucter 

for isolate MS12. The bacteria were maintained in a medium containing, per liter. 

D-glucose, 20 g; yeast extract (Difco), 2 g; agar (Difco), IS g; pcptcme (I>lfco), 10 

g; and micro-elements 0.5 mL. Following inoculation, the culturcx were stored at 

room temperature. transters of inocula being made every 45 day>. 

Cultures were obtained by growing at pH 7 in Roux bottles on a medium con- 

taining, per liter. D-glucose, 30 g; peptone. 10 g; yeast extract, 2 g; and micro-ele- 

ments. 0.5 mL, by incubating for 10 days at 30”. 

E.rtraction of tlzr pofysuccharides. -- Cell-suspension cultures of the two iso- 

lates MSI, and MSI? were grown as described. and centrifuged: the clear. supcrnat- 
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ant liquor was poured into ethyl alcohol (6 vol.), and kept overnight in a re- 

frigerator. The precipitated polysaccharides were obtained by centrifugation, di- 

alyzed, and dried. 

Purification of the isolated polysaccharides. - Each polysaccharide was dis- 

solved in IOmM Tris . HCI (pH 8), and the solution applied to a column (2 x 50 

cm) of DEAE-cellulose equilibrated with the same buffer. The column was eluted 

with the same buffer with a linear gradient of NaCl (&IM, 1 L). The fractions were 

analyzed for carbohydrates by the phenol-sulfuric acid method”. The carbohyd- 

rate fractions were collected, dialyzed, and dried. The residue was dissolved in 

IOmM Tris - HCl (pH S), and applied to a column (2 x 50 cm) of Sepharose 4B, 

equilibrated with the same buffer and precalibated by using 2 mL of 0.20% (w/v) 

Blue Dextran 2000. The column was eluted with the same buffer but containing 

20mM NaCl. The fractions were monitored for carbohydrates”, and the carbohyd- 

rate fractions were collected, dialyzed, and freeze-dried. 

Sugar analysis of the polysaccharides. - The polysaccharides were hydro- 

lyzed with 0.5M sulfuric acid for 12 h, and the SOi-ions were removed as BaS04. 

The monosaccharides were reduced with NaBHA, the resulting alditols were acety- 

lated with AqO-pyridine, and the alditol acetates were characterized, and quan- 

titatively estimated12, by g.1.c. 

Methylation of the polysaccharides. - Each polysaccharide (50 mg) was twice 

methylated by the Hakomori method”, and the methylation products were hydro- 

lyzed with 2M trifluoroacetic acid for 18 h at 100”. The hydrolyzates were 

chromatographed on paper (solvents A and B), and their O-acetyl-O-methylal- 

ditols were estimated by g.1.c. A portion of the methylated materials was hydro- 

lyzed with 90% formic acid for 30 min at 95”, to remove the pyruvic group, fol- 

lowed by methylation under the Purdie conditions’4 for 2 days. 

Periodate oxidation. - Each polysaccharide (1 g) was oxidized in 0.05~ 

sodium metaperiodate (100 mL), with stirring in the dark. Samples (10 mL) were 

taken at different times for spectrophotometric determination (223 nm) of per- 

iodate consumption, and for potentiometric determination of the formic acid pro- 

duced15. The excess of periodate was reduced with ethylene glycol, the mixture 

dialyzed, and the product reduced with NaBH,, dialyzed, and freeze-dried. Smith 

degradationI of the polyol (50 mg) was conducted with 0.5M trifluoroacetic acid 

(25 mL) for 48 h at 23”, and the solution was evaporated to dryness. The residue 

was separated on Whatman No. I paper (solvent C), and the chromatograms were 

sprayed with benzidine-sodium metaperiodate. A portion of the polyol was sub- 

jected to Smith degradation with 0.1~ trifluoroacetic acid for 1 h on a steam bath, 

followed by dialysis, and freeze-drying, to give respectively, MSIi (P-l) and MS12 

(P-l). Methylation of MSI, (P-l) and MSI, (P-l) was performed by the Hakomori 

procedure, followed by treatment with the Purdie reagents. Methylated MSIi (P-l) 

and MS12 (P-l) were hydrolyzed with 2M trifluoroacetic acid for 18 h at 100”. The 

methylated sugars were examined by paper chromatography (solvents A and B), 

and their alditol acetates were analyzed by g.1.c. 
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Compounds MST, (P-l) and MSI, (P-l) were subjected to a second periodate 

oxidation, with 0.05~1 sodium metaperiodate for 5 days at 5” in the dark. Sugar 

analysis of these second polyols was performed b>, reduction. hydrolysis. and 

examination of the hydrolyzates on Whatman No. 1 paper (sollent (‘). Smith hq- 

drolysis of the polyols MSI, (P-l ) and MST, (P- 1) with 0. 1~ trifluoroacetic acid for 

1 h on a steam bath, followed by dialysis and freeze-drying. gale polysacchandes 

MSI, (P-2) and MST- (P-3). Hakomori methylatlon of MSI, (P-2) and MSI? (P-2). 

followed by treatment with the Purdie reagents. gave methylated MST, (P-2) and 

MSI, (P-2); these were hydrolyzed with 7~ trifluoroacetic uc~d for 1% h ;lt 100”. The 

methylated sugars were separated on Whatman No. 1 paper (sollent\ .3 and R). 

and their alditol acetates were analyzed by g.1.c. 

Ident$crrtion and determinutwn of tlzr acrdic wsidurs. - After acid hydro- 

lysis of the polysaccharides at IOO”, pyruvic acid was determined calorimetrically bq 

the (2.4dinitrophenyl)hydrazone method”. Identification of py~-u\ ic acid was 

achieved by p.c. comparison of the (Z.-Ldinitrophenyl)hydrazone Lvith an authentic 

sample”. 

The hydroxamic acid method” as adapted by Knutson ~1 ~1.” was used to 

measure the 0-acetyl content. A freshly prepared, 1: 1 misture of Q 5’; sodium hv- 

droxide and 2.25’:: hydroxylamine hydrochloride wax added to the polysacchuri& 

solution. and allowed to react for 5 min at room tcmperaturc. The mixture wax 

made neutral with methanolic hydrogen chloride, and evaporated to dryness. Hy- 

droxamates were extracted with ethanol. and the extract was concentrated to Ion 

volume, in order to preclpitatr the excess of salt. and decrease interference on 

chromatograms. The ethanolic solution was spotted on paper, :md chromatog- 

raphed (solvent B)“‘, the spots being devcloprd with ferric chloride spray”‘. The 

acetyl group was verified by t.1.c. of the free acid. A solution of the polysaccharide 

in M NaOH was kept for 30 min at room temperature. and the base neutralized to 

pH 7. The polysaccharide was precipitated with ethanol. and rcmo\,ccl by centnfu- 

gation. The supernatant solution was evaporated to dryness. acidified with HCI. 

extracted with ether. and the extract treated with l(V; Na,CO,. aciditied. and dis- 

tilled. The residue and the dIstillate were extracted with ether. made ,Ilkaline with 

NH,OH, and the aqueous layer tested by t.1.c. on silica gel G. developed uith 

25:3:4 ethanol-water-Z’; NH40H, and sprayed with Bromocrrsol (ireen 

Succinic acid was determined by formation of the clihvcirc)naphtha7arlne dc- 

rivative “, after hydrolysis of the polycaccharides. 

RESLJLTS AND DISCUSSION 

The polysaccharides of MSI, and MSI, were isolated, puri tied on a column of 

DEAE-cellulose, and the purified fractions applied to a column of Sephadex-JB. 

which revealed an average molecular weight of 6.5 x IO’ for MSI, and 5.4 x IO” 

for MSI,. Analyses of the isolated polysaccharides are shown in Table I 

Acid hydrolysis of the polysaccharides followed by p.c. fsolvrnts .4 and R) 
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TABLE I 

ANALYSIS OFTHE MSI, AND MS12 POLYSACCHARIDES 

Composition MS12 MS12 

Yield (g/L of medium) 0 65 1.06 
[a]B (c 0.1 HzO), degrees -164 -122 
Ash (%) 0.04 0.05 
Crude protein (N x 6.25) 0.187 0.375 
Total carbohydrate 81.72 79.53 

TABLE II 

SUGAR ANALYSIS’ OF MSI, AND MS12 POLYSACCHARIDES, AND OF COMPOUNDS DERIVED THEREFROM 

Sugars and 
alditols 

Relatrve proportions 

11 12 111 II, III, III, 

Glucose 5.8 3.1 4.9 1.9 4.1 1.9 
Galactose - 2.2 - 1.9 - 1 
Erythritol - - - 0.8 - 
Threitol - - - - - + 
Glvcerol - - + + - - 

“It and 12, native polysaccharides MSIt and MS12; II,and 112, periodate oxidation, reduction, and total 
hydrolysis of MSIt and MSIz; 1111 and 1112, compound MSIt (P-l) and MS12 (P-l), periodate-oxidized, 
reduced, and hydrolyzed. 

revealed the presence of only glucose for the polysaccharide of MSI,, and the pre- 

sence of glucose and galactose for the polysaccharide of MS12. This result was con- 

firmed by conversion of the sugars into their alditol acetates, followed by g.1.c. 

using D-mannitol hexaacetate as the internal standard. Quantitative analyses of the 

sugar components are listed in Table II (columns I, and I$. 

By mild, alkaline hydrolysis of the polysaccharides for 5 min with 9.5% 

NaOH in the presence of 2.25% hydroxylamine hydrochloride, the alkali-unstable, 

acidic groups were hydrolyzed, and transformed into their hydroximate deriva- 

tives. Examined by p.c., these showed a clear spot that migrated identically with 

authentic acetyl hydroximate. There were two other (faint) spots, corresponding to 

mono- and di-succinyl hydroximate. Verification of the acetyl group was achieved 

by t.1.c. of the ammonium salt of the free acid. Hydroxamic acid assay for the O- 

acetyl groups indicated a molar ratio of 0.87:1 for the MSIl polysaccharide and 

1.02: 1 for the MSI,? polysaccharide. 

The alkali-stable, pyruvic acetal group was liberated by acid hydrolysis; this 

was followed by conversion into the (2,4_dinitrophenyl)hydrazone, which, in P.c., 

migrated identically with an authentic sample of the hydrazone. Quantitative de- 

termination by the (2,4_dinitrophenyl)hydrazone assay indicated a molar ratio of 

1.03: 1 for the MSIr polysaccharide and 1.2: 1 for the MSIz polysaccharide. 



In summary, the molar ratios of the different component5 were. for the MSI, 

polysaccharide glucose: (I-succinyl:pyruvic acetal:O-acetjl = 5.K:O.Ol : 1.1U’O.H7. 

and for the MST, polysaccharide. glucose : galactose : O-succm~ I : pyruv~c acetd : O- 

acrty1=3.1:1.2:1.l:1.‘:1.02. 

The highly negative values of the specific rotation. [trIL) - 163” for the MSI, 

polysaccharide, and - II!?’ for the MSI? polyxaccharide, indicate ;I preponderance 

of p-11 links in both polymers. 

Complete methylation of the MSII and MSI? polysaccharides uas .Ichieved 

by two Hakomori methylations. to afford a product that showed no hydrouyl ah- 

sorption in its infrared spectrum. The methylated polysaccharldc from MSI, was 

hydrolyzed. and the hydroly7ate was examined by p.c. (solvent!, :I and Rj. and by 

g.1.c. of the aldltol acetates (see Table III column I, 1. Quantitatlbe determination 

of the partially methylated sugars indicated the structure of the he?asacchande re- 

peating-units of the polymer. The identification of 3,~.6-tri-0--mcthylgiucose in the 

molar ratio of 3.1 : 1 indicated that the polymer chain has ( l---+1) linkages. The 7.1. 

di-O-methylglucose indicated a branched point at C-3 or tI’-h. The pre\cnce ot 3-O- 

methylglucose indicated O-2-, O-J-. and O-64inhed glucose residues. ‘i‘hc isolation 

of 7.3.3,6-tetra-O-methylglucose indicated a (terminalj glucosyl grcjup. 

When the polysaccharide of MSI, was methylated. mildi) hydrol~7cd to rc- 

move the pyruvic acetal group, remethylated, and then hydrolyzed (see Table III. 

column III). the los:, of 2-O-methylglucose. and the appearance 01 3.4.6tri-O- 

methylglucose with the same molar ratio. indicated that the i-carbt)~~ethylldrne 

group is linked to O-3 and 0-h of a glucose residue. It also indicated that the rc- 

peating unit has only one branch point and one termmal glucos~l groull. 

The methylation product of the MSI, polysaccharide was hydrolyzed. and the 

hydrolyzates were examined by p.c. (solvents A and R). and g l.c. (~!e Table 111. 
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column IZ). Quantitative analysis of the partially methylated sugars indicated pen- 

tasaccharide repeating-units. The identification of 2,4,6-tri-O-methylglucose indi- 

cated 0-3-linked glucose residues. The appearance of 2,4-di- and 2-O-methylgalac- 

tose indicated O-3,0-6- and O-3, O-4, 0-6-linked galactose residues. Mild hydro- 

lysis of the fully methylated MSIz polysaccharide was followed by remethylation, 

hydrolysis, and examination of the methylated sugars (see Table III, column II;?). 

The loss of 2-0-methylgalactose and the appearance of 2,4,6-tri-0-methylgalactose 

with the same molar ratio indicated that the l-carboxymethylidene group is linked 

to O-4 and O-6 of a galactosyl residue; this also indicated that another galactosyl 

residue is the branch point and that the repeating unit has only one (terminal) 

glucosyl group. 

Periodute oxidation. - On periodate oxidation, the MSI, polysaccharide 

consumed 2 mol of periodate per repeating unit. Reduction of the oxidized product 

was followed by hydrolysis, and the hydrolyzates were examined by p.c. (solvent 

C), and their alditol acetates were quantitized by g.1.c. (see Table II, column III). 

Quantitative analysis indicated the loss of one glucose unit. As only a terminal 

glucose unit of the polysaccharide was periodate-oxidizable, it was selectively re- 

moved by Smith degradation, to give polysaccharide MSI, (P-l). having a pen- 

tasaccharide repeating-unit. 

Methylation analysis of compound MSI, (P-l) yielded 2,4,6-tri-, 2,4,-di-, and 

2,3-di-0-methylglucose (see Table III, column III,). The loss of 3-O-methylglu- 

case and the appearance of 2,3-di-O-methylglucose confirmed that the terminal 

glucosyl group in the original polysaccharide had been attached to O-2 of the gluco- 

se residue bearing the l-carboxyethylidene group at O-4 and O-6. 

On periodate oxidation compound MSIl (P-l) consumed one mol of per- 

iodate per mol. Reduction of the oxidation product, to give a new polyol, was fol- 

lowed by hydrolysis, and the sugars were analyzed (see Table II, column III,). It 

was, again, only the terminal unit that was oxidized, and hence, the terminal gluco- 

syl unit had been selectively removed by Smith degradation, to give polysaccharide 

MSI, (P-2), having tetrasaccharide repeating-units. Methylation analysis of MSIl 

(P-2) yielded 2,4,6-tri-0-methylglucose (see Table III, column IV]). The loss of 

2,4,-di-0-methylglucose and appearance of 2,4,6-tri-O-methylglucose with the 

same ratio established that the glucosyl residue which bore the 1-carboxyethylidene 

group had been attached to O-6 of a glucosyl residue in the polysaccharide chain. 

Polysaccharide MSIl (P-2) was found to be periodate-resistant, indicating glucosyl 

linkages at O-3. 

After periodate oxidation of the MSI;! polysaccharide, reduction yielded a 

polyalcohol; this was hydrolyzed, the hydrolyzate was examined by p.c. (solvent 

C), and the alditol acetates were quantitized by g.1.c. (see Table II, column 113. As 

only the terminal glucose residue was oxidized, it was selectively removed by Smith 

degradation, to give MS12 (P-l) having a tetrasaccharide repeating-unit. Methyla- 

tion analysis of compound MS12-(P-l) yielded 2,4,6-tri-0-methylglucose and 2,4- 

and 2,3-di-0-methylgalactose (see Table III, column III,). ‘The loss of 2-O-m+]- 
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galactose, and the appearance of 2.3-di-0-methylgalactose indicated that the ter- 

minal glucosyl group was linked to O-3 of a galactose residue. On periodate oxida- 

tion. compound MSIl (P-l) consumed one mol of periodate per mol. The product 

was reduced, the alditol hydrolyzed, and the hydrolyzate examined b! p.c. (solvent 

C) and quantitized by g.1.c. (see Table II. column III,). Again, a palactose unit was 

selectively oxidized, and It was removed by Smith degradation. to give MST, (P-2). 

which was found to be periodate-resistant. Methylation analysis of compound MSI- 

(P-2) yielded 2,4,6-tri-O-methylglucose and 3,4,6-tri-O-methylgalactose. indicat- 

ing a chain of glucosyl and galactosyl residues in the molar ratio ot 2. I. joined by 

linkages at O-3. The loss of the 2.4di-0-methylgalactose and the appearance of 

2,4,6-tri-0-methylgalactose indicated that O-6 of a galactosyl residue IS the point of 

branching. 

Our findings confirm those of Zevenhuizens.h. who reported that A. tamefu- 

ciens exocellular polysaccharide is composed of glucose as the main component. 

and hasp linkages with O-3, O-1, and O-6 linked D-g]UCosfZ. Tomonori et al.’ found 

that A, radiobucter exocellular polysaccharide is composed of galactose, glucose. 

’ succinic acid. and pyruvic acid in the molar ratios of 1:7._- 7.3: 1 :0.X.5. which differs 

from our finding of 2.2:3.1: 1.1: 1.2; also, thev did not record the presence of the 

0-acetyl group. Harada et al.” confirmed the presence. in the exocellular polysac- 

charides of Agrobacterium strains, of succinyl and pyruvic groups in the molar ratio 

of 1:0.45, but we find 0.91 : 1.03 and 1.7: I .03 for MST, and MSI-. respectively. 
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