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ABSTRACT 

The insoluble material that remains after extraction of Zea shoots with cold 
buffer was treated successively with 3~ LiCl and hot water. The polysaccharides 
solubilized by these treatments were mostly (l-+3) ,( l-+4)-/3-D-glucans. The P-D- 
glucan from the hot-water-soluble fraction was hydrolyzed by Bacillus subtilis 
(l--+3) ,( l-+4)-P-D-glUCan 4-glucanohydrolase. The oligosaccharides were charac- 
terized by methylation analysis of the enzymic fragments and by methylation 
analysis of secondary fragments generated by treatment of the isolated oligo- 
saccharides with Strepto~yces QM B814 cellulase. The results demonstrate that the 
native polysaccha~de consists mainly of cellotriosyl and cellotetraosyl residues 
joined by single (l-+3) linkages. Evidence is presented to show that certain other 
glucosyl sequences are also present in the native polysaccharide including (a) two, 
three, or four contiguous (l-+3)-linkages; (b) blocks of more than four (1+4)- 
linked glucose residues; (c) regions having alternating (1+3)- and (l-+4)-linkages. 

INTRODUCTION 

Important structural features of cell walls derived from monocots remain 
unresolved. In an effort to learn more about these wall polysaccharides, we have 
examined Zea shoot excised at the coleoptile node 96 h after inhibition of the 
caryopses. In a previous paper’, we reported that three water-soluble poly- 
saccharide fractions (WSP-I, -11, and -111) were obtained from Zeu shoots: WSP-I 
was obtained from the sohtble fraction of the buffer-homogenate of Zea shoots, 
and WSP-II and -111 were obtained from the insoluble fraction of the buffer- 
homogenate upon treatment with 3br LiCl and hot water, respectively. We also 

reported that the major polysaccharide in WSP-I was a glucuronic acid-containing 

arabinogalactanl. 
Studies on WSP-II and -III revealed that both fractions were comprised 

mainly of (l-+3),( l-+4)-/3-D-glucans. Although extensive structural studies on P-D- 
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glucan from ceral endosperm have been reported, there are relatively few detailed 
analyses of the @-I>-glucan derived from non-endospermic primary ceILwalls. 
Therefore, we initiated the present study on the fine structure of the soluble 
P-glucan fraction prepared from WSP-III, relying on a Bacillus suhtilis 
(l-+3),( 1~4)-~-D-glucan ~-glu~anohydroiase and a ~~t~e~f~~?z~ces QM B814 
celluiase for specific hydrolysis of glucoaidic linkages. 

RESULTS AND DISC‘USSION 

Characterization of‘ WSP-ZZ and WSP-III. - WSP-II and WSP-III, obtained 
from the insoluble fraction of the buffer homogenate of Zen shoots by successive 
treatment with 3~ IX1 and hot water, contained glucose, arabinose. xyiose. 
galactose, and mannose in the molar ratio of 89.1):-1.8:3.1:3.1:0 and 
94.6:2.1: 1.1:2.1:0.1, respectively. as reported previously’. WSP-II and WSP-III 
were separately mcthyiated by the method of Hakomori’. G.1.c. of the aiditol 
acetates obtained from the acid hydrolyzate of the methylated WSP-II and WSP-III 
revealed 2.3,6-tri- and 2,4.6-tri-~-methyl-~-glu~~s~ as major structural com- 
ponents. The molar ratios of 3-linked glucose and j-linked glucose residues were 
about 1. -2.4 and 1:2.1 for WSP-II and WSP-III, respectively. 

Hydrolysis of WSP-II or WSP-III with purified P-u-glucanasc from B. sz4brilis 

followed by separation of the products by gel-filtration on Bio-Gel P-2 yielded two 
predominant oligosaccharides, 3-O-/3-celiobiosyl-u-glucose and 3-O-/3-cellotriosyl- 
n-glucose in the molar ratio of 3.1: 1.0. This value is in agreement with previous 
results in which the glucan component in the cell walls of Zeta shoots was 
investigatedj. 

Although the iodine test and hydrolysis of WSP-II and WSP-III by alpha 
amylase indicated that a small quantity of starch contarn~nated both polysacch~ride 
fractions (<30/o), the foregoing results clearly show that WSP-II and WSP-III are 
mainly comprised of (l-+3),( l-+4)-fi-u-glucans. Small proportions of arabinose, 
xylose. and gaiactose residues in WSP-II and WSP-III arc considered to be derived 
from an arabino~lactanl and an arabinoxylan. 

~~dr~l~sis of a ~-~3-g~t{c~t~z pre~arat~o~t hy B. subtilis ~-~-~~z~ca~a.~e artd 
s~rrrctrcral analyses of he products. - rs~~lari~?~t of a p-n-glrmw from WSP-III. A 
large quantity of WSP-III (-2 g as glucose equivalents) was prepared from 3800 g 
of Zen shoots. Starch in WSP-III was hydrolyzed upon incubation with alpha 
amylase, and polysa~cbarides in WSP-III were resolved into seven fractions by the 
graded ammonium sulfate precipitation-methodJs5. Table 1 shows the yields, 
neutral-sugar content and composition of these fractions. Fraction -1OP-P, which 
accounts for --NY% of total recovered carbohydrate, consisted mostly of glucose. 
Fraction JCIP-P was insoluble in cold water but was soiuble in hot water. It gave no 
color in the presence of iodine reagent and was not degraded by alpha amylase. 
Chromatography of fraction JOP-P on a calibrated column of Bio-Gel A-l.Sm 
indicated an average molecular weight of 7.0 x iO-’ (Fig. 1). This estimate of 
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molecular weight is based on a calibration curve generated from the elution charac- 

teristics of dextrans, which may behave somewhat differently from that of the 

extended conformations exhibited by the (1+3),(1-+4)-P-D-glucan@. This fraction 

was used for additional experiments as a p-n-glucan preparation. 

Hydroiysis of fraction 40F-P by /3-D-glucanase and separation of the 
hydrolyzate. Fraction 4OP-P was exhaustively hydrolyzed with purified B. subtilis 
/3-D-glucanase. The extent of hydrolysis of the fraction in the presence of the 

enzyme was estimated to be 28% of the potential glucose residues (inset of Fig. 2). 

The enzyme hydrolyzate was first separated into a fraction (A), which was rendered 

insoluble during sample concentration, and a soluble fraction. The latter was 

fractionated by gel-filtation on Bio-Gel P-2 (Fig. 2). Tubes 26-33 corresponding to 

the void volume of the column were designated fraction B. Tubes 34-50 were 

combined, concentrated and centrifuged to give insoluble (fraction M) and soluble 

fractions. The soluble fraction was rechromatographed on a Bio-Gel P-2 column 

{Fig. 3A), and fractions C, D, E, F, G, and H, which correspond to d.p. (degree 

of polymerization) values of 10 and higher, 9, 8, 7, 6, and 5 respectively, were 

obtained. The main fractions in Fig. 2,52-54 and 56-59 were separately purified by 

rechromatography on Bio-Gel P-2 to give fractions I (d.p. = 4) and J (d.p. = 3), 

respectively. Tubes 60-80 obtained as in Fig. 2 were rechromatographed on a 

column of Bio-Gel P-2 and fractions K and L, corresponding to d.p. = 2 and 1, 

respectively, were resolved (Fig. 3-B). The yields of fractions A-M are shown in 

Table II with their neutral-sugar composition. 

TABLE I 

YIELDS AND NEUTUAL-SUGAR COhlPOSITION OF FRACTIONS OBTAINED FROM WATER-SOLUBLE POLY- 

SACCHARIDE FRACTION-III OF ik2 SHOOT BY THE GRADED AMMONILIM SULFATE-PREC1PlTATION METHOD’ 

Faction Yield (Total carbo- Neutral-sugar cornpositron (mol%) 
hydrate content, mg) 

OP 
ZOP-s 
2OP-P 
JOP-s 
4OP-P 
4os-s 
4os-P 

b < 

9.4 3.5 
308 1 21.2 

5.2 3.3 
249.0 145.7 
585.8 506.5 
214.2 229.1 

34.5 26.7 

Rhu 

8.1 
0.5 
0.1 

8.6 
3.0 

FUC 

1.0 
2.2 

Rib 

2.5 
0.6 

4.0 
1.3 

Ara Xyl 

22.3 24.9 
1.2 9.1 

1.1 1.3 
58 8.0 
0.6 0.2 

10.6 7.0 
1.3 0.7 

Man Gal Glc 

4.5 7.7 40.3 
46.3 25.3 

tr. 4.4 90.2 
tr 1.6 83 9 

tr. 99.2 
4.8 63.9 
1.3 90.2 

OWater-soluble polysaccharide fraction-III (-2 g as a glucose equivalents) in sodium-phosphate buffer 
(pH 6.9) was treated with alpha amylase and centrifuged to remove maoluble maternal (fraction OP). 
‘The supernatant was made 20% (w/v) with respect to (NH&SO, and centrifuged to collect the 
precipitate (fraction 20P). The supernatant was next made 40% with respect to (NH&SO, and 

centrtfuged to separate msoluble (fractton 40P) andsoluble (fraction 40s) materials. Fracttons 20P. 4OP, 
and 40s were separately dialyzed agamst water and then centrifuged. The prectpitate and the super- 
natant from fractions 2OP, 4OP, and 40s were destgnated 2OP-P and -S, 4OP-P and -S. and 4OS-P and -S, 
respectively. bDetermined by the phenol-sulfuric acid method and expressed as glucose equivalents. 

‘Determined by g.1.c. analysis of the alditol acetates of the acid hydrolyzate. 
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Fig 1. ~hromatographl~ profile of fraction 4OP-P as resolved on a column of Bio-Gel A-I .5m. Fractron 
4OP-P (4 mg In 25mM sodium phosphate buffer, pH 6.0) was applied to a column (1.3 X 6.5 cm) of 
Bio-Gel A-l Sm pre-equilibrated with 0.1 M sodium phosphate buffer (pH 6.0) containing 0. I% NaH,, 
foltowed by filtration through the column with the same buffer. The arrows in the Figure index the 
eiution posmons of, left to right, dextrans of moIecular weight I.7 x I@, 7.0 x 1OA. and 1 .O x IV. 

0 20 39 40 50 60 70 

Tube ~~.(4,9rn~/~ube) 

Fig. 2. Separatron by gel filtration on Bio-Gel P-2 of the B. ~ubriizs ~-D”glucanase-hydralyzate of 
fraction 4OP-P. Fractron JOP-P m sodium phosphate buffer was incubated with B. subtilis PD-glkanase 
At mtervals, the degree of hydrolysis was calculated (inset) After 315 min of mcubatron, the 
hydrolyzate was concentrated and centrtfuged to remove insoluble materials (fractton A). The super- 
natant was resolved by gel filtration on &o-Gel P-2 (X5 X 45 cm). Tubes 2633 (fraction B), 3-1-50, 
52-54 (fractton I). X-59 (fraction J) and 6@-80 were separateiy combined and concentrated to low 
volume Fractions f and J were separately rechromatogra~hed on the same column 
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Fig. 3. Rechromatography of fractions from tubes 34-50 and 60-80 obtained in Fig. 2. These fractions 
were separately rechromatographed on a column (1.5 x 150 cm) of B&Gel P-2. A: Tubes 34-50 were 
resolved into fractions C (IO&-113), E (114-119). F (121-125), G (127-132), and H (W-141). B: Tubes 
60-80 were resolved into fractions K (171-179) and L (185-195). 

TABLE II 

YIELDS AND NEUTRAL-SUGAR c5MPosmoN 0F FRACTIONS OBTAINED FROM Ban’lfus subtilis PO- 
GLUCANASE-HYDRCILYZATEOFFRACTION 4flP-p 

I- ._._.. “.l.“...“-__.l.._-.~.~ 

Friction Yield” %b 

rl& 

._“-.-_._-- 

L).p.” 

A 1550 0.7 98.4 
B 588 0.3 1-15 43.3 
C 196 0.1 -10 95.8 
D 396 0.2 9 96.4 
E 1350 0.6 8 99.3 
F 756 0.4 7 98.4 
G 1220 0.6 6 100 
H 3400 1.6 5 100 
I 56935 26.8 4 100 
3 139120 65.5 3 100 
K 6100 2.9 2 100 
L 300 0.1 1 45 
M 518 0.2 100 

trace 0.7 0.9 
2.8 32 8 16.5 
trace 21 2.1 
trace 2.4 1.2 
trace 0.4 0.3 
trace 1.0 0.6 

trace 
4.7 

trace trace trace 
55 

#From 250 mg of fraction 4OP-P. Determined by the pheno~sul~~c acid method and expressed as 
glucose equivalent. bRecovered carbohydrate (“/) from fractions A-M. cDegree of ~lymerizatio~. 
~nidenti~ed sugar. 
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St~sc~~tib~l~t~ of several a~~the~t~c o~~gos~cc~lar~des to Streptomyces ~~iil~~~~~ 
prep~~~t~on. Anderson and Stone7 have reported that lichenan, oat glucan. and 
U-(carboxymethyl)cellulose are attacked by Streptornpces QM B814 cellulasc, but 
P-o-glucan with alternating (l-+3) and (l-+4) linkages, prepared by reduction of 
the uranic acid residues of SIII pneumococcal polysaccharide, is not. In order to 
further establish the characteristics of this enzyme-preparation for structural 
analysis of (l-+3),( I~~~-~-~-glu~o-oligosac~harjdes in this study. the ccllulase was 
assayed using several kinds of authentic oligosaccharides. Table III shows substrate 
specificities of the enzyme preparation. 

The enzyme preparation does not hydrolyze cellobiose or 3-O-/3-cellohiosyl- 

u-glucose, but it can hydrolyze 3-O-P-cellotriosyl-D-glucose, forming as products 
cellobiose and laminarabiose, Therefore, the enzyme preparation hydrolyzes oligo- 
saccharides having certain sequences of (l-+4)-linked gfucosyl residues and (I-+3)- 
linked glucosyl residues. for example ~-~-D-glucopyranosyl-(l~4~-~-~-~-giuc~~- 
pyranosyl-(l~4)-O-~-n-glucopyranosyl-(I~3)-O-~-o-glucop~r~n~~s~l-( 1--+3)-D- 
glucose to cellobiose and taminaratriose. 

~~l~~acreri~~t~o~~ of f~act~~~l~ A-M derj~ed from ~r~ctior~ &P-P b? p-o- 

glucanuse with B. subtilis ~z~dro~~ys~~. Fractions L, K, J, 1. and H, having d.p. values 
of one, two, three, four. and five respectively. were first subjected to paper 
chromatography (p. c,) to check their homogeneity. Factions K and I appeared 
homogeneous in p. c. whereas fractions L, K, and H were found to he composed 
of two kinds of oligosaccharides. Compounds K-a and K-b, and compounds H-a 
and H-b were prepared from fractions K and H by preparative p_ c., respectively. 
The isolated oligosaccharides were subjected to m~thy~ation analysis before and 
after reduction with NaBH,, and to hydrolysis by Strepromyces cetluiase followed 

TABLE III 

SUBSTRATE SPECIFIC ITIES OF ~jr~?~f~)?~~~eS QM B814 CELLtiLASF 
_i_- -~ 

.Substratt*’ H~drc~~~.vs proti~crrs 
~___ -.-. __-.--.-- -...._ ---- 

Cl&G l&G Not hydrolyzed 

Cl-~3Gl&Gl-&G Nut hydrolyzed 

Gl.-~3~1-~3~1~3Gl~~G Nnt hydrolyzed 

P B Cl--t4Gl-+Ki Not hydrolyzed 

Gl&GI&GI&G B Gl-+&G 

Gl-&it&Gl&GI&C G&G Gl&Gl&G 

Gl-&G&C Not hydrolyzed 

Gl-&Gl~4G1~3G G&G G143G 

“G denotes ~-glucose (Glc) and the numerals the linkage pnsmons 
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by analysis of the oligosaccharide products. The results are summarized in 
Table IV, and each oligosaccharide was assigned the structure as shown in the right 
column. 

Although fractions B-G were considered to be mixtures of oligosaccharides 
having the same d.p., no attempt was made to resolve them further. It is 
exceedingly difficult to separate P-n-linked gluco-oligosaccharides having higher 
degrees of polymerization. Methylation analysis of fractions B-G and of fractions 
A and M indicates that the ratios of (l--+3) to (l-+4) were 1:0.7, 1:0.7, 1:1.3, 
1:1.7, 1:1.2, 1:1.3, 1:1.3, and 1:2.1 for fractions A, B, C, D, E, F, G, and M, 
respectively. These results suggest that oligosaccharides having more than one 
(l--+3)-linkages are present in such oligosaccharide fractions. Accordingly, 
fractions G (d.p. = 6), F (d.p. = 8) and M (insoluble in water), which are obtained 
in higher yields among the fractions, were studied further. 

Methylation analysis, before and after reduction by NaBH,, showed that 
fraction G contained a C-3 substituted, reducing terminal glucose residue. 
Fraction G was comprised of non-reducing terminal glucosyl groups, 4-substituted 
glucose residues, and 3-substituted glucose residues present within the chain and 
3-substituted glucose groups at the reducing terminal in the molar ratio of 
approximately 17:53: 13: 17. Fraction G was hydrolyzed with Streptomyces cellulase 
followed by resolution of the products by gel-filtration on Bio-Gel P-2 (Fig. 4-A). 
Oligosaccharides comprising the disaccharide fraction (G-2) and trisaccharide 
fraction (G-3) were examined by p.c. Fractions G-2 and G-3 were composed of 
laminarabiose and cellobiose and of laminaratriose, 4-O+Llaminarabiosyl-u- 
glucose, 3-0-~-cellobiosyl-D-glucose and cellotriose, respectively. The tetra- 
saccharide fraction (G-4) had two components (G-4-a, RGLc 0.38 and G-4-b, RGfc 
0.26, method A). The major component, G-4-a was isolated by preparative p.c. 
The G-4-a and fractions G-5 (pentasaccharide) and G-6 (hexasaccharide) were 
separately subjected to methylation analysis, and their structures were tentatively 
proposed from these results and from the analysis of the products of cellulase 
treatment (Table V). On the basis of structures of oligosaccharide fragments 
derived from cellulase treatment, the tentative structures of glucohexaoses present 
in fraction G were proposed as shown in the right column of Table V. 

Methylation analysis after reduction by NaBH, showed that fraction E con- 
tained oligosaccharide(s) having 3-substituted glucose at the reducing terminal and 
those having 4-substituted glucose at the reducing terminal in the ratio of -1:l. 
Fraction E was hydrolyzed with Streptomyces celiulase followed by resolution of 
the products by gel-filtration on Bio-Gel P-2 (Fig. 4-B). Disaccharide (E-2) and 
trisaccharide (E-3) fractions were separately subjected to paper-chromatographic 
examination, and tetrasaccharide (E-4)) pentasaccharide (E-5)) and hexasaccharide 
(E-6) fractions were separately subjected to methylation analysis. Fractions E-7 
and E-8 did not contain glucose. On the basis of structures of oligosaccharide 
fragments derived from cellulase treatment, the tentative structures of gluco- 
octaoses present in fraction E were proposed as shown in the right column of 
Table V. 
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Tube No. ( I n&/tube 1 

Fig. 4. Separation by gel filtrarron on &o-Gel P-2 of Sfrepf~~~~.~~ celluiase-hydrolyzate of fractions E 
and C. A: The cellulase hydroiyzatr of fraction G {d.p. = 6. SOS pg as glucose equivalent) was resolved 
by gel filtration on Blo-Gel P-2. Tubes 135-141 (fractton G-6). 145-151 (fraction G-5). I%-I63 (fraction 
G-4), 168-175 (fraction G-3). and 184-191 (fractxon G-2) were separately combined and concentrated 
B: The cellulase hydrolyzate of fraction E (d p. = 8, 1130 pg as glucose equivalent) was resolved by get 
filtration an Bio-Gel P-3. Tubes 120-125 (fraction E-8), 127-133 (fraction E-7). 135-1~2 (fraction E-h), 
144-150 (frachon E-S). 15.5-161 (fractmn E-3). 165-173 (fraction E-3). and IXI-IXY (fraction E-3) were 
separately combined and concentrated 

Methyl&ion analysis of fraction M, which was obtained in an insoluble form 
as a consequence of concentration of oligosaccharides, showed that the ratio of 
(l-+3) to (144) was f:S.4. The estimated d.p. values of M ranged from 5 to -14. 
Upon cellulase hydrolysis. fraction M gave mainly lamina~biose, cellohiose. 3-O- 
~-~eIlobiosyl-~-glucose. cellotriose. and 3-O-p-cellotriosyl-r>-glucose in the 
appraximate molar ratio of 1.8: 10.5:2.6:2.2:1. It is well known that (I--+-p-n- 
gluco-~Iigosa~charides of d.p. >7 have very low solubility in water. Therefore, 
fraction M is likely to consist of a mixture of ofigosaccharides maintaining mainly six 
or more adjacent (i--+4)-linkages and a single (I --+3)-linkage at the reducing 
terminal. 

isolatiolr of (1j3)-P-o-gli~co-oli~o~~ccharides from the etzzymic hydrolyzrxte 
of WSP-III. - In order to establish whether or not contiguous (I--+3)-linked 
glucose residues existed in the P-n-glucan of Zea shoot cell-walls, an attempt was 
made to isolate (l-+3)-/3-n-gluco-oligosaccharides from fraction WSP-III. 

WSP-III, which was prepared from 3800 g of Zea shoots, was treated with B. 
subtilis fi-o-glucanase followed by separation of the products by ~hron~atograpl~y 
on Bio-Gel P-2. A mixture of oligosaccharides (58 mg) having d.p. values ranging 
from 5 to -14 was obtained. The mixture was then hydrolyzed with ~~tre~~fonz~ces 
cellulase. The enzymic hydroly~at~ was resolved into di- (yield 3.4 mg), tri- 
(4.7 mg), tetra- (2.1 mg), penta- (2.7 mg). and hexa-saccharide (1.2 mg) fractions 
by chromatography on &o-Gel P-2. ~ligosaccharidc a (R,,,, 0.84, method A). 
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TABLE VI 

CHARACTERIZATION OF LAMINARA-OLIGOSACCHARIDES OBTAINED FROM ENZYMIC HYDROLYZATE OF WSP- 

III 

Oligosaccharlde Yield D.P. R,,< R, Product of complete Methylation analysis 

fk%V acid hydrolysu t-Glc:3-Gl@ 

a 2495 2 0.84 0.56 Glucose 1:l 
b 376 3 0.66 0.45 Glucose 1:2 
: 288 356 4 5 0.40 0.54 0.34 0.27 Glucose Glucose 1:J 1:3 

“t-Glc and 3-Glc indicate non-reducmg termmal glucosyl groups and 3-linked glucose residues, respec- 
tively. 

b (RGlc 0.66), c (R,,, 0.54) and d (R,,, 0.40) which have the same RGlc values as 

authentic (1+3)-/3-D-gluco-oligosaccharides were isolated from di-, tri-, tetra-, and 

penta-saccharide fractions by preparative p.c. Neutral-sugar analysis and methyla- 

tion analysis of each oligosaccharide were performed and the results are 

summarized in Table VI. Log R,/(l - RF) of glucose and oligosaccharides, when 

plotted against d.p., yielded a linear regression. These results indicate that isolated 

oligosaccharides are /?-(l-+3)-linked gluco-oligosaccharides. 

Isolation of laminara-triose, -tetraose, and -pentaose from the cellulase 

hydrolyzate of B. subtilis /3-D-glucanase-derived WSP-III oligosaccharides shows 
that the P-D-glucan in WSP-III has two, three, and four contiguous linkages in 

addition to isolated (l-+3)-linkages. ,_ 

Fine structure of a B-D-glucan preparation. - Hydrolysis of a P-D-glucan 

preparation (fraction 4OP-P) isolated from WSP-III with B. subtilis /?-D-glucanase 

followed by separation of the products afforded thirteen fractions, A-M (Table II). 

Oligosaccharides in major fractions, I and J were assigned the structures 3-O-p- 

cellotriosyl-D-glucose and 3-0-/3-cellobiosyl-D-glucose, respectively. It is clear from 

the enzyme specificity’ that the tetra- and the tri-saccharides are derived from 

cleavage at the arrow in sequences*, ----4G3G4J G4G4G3G4 1 G4---- and 

----4G3G4i G4G3G4J.G4----, respectively: the /3-D-glucan preparation mainly 

consists of cellotriosyl and cellotetraosyl residues separated by single (l-3)- 

linkages. 
Fraction H contained two oligosaccharides, G3G4G4G3GR (H-a) and 

G4G4G4G3GR (H-b). The latter oligosaccharide is derived from cleavage at the 

arrow in sequences, ----4G3G4& G4G4G4G3G4 J G4G4----: cellopentaosyl residues 

separated by single (l-3)-linkages are present in the P-D-glucan preparation. 

Anderson and Stone7 have reported the B. subtilis P-D-glucanase also slowly 

hydrolyzes the (l-3), (l-+4)-/3-D-glucan with alternating (l-+3)- and (l-4)- 

*The abbreviations G for D-ghCOSe and G, for o-glucose a5 a reducing group are used here and in 
Figs. 3 and 4 to permit compact designation. 



linkages, producing G3G4G3GR and G3G,, and that the former is further 
hydrolyzed to G3G,. They have concluded that. although the Bacillus enzyme has 
a requirement for a --G3G,-- arrangement in the glycosyl portion of its substrate, 
it prefers a glycosyl sequence of --G4G3GR-- over G3G4G3GR. Therefore. oligo- 
saccharide H-a must arise as a consequence of incomplete hydrolysis. Apart from 
incomplete hydrolysis of the oligosaccharide by the P-D-glucanase, this oligo- 
saccharide might originate from portions of the molecule having alternating (l--+3) 

and (134) linkages: with cleavage at the arrow in the indicated sequences, 
---4G4G3G4 1 G3G4G4G3G4 J, G4---. Another possibility is that H-a originates 
from the non-reducing end of the glucan: G3GJG4G3G4 j, G---. 

Presence of oligosaccharides having the structures of G3G--------G3G, in 
fractions G and E (Table V) suggests incomplete hydrolysis by the B. ~sl~~r~~is /3-n- 

glucanase treatment as described here. The origin of this fragment is considered to 
be the same as that of oligosaccharide H-a. 

Characterization of fractions M, G, and E also indicates that ceilohexaosyl 
residues and longer (~~4)-~-~-gluc~?-~li~osaccharide associations are separated by 
single (l-+3)-linkage or two contiguous (l--+3)-linkages present in the glucan, 
Presence of such longer sequences of (I --+4)-P-D-gluco-oligosaccharides in a glucan 
preparation may explain the insolubility of some P-D-glucans (including fraction 
4OP-P) obtained after resolution of WSP-III by the ammonium sulfate-precipitation 
method. The regions associate non-covalently with corresponding sequences in 
other @-D-glucan molecules to render them insoluble in water. 

it is expected that the B. suhti1i.r O-D-glucanase will yield oligosaccharidcs 
derived from ( 143),(1~4)-P-D-glucans having 3-substitution at the reducing- 
terminal glucose group if they are derived from interna cleavage of (l-3).( l--+-Q- 
/3-D-glucans. However, celiobiose and oiigosaccharides having a l-substituted, 
reducing-terminal glucose group in the structure were found in fractions K and E, 
respectively. It is reasonable to consider that such oligosaccharides originate from 
the reducing-end portion of the native P-D-glucan preparation (fraction -lf)P-P). 

Many structural studies on eon-endospermic cell-wall /3-u-glucans using B. 
wbrilis /3-n-glucanase (E.C. 3.21.73) or Rhimpns laminaranase (E.C. 3.21.6) have 
revealed that the polysaccharides arc predominantly repcatmg sequences of the 
oligosaccharide units 3-O-P-cellobiosyl-D-glucose and 3-O-P-cellotriosyl-to- 
glucosex-‘J. Most recently. Woodward et nl. IJ studied the structure of water-soluble 
fl-D-glucans from barley endosperm using a (l-+3),( l-+4)-/3-D-glucan l-glucano- 
hydrolase (E.G. 3.21.73) purified from germinating barley and reported that 90% 
of barley-endosperm glucans consisted of cellotriosyl and celIotetr~~osy1 residues 
separated by single (1+3)-linkages, but blocks of S-11 (I~~)-linked glucosyl 
residues were atso present in significant proportions. In that study. they did not 
detect blocks of two or more adjacent (1 --+3)-linkages. Luchsmgtr t’f al. I5 and Dais 
and Perlinr6 also failed to resolve contiguous ( I -+3) Iinkages in barley /3-o-glucans. 
There are, however, some reports”-‘1 showing the presence in oat and barley 
endosperm @D-&Cans of regions consisting of conti~uo~~s (I-3) linkages. Until 
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this current work, it remained unresolved whether non”~~dospermic cell-wall FD- 
glucans have such regions. 

The present structural studies of Zea shoot cell-wall &D-glucan using B. sub- 
tilis /3+giucanase and S~~e~~~~~ces cellulase clearly show that -92% of the P-D- 
glucan is made up of 3-O-~-cellobiosyl-~-glucose and 3-~“~-celiotriosyl-D-glucose 
in the molar ratio of 3.2: 1, joined mainly by single (l-+4) linkages. The glucan also 
contains blocks of more than four contiguous (l-+4)-linkages and regions of two, 
three, or four contiguous (l-+3)-linkages the latter accounts for 0.2-0.3% of the 
linkages in the glucan. 

materials. - Cellulase from St~epro~y~es Q&l B814 was kindly provided by 
Dr. E. T. Reese, Pioneering Research Laboratory, U. S. Army Natick 
Laboratories, Natick, MA, USA. @&lucosidase from almond and alpha 
amyhse (Type I-A) from porcine pancreas were purchased from Sigma. 
(l--+3),( l-+4)-P-D-Glucan 4-glucanohydrolase ~~-D-glucanase) was purified from 
Novo Ban 120 (an enzyme preparation from ~acit~us s~bt~~~, Novo Industri A/S, 
Copenhagen, Denmark). The purification of this enzyme is described in a separate 
paper of this serie9. 3~0-~-Cellobiosyl-~-glucose and 3-~-~-ceIlotriosyl-o-glucose 
were prepared from a B. subtilis ~-D-gluca~ase*hydroly~ate of Avena glucan. 
(1~3)-~~~-Gluco-oligosaccharides and (1~4)-~-~-gluco-oligosaccharides were 
prepared from the partial acid-hydrolyzate of pachyman and from the acetolyzate 
of cellulose, respectively. Bio-Gel A-1.5~1 ~10~200 mesh) and Bio-Gel P-Z (-400 
mush) were purchased from Bio-Rad. 

Ge~erul methods. - concentration of carbohydrate solutions by rotary 
evaporation was performed under diminished pressure at 35-40”. Paper chromato- 
graphy (pe.), both analytical and preparative, was performed on Whatman No. 1 
filter paper by the multipie ascending method with 5:4:3 (v/v/v) butanol-pyridin~- 
water (method A) or the descending method with 5 : 3: 1: 3 (v~v/v/v) butanol-pyridine- 
benzene-water (method B). Neutral sugars on the chromatogram were detected 
with alkaline silver nitratez3. Total carbohydrate was determined by the phenol- 
sulfuric acid method24. Reducing potential was measured by the Nelson-Somogyi 
method2Q6. Enzymic hydrolysis of poly- and oligo-saccharides was performed in 
the presence of a few drops of toluene to prevent microbial contamination. Gas- 
liquid chromatography (g.1.c.) was performed with a Varian Node1 3700 gas 
chromatograpb. 

Analysts of ventral sugars in o&go- or ~o~y-succ~ff~~~es. - Polysaccharide 
(100 pg as glucose equivalent) was hydrolyzed with 2M NC1 for S-6 at 100”, and 
oligosaccharide (20 pg as glucose equivalent) was hydrolyzed with M FTC1 for 3-4 h 
at 100”. After hydrolysis, ~yo~inositol (10 lug, internal standard for g.1.c.) was 
introduced into the hydrolyzate, which was then evaporated to dryness with a 
stream of air. Sugars were reduced with 200 pg of NaBI-I, in 0.5 mL of 0.5~ 



NH,OH overnight at room temporaturc. The solution was acidified wtth acetic acid. 

evaporated to dryness with a stream of air and methanol was distilled from the 

residue to remove borate. The rcduccd sugars were then dis4vcd in 0.3 ml_ of 1: I 

pyridmc-acetic anhydride and heated at 100”. After 7 h, a small volume of ~atcr 

was added to the solution, and the resulting solution w;t’i cvnporntrd to dryness 

with a stream of air. The resulting alditol acetates corresponding to polymcf 

components were analyzed by g.1.~. on II glass column (0.2 X 1YO cm) packed bith 

3% SP-2340 (Supelco) at 210” with a helium flow-rate of 35 mUmin. 

Methylcrtiott nnulysis of’ poly- turd oligo-sac.c~hct~i(i~~.~. - Pal\ .sacch:tride ( 1 OO- 

300 pg as glucose equivalent) or oligosaccharidc (20-100 ,ug ~1s glucost~ equivalent) 

in dimcthyl sulfoxidc (0.2 mL) was mcthylatcd with mcth~lsulfmyl carbanion 

(0.1 rnL) and methyi iodide (0.1 mL) by the method of Hakomori’. The methqlateri 

poly- or olj~o-saccharide. which was extracted into chl[)r~~f~)j-nl fofIowcci by 

evap~~r~ltit~n of the extract. was h~drolyzcd with 90 % HCO,H for I h at IW. ‘l-he 

acid was removed with a stream of air. and the kiduc treated with 0.5~ HCI for 

3 h at lC)O”. The acid was removed with a stream of air. Oligosacchnride (- If)0 ,ug 

in 100 ,uL of 0.115~ NH,OH) was also reduced with 200 pg of NaBH, at room 
temperature. After 3-3 h, the solution \vas made acidic with CH,CO,H. c\,aporatcd 

to dryness with a stream of air, and methanol was dist~llcd from the residue to 

remove borate. The reduced oligosaccharide was then mcthylatcd as ju\t described 

and hydrolyzed with 00% HCO,H-0 .ZM H,SO,. The mcth!latcd sugars wcrc _ 

converted into their corresponding alditol acetates” follcnved by g.1.c. anal\sis on 

a 10-m glass WCOT capillary column (SP-7330 Sup&o) or a 30-m fused-silica 

capillary coiumn (DB-I. J & W Scientific Inc.) with a linear incrcasc in temperature 

of from 150 to 230” and a split ratio of 50: 1. The hcliunt carrier flow was 1 mL/mn 
~~l~iroi~s~s of WSP-Ii or WSP-II1 hex ~-~-~it~~.~lti~isi~ tit& .~i~~i~rutti~tl of tlw 

i~~~ro~~~(~re. - WSP-II (30 mg) and WSP-II1 (40 mg) wet-e obt~iined from the 

insokblc fraction of the buffer-honl(~genate of Zcct shoots bv treatment %\iith 3~ 

LiCl and hot water’, rcspecttvely. The individual froctlons were ~~spcnded in 

20 mL of 2Omlci sodium phosphate buffer (pH 6.0) and incubated with a 8. sfrldts 

p-r>-glucanase (7.0 units) for 44 h at 25”. The incubation mixture was then heated 

in a boiling-water bath for 10 min and centrifuged. The \upernatant was con- 

centrated to low volume and applied to a column (1.5 x 150 cm) of Bio-Gel P-2 

operated at SO”. Fractions (1 mL) eluted with water were collected and assayed for 

carbohydrate. Fractions corresponding to tri- and tctra-saccharidr wcrc separately 

combmed and concentrated to give oligosaccharide-1 and nligosaeaharidc-2. 

C’l1crr~~i~te~i~u~~ior-z of‘ oligosriccllc2riclr-I mid olig~)srri~chnr?tl~~-2. - Oligo- 

saccharides-l and -7 were separately characterized in a manner almost identical to 

that described later for fractions I and K which ucrc ohtaintd kom the /3-[7- 

glucanase hydrolyzatc of fraction -IOF-P. 

Cotl~~~~~~tiotl of sfarcfl t~ontutn~tlLt~iotl. - ~er~?~~~l A. A sample corit~lj~ling 

5 mg of carbohydrate was dissolved in I ml_ of lOmi\% sodium phosphate buffer 

(pH 6.7), and incubated at 25” with 0.2 units of alpha amylasc from porcine piin- 
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cress (Sigma Type I-A). At intervals, a portion of the incubation mixture was as- 
sayed for reducing power and the total carbohydrate content. 

Method B. A few drops of iodine reagent (0.02% of I, in 0.2% of KI) was 
added to a 2-mg sample of carbohydrate in water, and the color of the solution was 
compared with that of potato starch-iodine complex. 

Preparation and fractionation of WSP-III. - Zea shoots (fresh weight: 3800 
g) were homogenized in ice-cold 0.3% NaCl in 1OmM sodium phosphate buffer 
(pH 6.5) using a Waring Blendor and the resulting homogenate was filtered through 
Miracloth. The insoluble material was treated with 3~ LiCl as described 
previously’. LiCl-pretreated Zea shoot cell-walls (wet weight, 310 g) were 
suspended in 1.5 L of boiling water and maintained for 30 min. The suspension was 
filtered through Miracloth. The residue was washed with 1 L of hot water. The 
filtrate and the washings were combined and cooled. The combined solution (-2 g 
as glucose equivalent) was adjusted to pH 6.9 with 0.5&t sodium phosphate buffer 
and M NaOH, and incubated with alpha amylase (15.6 units) for 4% h at 30”. After 
incubation, the mixture was centrifuged. The precipitated material was washed 
successively with water, methanol and ether, and dried in vacua to give fraction 
OP. To the supernatant solution (2.6 L), 520 g of (NH&SO, was added gradually 
at room temperature with stirring. After 5 h, the insoluble material (fraction 20P) 
was collected by centrifugation. Another 520 g of (NH-&SO, was gradually added 
to the supernatant with stirring. After 14 h the mixture was centrifuged to separate 
insoluble (fraction 40P) and soluble (fraction 40s) materials. Fractions 2OP, 4OP, 
and 40s were separately dialyzed at 5” against four 12-h changes of 5 L of distilled 
water, and then centrifuged. The precipitates designated 2OP-P. 4OP-P, or 4OS-P 
were washed successively with water, methanol, and ether, and dried in vacua. The 
supernatants from 2OP, 4OP, and 405 were designated 2OP-S, 4OP-S, and 405-5, 
respectively. 

Hydr5ly~i~ of fraction #P-P by ~-D-gl~ca~ase and separation of the 
hydroly~ate. - Fraction 4OP-P (250 mg) was suspended in 50 mL of 25mM sodium 
phosphate buffer (pH 6.7) and heated in a boiling water-bath until completely dis- 
solved. After cooling, the solution was incubated at 32” with 119 units of B-D- 
glucanase. At intervals, a portion (25 pL) of the incubation mixture was assayed 
for reducing power and the total carbohydrate content determined to calculate the 
degree of hydrolysis. After 315 min, the incubation mixture was heated for 10 min 
in a boiling water-bath, and concentrated to -5 mL. The concentrate was 
centrifuged. The precipitate was washed with water to give fraction A. The super- 
natant was applied to a column (3.5 x 45 cm) of Bio-Gel P-2 operated at 25” and 
eked with water; 4.9-mt fractions were collected and assayed for carbohydrate 
(Fig. 2). Tubes 26-33 corresponding to the void volume of the P-2 column were 
combined to give fraction B. Tubes 34-50 were combined, concentrated to low 
volume, and centrifuged. The precipitate was washed with water to give fraction 
M. The supernatant was applied to a column (1.5 X 150 cm) of Bio-Gel P-2 
operated at 50” and eiuted with water; 1 .O-mL fractions were collected and assayed 



for carbohydrate. The elution profile is shown in Fig. 3-A. Tubes l(fl-109, 110-l 13. 

114-I 19, 121-125. 127-132. and 134-141 were separately combined and concen- 

trated to give fractions C, D, E, F, G, and H, respectively. Tubes 52.-S-C and X-59 

obtained from the 35cm P-2 column were separately combined. concentrated. and 

rechromatographed on the \ame column to give fractions I and J. respectively. 

Tubes 60-80 in Fig. 3 were combined. concentraed. and rechromatographed on the 

fSO-cm P-2 column (Fig. 3-B). Tubes 171-179 and 1X5-195 were separately com- 

bined and evaporated to give fractions K and L. 

N_&oi~sis ~>f oli~~):ostrc,~hnridrs h?; Streptomyces rrllul~~~ QM R813. - A 

white powder containing Srre~tomvces QM B813 celfulasc (9.5 mg) was dissolved 

in tl.1~ sodium acetate buffer (pH 5.11). Ten ,uL of this enzyme preparation con- 

tained 0.12 units of ceffulase activity: one unit is represented by the production of 

180 pctg of glucose equivalent per IO min in U.lh$ sodium acetate buffer fpH 5.0) at 

30”, using 0.2% O-(carboxymcthyf)celfulose. Authentic ofigosaccharide (hi-70 pg) 

in 200 FL of 20mM sodium acetate bufter (pH 5.0) was incubated for 1 h at 37” with 

the ceflufase (0.06 units). After incubation, the solution was heated for 10 min in a 

hoilmg water-bath, and assayed for total carbohydrate content and reducing power. 

The samples were hydr~~lyzed. treated with Dowex SOW (H ‘) resin. c~~ncentrated 

to low volume, and analyzed by p.c. (method A). Individual olig~~sacch~~ride 

fractions obtained from the U. srrbtilis /3-n-gfucanase-hydrofyzate of fraction -FOP-P 

wcrc incubated for 1 h at 33O with S’treptorn_vces celfufasc (0.0X6 units/l00 pg of 

carbohydrate). After incubation. the solution was heated for IO min in a boiling 

water-bath and treated with Dowex SOW (H+) resin. The hydrolyzate was then 

subjected to paper-chromatographic analysis or gcf-filtration on Bio-Gel P-2 

followed by p,c. 

hlatiorl of (I--t3)-P-D-gluco-oliKosaccilarides from the B. subtifis P-D- 

gkii?r0se hydrolyzate of WSP-III, - WSP-III (-2 g as glucose equivalent) was 

prepared from ZCQ shoots (fresh weight 3800 g) and hydrofyzod wtth B. .sLfbtjfls 

~-~-gf~~~~l~asc as already described. The supernatant was applied to a cofumn 

(3.5 X 45 cm) of Bio-Gel P-2 and eluted with water. Ofigosaccharide fractions 

having d.p. values ranging from S-14 were collected; yield 5X mg. The mixture of 

ofigosnccharides in 90 mL of 2C)mi~z sodium acetate buffer (PI-I 5.0) was incubated 

with Szr~~f~~r~~ces cellufase (30 mg) for 2 h at 37”. After incul~ati~~n, the mixture 

was heated in a boiling water-bath for 10 min. treated with Dowex YOW (HA) resin. 

concentrated. and centrifuged. The supernatant (-5 mL) was applied to a column 

(1.5 X 150 cm) of Rio-Gel P-2 and efuted with water. Di-, tri-, tctra-, penta-, and 

hexa-saccharide fractions were separately rechromatographcd on the same column. 

Yields of di- to hexa-saccharide fractions were 1.-f, J.7, 3.1, 2.7, and 1.2 mg, 

respectively. The oli~osaccharide fractions were separately subjrctrtf to prepara- 

tive p.c. (method A). Sugars having the same R,,, vafucs as authentic ( l---+3)-/3-11- 

gfuco-oligosaccharides were efuted with water. Oligosaccharidcs a (R,;,, t1.84). 

h ((l.66). c (0.53), and d (0.41) were obtained in yields of 3395, 376. 288, and 3.56 

fig respectively. 
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