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ABSTRACT 

Purified (I+4)-@-D-mannanase from Aspergillus niger and lucerne seeds has 

been incubated with mannosaccharides and end-reduced (l-+4)-P-D-mannosac- 

charides and, from the products of hydrolysis, a cyclic reaction-sequence has been 

proposed. From the heterosaccharides released by hydrolysis of the hot-water-sol- 

uble fraction of carob galactomannan by A. niger p-D-mannanase, a pattern of 

binding between the /3-t)-mannan chain and the enzyme has been deduced. The 

products of hydrolysis with the B-D-mannanases from Irpex lacteus, Helix pomatia, 
Bacillus subtilis, and lucerne and guar seeds have also been determined, and the 

differences from the action of A. niger P-D-mannanase related to minor differences 

in substrate binding. The products of hydrolysis of glucomannan are consistent 

with those expected from the binding pattern proposed from the hydrolysis of 

galactomannan. 

INTRODUCTION 

Such endo-enzymes as /?-D-mannanase [EC 3.2.1.781 that hydrolyse un- 

branched homoglycans having a single linkage-type, namely, (l-+4) equatorial 

bonds, generally can only depolymerise their substrates to oligosaccharides having 

a minimum degree of polymerisation (d.p.) of 2 or 3. X-Ray crystallography of 

lysozyme. with and without oligosaccharide inhibitors, has shown that there are in- 

teracting (binding) subsites in the enzyme for several of the monosaccharide re- 

sidues that are in the active-site cleft, and which lie on either side of the catalytic 

site’. The rate of hydrolysis of oligosaccharides rises rapidly as the d.p. increases 

from 3 to 5 or 6, indicating the number of monomer units that are involved in opti- 

mal binding for the maximum rate of hydrolysis. 

Several polysaccharides that have a regularly linked, homoglycan backbone 

that is substituted with single-unit branch-points. e.g., galactomannan, arabino- 
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xyian, and xyloglucan, can also be partly depolymerised by the relevant main-chain 
endo-glycanase. D-Galactomannans, with up to 34% of D-gdaCtOSe, are hydroIysed 
to a significant degree2, and examination of the hydrolysis products3s4 from P-D- 
mannanase digestion should give information about the action pattern of the P-D- 
mannanase, the enzyme-substrate binding requirements, and the pattern of galac- 
tose substitution on the mannan chain. Some aspects of the specificity of p-D-man- 
nanase with galactomannans have been discussed’-* and it has been pointed out 
that the two-fold conformation of gala~tomannan in aqueous solution would place 
neighbouring galactosyl substituents on either side of the chain, and this may be a 
factor in the action pattern”. 

~-~-Mannanas~s from different sources vary significantly in their ability to 
hydrolyse galactomannans, particularly when highIy substituted. Fungal p-D-man- 
nanases2’* readily hydrolysed highly substituted polymers, and the presence of the 
trisaccharide ~‘-~-D-galactosyl-(lj4)-~-D-ma~nobiose in the hydrolysates indi- 
cates that these enzymes can readily act at some points where single, unsubstituted 
mannosyl residues occur. In contrast, ,6&D-mannanases from Bacilfus .~~bti~is$, Tri- 
chums spiralis”, and germinated legume-seeds’ had a more limited action on highly 
substituted galactomannans, and only a trace of this trisaccharide was released, 
even on extended incubation. 

D-Glucomannans are also hydroiysed by ~-D-mannanase. Exhaustive hydro- 
lysis of deacetylated glucomannan resulted6 in nearly quantitative conversion into 
oligosacchar~des of d.p. 2-7. Different ~-~-mannanases vary in their action on 
glucomannan. Of two partially purified enzymes from konjac tubers”, one had a 
more random pattern of hydrolysis and less activity with oligosaccharides of low 
d.p. The main di- and tri-saccharides found were (144)-~-D-mannobiose, 4-0-p- 
D-glUCOSyl-D-mannOSe, mannotriose, and 4-O-/3-D-glucosyl-P-D-mannobiose. Cel- 
lobiose was also reported, but it has not been detected in any other study. Other 
oligosaccharides identified include 4-O-P-D-mannosyl-(I-+4)-O-@-D-glucosyl- 
(l-+4)-D-mannose, mannotetraose, mannopentaose, and tetra- and penta-sac- 
charides having glucose at the non-reducing end. Native glucomannans occur 
acetylated, but this has not been considered in enzymic studies. In most cases, the 
substrate was probably de-acetylated, as ester groups would have been removed 
during puri~~ation via the alkaline copper complex”~‘*, but, in some, the gluco- 
mannan may still have been acetylated”. 

/3-D-Mannanases also vary in their ability to degrade mannasaccharides. A. 
niger ~-D-mannanase13 degraded” oligomers of d.p. 33, whereas R~i~opus niveus 
P-D- mannanase ” had little action on oligosaccharides having d.p. <6. B. subtilis 
/3-D-mannanase rapidly hydrolysed mannosaccharides of d.p. 25, and it was con- 
cluded that the third and fourth glycosidic linkages from the non-reducing terminus 
were preferentially cleavedi5. Enzymes from fenugreek16 and alfalfa (lucerne)” 
hydrolysed oligomers having d.p. 24, and mannotetraitol was not attacked. Tncu- 
bation of fenugreek ~-D-mannanase with mannotetraose gave mannobiose and 
mannotriose, with only traces of mannose . iA In contrast, lucerne-seed p-D-man- 
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nanase afforded mannobiose plus approximately equal quantities of triose and 

mannose when incubated with mannotetraosel’, Indicating that transglycosylation 
was not a significant reaction. 

We now report on the pattern of transglycosylation associated with man- 

nosaccharides and various P-D-mannanases, and the binding to, and hydrolysis of, 

galactomannan and glucomannan. 

EXPt!KIMMENTAL 

Chromatography. - T.1.c. was performed on DC-Alufolien, Kieselgel 60 

(0.2 mm). prepared plates which were developed either with A, 7: 1:2 l-propanol- 

ethanol-water, or R, S:2:3 1-propanol-nitromethane-water. Sugars were detected 

by spraying with 5% sulphuric acid in ethanol and heating to 110”. Gel-permeation 

chromatography was performed on a column (2.5 X 80 cm) of Bio-Gel P-2 (<400 

mesh) at 60” in degassed water”. 

Preparation of polysaccharides. - Salep (Orchis militaris) glucomannan was 

prepared from ground tubers kindly provided by Professor H. Neukom (Swiss Fed- 

eral Institute of Technology). The flour (20 g) was stirred in hot water (SO’, 15 

min), homogenised, and centrifuged (4,OOOg, 30 min). Polysaccharide in the super- 

natant solution was precipitated by ethanol (2 vol.), washed with 66% aqueous 

ethanol. and redissolved. This solution (2 L) was treated with alkaline copper, and 

the complex was recovered by centrifugation (4,OOOg, 20 min), suspended in ice- 

cold water, and dissolved by addition of 2M HCl until the solution was just acidic. 

After centrifugation (4,000g. 30 min), to remove traces of insoluble material, the 

supernatant solution was treated with 2M NaOH until alkaline. The copper com- 

plex re-formed, and was recovered by centrifugation and redissolved by acidifica- 

tion. The solution was added to 2 vol. of acidic ethanol (1% of cont. HCl in 

ethanol, and the precipitate was washed with acidic ethanol (3x), ethanol (2x). 

acetone. and ether, and dried in vucuo. This purification caused deacetylation of 

the glucomannan”, and the polysaccharide became insoluble. For the preparation 

of soluble, acetylated glucomannan, the flour was extracted with hot water, and the 

extract was centrifuged and precipitated with alcohol. After redissolution, the 

polysaccharide solution was dialysed, and freeze-dried or stored in the frozen state. 

Galactomannans were prepared by a modificationJ of a described method”. 

Enzyme assays. - cu-D-Galactosidase, B-D-mannosidase. and exo-@D-man- 

nanase were assayed 20 by using the app ro p riate p-nitrophenyl glycoside as sub- 

strate, and /3-D-glucosidase was assayed with p-nitrophenyl p-D-glucopyranoside 

(1OmM). P-D-Mannanase was routinely assayed by using RBB-carob galactoman- 

nan”‘; before use in critical experiments, it was standardised with 0.2% (W/V) carob 

galactomannan (total) in O.lM acetate buffer (pH 4.5). Enzyme (0.1 mL) was incu- 

bated with carob galactomannan (0.5 mL) at 40”, the reaction was terminated with 

p-hydroxybenzohydrazide (5 mL), and the tubes were incubated for 6 min at 100”. 

(l-4)-p-D-Glucanase was assayed with RBB-CM-cellulose”. 



Prtpur&m oj rtz:yrnt~s. tu-[)-(;alactc,s~das~ II from gerniin,.rted guar- 

stxds~‘-‘. [3-L>-mannanaac trc)m ;I commerci31 ~‘tzliuiase preparation (Sigma 

C7502)’ ” and from other sources”. L’9o-~-I)-m;lnn;ln~ise from germinated giiar- 

seeds-“. and ~-l)-mannosida4r from crude gut-juice: , of FILL\ pc~rwrricl (Sigma 

GOX7h)-T’ were prepar-cd as dekcrihcd. Interfering :rcticltIes \\erc uncirtccta- 
‘i bi$“.J 3 3’ or <( I,() 1 c; 

Plrrrfic~atron oj’ tilttuwri t~tnlrl.ritt ~-n-glirc~o.~icim.\t~ -- Almond cmulsin (0.5 g. 

Sigma G8h75) in 2Omhl Tris buffer ( 100 mL. pH X) was applied to a cc>lumn (2 X X 

10 cm) of DEAE-coliulosc, Protein was eluted with a linear gradient 01 NaCi 

((kO.4~) in the same lhuffer. The acti\,e fractions Ncrc concentrated by 

( NH4),S04 (X0’; saturation). diaivsed against 7Om%r ‘I‘ris buffer (pl-I S), and 

appiled to a column (2.5 x SX cm) of I:itrogrl AcA 4-t. Eluted cniynt2 was conctzn- 

trated by dlaiysis against poiq’(ethyienc giycoi) 4tNK) and then against u’att’r. Before 

application to a column ( I .T Y 7 cm. pre-equlhbrated with 25m\r ~mida~uit: buffer. 

pH 7.4) of Poiq’buffrr Exchanger PRE YJ. the pII was adjustal to 7.4 b! the addi- 

tion of buffer to ;I final concentration of 7SmM. Proteins were cluted Nith Poiybuf- 

fer 73-HCI (dliuted 1 : 8 and adjusted to pH 1). The reco\,ered enzyme hai a specific 

activity of 1909 nkat.‘mg on IOrn~r p-nitrophenyl B-n-glucop~rallt,slcic (pli 1 5. 

40”). and appeared as ;I Gngie protein hand in isoeicctric focussIng and SDS-gel 

electrophoresis. 

Partiul pur$catmi oj A. niger (l- ~)-~-l~-gluc-atla.st~ (t~t~llltil~.rt~). -- A solu- 

tion of Mylcs H~micellulaae 100,00(1 ( 10 g) in Nmsi Tris-HCI (200 mL. pH 7.5) U:IS 

centrifuged (30.000~. 30 min). l’he supernatant solution was applied to a column 

(2.5 x 76 cm) of DEAE-Sepharose <‘L_-hB equilibrated with 3Om!t Tri+HCi (pH 

7.5). the column way washed ulth the same buffer (NO ml,). and the proteins were 

elutcd with a linear gradient of KCi (tL4J.5~). Active fractions RWC treated with 

(NHI)2SOJ (X0’; ), and the ptzliet obtained 011 centritugation (7O.OOt~,~:. 20 min) \\as 

dlssoived in 2Ornbt phosphate buffer ( 10 mL. pH 6.5) and applied to ;I column (2.5 

Z YO cm) of IJitrogei .4cA J-l. Active fractions wcrc appl~cd to ‘i column ( I .5 X 17 
cm) of DEAE-ceiiuios~ equlllhrated with 2Om>~ phosphate buffer (pi1 h.5 J. Pro- 

teins were eiuted with a linear gradient of NaC’i ((L+0.5%1). ‘The cnzkmc \vas con- 

centrated by ultratiitrutlon (L:XI IO memhranc) and equilibrated with SITIM acetate 

buffer (pH 5). The puriticd enqmc was contaminated \\lth <C~.OIC ( of ,&r>-man- 

nosidast: and ,6-r)-giucosidasc. and contained - It1 ‘; ot p-IMxinnaria~e 0II an acli\,- 

ity hasia. 

Ilydrolysis of gulactott~atmm h_v p-I)-tnut/tl(1r1(l,se. ---- ‘Iv0 3 O.-l“i solution of 

galactomannan in 2Ornht acetate huffel (pH 4.5) was added /3-l>-mannanasc (-IO0 

nkatig of galactomannan). and the solution was incubated at JO” for 20 h. Reaction 

~5 terminated by heating at 100” lor ItJ min. and the solution was centnfugcd 

(2O.OOOg. 30 min). concentrated under reduc.ed pressure (below JO”), ;und adjusted 

to -I’; carbohydrate. and aliquots (Z-5 mL) were‘ fractionated on Bio-(iel P-Z’.‘“. 

Aiiquots were also removed for the determination of total carbohydrate by the an- 

throne procedure, reducing sugar by the Nel>on-Somogy1 proccdurc”‘. and I)- 
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galactose with Ly-D-galactosidase-P-r,-galactose dehydrogenase”, and the galac- 

tose-mannosc ratio of the polysaccharide was determined. 

Hot-water-soluble carob galactomannan (50 mL., 0.4% w/v) in LOmM acetate 

buffer (pH 4.5) was treated with /?-D-mannanases from guar seed, lucerne seed, B. 

subtilis, I. lacteus, or A. niger culture-filtrates, or II. pomatia gut-solution, and con- 

centrated as described above. Samples (10 pL) were subjected to t.l.c., and sepa- 

rate aliquots (1.0 mL) were fractionated by chromatography on Rio-Gel P-2 (Fig. 

5). Aliquots (2 mL) were treated with guar a-D-galactosidase II (100 nkat on p-ni- 

trophenyl a-D-galactopyranoside) for 20 h, stored at 4” for 20 h, and centrifuged 

(2O,OOOg, 20 min), and aliquots (1.0 mL) were chromatographed on Bio-Gel P-2. 

The degree of hydrolysis of galactomannan was determined as the reducing-sugar 

equivalent (Nelson-Somogyi) as a percentage of total carbohydrate, and soluble 

carbohydrate as a percentage of total carbohydrate was determined with anthrone 

before and after treatment with a-D-galactosidase. 
Hydrolysis of glucomannan by P-D-mannanase. - A solution of alkaline- 

copper purified glucomannan (2 g) in 2.5M NaOH (200 mL) was neutralised with 

acetic acid and dialysed for 18 h. The polysaccharide was adjusted to 0.5% in 20mM 

acetate buffer (pH 4.5), and aliquots (50 mL,) were incubated with either A. niger 
or lucerne-seed /3-D-mannanase (100 nkat) at 40” in an oscillating water-bath. The 

reaction was terminated at 2, 4, 8. or 26 h by heating at 100” for 5 min. The solu- 

tions were centrifuged, and total carbohydrate (phenol-sulphuric acid) and reduc- 

ing sugar (Nelson-Somogyi) in the supernatants were determined. The supernat- 

ants were concentrated and redissolved in water (12 mL). An aliquot (3 mL) was 

fractionated on Bio-Gel P-2, and eluted carbohydrate was assayed (phenol-sul- 
phuric acid). 

Native, acetylatcd glucomannan (0.3 g) in water (50 mL) was treated with 2M 

NaOH (2.5 mL), the solution was stored for 1 h and then adjusted to pH 4.5 with 

5M acetic acid, and A. niger fl-D-mannanase (120 nkat) was added immediately. 

Rapid hydrolysis prevented precipitation of the deacetylated glucomannan. Also, 

acetylated glucomannan (0.3 g) in water was treated with 2M acetate buffer (2.5 

mL, pH 4.5), and A. niger /?-D-mannanase (120 nkat) was added. Each solution 

was incubated for 26 h at 40”, the reaction was terminated by heating at 100” for 5 

min, the solution was centrifuged (20,ooOg. 20 min), the supernatant was concen- 

trated, and the concentrate was redissolved in water (8 mL). An aliquot (4 mL) of 

this solution was chromatographed on Bio-Gel P-2. Eluted carbohydrate was moni- 

tored (phenol-sulphuric acid), and oligosaccharide fractions were concentrated 

and adjusted to 10 mg/mL. 

Hydrolysis of salep glucomannan by A. niger (l-+4)-/3-r>-glucanase plus P-D- 

mannanase. - Acetylated glucomannan (3 g) in water (500 mL) was treated with 

2M NaOH (2.5 mL) and stored for 1 h. The solution was adjusted to pH 4.5 with 

5M acetic acid, and then to 600 mL. Aliquots (150 mL) plus A. niger (1+4)-p-D- 

glucanase (12, 24, 48, or 96 nkat) were incubated at 40” for 4 h and then at 100” for 

10 min. On centrifugation (2O,OOOg, 20 min), aliquots were removed for the deter- 
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mination of total carbohydrate (phenol-sulphuric acid) and reducing sugar (Nel- 
son-Somogyi). The degrees of hydrolysis of the four samples (calculated as reduc- 
ing-sugar level as a percentage of total carbohydrate) were IQ, l&28, and 36%, re- 
spectively. The sample that had been hydrolysed 18% was concentrated and redis- 
solved (12 mL). Aliyuots (4 mL) were fractionated on Bio-Gel P-2, and the di-, 
tri-, and tetra-saccharide fractions subjected to t.1.c. 

Enzymic char~cteris~ti~~ of the structures of oligusacchurides. - This was 
performed as described374. 

Preparation of @-D-mannosaccharides and reduced ~-D-r~a~nosa~char~des. - 
~-~~Mannosaccharides were prepared either by partial hydrolysis of ~iv~tona uu- 
strulis mannan2* with acid, or by treatment of carob galactomannan with a particu- 
lar P-D-mannanase followed by denaturation and treatment of the oligosaccharide 
mixture with guar cu-D-galactosidase II. Oligosaccharides of d.p. 2-6 were fraction- 
ated on Bio-Gel P-2 (~400 mesh). Reduced mannosa~charides were prepared by 
treatment with NaBH+ 

Preparation of 6-cu-D-galuctosyl-(l-+4)-P_o-mannosacchar~des. - 6’-a-D- 
~iactosyl-(1~4)-~-D-mannobiose (Gal’Man,“) and Gal’Man, were prepared as 
previously described3. Ga13Man4 and a mixture- of Ga14Man5 plus Gat3Mans were 
made by reaction of hot-water-soluble carob galactomannan (250 mL, 0.4%) in 
20mM acetate buffer (pH 4.5) with guar-seed ~-D-mannanase (400 nkat on carob 
ga~actomannan). The solution was incubated at 40” for 20 h and then at lOO”, con- 
centrated, diluted to 25 mL, and centrifuged (2O,OOOg, 30 min). Aliquots (5 mL) 
were chromatographed on Bio-Gel P-2. The pentasaccharide consisted exclusively 
of Ga13Man4, and the hexasaccharide fraction consisted of an approximately equal 
mixture of Ga14Mans and Gal”ManS. With tucerne-seed ~-D-mannanase, the pen- 
tasaccharide fraction consisted4 of -80% of Ga13Man4 and 20% of Gal’Man4. The 
latter oligosaccharide was removed by treatment with exo-/3-D-mannanase from 
guar seeds (20 nkat on @-D-mannopentaitoi/50 mg) for 6 h at 40” and pH 5.5. Prod- 
ucts were chromatograph~d on Bio-Gel P-2, to give Gal”Man4. 

Gal”Man3 was prepared from Ga13Man4 by incubation (2 mL, 10 mg/mL) in 
lOmM acetate buffer (pH 4.5) with N. pomatia P-D-mannosidase (500 nkat) at 40” 
for 48 h. The reaction products were separated by chromatography on Bio-Gel P-2. 
A mixture of Ga14Man4 and Ga13Man3 was obtained on hydrolysis of the hexasac- 
charide mixture Ga14ManS and Ga13Mans by H. pomatia ~-D-mannosidase. The in- 
cubation conditions were the same as those in the preparation of Ga13Man3, and 
the reaction products were fractionated on Bio-Gel P-2. 

Hydrolysis of P-D-mannosaccharides and reduced P-D-mannosaccharides by 
A. niger p-D-mannanase. - A solution of each oligosaccharide (0.6 mL, 10 mgf 
mL) in IOmM acetate buffer (pH 4.5) was incubated with A. niger ~-D-mannanase 
(0.2 mL, 5.2 nkat) at 40”. Samples (15 pL) were subjected to t.1.c. after O-240 min. 

*The subscript indicates the d.p. of the mannosacch~ride chain, and the superscript the position of the 
D-gak%ctosyl substituent on the chain, relative to the reducing D-mannose residue. 
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Separate aliquots (50 pL) were heated to denature P-D-mannanase and diluted 

with water (0.6 mL), and aliquots (0.1-0.2 mL) were used for measurement of re- 

ducing activity (p-hydroxybenzohydrazide) and total carbohydrate (Fig. 1). 

Transglycosylation catalysed by /3-D-mannanasr. - Solutions of oligosac- 

charides (4 ml,, 10 mg/mL) in 1OmM acetate buffer (pH 4.5) were incubated with 

A. niger P-D-mannanase (0.1 mL, 26 nkat) at 40” for 0 or 40 min or 20 h, and at 100” 

for 5 min. A sample (15 pL) was subjected to t.1.c. A separate aliquot (2.0 mL) was 

chromatographed on Bio-Gel P-2. The oligosaccharides of d.p. >5. produced on 

incubation of @-D-mannopentaose and /3-D-mannopentaitol with the enzyme, were 

recovered after chromatography, combined, and concentrated (to 10 mg/mL). To 

solutions of these (50 pL, 10 mg/mL) was added 1OOmM acetate (10 pL, pH 4.5 or 

5.5) plus II. pomatia P-D-mannosidase (20 FL, 14 nkat; pH 4.5) or guar-seed exo- 

@-D-mannanase (40 /IL, 48 nkat on p-nitrophenyl P-D-mannopyranoside; pH 5.5), 

and the solutions were incubated at 40” for 20 h. Aliquots (15 pL) were subjected 

to t.1.c. 

Effect of substrate concentration on the rate of hydrolysis of P-D-mannopen- 

taitol by A. niger P-D-mannanase. - Solutions of P-D-mannopentaitol (3.0 mg) at 

final concentrations of 0.62, 1.25, 2.5. 5.0, and 10.0 mg/mL in acetate buffer (20 

mM. pH 4.5) were incubated with A. rziger P-D-mannanase (2.6 nkat) at 40”. 

Aliquots (0.5 mg of carbohydrate) were removed. incubated at 100” for 2 min, ad- 

justed to a final volume of 2 mL. and assayed for reducing sugar (p-hydroxyben- 

zohydrazide) and total carbohydrate. 

tfydrolysis of Gul’ Man3, P-D-mannotriose, and p-D-mannotri-it01 by A. niger 

P-D-mannanase. - Solutions of oligosaccharide (0.1 mL, 15 mgimL) in 1OmM ace- 

tate buffer (pH 4.5) were incubated with A. niger P-D-mannanase (50 pL, 13 nkat) 

at 40”, and aliquots (10 PI-) were removed at 0.5-20 h for t.1.c. (solvent A). 

Ifydrolysis of Gal’Man+ GapMan and P-D-mannotriose by A. niger P-D- 

mannanase. - Solutions of oligosaccharide (0.1 mL. 5 mg/mL) in 1OmM acetate 

(pH 4.5) and A. niger P-D-mannanase (50 pL , 2 nkat) were incubated at 40”. and 

aliquots (15 /*L) were removed at 15-120 min for t.1.c (solvent B). 

Hydrolysis of a-D-galactosyl-(l-+$)-P-D-mannopentaose, p-D-mannotetraose, 

and P-D-mannopentaose by A. niger and lucerne-seed P-D-mannanases. ~- Solu- 

tions of a-D-galactosyl-( l-+4)-P-D-mannopentaose (an approx. equal mixture of 

Ga13Man5 and Gal%4an5), p-D-mannotetraose. and P-D-mannopentaose (0.1 mL, 

15 mg/mL) in lOmM acetate buffer (pH 4.5) and A. niger (50 pL, 1.3 nkat) or 

lucerne (30 pL, 2.0 nkat) P-D-mannanases were incubated at 40”, and aliquots (10 

pL) were removed at O-120 min for t.1.c. (solvent A). 

Hydrolysis by A. niger @-D-mannanase and H. pomatia p-D-mannosidase of 

the tetrasaccharide and pentasaccharide fractions obtained on partial hydrolysis of 

salep glucomannan by A. niger P-D-mannanase. Solutions of the tetra- or penta- 

saccharide fractions (50 FL, 15 mg/mL) in lOmM acetate buffer (pH 4.5), and 

either A. niger P-D-mannanase (10 /IL, 4.0 nkat) or H. pomatia /3-D-mannosidase 

(5.9 nkat), were incubated at 40” for 2 h and then at 100” for 2 min, and aliquots 



Incubation t l.me (h) 

(10 pL) were removed for t.1.c. The remainder was treated with the alternative cn- 

zyme. On incubation at 30” for 2 h. aliquots (10 pf..) were removed for t.1.c. (sol- 

vent A . 2 developments). 

RESULTS 

Reaction of A. niger /I-D-mannanuse brillz nzarlnosacc,hlrritlrs. ~-- Relative 

reaction rates and amounts of hydrolysis of (1 -+A)-/3 and end-reduced mannosac- 

charides by Asyrrgilfzr.s r~igrr P-D-mannanaw are shoun in FIN. 1 ‘l‘he trtraosc was 

hydrolysed more slowly than the pentaosc. which reacted at an initial t-ate similar 

to that of the hexaose. Mannotriose was unreactive and the tctraitol slightly rcac- 

tive. The hydrolysis of mannotetraitol was considerahl? less than that CI~ mannotc- 

traose. but the differences were less dtstmct with the higher ohgomers (~1: re!s. I5 

and 28). The K,, value (Table I) with the hexaitol was of the same order as with the 

galactomannans, but ‘1’,,~,, was less. Transglycosylatton’” ‘I was stgnihcant in the 

oligosaccharide reactions. Increasing the pentaitol concentration in reactton mtx- 

tures from 0.63 to i .25 mgimL increased the rate of release of reducing activity l,k 

305, but further increases in concentration resulted in a progrew~c decrcasr, 

until. at 10 mgiml, the rate *as 5WG of that at I .25 mg/mL. I’.l.c. of the products 

of hydrolysis of the tetraose and pentaose in the earlv stages ot rc‘actton showed the 

transient synthesis of higher oligosaccharides. This was not observed uith manno- 
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Fig. 2. Bio-Gel P-2 chromatography of the oligosaccharides produced on hydrolysis of /3-D-mannopen- 
taose and P-D-mannopentaitol by A. mgerp-D-mannanase. A solution of each oligosaccharide was incu- 
bated with A. nrger P-D-mannanase, and aliquots were removed at (a) 0 min. (b) 40 min, and (c) 20 h 
for chromatography. Numbers show the d.p. of the eluted oligosaccharides. 

TABLE I 

KINETIC DATAFOR ~.niger AND LUCERNE-SEFDB-D-MANNANASES" 
_~__ ____--_-_- 

A. niger p-D-mannanase Lucerne-seed @-D-mannanase 

Substrate K, Relativeh K, Relaiive’ 
_ _.-.__ 

V 
_--- 

fnPX V mux 
mgimL mM mg/mL mM 

Mannotri-ttol - - 0 - - 0 
Mannotetraitol - - 6 - - 0 
Mannopentaitol 0.22 0.27 79 - - 1 
Mannohexaitol 0.06 0.06 100 1.8 1.8 100 
Carob galactomannan (24% Gal) 0.03 - 250 0.9 - 200 
Leucaena galactomannan (40% Gal) 0.07 - 250 n.d.’ - 44 

“Reduced ohgosaccharide (0.5 mL, 0.5-3mM) or galactomannan (0.5 mL, 0.02-0.2%) in acetate buffer 
(O.lM, pH 4.5) was incubated with p-D-mannanase (0.1 mL) at 40”, and the reaction was terminated 
after 0,5. 10, and 15 mm. bRelative to 100 for mannohexaitol. ‘Not determined 
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TABL.E 11 

RELATIVE INITIAL RATES OF HYDROLYSISU OF CAROB AND Lettcaena OALA~TO~A~~A~S. ~A~NOY~~TAiTOL. 

AND MANN~~IEXAIT~L. BY ~D-MANNANAsES 

Source of 
~-D-~~ann~n~se 

Substrate 
_...- 

Carob Leucaena Manno- 

galactomatman galactomannan peniaitnl 

Munno- 

hexaitol 

B. subtilis 100 18 1 16 
Lucerne (B) 100 27 1 26 
Guar (whole) 100 14 1 19 
Heiix porn&a 100 73 8 14 

1. lactetis 100 85 14 16 
A. niger 100 97 16 21 

_~. .- _ 

“Galactomannan or reduced oligosaccharide (0.5 mL, 2 mg/mL) in 0.1~ acetate buffer (pH 4.5) was in- 
cubated with P-D-mannanase (0.1 mL) at 40” for 5 min. 

triose. The products of extended reaction of the tetraose were mannotriose and 
mannobiose, with only a trace of mannose. The final products with the tetraitol 
were mannobiose, mannotriose, and the tri-itoi; with the pentaitoi, mannobiose, 
mannotriose, and the tri-itol and tetraitoi were formed with only traces of mannose 
and mannobi-itoi. Chromatography on Bio-Gel P-2 gave a quantitative picture of 
the hydrolysis and an indication of the extent of transgiycosyiation, and showed the 
intermediate production of fractions of d.p. >5 for the pentaose and pentaitoi (Fig. 

2). 
Reaction Of p-D-WWvWZUSeS from other sources with mannosaccharides. -p- 

D-Mannanases from different sources varied in their hydrolytic capacity (Table II). 
The enzymes from Zrpex lacteus and A. niger hydrolysed mannopentaitoi and man- 
nohexaitol at similar rates, but the @-D-mannanases from Bacillus subtilis, iucerne 
(alfalfa) seeds, and guar seeds had little action on mannopentaitoi compared to 
mannohexaitoi. The K, values for iucerne-seed @-r>-mannanase were -30-fold 
those for the A. niger enzyme (Table I). T.1.c. of the hydrolysis products of the 
iucerne enzyme with manno-tetraose, -pentaose, and -pentaitol showed that trans- 
giycosyiation was as extensive as with the A. niger enzyme. 

Effect of gulactose substitution on the mannan core on hydrolysis. - The rate 
of change of specific viscosity on incubation with A. niger ~-D-mannanase of 
iucerne gaiactomannan showed that, even with the high level of substitution of this 
polysaccharide, there was still some hydrolysis (cf. ref. 7). The effect of galactose 
content on hydrolysis of galactomannans by A. niger ~-D-mannanase is shown in 
Table III. Also included in Table III are the yields of polysaccharide extracted 
from the seeds and their iimjting-viscosity numbers. There is, in general, an inverse 
relationship between gaiactose content and degree of hydrolysis, but Leucuena 
Eeucocephala gaiactomannan underwent more hydrolysis than would be predicted’. 

The reaction of hot-water-soluble carob galactomannan (Gal/Man 19:81) 
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‘I‘AHI .E Iill 

YIF:I.IX OF GALA< TOMAUNAYS FROM DltFt:KI:U I Sktil) SOl:KCES. (iAI.A(‘IOSE-MAN\;OSt: KATIOS. I.IMl1‘1~2G- 

VISCOSITY NCIMHt~RS (I V N ) AUD DEGRf:tl OF HYDROI YSISBY A. rllRerP-1).~tANNAUASifi 

Yield 
(%) 

8.X 
17 5 
28 0 
12.0 
I2 0 
x.7 

18.5 
- 

13.7 
IX.0 
I9 1 
19.0 
20.7 

31 
12 
IY 
17 8 
19.2 

- 
- 
- 
- 
- 
- 
- 

Gal- Man 
rat10 

48:5’ 
40 : Ml 
38 67 
30. ho 
34 M 
33.h7 
2Y:71 
78.71 
29.71 
17173 
‘-1 76 
73 77 
73.77 

13176 
X:73 
IY:XI 
21.79 
Ih:XJ 

.3X.62 
3.7:h7 
2x172 
1-t. 76 
IY:XI 
lh:81 
13 Xh 

‘Var. MSSI-Type I. ‘Var. Casuda. ‘Commercial guar-flour. “Determined using an Ubhelohde sus- 
pcnded-lcvcl vlxomcter “NelsonSomogyi reducmg-sugar cqulvatcnts as a pcrcentagc of total car- 
bohydrate (anthrone). 

with A. nigu P-D-mannanase gave a series of oligosaccharides that were separated 

by chromatography on Bio-Gel P-2. Reaction was stopped after 1, 2, 5, and 24 h, 

and the mixture of oligosaccharides was fractionated (Fig. 3). Hydrolysis was endo 

and almost complete in 5 h. After 24 h, 93% of the oligosaccharides had d.p. <9 

and all had d.p. ~15. The oligosaccharides of d.p. 2-9 have been idcntified3,‘, and 

their structures and yields are listed in Table IV (the reducing-end hexose is itali- 

cised; M connotes a mannosyl, and Ga a galactosyl. residue). 

P-D-Mannanases from other sources (Irpex lacteus, lucerne and guar seed, 

Bacillus subtitle, and Helix po~atia) were also purified, and incubated with the 
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same carob-galactomannan fraction. The extent of hydrolysis differed (Table V) 

and, after the hydrolysates had been treated with a-u-galactosidase, the amount of 

soluble mannosaccharide (d.p. <8) varied, indicating differences in the d.p. of the 

mannosaccharide chains forming the backbone of the heter~~sa~ch~lrides. The pat- 

terns produced on Bio-Get P-Z chr~~matography of the final hydrolysates (23 h) are 

given in Fig. 4, and the amounts recovered and structures in Table V. If the hydro- 

lysate from incubation with lucerne /3-r>-mannanase was treated again with the 

same enzyme, there was no significant change in the chromatographic pattern of 

heterosaccharides, but, if it was treated with A. nzger enzyme, there was further hy- 

drolysis and the pattern became essentially identical wtth that ohtalncd by initial 

hydrolysis with A. niger &r+mannanase (Fig. 4). Similar results were c>htaincd 
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TARLE IV 

OLIG~SACCHARIDES RELEASED BY P-D-MANNANASE Hydrolysis OFCAROB GALACTOMAWAN. AND SEC- 

MENTSPRODI:CINGTHESEFRAGMENTS 

Oligosaccharide with 
amount recovered (wt. 76) 

__. ~..-- 
Polymer segment producing 
ollgosaccharide (-+ reducrng end) 

__ ~~__. __.~~ ~. _~~ 

(Ga) Ga Ga 

I 
Man2 

Man3 

Gal’Manz” 

GallMan 

Gal’,‘Man 5 

Ga13,“Man h 

Ga14,‘Man h 

Gal ‘,3,4Man5 

M-M 

M-M-M 

Ga 

M-M 

Ga 

I 
M-M-M 

Ga 

M-M-M-M-M 

Ga 

Ga 

M-M-if-M-M-M 

Ga 

Ga 

M-M-M-M-M-M 

I 
Ga 

Ga 

I 
M-M-M-M-M 

, 

(23.9) 

(20.2) 

(15.9) 

(7.4) 

(11 1) 

(4.2) 

(1.2) 

(0 6) 

___M_M_M_M_M_M.M___ 

Ga 

___M_M_M_M_M_M_M_M__. 

(Ga) (Ga) Ga (Ga) 

I I I ___M_M_~_M_M_M_M___ 

Ga (Ga) 

7 I 
___M_M_M_M_M_M_M_M__. 

(Ga) (Ga) Ga 

I-1 
___M_M_~_M_M_M_M_M_M_M___ 

LA3 (&a) 

Ga 

Ti1 
___M_M_M_M_M_M-M-M-M-M-M-._ 

/ I I 
(Ga) ((3 Ga (Ga) 

(Ga) (Ga) Ga 

i I / 
(?a) 

---M-M-M-M-M-M-M-M-M-M-M_._ 

(Ga) (Ga) Ga 

I I IT 
___M_M_M_M_M_M_M_M_M_M___ 

1 !h da (ba) Ga Ga 
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Ga Ga 

I I 
(Ga) (?a) Cja ?a 

I 
M-~-M-~-~-~ (2.5) ___M_M_M_M_M_M_M_M_M_M_M___ 

1 

Ga 

Gal’ *4,“Man6 

Ga Ga Ga (Grtf 
1 

I I 1 
/ 

M-M-M-M-M-M (2.3) ___M_M_~_M_M_M_M_M_M_M_M__ 

I 
Ga 

(0.5) ___~_M_M_M_M_M_~_M_Mi-M_N_M_-_ 

Ga 

CaWvfan 
I ---T---Y 

Ga 
I 

7 ~~M-~-~-~-M-~~ 07) ___M_M-M~M_M_M_~_~_M_M_M-M___ 

i 
Ga 

-_ _I~~ I--~,.. 

“Ihe subscirpt indicates the d.p. of the mannosa~har~de chain, and the superscript the position of the 
galactosyl substituenf on the chain, relative to the reducing D-mannose residue. (Ga) represents an op- 
tional galactosyl residue. 

when the hydrolys~te obtained using any of the ~-D-~na~~anases was treated 
further with A. ~zjg~~~-D-mannanase, 

An examination of the oligosaccharides produced on hydrolysis of hot-water- 
solubie carob gal~~ctomannan by the different ~-D-I~annanases showed that 
o~igosaccharides~ when present, had common structures (Table V), consistent with 
the same type of linkages being cleaved by all of the enzymes. However, some lin- 
kages cleaved by A. niger p-D-mannanase were cleaved to a lesser degree, or not 
at all, by the other enzymes. Oligosa~~ha~des present in guar-seed and lucerne- 
seed p-D-mannanase hydrolysates of carob galactomannan, but not present in the 
A. niger j3-D-mannanase hydrolysate, were further hydrolysed by the A. niger en- 

zyme. Ga13Man4 from a guar ~-~-m~u~anase hydrolysate~ and a mixture of this 
with Caf’Man, from lucerne ~-~-mannanas~ hydro~ysate, were hydro~ys~d by A. 
nigev /3-D-mannanase more rapidly than was mannotetraose. There was transient 
production of oligosaccharides of higher d.p. The hexasaccharides Gal”Man, and 
Gal’Man, were both hydrolysed, the former more readily, as shown by the rapid 
production of GallMan with more limited amounts of Gal’Man2. Similar results 
were obtained on hydrolysis of this hexasaccharide mixture by excess amounts of 
Lucerne-seed AID-mannanase (Fig. S>. Gal’*3Man4 from a lucerne-seed p-D-man- 
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Fig. 4. Rio-Gel P-Z? chromatographic patterns of oiigosaceharides produced on hydrolysis of hot-water- 
soluble carob galactomannan by p-r>-mannanases from guar seed. lucerne seed, B. suhrik. ,4. ~]omatiu, 
I. iacreus, and A nigrr. 

nanase hydrolysate was also attacked by the A. niger enzyme. The pentasaccharide 
GalSMan,, prepared by /3-D-mannosidase hydrolysis of Ga14Mans, was hydrolysed 
by A. niger /3-D-mannanase at about a tenth the rate of GalsMan and ten times the 
rate of Man,. The products were mainly Ga13Man, and mannose, whereas 
Gal’Man, and Ga13Man, gave only Man2 and Gal’Manz. 

Some heterosaccharides from the A. niger hydrolysate were hydrolysed 
further at much higher concentrations (30-fold) of enzyme, as previously found 
with I. ktcreris ~-D-mannanase~. GallMan gave Gal’ManZ plus ManI and a small 
proportion of Man. These products arise from transglycosylation. Under the reac- 
tion conditions, the rate of degradation of GallMan paralleled that of manno- 
triose. Gal”*‘Vlan I 5 and Gal ‘*3*4Man5 were resistant even at higher concentrations, 
although traces of material of higher d.p. (immobile on t.1.c.) were observed with 
the former compound. Gai3~“Man, and Gal”,4Man6 were hydrolysed to 
Ga13.“Man5, Ga1’.4.s Man, gave Gal”T”ManS plus GalMan, and Ga14.“Man7 produc- 
ed GalZ?ManS, Man, and traces of Man,. Ga13,J,SMan6 was not attacked. 

Hydrolysis of glucomannan. - Glucomannans occur in Nature with some 
sugar residues acetylated, and these may have an effect on hydrolysis and lead to 
a much larger number of hydrolytic products than when the de-esterified polymer 
is used. When native (acetylated) salep mannan and the deacetylated polysac- 
charide were incubated with A. niger ,&D-mannanase, the extents of hydrolysis 
were 23% and 31%, respectively, and the patterns of products on &o-Gel P-2 



chrt~m~to~r~phy were quite distinct (Fig. 6). The acetylated rnann~ln gave more of 

the fractions of higher molecular weight. The deacetylated material gave a small 

peak at the void volume but, as this was absent from the hydrolysrte of’ the pnlysac- 

charide purified as the copper complex (Fig. 6), it was probably a contaminating 

polysaccharide. The even larger peak al the void volume ot the narive-glucoman- 

nan hydrolysate suggests that some substrate of higher molecular szlght may have 

been left. 

The major products on hydrolysis of insoluble, deacetyiatzd, s&p gluco- 

mannan with A. aiger P-I)-mannanase were di- and tri-saccharldrs with lesser 

amounts of tetra- and penta-saccharides (Fig. 6). The ratio ot‘ di- to tri-saccharidc 

was different when soluble dcxetylated potymer was hydrttlyscd (Fig. h), whtch 

may have been a consequence of the different physical properties t,t substrates. 

When Iucerne ~-D-ln~r~n~n~s~ was incubated with purified ~~~~~~~-~luc(~~~~n- 
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Fig. 5. T.1.c. of the oligosaccharldes produced on llmited hydrolysis of mannotctraose (A). manr.open- 
taose (H), or a-o-galactosyl-P-o-mannopentaose (C) by lucerne-seed p-o-mannanase. St,. mannose 
mannohexaose; St?. Gal’Man2. Sti, GallMan? 

nan and the results were compared with those for the A. niger enzyme reaction, the 

initial rates of hydrolysis and solubilisation were similar, but the final amounts of 

solubilisation and the proportions of oligosaccharide fragments were different. A. 
niger P-n-mannanase solubilised all of the glucomannan, but lucerne ,J!?-D-man- 

nanase gave only 85% conversion into soluble products and there was much more 

tetra- and penta-saccharide. T.1.c. of the hydrolysate fractions from Bio-Gel P-2 

chromatography (Fig. 7) showed that, up to a d.p. of 4, both enzymes produced the 

same oligosaccharides. Each hydrolysate contained two disaccharides, two trisac- 

charides, and four tetrasaccharides in more than trace amounts. The di- and tri-sac- 

charide fractions were isolated by thick-paper chromatography, and the sugar se- 

quence was characterised by enzymic and chemical procedures. The more slowly 

migrating disaccharide was identified as (l-+4)-p-D-mannobiose, since it gave only 

mannose on acid hydrolysis, was quantitatively converted into mannose by Helix 

porn&a /3-D-mannosidase, and co-chromatographed with an authentic sample. 

The second disaccharide was identified as P-Glc-( l-+4)-Man, because acid hydro- 

lysis gave equimolar amounts of glucose and mannose, mannitol and glucose were 

the only sugars detected after borohydride reduction and hydrolysis, and the 

chromatographic mobility was consistent with published valuess2. H. porn&a D-D- 

mannosidase gave no reaction. Unusual behaviour was observed on incubation 

with almond P-D-glucosidase. There was insignificant hydrolysis with a preparation 

that readily hydrolysed cellobiose at one tenth the enzyme-substrate ratio used. 

The lack of glycon specificity of this enzyme has been documented33, but this agly- 

con effect suggests that the enzyme should be used with care in oligosaccharide 
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Fig. 6. Bio-Gel P-2 chromatography of the oligosacchatides produced on hydrolysis of (a) soluble na- 
tive (acetylated), (b) soluble deacetylated, and (c) insoluble deacetylated (cop~r-puri~ed) salep-gluco- 
mannan by A. n&r@b-mannanase. 

Fig. 7. T.1.c. (solvent A, 2 developments) of the di-, tri-, tetra-, and penta-saccha~de fractions obtained 
on Bio-Gel P-2 chromatography (Fig. 6) of the oligosaccharide mixture produced on treatment of insol- 
ubie salep-glucomannan with A. niger (A) or lucerne-seed (B) ~-D-mannanase for 2 h: St,, mannose- 
mannohexaose; %a, cellobiose. 
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sequencing. The preparation hydrolysed p-nitrophenyl p-D-mannopyranoside at 

0.03% of the rate for p-nitrophenyl P-D-glucopyranoside and, on incubation with 

mannobiose, transglycosylation slowly occurred, giving mannotriose and mannose 

at a rate higher than the hydrolysis of fi-Glc-(l-+4)-Man. 

The more slowly migrating trisaccharide was (1+4)-/?-D-mannotriose. It co- 

chromatographed with an authentic sample, gave only mannose on acid hydrolysis, 

and was quantitatively converted into mannose by H. pomatia P-D-mannosidase. 

The sequeuce of the other trisaccharide was Glc-+Man+Man. Acid hydrolysis 

gave glucose and mannose in the ratio of 1:2, but, after borohydride reduction and 

hydrolysis, these sugars were obtained in equimolar amounts, No monosaccharide 

was released with H. pomatia P-D-mannosidase. (This enzyme rapidly hydrolysed 

P-Man-( l-+4)-Glc, prepared by (l-+4)-P-D-glucanase hydrolysis of salep gluco- 

mannan, showing that /!I-D-mannosidase is still active if mannose is replaced by 

glucose at the penultimate sugar residue from the non-reducing end.) This trisac- 

charide has been identified previously in a B-D-mannanase hydrolysate of gluco- 
manhan6~‘0. 

The structures of the components of the tetrasaccharide fraction were indi- 

cated by their behaviour on incubation with H. pomatia /3-D-mannosidase and then 

treatment with more A. niger p-D-mannanase (Fig. 8) to be a mixture of manno- 

tetraose (D), Man+Man-+Glc-+Man (C), and the probable structures 

Glc-+Man+Man+Man (B), and Glc-+Man+Glc-tMan (A). These conclusions 

A- 

Ilt - Man3 
B- 
6’ 

St1 A B C D E St1 St2 33 

Fig. 8. T.1.c. of the products of hydrolysis by A. niger/3-D-mannanase and H. pomanap-D-mannosidase 
of the tetrasaccharide fraction produced on parttal hydrolysis of insoluble salep-glucomannan by A. 

nrger /3-o-mannanase: A, tetrasaccharide; B, A plus P-o-mannosidase; C, A plus p-D-mannosidase, 
heat mactwation. and then p-D-mannanase; D, A plusp-D-mannanase; E, A plus p-o-mannanase. heat 

inactivation, and then /3-D-mannosidase; St,, mannose-mannohexaose; St?, (l-+4)-/3-D-glucosyl-D-man- 

nose plus (f+4)-~-D-glucosyt-(f~4)-P_o-mannobiose; St,. glucose plus cellobiose. 



are based on the observations that II co-chromatographed with ( 1 A)-,!!I-D-man- 

notetraose and was hydrolysed by ~-I)-mannosidas~. A and N were INJI affected bv 

/3-t>-mannosidase. and C’ was incompletely hydrolysed. The products from mcuha- 

tion of the mixture were unchanged .-I and II. mannose. and /-l-Glc-c I --+4)-Man. in- 

dicating that c‘ was Man--Man+Cilc- -hlan. If the p-n-manno4ldasc 111 the hydro- 

lysate was then denatured and ,9-t)-mannanase added. then mannobiose and more 

,!%Glc-( i-4)-Man were produced. but no other disaccharide\, con\istcnt with 

structures of (;ic-Oman--(;Ic--Oman and Glc-~-*Man--+Xlan +hlan. Since glucosc- 

containing oligosaccharide\ are more mobile than mannose-containll~~ rtligosac- 

charides, A is probably the former. 

When the whole tetrasaccharide-fraction was treated with ,!I-D-mannanasc. a 

minor product was a trisaccharidc fraction that co-chromatugraphcd with /SGlc- 

( I-- A)-/&Man-( I--A)-Man and which was resistant to ~-t,-rnannc~,sici;tse. Its pro- 

duction from the total mixture. but not on hydroly<ls of tctr~rsacch,lricit~ .-I and R. 

can be explained III terms of trllnsglyco\ylation and the subcltc-binding rcqmre- . _ 
mentx offi-n-mannanase (see Discussion). 

The pentasaccharide fraction uas completely hydrolysed by /3-D-mannanase 

to only ( Ij-t)-~-i>-mannoblosc. ,GGIc-( I---A)-Man, and ,!+Glc-( I--4)~/$-Man- 

(l-A)-Man. tiith no crllobioac. mannotriose. or trisaccharidrs containing more 

than one glucose residue. ,!S-i>-Mannosidaoc gave limited hq’drolysls. indicating that 

these oligosacchsridrs mainly had a glucos>l group at the non-reducing end. 

The P-D-mannanase3 tram all sources gave only the hame ollgosaccharides of 

d.p. up to 4 that were produced by the .&I. n@r enqme, Man-+GIc-+Man. 

Glc-+Glc--Man, and cellobiose were not detected in an! hydrolysate. although 

these have heen previouslv reported from hydrolyses of konjac glucomannan with 

konjac P-D-mannanase”‘. 

DISCL!SSIC)N 

The relative rates of hydrolysis of the tri-, t&a-, penta- and hrxa-oses (Fig. 

I and Table I) indicate that a chain of at least four mannose residues is required lor 

a significant hydrolysis rate; hith five subsites (pentaose), the initial rate is as high 

as with the hexaose, suggesting five significant binding-subsItes. These can be de- 

signated as O--E on the enzyme, with P toward the reducing end of the buh\trate: the 

five nrighbouring pyranosc rings that bind in the substrates arc dc\ignatcd as .4-E. 

Since the products of hydr<)lysis contain only traces ot’ mannose. the catalytic lrrte 

IS between C and D, or R and C The hcdrolvtlc behavlour of ~alactc~mann~)sau- _ _ 
charidcs indicates that hydrolysis occur\; between pyranoyr ring< C ,1r1t1 II (see 

later). 

Transglycosylation is Ggnificant during the hydrolysis of mannosaccharides. 

This has previously been described for preparation\ from fenugreel, seeds”‘. With 

the tetraosc. the enzyme gave mannotriose and mannohiosc with onI> traces of 

mannose. and it was proposed that this resulted from transfer of inItialI\ produced 
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mannobiose to the tetraose, giving the hexaose, which was then hydrolysed to man- 

notriose, in addition to direct hydrolysis of the tetraose to two molecules of man- 

nobiose. Mannohexaose was not detected. The lucerne-seed enzyme was re- 

ported’” as catalysing only a hydrolytic mechanism. In the present study. reaction 

with the lucerne enzyme resembled the activity from fenugreek, effecting trans- 

glycosylation. Chromatographic evidence was obtained for the transient produc- 

tion of higher oligosaccharides. 

Considering the products from the reaction of A. niger /3-D-mannanase with 

reduced mannosaccharides of d.p. 4 and 5, any reaction sequence must explain the 

transient production of significant amounts of oligosaccharides having d.p. one and 

two higher than the starting material, and the production of mannobiose, but only 

traces of mannobi-itol, from mannotetraitol. A cyclic sequence for mannotetraitol 

that requires the initial production of only a trace of mannobi-itol from a slow 

transglycosylation reaction (Tl), to give these transient and final products, is 

shown in Scheme 1. The sequence can be applied generally to any mannosac- 

charide substrate having fewer than the optimal number of binding sites, e.g., to 

mannopentaitol and mannotetraose, and may also occur with such similar enzymes 

as cellulase and xylanase. In the rearrangements designated Rl and R3, the nega- 

tive free-energy change resulting from the increased number of binding subsites 

favours the reaction direction shown (clockwise). In the transglycosylation reac- 

M-r4 MJHH I 

1 I73 Rl 
I 

M-M-M-m M-M-M-M-M-MH 

M-M-MH , 

\i 

M M-M-MI! 
L 

Hl 
T2 

IFC M-M MH 

M-M-M-M-M-M-MH M-M-M-M-M-M-ML 

_..t..“‘...,.1.. 

M-m..../! 1 ,,A+M-m 

.::T5 T6 j:’ 

M-M-MH’. j: i: “,%.M.h.MII 

M-M-M-M-hi-m M-M-M-M-M-m 

Scheme 1. Reaction of mannotetraktol with A. qer/3-D-mannanase 



tions. 7’1 is very slow. ‘1’3 is a “dead-end” reaction since the product cannot reposi- 

tion, and for ‘1’5 to occur. sufficient mannobiose must first be produced. The cycle 

with the broken arrows is designed to explain the appearance of mannotriose. This 

bicyclic system shows how the degradation of mannotrtraltol can proceed without 

the production of sigllilicant levels of mannobi-itol, but with the produtition of the 

oligomers indicated by chromatography. All of the reactions within the cycle are 

much more rapid than the first transglycosylation (‘I’1 ). The production of a signifi- 

cant amount of fractions of d.p. 3 and 7 during reaction of mannopcntaose with ,Q- 

D-mannanase shows that transglvcos);lation followed by repositioning also occurs 

with larger substrates. 

Using [711]mannosaccharides. it was concluded”’ that Strepmyc~~s &D-man- 

nanase transferred single mannosyl groups, whereas fenugreck enzyme transferred 

oligosaccharides. Transfer of a single monosaccharide is inconsistent with present 

knowledge of the pattern of binding and hydrolysis by endo-hydrolascs’ “‘~3”.ii~i”. 

e.g., Iqsozyme. dextranase. alpha-amylase. cellulase. and xylanase. X-Kay crystal- 

logranhy with lysozyme shows a catalytic site that fits the half-chair conformation”’ 

at the carboxonium ion, and this model is supported by inhibltlon studies with 

tetra-N-acetylch~totetraonolactone-’x. The transfer of a single repeating-unit by tes- 

ticular hyaluronidase has bcrn discusssd3”, but the repeating unit is a disaccharide 

and the enzyme has specificity for the uranic acid residue whose glvcosidic bond is 

not hydrolysed. 

Although the K,, for mannohexaitol is of the same order as those for 

Lxrtcaeno and carob galactomannans. the relative k’,,,,, kaiues of the galaotoman- 

nans arc 2.5 times that of the oligosaccharide (Table I). This probably reflects the 

extent of transglycosylation occurring with the smaller substrate. even when initial 

reaction-rates are being measured, and the capacity for multiple attack on a bingle 

polysaccharidc chain. 

Substitution of the mannose residues in mannan with galactose intcrfercs 

with hydrolysis. Generally. as the galactose content increases, the ‘imount of hy- 

drolysis by P-D-mannanase decreases, the V,,,dT decreases, and the K,, in- 

crcases2,‘.” “J’ -“I. If D-galactosyl residues are partly removed from a highly substi- 

tuted galactomannan, there is an increase in the rate of hydrolyak. This rrlation- 

ship holds for ,-I. Sgrr ,!&D-mannanasc (Table III). However. hetcro-oligosac- 

char-ides having a d.p. as low as 3 are released in sigmlicant amounts. showing that 

,!-D-mannanasc can still hydrolyse the mannan chain. even if it does not have a se- 

quence of five nrighbouring. unsuhstituted mannosyl residues. That is. substituting 

galactosyl groups do not interfere completely. Information on the action pattern 

and binding between glycan <md enzyme can he obtained from the presence and ab- 

sence of heterosaccharides released on hydrolysis (Table IV). h-a-l,-(;alacto4yI- 

mannose, Gal’Man,. Ga12Manl, and Ga?Man, (Tables IL’ and V) are not re- 

leased. and the smallest oiigosaccharidr having two adjacent D-galactosyl residues 

I> Ga13,JLMani. Galactosyl residues are absent from the non-reducing. terminal 

mannosvl groups in all structures. The penultimate mannosyl residue from the rc- 

ducing end is always unsubstituted Therefore. hydrolysis of the glycosylic linkage 
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of a mannosyl residue cannot occur if there is galactosyl substitution on the hydro- 

xymethyl group of the next mannosyl residue towards the non-reducing end, as in 

1. On the other hand, substitution of the mannosyl residue whose glycosidic bond 

is cleaved has little effect on hydrolysis, as in 2. If the hydroxymethyl group on the 

mannosyl residue on the reducing side of the hydrolysed bond is substituted, as in 

3, then hydrolysis is blocked. 

Ga 

I f 
-MM-M-M__--M 

4 
_M_M_M____M -M-M-M----M 

1 

Ga 

2 3 

The position of the catalytic site, relative to the five binding-subsites, was es- 

tablished from reaction with an equimolar mixture of the two hexasaccharides 4 

and 5. when the only hydrolysis products were mannobiose. mannotriose, 

GallMan,, and GallMan (Fig. 5). These would result from hydrolysis at the posi- 

tions shown by the arrows. In one of the oligosaccharides, the position of hydro- 

lysis would allow only four binding-subsites. Since the tetrasaccharide GallMan, 

was released more rapidly than the trisaccharide GallMan,, the catalytic site lies 

between pyranose rings C and D, as in 6. 

Ga Ga 

I I 
M-M-M-M-M M-M-M-M-M 

t t 
4 5 

ABCDE 

M-M-M-M-M 

t 
6 

The hydrolysis products of carob galactomannan by A. niger P-D-mannanase 

can then be explained, if the enzyme primarily binds to alternate edges of the five 

pyranose rings. Rings B and D bind through the hydroxymethyl groups (and possi- 

bly the ring oxygen), and rings A, C, and E through the other edge (i.e., through 

HO-2 and/or HO-3). The favoured conformation of the (l-+4)-p-D-linked mannan 

chain is a flat ribbon with a two-fold axis, which places neighbouring hydro- 

xymethyl groups on opposite sites of the ribbon4’--4’, so that, in galactomannan, 

galactosyl substituents separated by zero or an even number of mannosyl residues 

lie on opposite sides of the chain, and those separated by an odd number, on the 

same side. Then the enzyme binds to one edge of this ribbon, as in Scheme 2. 

Galactosyl substitution on either ring B or D would block binding; on rings A, C, 

or E, it would not, thereby allowing hydrolysis to proceed between rings C and D. 



Structural requirements for A. rziger p-n-mannana\e hydrolysis of galac- 

tomannan chains cannot hc defined only by the number of unsuhstitutcd mannos?l 

residues between galactosyl-substituted units. The glycosidic linkage of a substl- 

tuted mannosyl residue can be hydrolysed. if there arc’ un\ubstitutcd rnannosyl re- 

sidues on both sides of it. as m 7. Where there arc two adjacent. un\ubstitutcd re- 

sidues on the reducing side of a substituted mannosyl residue and at Last one un- 

substituted on the non-reducing side. as in 8. then the on11 susceptible bond 1s be- 

tween pyranose rings C and D. If two or more neighbourillg mannoayl residues arc 

substituted, then, towards the reducing end of the molecule. three unsubstltutcd 

residues or a sequence of unsubstituted-substitutecf-unsubstitutcd rcbiciuc\ can bc 

split (9), but not a sequence of two unsubstituted residues. ah III 10. ((;;I) represents 

an optional substitution. 

The oligosaccharide products of hydrolysis of carob galactomannan with A. 

niger P-D-mannanase came from the segments of polymer shown m Table IV. 

The relative significance of sites cn and F can be establishud from a compari- 

son of the hydrolysis of oligosaccharides 11 and 12. The maslmum subsite-binding 

for each occurs as shown. Gal”Man, (12) was hydrolysed at a rate similar to man- 

notetraose, which was ten times the rate for Gal”Man, (II). C)ligosnccharlde 11 

produced almost exclusively Gal’Man3 and mannosc, and was hydrolysed at onI> 

-10 times the rate for mannotriose. Oligosaccharide 12 produced ~~1~ Gal’Man~ 

and mannobiose. The rates indicate that binding at t‘ is more significant in hydro- 

lysis than at N. This is supported by the ohser\ation that (;al’Mani (4) I\ hydro- 

lysed much more rapidly than GalJMan5 (5) (c-f. Fig. 5). 
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M-M-M-M M-M-M-M 

t t 
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11 12 

The nature and amounts of oligosaccharides produced by different p-D-man- 

nanases indicate (Table V) that similar rules apply to all p-D-mannanases, but that 

not all linkages split by the A. niger enzyme can be hydrolysed as readily by the 

others. Some of the heterosaccharides not attacked by guar, lucerne, R. subtilis, 

and H. porn&a enzymes reflect a limited ability to cleave mannosaccharides having 

d.p. <5. However, the presence of such compounds as Ga13Man: and Ga14ManS, 

combined with the absence of mannopentaose, indicates that a galactosyl sub- 

stituent on ring C has an effect on binding and hydrolysis by these enzymes. The 

ratio of galactosylmannotetraoses produced by the enzymes is consistent with this 

conclusion. There is always much more 63 substituted than 6’. The effect becomes 

more pronounced on moving from I. fucteus to guar fl-D-mannanases. The absence 

of any 6’-a-D-galactosyl-substituted oligosaccharides in guar-enzyme hydrolysates 

shows that substitution of the C ring stops hydrolysis completely with this enzyme. 

However, galactosyl substituents on ring C and E do not affect hydrolysis by A. 

niger p-D-mannanase. A 4: 1 mixture of Ga13Man4 and GallMan had an initial rate 

of hydrolysis slightly higher than that for mannotetraose. Ga11,3Man4 is present in 

hydrolysates of lucerne, B. subtilis, and H. pomatia, but not in those of A. niger, 

I. lacteus, and guar. Its non-appearance with guar P-D-mannanase is caused by the 

inability of this enzyme to hydrolyse the glycosidic linkage of a substituted man- 

nosy1 residue; with A. niger and I. lacteus /3-D-mannanases, the reason is further 

hydrolysis to GallMan*. 

P-D-Mannanase from I. lacteus hydrolyses L. leucocephala galactomannan 

rapidly3, releasing GallMan as the major product of low d.p. A comparison of the 

ability of a particular P-D-mannanase to depolymerise this polysaccharide, relative 

to carob galactomannan, should include the pattern of substitution across five bind- 

ing-subsites. Glycan segment 13, which has a galactose:mannose ratio of 1:2, has 

six potential hydrolysis-sites with A. niger and I. lacteus p-D-mannanases, indicated 

by the arrows. Segment 14, with the same galactose:mannose ratio, has only two 

scission-sites. The high degree of hydrolysis of Leucaena leucocephala galactoman- 

nan, despite its high galactose-to-mannose ratio (Table III), has been attributed* to 

a high content of such sequences as 13. 
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On hydrolysis of deacetylated glucomannan by A. rzigrr /I%D-mannanase. not 

all of the theoretically possible oligosaccharides of glucose and mannosc were pro- 

duced. The products can be predicted from the model shown in Scheme 2. 

Pyranose rings I3 and D present the hydroxymethyl edge of the ring; therefore. 

glucose or mannose can bind because the stereochemistry ot both molecules on 

that side of the ring is similar. Rings C and E present the HO-Z.1 edge of the ring 

and, as these differ in the stereochemistry of I10-2 in glucose and mannose. only 

mannose residues will bind. The isolation of Glc+Man+Man indicates that the 

stereochemical requirement for binding at the fifth ((Y) site is not as rigid. so that 

binding can occur to both glucose and mannose. Perhaps only HO-3 IS involved. 

Alternatively, four binding sites may be sufticient for hydrolysis. Hydrolysis of 

galactosylmannotetraoses indicated the greater significance of the F site over the ~1. 

Binding therefore occurs as shown in Scheme 3. The heterosaccharide prod- 

ucts arise as shown in Table VI; the oligosaccharides not produced are shown in 

Table VII together with the binding subsites where binding cannot occur. 

The production of the trisaccharide Glc -+Man+Man on fi-I)-mannanase 

treatment of the whole tetrasaccharide fraction from hydrolysis of glucomannan by 

p-D-mannanase. and its absence when only the mixture of Glc-Man--Man-*Man 

and Glc-+Man+Glc+Man was incubated, is also a consequence of the binding- 

subsite requirements. 11 GlcdMan-+Man+Man or Cilc~~-hlan~C;lc-~Man 

undergoes transglycosylation with mannotetraose. the product is 
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TARLEVI 

BINDING AND HYDROLYSIS THAT PRODUCES THE H~~tiRO-OL.IGoSAC(‘HAKIDtS RELtiASED ON REACTION OF 

A. niger p-D-.UANNANASEANDGI.UCOMANNAN 

Polymer sect/on a 
(reducing end--_) 

Ol/gosacchar/de 

products 

Glc+Man 

Glc-Man-Man 

3lc-Man-Glc-Man 

3c-Man-Man-Man 

lawMan-%-Man 

Glc+Man+Man-+Man+Man+Man (15). On repositioning on the active site 

(16), this hydrolyses to Glc-+Man-+Man and Man+Man-+Man. If any other tetra- 

saccharide containing glucose at the non-reducing terminal were involved in trans- 

glycosylation as the second substrate, the product 17 could not reposition, as this 

would require glucose to be bound to the y binding-subsite and this cannot occur. 

G-M-M-M-M-M G-M-M-M-M-M G-M-G-M-M-M 

1 ________ ___ 1 ] 
a! & repositioning (Y & (Y & 

15 16 17 

The results obtained using glucomannan as a substrate complement those 

with galactomannan, and both are consistent with the model illustrated in Scheme 

2, where subsites /3 and 6 bind to the hydroxymethyl edge of a pyranose ring 



I 
I 
’ 

Reyu/red binding .i “r,hows a 

Ol/go.sacchar/de 
subs/?e ?hat cannot occur’ 

I (reducing end ---- I 

Man- Glc 
I 
/ 

Man-Glc- Man 

Man--Man-Gic / 
wM3-P 

(equatorial CH,OFI) and (Y, y. and F bind to the 110-2.3 edge. Binding at y and F 

requires an axial HO-2 and an equatorial HO-3; at the cy position. HO-2 can proba- 

bly be axial or equatorial. ‘I‘his pattern applies generally to all of the ,9-D-man- 

nanases examined, but the presence of a galactosyl substituent on mannose residue 

C (whose glycosidic bond is split) has a variable effect with the enzymes from vari- 

ous sources. At one extreme, A. niger p-D-mannanase, there is little or no effect; 

at the other, the guar-seed enzyme. reaction is blocked completely. 

7’he results are significant with respect to the relationship between the degree 

of hydrolysis and the amount of galactosvl substitution as well as the distrrbution of 

galactosyl substituents along the (I-4)-&mannan chain. 
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