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ABSTRACT 

The fine structure of D-galacto-D-mannans was analyzed with purified E-D- 

galactosldases from germmated lucerne seed and from green coffee beans and with a 
commercial J?-D-mannanase (Dnselase) Each of the cc-D-galactosldase enzymes 
removed D-galactosyl residues from the D-mannan backbone m a random fashion, 
cc-D-galactosidase A from lucerne removed more than 90 ‘A of the D-galactosyl groups 
from each of the ten native D-gala&o-D-mannans studied Mixtures of purified WD- 

galactosldase C and B-D-mannanase B from luceme hydrolyzed each of the ten 
D-galacto-D-mannans to D-galactose, p-D-mannoblose, and /.?-D-mannotrmse, with 
trace amounts of D-mannose The degrees of hydrolysrs by j&D-mannanase of native 
D-gala&o-D-mannans, and of lucerne D-gala&o-D-mannan pre-hydrolyzed by CL-D- 

galactosldase, are dependent on the galactose contents The amounts of ohgosaccha- 
rides produced from native D-galacto-D-mannans by Dnselase /3-D-mannanase 

parallel those obtained from luceme D-gala&o-D-mannan that had been pre-hydro- 

lyzed to smnlar galactose levels w&h cc-D-galactosldase, except for the D-galacto-D- 
mannans of Leucaetza leucocephala and soybean, which are hydrolyzed with D-D- 

mannanase to a higher degree A direct correlation between the extent of hydrolysis 
of D-galacto-D-mannans by /3-D-mannanase and the degree of gelling interaction 
with xanthan gum was observed, suggestmg that mteractlon of D-galacto-D- 
mannans with xanthan does not absolutely reqmre long sectlons of contiguous 
unsubstituted D-mannose residues but rather sections where all the galactosyl residues 
are located on one side of the mam cham and may also serve as “Junction zones” 

INTRODUCTION 

D-Galacto-D-mannans are reserve carbohydrates found m the endosperms of 
some legume seeds They consist of a /3-D-(1+4)-mannan backbone to which are 
attached vanous amounts of single (l-+6)-cc-D-galactopyranosyl groups’ On seed 
germmation, these residues are rapidly spht off by a-D-galactosIdases2-5 (EC3 2 1 22), 
#?-D-mannanases ‘- * (EC 3 2 1 78), and j.?-D-maMOSldaSeS3 5 7 (EC 3 2 1 25) Re- 
leased sugars are taken up by the cotyledons and further metabohzedg lo 
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The purrficatton, propertres, and modes of actron of or-D-galactosidases and 
P-D-mannanases have been recently revrewed”“’ The modes of action of a number 
of purrfied legume-seed, fungal, and bacterial /3-D-mannanases on D-mannans, D- 
galacto-D-mannans, D-gluco-D-mannans, D-gaIacto-D-gluco-D-mannans, and D- 
manno-ohgosacchartdes have been reported 12-14 AI1 these enzymes were shown to 
be endo-hydrolases, which cleave randomly wrthm the D-mannan backbone The 
degrees of hydrolyses of D-galacto-D-mannans by fi-D-mannanase, free of cc-D-galacto- 
srdase and D-D-mannosidase, is governed by the D-galactose content of these poly- 
saccharrdes13 

Detaded studtes on the mode of actton of U-D-gaiactosidases on D-galacto-D- 
mannans, made by only one group of mvestrgators” 16, mdrcated that coffee-bean 
a-D-galactosldase does not hydrolyze the single D-galactopyranosyl groups at random 
along the D-galacto-D-mannan cham, but rather that It first acts on isolated groups 
and then on the extremmes of secttons highly substituted wrth these groups 

The usefulness of a-D-galactosldase and 8-D-mannanase m the analysts of 
the fine structures of D-galacto-D-mannans was first recogmsed by Courto~s and Le 
Drzet’5V’6, who concluded that the dtstrtbutton of D-galactopyranosyl residues m 
D-galacto-D-mannans of low D-galactose content, (e g , carob) IS not regular They 
suggested the exrstence of blocks of the D-mannan backbone that are totally (or 

almost totahy) substituted with smgle D-galactopyranosyl groups, and of un- 
substnuted D-mannopyranose residues interspersed between the substituted D- 
mannopyranose residues to grve a part14 block structure Thus structure for carob 
D-galacto-D-mannan was supported by Baker and Whistler”, who studied the 
drstrrbutron of D-galactopyranosyl groups by use of the known alkaline Iablhty of 6- 
deoxy-6-o-p-tolybulfonylhexopyranosldes They proposed that the D-galactopyranosyl 
groups m guar D-galacto-D-mannan are dlstrrbuted uniformly on every second D- 
mannose residue of the D-mannan chain, whereas m carob D-galacto-D-mannan 
these groups are arranged m blocks of consecutive D-mannopyranosyl units m the 
mam cham The block-type drsposltron of the D-galactopyranosyl groups m carob 
D-galacto-D-mannan, rather than a random dlstrrbutron, was considered better to 
explain the ablhty of the gum to interact wrth some polysaccharrde systems possessing 
a hrgh order of molecular assocrattonl * ’ 9 

In contrast to these proposals, McCleary, Matheson, and Small” suggested 
that the drstrrbutron of D-galactopyranosyl groups m carob D-galacto-D-mannan IS 
random This proposal was based on the structure of the ohgosaccharrdes produced 
on hydrolysrs of carob D-galacto-D-mannan with /3-D-mannanase from honey-locust 
seeds These compounds included an array of D-galactose-contammg D-manno- 
ohgosaccharides and a fraction having a high degree of polymerrzatron (dy) and 
contammg srgnrf?cantly less than 50% of D-gatactose Furthermore, from the rest&s 
of periodate oxrdatron of guaran (guar D-galacto-D-mannan), Hoffman et at 2o 
suggested that thrs polysaccharrde also has a random drstnbutton of D-gaIactopyrano- 
syl groups. 

The arm of the current work was to perform a detailed mvestlgatron of the 
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modes of actlon of three a-D-galactosldases and a /3-D-mannanase from Drlselase 
on a range of native and enzymlcally modified D-galacto-D-mannans, with a view 
to obtammg further mformatlon about the fine structures of these polysaccharldes 
Attempts have been made to relate the proposed fine structures of these D-galacto-D- 

mannans to then gelling interaction with xanthan gum 

EXPERIMENTAL 

Plant ntaterrals - Seeds of Hardenbet gra vlolacea, Cassra cor)wlbosa, Gledrtsta 

tr~acarltllos (honey locust), Cassla dldymobot~ ym, Delom I I egra, Dt acerra dt ace, 

Lwlsrona austrahs, and Al chorrtophoems cliIlIiItigIlalll[ana (bangalow palm) were 
obtamed from the Royal Botamc Gardens, Sydney Leucaena leucocepltala and 
Me&ago satzva (luceme) seeds were obtamed from Wright Stephenson and Co, 
Austraha Pty Ltd Cyamopsls tetragonoloba var. Groller seeds were obtamed from 
Mr J Doughton, Department of Primary Industries, Darwin Northern Territory, 
and Celaronra shqua (carob) seeds from Mr R Thompson, Department of Agrr- 
culture, Cowra, N S W 

Estractlon andprrrlfcatron of D-galacto-D-lnan~la~zs - All D-gaIacto-D-mannans 
studled were water-soluble and were extracted as previously descrlbedq except for 
soybean D-galacto-D-mannan, which was a generous gift from Prof G 0 Asplnall, 

York Umverslty, Ontario, Canada Yields of cold-water-solub1e D-galacto-o-mannan 
from Cassra drdynlobotryla, Leucaena leucocephala, Hardenbergra vlo/acea, and 

DeZoms regra were 18, 14, 12, and 19x, respectively, and hmltmg vlscoslty numbers 
920, 1040, 940, and 780, respectively Llmmng vlscoslty numbers were determmed 
with an Ubbelohde suspended-level vlscometer’ D-Mannans and D-gluco-D-mannans 
were extracted as previously described7 ‘I 

Ch-omatograpliv - T 1 c was performed on Merck DC-Alufohen Kleselgel 
60/&eselgur F254 (0 2 mm) or DC-Alufohen Kleselgel60 (0 2 mm) prepared plates, 
which were developed twice with 7 1 2 (v/v) I-propanol-ethanol-water Spots were 
detected by spraying with 5 % sulfuric acid m ethanol and heatmg to 110” Ol~go- 
saccharides were located by developmg marker strips, and then relative amounts 
determined by scraping the appropriate sectlons into tubes, extractmg with water, 
centnfugmg, and determmmg the carbohydrate content by the anthrone methodZ2 

For g 1 c determmatlon of carbohydrate components, D-galacto-D-mannan or 
ohgosacchande samples4 were hydrolyzed with acid, neutralized with barmm carbo- 
nate, and samples (5 mg) reduced with sodmm borohydnde, and acetylated23, g 1 c 
was performed as previously described I3 The galactose to mannose ratios of some 
D-g&iCtO-D-IIIannanS as determined by this techmque were shghtly different from 
the values previously obtained by a method employmg D-galactose dehydrogenase 
for D-galactose and anthrone for total carbohydrate determmatron” Determmatlon 

by g 1 c IS consldered to be more rehable and accurate 
Gehg lrlteractlon of D-g&CtO-D-mannanS Wdl Xa~l~hall - (a) Detel nllila~lOit 

wrtlz Braberzder AmyZograplz (Dulsburg) The D-galacto-D-mannan solution (200 mL, 
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002-02% w/ v wes added to the xanthan solution (200 mL, 0 2 o/0 w/v), heated to ) 
60”, blended with an Ultra-turrax instrument, cooled to loo, and then re-equlhbrated 
to 20 o The entlre solution was added to the Amylograph bowl, and expenments were 
performed with the 350-cmg cartridge at 80 r p m and 20” over a time span of 30 mm 

(6) Deternzinatron 1% rth Brookfield Synch o-lectrzc vzsconzeter The solutions 
were prepared as for the Amylograph studies The values were detennmed at 15” 
and 20 r p m at 30-set intervals over a period of 5 mm After 1 mm, readings were 
relatively constant and consequently the values reported are those obtained at 1 mm 
after swltchmg on the instrument The solutions used m both techniques were salt 
free and contained 0 1 ‘A (v/v) of formaldehyde as preservative 

(c) Deternzrnatzon by the test tube teclznrqrre The D-galacto-D-mannan solutions 
(5 mL, 001-O lx, / ) w v were added to xanthan solutions (5 mL, 0 02-O 1 ‘A w/v), 
each m 0 5&1 potassium chlorrde, heated to 60”, and mtxed The mixtures were cooled 
to 2O, shaken vigorously, and centrifuged (27 OOOg, 20 mm) m pre-welghed tubes 
The gels were washed twice by shakm g with 0 5,cr potassium chloride and recovered 
by centnfugatlon The volume occupied by the gel, after the third centrlfugatlon, was 
determined by welghmg, and the gel was resuspended m water and degraded with 
$-D-mannanase, and the carbohydrate content determined by the anthrone method” 
Based on these values, the concentration of carbohydrate per mL of gel volume was 
calculated 

Isoelectrrc focriszng of p’ otems - Isoelectric focusing was performed with the 
LKB Multlphor. Ampholmes were prepared by Mr A B Blakeney, N S W Dept 
Agnculture, Research Centre, Yanco, Austraha, using a slight modification of the 
techmque of Vmogradov et al 2q IsoeIectrlc focusmg gels were prepared according 
to Karlsson et al 25 

Staunrzg for cc-D-galactoszdase amrzty ztz polyacrylarnrde gels - The substrate 
solution was prepared by dlssolvmg l-naphthyl cr-D-ga~actopyranosIde (250 mg) 
(Koch-Light Laboratones Ltd , Colnbrook, SL3 OBZ Buckmghamshlre. England) 
m acetone (12 5 mL) with addmon of 0 5hi acetate buffer (pH 5, 12 5 mL), and it 
was stored at below 0” between uses The enzyme stain was prepared lmmedlately 
before use by addmg Fast Blue BB salt (20 mg) to a solution contammg the substrate 
solution (0 6 mL), 0 5~ acetate buffer (pH 5, 5 mL), and water (15 mL) The gels 
were incubated m the enzyme stain solution at 40”, and bands appeared within 10 mm 

Etzzynze Umts - Oae unit (kat) of @-D-mannanase actlvlty IS defined as the 
amount of enzyme that will release 1 mol of mannose reducmg-sugar eqmvalentZ6 
from soluble D-mannan at pH 5 and 40” m 1 s One umt (kat) of cr-D-galactoadase 
1s the amount of enzyme that will release 1 mol of p-mtrophenol from p-mtrophenyl 
a-D-galactopyranoside, or, 1 mol of galactose reducing-sugar from lucerne D-galacto- 
D-mannan, at pH 5 and 40” m 1 s 

Assay of &D-mamzalzase actmty - @-D-Mannanase was routmely assayed with 
RBB-carob galactomannan as substrate’ 7. 

Pzrrzjicatzotz of Drzsefase /T-D-mannanase - Dnselase (Kyowa, Hakko Kogyo 
Co Ltd , Japan) IS a commercial product prepared from culture solutions of Baszdlo- 
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mycefes sp fl-D-Mannanase was extracted by suspendmg the commercial flour 
(10 g) m 0 1~ Tns (200 mL, pH S), the suspension was centrifuged (20 OOOg, 15 mm), 
and the supematant solution was chllled to 2” and dialyzed agwnst lOm\r Tris 
(4 L, pH 8) for 16 h The dlalysls was performed under these condltlons to avold 
dIgestIon of the dlalysls sac by cellulase actlvlty This solution was chromatographed 
on DEAE-cellulose (2 5 x 15 cm, 2”) with an elutlon gradlent of 0-200mM potassium 
chloride In lOmh1 Trls (pH 8) The active fractions were concentrated by dlalysls 
agamst Poly(ethyleneglyco1) 4000 and then dralyzed against 0 1,~ acetate buffer 
@H 5) plus 0 5~ potassium chloride Ahquots of the /3-D-mannanase preparation 
(5 mL, 2 pkat) were applied to glucomannan-AH-Sepharose affimty columns (1 7 x 
15 cm) and chromatographed as previously descrlbed’l Columns of these dlmenslons 
effectively handled 2 pkat of enzyme activity and have been reused up to 8 times The 
active fractions eluted from the affinity columns were concentrated, dialyzed against 
distilled water, and stored frozen Ahquots were lyophlllzed and redissolved ln a 
mmlmum quantity of water for the determination of lsoelectrlc pomts by lsoelectnc 
focusing and for the determination of mol wts by SDS-polyacrylamlde gel dlsc- 
electrophoresls’ 8 

Purrficatron of a-D-galactosrdases - cc-D-Galactosidase A from lucerre was 
purified as previously described4 ” a-D-Galactosidase C was purified by chromatog- 
raphy on DEAE- and CM-cellulose and gel filtration on Sephadex G-100 The 
preparation was further purified by thin-layer gel lsoelectnc-focusing The gel was 
stained for a-D-gaIactosidase actlvlty, and the appropriate band removed, crushed, 
and extracted Last traces of /3-D-mannanase were removed by chromatography on 
D-@co-D-mannan-AH-Sepharose Coffee-bean cc-D-galactosidase was a commercial 
preparation obtained from Boehrmger (Mannhelm, Germany) This preparation 
was essentially devoid of /3-D-mannanase and fi-D-mannosidase actlvltles 

HJ drolyszs of D-galacto-D-tnannans by a-D-galactoszdase - For near-complete 
removal of D-gaIactosy1 groups from D-galacto-D-mannans, D-gaiacto-D-mannan (4 
mL, 0 1 ‘A w/v) was incubated with lucerne a-D-galactosidase A (0 2 mL, 20 nkat/mL 
on D-galacio-D-mannan) for 0 to 20 h Ahquots (0 2 mL m duplicate) were removed 
for the determmatlon of reducing activity and of released galactose, by the galactose 
dehydrogenase method4 The enzyme gave no increase m reducing actlvlty on in- 
cubation with mannan Lucerne galactomannan with a range of galactose content 
was obtamed by Incubating this polysaccharlde (5 mL, 0 5 Ok) with either a-D-galacto- 
sldase A or C from lucerne or coffee-bean ct-D-galactosidase (0 I-10 nkat on lucerne 
galactomannan) for 16 h 

HydroIysrs of D-galacto-D-tnannans by p-D-mannanase - Standard condltlons 
znvolved the mcubatlon of unbuffered galactomannan (20 mL, 0 5 %, w/v) with 
P-D-mannanase (2 mL, 0 2 pkat/mL on soluble mannan) for 0 to 18 h Ahquots 
(20-100 FL) were removed for measurement of reducing actlvltyZ6 Samples (2 mL) 
were heated to denature B-D-mannanase and lyophlhzed, and the volume readJusted 
to a 2% (w/v) concentration of carbohydrate Ahquots (20-30 /lL) were applied to 
t 1 c plates In some expenments, the high-d p material was precipitated by the 
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addltlon of 2 vol of ethanol tc this solution The preckpltate was washed with 66% 
(v/v) aqueous ethanol, and the washmgs were added to the ethanol-soluble matenal 

For the determmatlon of K, and V,,,,,, galactomannan, or msoluble or soluble 
mannan (1 0 mL, 0 01-O 4%, w/v) m acetate buffer (pH 5, 0 1~) was Incubated at 
40” with /?-D-mannanase (0 3 nkat on soluble mannan) for 0, 2, 5, and 10 mm The 
reaction was stopped by addltlon of p-hydroxybenzohydrazlde reagent solutlon26 
(5 mL), and the reducing activity determined 

Detet tmtzntrotz of the degt ees of h_vdro[vsw - The degree of hydrolysis of 
galactomannans by p-D-mannanase was cakulated as the amount of mannose 
reducing sugar equivalent per mL (p-hydroxybenzohydrazldemethod26) dlvlded 
by the total carbohydrate content per mL (anthrone method2’) expressed as a 
percentage The decree of hydrolysis of galactomannans by c+D-galactosrdase was 
calculated as the amount of galactose reducing sugar equivalent per mL (p-hydroxy- 
benzohydrazlde method26) dlvlded by the total carbohydrate per mL (an- 
throne2’) expressed as a percentage Absorbance values of equal amounts of galactose 
or mannose with the anthrone techmque were the same 

2 8 18 2 8 18, 2 8 18 2 8 18 St St 

Carob Guar Hardenb Leucaena 
Fig 1 T 1 c of the hydrolysis products ofgalactomannans by z-n-galactosldase plus B-D-mannanase 
ml\tures Ahquots (3 mL) of a solution contammg luceme r-D-gaiactosldase C (0 2 &at/mL on 
p-nttrophenyl z-D-galactopyranoslde) and /I?-D-mannanase B (0 1 Ichat/mL on soluble mannan) \\ere 
Incubated wth galactomannans From carob, guar, Hardetzber~ra, and Leucaetza (2 mL, 0 5%) 
Ahquots were remcved at 2, 8. and 18 h For chromatography 
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Hydrolysrs of D-galacto-D-marmans &y mrxtrrres of cc-D-galactosrdase plus /3-D- 

marznauase - To obtam mformatlon on the comparative structural features of the 

galactomannans studled, samples were Incubated with an excess of cc-D-galactosldase 
C plus /3-D-mannanase B from lucerne”*’ Ohgosacchandes produced on hydrolysis 

A B C lncubatlon time h 

Fig 2 Patterns obtamed m thm-layer polyacrylamrde gel lsoelectnc focusmg of cx-o-galactosldases 
A and C from luceme and coffee-bean a-o-galactos!dase The actlvlty was detected by srammg u Ith 
a solutlon of I-naphthyl m-o-gatactopyranoslde-Fast Blue BB (A) Coffee-bean a-o-gakzctosldase, 
(FS) lucerne a-D-galactosldase A, and (C) luceme rr-D-galactosldase C 

Fig 3 Hydrolysis of galactomannans by a-D-galactosldase A from luceme Galactomannan (4 mL, 
0 1 %, w/v) was Incubated with luceme a-I)-gaiactosldase A (4 nhat) on galactomannan for 0 to 20 h. 
The galactomannans hydrolyzed are those from lucerne (u), Lerrcaena /eucocepha/u CC), guar (0). 
C coryn~bosu (a), carob u), and bangalow palm (mannan) (Cl) 
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Fig 4 T 1 c of ohgosaccharldes produced on hydrolysis of luceme galactomannan, pre-hydrolyzed 
with coffee-bean and luceme a-D-galactosldase A, by Drxselase /3-o-mannanase Galactomannan 
(2mL, 0 5% w/v) was Incubated with Drlselase #?-o-mannanase (40 nhat) for 60 mm, and ahquots 
\+ere removed for chromatography (A) and (B), pre-treated with coffee-bean ?x-D-galactosldase, 
(C) to (G), pretreated with luceme z-D-galactosldase A The galactose to mannose ratios of pre- 
treated luceme galactomannan were (A) 44 56, (B) 30 70, (C) 43 57, (D) 37 63, (E) 33 67, (F) 21 79, 
and (G) 19 81, (St ) standard sugars 

of four galactomannans by these enzymes are shown m Fig 1 On extended mcubatlon, 
this enzyme mixture, which was devoid of j?-D-galactosldase and /3-D-mannosldase, 
completely reduced each of the ten native galactomannans studled to galactose, 

mannobtose, and mannotrtose w&h only traces of mannose. 

HJ~&o~~sw of D-galacto-D-mannam by u-D-ga~actosldases - Of the three 
enzyme preparations used, i e , a-D-galactosidases A and C from lucerne4 and coffee- 
bean z-D-galactosldase, only cc-D-galactosldase C from lucerne appeared as a smgle 
band of actlvlty on polyacrylamlde gel lsoelectrlc focusing (Fig 2) The relative rates 
and degrees of hydrolysis of five galactomannans by lucerne-seed U-D-galactosidase A 
are shown m Fig 3 The mltlal rates of hydrolysis of these and of galactomannans 
from five other legume sources (cf ExperImental sectlon), were slmllar In all cases, 
at least 90% of the D-galactosyl groups present m the galactomannan could be 
removed. and in most cases more than 95 y0 was removed In each case, this resulted 
In the formation of a white preclpltate of Insoluble mannan-type material. 
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The mode of actlon of a-D-galactosrdases on galactomannans was studled by 
mcubatmg the particular a-D-galactosrdase with a galactomannan highly substituted 
with D-galactosyl groups (I e , lUCeme g&tCtOmannan, 47 oA of D-galactose), to give 
various degrees of hydrolysis The U-D-galactosldase was then denatured, and free 

D-galactose removed by ethanol preclpitatlon of the remammg polysaccharlde These 
polysaccharlde fractions were hydrolyzed by Drlselase /J-D-mannanase, and the 
resultmg ohgosaccharldes quantltatlvely determmed and characterized The ohgo- 

saccharides produced when pre-hydrolysis was performed with coffee-bean X-D- 

galactosldase and lucerne cc-D-galactosldase A are shown m Fig 4 When pre- 
hydrolysis was performed with c+D-galactosrdase C from lucerne, slmllar hydrolysis 
products were obtained on mcubatlon of the resultmg polysaccharldes with P-D- 

mannanase The ohgosaccharldes produced were preparatively separated by paper 

chromatography, and then characterized by enzymlc hydrolysis with cr-D-galactosldase 
A from lucerne4 and with P-D-mannanase from Drlselase preparation The mono- 
saccharlde constituents were ldentlfied and quantltatlvely determmed by g I c of 

the aldltol acetatesI The ohgosaccharldes characterized Included mannoblose 
(Manz). mannotrlose (Man,), a trlsaccharlde w&h a Gal to Man ratlo of 1 2 

(GalMan,), mannotetraose (Man,), a tetrasaccharlde with a Gal to Man ratlo of 
1 3 (GalMan,), and a pentasaccharlde with a Gal to Man ratlo of 1 4 (GalMan,) 

Hydro1y.w of D-galacto-D-nrarlnatts by DI rselase /k+mannanase - (a) Pttrrfi- 

cation andpf oper ties of /l-D-nrannanase Drlselase P-D-mannanase was purified 120-fold 
from the crude extract with a final specific actlvlty on soluble mannan of 504 nkat/mg, 
with an overall recovery of 45 ‘A (Table I) This preparation was completely devoid of 
cc-D-galactosldase, j?-D-mannosldase, P-D-glucosldase, and cellulase actlvltles It did 
not bmd Irreversibly to the glucomannan-AH-Sepharose column”, but rather was 
retarded to various degrees, dependmg on both the amount of enzyme added and 
the prior use of the column (Fig 5) 

TABLE I 

PLfRfFICATION OF DRLSELASE /?-D-hfAhNAhASE= 

Stage of purtjicatrott ~+Otttl B-D- Spec Recorerv Purtficatrott 

CI Manttattase actt IV 
(pXat)b 

Per step 01Ziii I-folrl) 
(tXatiw) ( %) (%) 

Crude 3120 130 42 10 
Dialyzed (pH 8) 2000 13 0 65 100 100 16 
DEAE-cellulose (pH 8) 272 62 22 7 48 48 54 
Affimty chromatography= on 
glucomannan-AH-Sepharose 11 5 58 504 3 9-I 45 1200 

“From 10 g of commercial powder bWlth soluble mannan as substrate =Enzyme chromatographed 
In three separate lots of =2 {lkat through the glucomannan-AH-Sepharose affirm> column (1 7 x 
15 cm, pH 5,2” ) 
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Eiutlon volume ml 

Fig 5 Substrate-affimty chromatography of Dnselase j%D-mannanase on glucomannan-AH- 
Sepharose Drtselase /?-D-mannanase (4 mL, Zfchat) m 0 5~ KC1 plus 0 lhf acetate buffer (pH 5) 
was apphed to a column (1 7 x 15 cm) and eluted with the same soWIon /3-D-mannanase (e), 
a-D-galactosldase (O), proteln (u, and specific actlvlty (A) 

Drlselase /3-D-mannanase recovered from an affimty-chromatography column 

gave two mqor and a few very minor protem bands on tsoelectnc focusing All bands 
appeared to have enzyme actrvrty The two maJor bands with pI values of 5 0 and 5 5 
were quantrtatrvely extracted from gel slabs followmg separation, and were found to 
have propertres identical with those of the enzyme preparatron before rsoelectrrc 
focusmg The optrmal pH for actrvrty was pH 3 0, wrth half maxrmal actrvrtres at pH 
2 5 and 6 0 On storage for 18 h at 4”, the enzymes showed no loss m actrvrty m the 
pH range 4-10, but lost 50% of actrvtty at pH 2 5 On storage for 18 h at 40”, both 
enzymes were stable in the pH range 4-6, but showed a sharp drop m actrvrty at pH 
values above and below thus range On mcubatton for 30 mm at pH 5, the enzymes 
were stable over the temperature range 2-60” The temperature causmg a 50% loss 
of maximal activity was 64” Wrth an mcubaLon time of 5 mm, the temperature 
for maximal activity was 65” and the energy of actrvatron was 95 4 kJ/mol m the 
temperature range 20-30” In the temperature range 35-55”, the energy of actrvatron 
was 52 8 kJ/mol Both enzymes had a mol wt , as determined by sodmm dodecyl 
sulfate-polyacrylamtde gel disc-electrophoresrs”, of 53 000 On mcubatron of the 
two separated j?-D-mannanases (PI 5 0 and 5 5) and the whole preparation (before 
rsoelectrrc focusmg) with a range of galactomannans, each enzyme fraction was 
found to give the same degree of hydrolyses and products of hydrolyses, and to have 
the same Km for a given galactomannan For this reason, all the current studres on 
the mode of action of Drrselase /J-o-mannanase on galactomannans employed the 
whole enzyme preparatron recovered from an affinity-chromatography column of 
glucomannan-AH-Sepharose 
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lncubatron trme mln i 
Fig 6 Hydrolysis of galactomannans by Dnselase /3-D-mannanase Galactomannan (ZOmL, 0 5 %, 
w/v, unbuffered) was incubated with /3-D-mannanase (04 pkat on soluble mannan) The galacto- 
mannans hydrolyzed are those from carob (e), soybean (o), Hardenbergra vrolacea W, Lerrcaena 
lertcocephala ([7), and guar (A) 

(b) Mode of amon Drlselase j3-mannanase IS an e&o-hydrolase, which gtves a 

rapld decrease m the wscoslty of galactomannan solutions wth only a slow Increase 

m reducing sugar level The enzyme hydrolyzes bangaIow-palm mannan to D-manno- 
blase and D-mannotnose ImtialIy, only trace amounts of D-mannose are detectable, 
but with extended incubation, D-mannotnose IS hydrolyzed to D-mannobiose plus 

D-mannose Hydrolysis of D-gaIacto-D-mannans IS limited by the degree ofsubstltutron 
of the mannan backbone with D-galactopyranosyl groups Rates and degrees of 
hydrolysis of some galactomannans by this enzyme are shown In Fig 6 

Some parameters controlhng the kmetlcs of hydrolysis by Drlselase P-D- 

mannanase of a number of native galactomannans, and Iucerne galactomannan pre- 
hydrolyzed by cr-D-galactosidase, are presented III Table II As the galactose content 
of the polysaccharldes increases to 32%, no significant change m the K,,, or relative 
V mnx values IS observed However, as the galactose content approaches 34-38%, 
the K, values double, and the relative V,,, values decrease by 10-20 VA In general, 
the percent of hydrolysis by Dnselase /3-D-mannanase increases as the galactose 
contents of the galactomannans decrease The two exceptlons are for the galacto- 
mannans from soybean and Leucaerra leucocephaia, which are hydrolyzed to a 
greater degree than other galactomannans with slmllar galactose contents 

The amounts of the various ohgosacchandes produced on extended mcubatlon 
of carob galactomannan with Drlselase /I-D-mannanase have been determined after 
t 1 c separation, and are presented m Fig 7 Incubation of Drlselase P-D-mannanase 
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TABLE II 

PROPERTIES OF DRISELASE j?-D-hfANNANASE= 

Source of substrate Gal/Man 
ratlo 

&?I 

(%, +I rnhl* 

Relatrve Degree of 
V,CZ, It) drolysuc 
(nkatlmg) I %I 

Mannan 
Llrrstona aastrak 

Soluble 
Insoluble 

O/l00 0005 03 500 44 
OjlOO 0 11 65 500 44 

Galactomannans 
Carob 
Delom r regla 
Cassra dlciymoborr) la 
Cassza corJmbosa 
Honey locust 
Soybean 
Hardenbetgta r~olacea 
Leucaena ieacocepltala 
Guar 
Lucerne galactomannan. 
pre-treated with 
a-D-galactosldase” 

23177 0 03 14 987 31 
22178 003 14 987 32 
22178 003 14 987 32 
23177 003 14 987 31 
27173 0 03 14 987 24 
32168 0 03 14 987 23 
34166 006 24 901 17 
38162 007 27 868 16 
38162 0 15 57 818 6 

43157 008 28 868 7 
37163 006 16 919 10 
33167 003 12 987 19 
21179 007 10 957 32 
IQ/81 001 05 987 34 

s/95 0005 03 987 43 

aActlvlty determined on a range of galactomannans and on a mannan 6Expressed as MM of D- 

mannose residues (mol wt 162) m the polysaccharlde ‘On mcubatlon of galactomannan (20 mL, 
0 5 %, w/v) with p-D-mannanase (0 4 [chat) for 60 mm Calculated as the amount of mannose reducmg- 
sugar equlv dlvlded by the total carbohydrate content determmed by the anthrone reactlon, expressed 
as a percentage da-D-Galactosldase A from luceme 

wnh carob galactomannan was marked by a transrent mcrease and then decrease of the 
ohgosacchartdes Mans, GalMan,, and Man, Mannose, Man,, and GalMan, 
steadtly increased m amount with time of mcubatron The sugars produced on 
incubation of each of these ohgosaccharrdes wrth excess /J-D-mannanase are shown 
m Fig 8 Mannotrrose was hydrolyzed to Man, and Man, GalMan, to Man2 and 
GaIManz, and GalMan, to GalMan, and Man, Mannobtose and GalMan, were 
resrstant to further hydrolyses The mechamsm by whrch GalMan, was hydrolyzed 
to GalMan,, Manz, and a trace amount of D-mannose cannot be adequately explamed 
at thus stage The ohgosaccharrdes GalMan,, GalMan, and Man,, when reduced by 
sodmm borohydt-rde, were resrstant to further hydrolyses by B-D-mannanase The 
proportion of the high d p fractron, I e , that precipitated by 2 vol ofethanol, decreased 
raprdly from 100 oA to 8 oA m the first 60 mm of mcubatton, but then remamed relattvely 
constant (Fig 7) Changes m the galactose content of these fractrons from carob 
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lncubatmn time , mm 
674 24 30 31 ‘* 32 “5 

Degree of hydrolysis , % 

Fig 7 Ollgosaccharldes produced on extended mcubatlon of carob galactomannan with Dnselase 
P-D-mannanase Galactomannan (20 mL, 0 So/& w/v, unbuffered) was Incubated with 8-D-mannanase 
(0 4 ['hat on soluble mannan) Fractmns separated and quantkd were carbohydrate preclprtnted 
by 2 vol of ethanol (i-), matenal lmmoblle m t I c (61, GalMan (U), GalMan (IX), ManJ t.6). 
GalManz 0, Mans (0), Manz CO), and Man ( x) 

Raffinose 

Man3 

Gd.&Il* 

bab a-b &,b a b-a-b a St St -^% 

A‘ ZB c D - E F - 
-L_II-__._-__-- _ A_ - - i.. . .._L__L_ -- 

Fig 8. T 1 c of the hydrolysrs products of ohgosacchandes by Drlselase B-D-mannanase The 
ohgosaccharlde (0 1 mL, 2%, w/v) was mcubated with Dnselase /?-D-mannanase (40 nkat) for 18 h 
at 40” (A) Manz, (B) Man3 plus GalManz, (C) GalMans, 0) GalMans, (E) GalzMans, and 0 
mater& Immobde, (St ) standard sugars, (b) before hydrolysis, (a) after hycirolysls 
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TABLE 111 

~~LMXIONATION, BY ETHANOL PRECIPITATION, OF THE PRODUCrS OF HYDROLYSIS OF CAROB AND GIJAR 

GALACTOhfANhAhS BY DRISELASE b-D-MANNANASE= 

Galactomannan fttcttb ftme 

(mtttl 

Degree of CarbohJdr 
hydrolystb soltlbiec 

(%i (%I 

Carbohydr prectpttatedd 

% GallMan 
rat10 

CZlK& a 0 0 100 23177 
L 6 12 88 2517.5 
5 14 59 41 21173 

20 24 90 10 36164 
60 31 92 8 36164 

360 32 93 7 36164 
1200 35 93 7 36164 

Guar 0 0 0 100 38162 

3: 4 
180 2 

12 11 89 88 38/62 38162 
13 81 38162 

1200 7 13 87 38162 
2600 7 13 87 38162 

“The galactomannan (20 mL, 0 5% w/v) was Incubated with Drlselase B-D-mannanase (0 4 &at) 
for 0 to 26M) mm at 40” *See Footnote c, Table II =In 2 vol of ethanol dBy 2 vol of ethanol 

TABLE IV 

FRAcx-IONATION, BY ETHAhOL PRECrPTTATION, OF THE PRODUCTS OF HYDROLYSIS OF GALAffOhfANNAN.5 

WlTH DRISELASE /?-D-hIANNANASE= 

SordFce of 

galactomannart 
Natwe polysacchartde Ethanol-precrpuatad Ethanol-soluble 

Gall Man H>drol b (%I Gal/Man (%I Gal/Man 
ratto (%I ratio ratio 

Lucerne 
Guar 
Leucaena Ieucocephela 
Hardenbergla 1 rolacea 
Soybean 
Honey locust 
Cassra corymbosa 
Carob 
Cassta dtdyntobotryra 
Delont t regra 
Lucerne, prehydrolyzed 
with a-D-galactosldased 

47153 1 97 47153 3 c 

38162 7 87 38162 13 31169 
38162 16 50 42158 50 32168 
34166 17 58 38162 42 26174 
32168 23 12 42158 88 21/79 
27/73 21 17 35165 83 24176 
23177 34 11 34166 89 21179 
23/77 34 9 36164 91 21179 
U/78 35 4 4cwcJ 96 21179 
22178 35 6 35165 94 21179 

43157 7 86 45l55 14 33161 
37163 10 80 42158 20 29/71 
33161 19 33 41159 67 31169 
21179 32 6 42158 94 18/82 
19/Sl 34 1 42}58 99 19181 

aIncubatlons as described m footnote to Table III for 2600 mm *See footnote c, Table II =Not 
determmed &a-D-Galactosldase A from luceme 
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galactomannan and guar galactomannan are shown m Table III On extended RI- 

cubatron, the D-galactose to D-mannose ratlo of thrs hrgh-6 fractron from carob 

galactomannan hydrolyzate Increased from 23 77 to 36 64, whereas m guar gaiacto- 

mannan hydroIyzate, it remained relatively constant at 38 62 Thus, m each case, 

a high-&? fraction resIstant to B-D-mannanaseand contammgless than 50 0A of galactose 

persrsted These studies were extended to include a number of native galactomannans 

and lucerne galactomannan prehydrolyzed to various degrees by a-D-galactosldase 
The D-galactose to D-mannose ratios of the fractions preclpltated by 2 vok of ethanol 

foilowmg extended mcubatron of these galactomannans with Dnselase Q-D-mannanase 
are shown m Table IV Wrth the exception of luceme galactomannan, whrch has a 

hrgh mmal galactose content, m no case was the o-galactose to D-mannose ratio of 

any of these fractions found to Increase to - 1 1, as was prevrously found for slmllar 
fractrons produced on hydrolysis of a range of galactomannans by a /3-D-mannanase 

enzyme from Bacrlhs subth” 
Analps of the fine structure of D-galacto-D-mamam The fine structure of 

galactomannans has been studled by characterizmg and determmmg quantltatlvely 

the ohgosacchandes produced on hydrolysis of these polysacchandes by /?-D-manna- 
nase Smce the array of ohgosaccharldes produced IS a function of the ratlo of enzyme 
to carbohydrate, of the time of mcubatlon, and of the rncubatlon condltlons, these 
factors were carefully controlled For the analysis of the arrays of amounts of ohgo- 
saccharides produced, all galactomannans were hydrolyzed to a degree equal to 

L 14 8 

Leucoena 
38162 

. 

14 8 

Hardenberg 
34/66 - 

- ‘CQr Soybean r H LOCUST r C corymb 
s 
u 32 168 
,” 
C 60 - 

14 8 

27173 
. 

?-. C. c. 

14 8 
C d/dy 
22/ 78 

23/i’? 

Oelonfx 
22178 

. 

I\ . ,0=-O- 

14 8 
Fractions 

Fig 9 Ohgosacchandes produced on hydrolysis of a range of natrve galactomannans by Drrselase 
/I-D-mannanase Galactomannan (20 mL, 0 5 %, w/v, unbuffered) was Incubated with &6-D-mannanase 
(0 4pkat) for 60 mm The fractions are (I) Ethanol preclpltate, (2) Immobile m t 1 c , (3) GalMan+ 
(4) GalMana, (5) GaIManz, (6) Mans, (7) Man-, and (8) Man 
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Fractions 
Frg 10 Ohgosaccharrdes produced by Drtselase /?-o-mannanase, hydrolyses of luceme galacto- 
mannan, prehydrolyzed to vanous galactose contents wrth a-o-galactostdase Galactomannan 
(2 mL, 0.5>& w/v, unbuffered) was mcubated wtth P-D-marmanase (40 nkat) for 60 mm The fract.ons 
are (I) Ethanol prectpttate, (2) materral rmmobde m t 1 c , (3) GalMan?, (4) GalMans, (5) GalMan?, 
(6) Mans, (7) Man-, and (8) Man 

0 01 0.33 1 

I hours 11 

Soybean ieucaena ?_ - _ 2 
- - _-- - __- ____ --- I 

Fig 11 T 1 c of the hydroIysrs products of soybean and Leucaerta leucocephaala galactomannans 
by Drrselase ,B-o-mannanase Galactomannan (20 mL, 0 5%, w/v) was incubated wtth Drrselase P-D- 
mannanase (0 4 [tkat), and ahquots were removed at O-18 h for chromatography, (St ), standard 
sugars 
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point “A” m Fig 6, and the ohgosaccharldes were quantitatively determined after 

the separation The patterns of ohgosaccharldes produced on hydrolysis of ten native 
galactomannans and of lucerne galactomannan, prehydrolyzed to various degrees 
with a-D-galactosidase (Lucerne a-D-galactosidase A), are shown m Figs 9 and 10 
As the D-galactose content of the galactomannans decreases, an increased proportlon 
of low-dii ohgosaccharrdes IS observed In general, the patterns of amounts of ohgo- 
saccharides produced on hydrolysis of native galactomannans are slmllar to those 
produced from lucerne galactomannan, prehydrolyzed to sunlIar galactose content 
by a-D-galactosidase The low-d p ohgosaccharldes Include, m addition to mannoblose 
and mannotnose, significant quantities of the D-galactose-containing manno-ohgo- 
saccharides GalManz, GalManX, and GalMan 

The patterns for the hydrolyzates of galactomannans from Leucaetra lerrco- 

cephala and soybean seeds are different from those of other galactomannans with 
slmllar galactose contents Soybean-galactomannan hydrolyzate contams high levels of 
Man, and GalMan,, whereas the maJor low-d p ohgosaccharlde present m the 
hydrolyzate of Leucaena ieucocephala galactomannan IS GalMan Changes m the 
proportions of these ohgosaccharldes on extended mcubatlon with /3-D-mannanase 

are shown m Fig 11 At all stages of hydrolysis of Lerrcaerla ktrcocephala galacto- 
mannan, GalMan, was the maJor, low-d p ohgosaccharlde product 

The elutlon patterns of the carbohydrate components, obtained on chromato- 
graphy of these hydrolyzates on Sephadex G-25, are shown m Fig 12 The hydroly- 

Hardenbergla 

g r _ Honey locu.sf r Carob 

Leucaena 

2 : 
: 

1 L I 

I Ga: Man2 

0 ’ 
100 200 

FIN 12 Gel filtration on Sephadex G-25 of products of hydrolyses of galactomannans by Drlselase 
@-D-mannanase Galactomannan (20 mL, 0 5.%, w/ v, unbuffered) was Incubated with Dnselase 
8-D-mannanase (0 4 pkat) for 60 mm Ahquots [0 4 mL, 2 % (w/v) of carbohydrate1 were apphed to 
the column 
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TABLE V 

G-XLING INTEFtACXON OF GALACTOMANNANS WITH xANTHANa 

Source of galactomannan FIM~ cone (%) Carbohydrate (%) CarbohJdr 

Galacto- Xanthan As gel Soluble content 

mannan (mg/mL of &I 

Carob 005 001 0 100 00 
005 002 54 46 27 
005 003 62 38 35 
005 004 76 24 49 
00s 005 82 18 54 

004 0 05 84 16 53 
003 005 86 14 52 
002 005 90 10 51 
CO1 005 89 11 29 
0005 00s 70 30 18 

Leucaena lerrcocephala 005 005 62 38 23 
004 005 68 32 20 
003 005 67 33 17 
002 005 72 28 16 
001 0 05 64 36 12 

Cizssra car) mbosa 005 005 80 20 53 
Casta dldymobotrJ Ia 005 005 73 27 51 
Money locust 005 0 05 66 34 37 
Hardenbergla I lolacea 005 005 68 32 3-6 
Guar 005 005 0 100 00 
Lucerne 005 005 0 100 00 

*GaIactomaunan solutmns (0 01-O I%, wlv, 5 mL) were added to xanthan solutlons (0 02-O I %, w/v, 
5 mL1, each In 0 5~ KCI. heated to 60”, and mlxed These were cooled to 2”, shaken vigorously, 
and centrifuged (25 (IOOg, 20 mm) The gels were washed twice wJrh 0 5~ KC1 and recovered by 
centrlfugatlon The carbohydrate content per mL of get was determmed followmg centrfugatlon 

TABLE VI 

VE.COSll-Y OF GALACIOhtANNAhS AND GALACTOhfANhAh-XANTHAh SOLUnON5a 

Source of gaIactomannan Fmal cone ( %, H Jv,l vIsco.slty 
Gabctomannan Xanthan (mP0 s) 

00 02 330 
Carob 02 00 23 

01 01 4100 
005 01 4610 
004 01 4435 
0 02 01 3900 
001 01 1600 

GUal- 02 00 50 
01 01 1400 

Leucaena leucocephafa 02 00 25 
01 01 3800 

Walues determmed with a Brookfield Synchro-Lectnc vlscometer at 150, 20 r p m and at 1 mln 
after switching on The values were relatively constant with tune, up to 5 mm The solutions were 
salt-free and contamed 0 1% (v/v) of formaldehyde as preservative 
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increase, the amount of polysaccharrde m the gel complex decreases shghtly, untrl 
a D-gaiactose to D-mannose ratro of 19 31 (guar) IS reached. There IS also a decreased 
concentratron of carbohydrate per volume of gel as the D-galactose content Increases 
Wnh guar galactomannan, trace quantrtres of gel could be detected but could not be 
recovered by centrrfugatton Decrease m the concentration of carbohydrate per 
volume of gel on the mteractton of xanthan with galactomannans of mcreasmg 
D-galactose content was paralleled by the changes observed with decreasmg concentra- 
trons of carob galactomannan over the range 0 03-O 005% (w/v) m such mixtures 

Increases m vncoslty and geelhng interaction on mlxmg galactomannan and 
xanthan solutions (m the absence of added salt) were also studred by use of the 
Brookfield Synchro-Lectnc Vrscometer, and the results are shown m Table VI 
Although thus techmque dntmguehed between the mteractron of various galacto- 
mannans with xanthan, the vrscosrtres were not duectly reIated to the amount of 
galactomannan present m such mrxtures Thus, mrxtures contammg carob galacto- 
mannan (0 02%, w/v) plus xanthan (0 1 ‘?A, w/v) gave vlscoslty readmgs slmllar to 
those of mixtures contammg carob galactomannan (0 1%, w/v) plus xanthan (0 1% 
w/v). 

The most useful technique for studymg the mteractlon was found to be one 
based on the Brabender Amylograph The rest&s obtamed with a range of galacto- 
mannans and xanthan are shown m Fig 13 AII mixtures contamed 0 1% (w/v) of 
xanthan and 0 1 y0 (w/v) or less of galactomannan Xanthan alone, at a concentration 
of 0 1% (w/v). gave a low Amylograph viscosity, and galactomannans alone at the 
same concentration gave no reading However, mixtures of carob galactomannan 
and xanthan gave very high values As the concentratron of carob galactomannan 
m galactomannan-xanthan mixtures decreased from 0 075 to 0 01 oA (w/v), a pro- 
porttonate decrease m AmyIograph viscosity was observed An inverse relattonshlp 
between the D-galactose content of most gaiactomannans and therr interaction wrth 
xanthan gum was aIso apparent Thus, as the D-galactose content mcreased from 
23 oA (carob) to 48 0A (Iucerne), the degree of mteractlon decreased untrl no apparent 
gelhng-mteractron was observed with Lucerne galactomannan The one exception 
was the galactomannan from Lezrcaezza leucocep/zaia, which Interacted to a much 
greater degree with xanthan than would be expected on the basrs of Its D-galactose 
content (cf guar galactomannan with the same D-gaIactose content) This greater 
lnteractlon of Lezzcuerza Ieucocephala galactomannan with xanthan gum correlates 
wtth the greater degree of hydrolysis of the gaiactomannan by Drlselase &D-manna- 
nase 

DISCUSSION 

The complete hydrolyses of the galactomannans to D-galactose, D-mannobiose, 
and o-mannotnose by a nnxture of punfied lucerne-seed a-D-galactosrdase C and 
/I-D-mannanase B (Fig 1) mdrcates that aU the D-gaIactopyranosy1 groups are (r- 
hnked and that the D-mannopyranose restdues m the mannan backbone are essentr- 
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ally p-(1+4) Imked The presence of odd lmkages32 m the mannan backbone might 

be expected to result m the production of hrgher-dp manno-ohgosacchandes, ~5 htch 
were not m fact observed when a ratro of enzyme to galactomannan high enough to 

ensure the completton of these enzymrc reactmn was used These results are consrstent 
wtth the structures proposed for guar, carob, and luceme galactomannans, based 
on results obtamed by chemical techmques 33 Leucaetra lerrcocephala galactomannan _ 

has been reported32 to contam some major branch-pomts m the molecule, however, 
such a proposal IS not consistent wtth the productton of only galactose, mannobiose, 
and mannotnose on hydrolyses of this galactomannan by X-D-galactosldase plus 
D-D-mannanase (Ftg 1) 

It has been suggested ” ’ 6 that coffee-bean a-D-galactostdase removes ‘I-D- 
galactopyranosyl groups from the mannan backbone of galactomannans that are 
highly substituted with galactosyl groups, I e , lucerne galactomannan (GaI to Man 
ratio of 47 .53), in a sequential, “upper-hke” fashion For galactomannans wrth 
lower degrees of galactose substttution, it was proposed” I6 that the enzyme first 
removes Isolated a-D-galactopyranosyl groups, I e , those adJacent to unsubstftuted 
D-mannose residues, and then acts at the extremtttes of sections htghly substituted 
with galactosyl groups If such a proposttton were correct, it mtght be expected that 
the polysacchartdes recovered from such treatment would produce, on hydrolysis 
with j?-D-mannanase, mostly mannobtose and mannotrtose from the secttons un- 
substituted with galactosyl groups, and a high-dp, P-D-mannanase-resistant fraction 
contaimng approxtmately equal quantmes of galactose and mannose from the highly 
substttuted sections of the galactomannan Little, or no low-dp, galactose-contammg 
manno-olrgosacchandes would be produced However, m the current mvestigations 
the products released on /3-D-mannanase hydrolysis of lucerne galactomannan, pre- 
hydrolyzed to various degrees by cc-D-gaiactosidases from both lucerne and coffee- 
bean seeds, were found to mclude sigmficant quantntes of the galactose-containrng 
manno-ohgosacchandes GalMan,, GalMan, and GalMan, (Ftgs 4 and 10) Tlus 
result suggests that al1 three c&D-galactosrdases remove galactosyl groups m a random 
manner from the mannan backbones of galactomannans In support of this, the 
high-d p , p-D-mannanase-resistant fractions from these hydrolyzates did not contain 
approxrmately equal quantities of galactose and mannose, values for the galactose 
to mannose ratios were closer to 41 59-42 58 (Table IV) 

Mannans and galactomannans wtth low degrees of galactose substttutton were 
rapidly depolymertzed by Dnselase /?-D-mannanase The enzyme had a much greater 
affimty for soluble (K,,, 0 005 %, w/v) than for msoluble mannan (K,,, 0 11x, w/v) 
(Table II), however, at saturatmg levels of substrate V,,, values were the same 
The reason for the Y,,, values on both soluble and msoluble mannan to be only 
about half of those on galactomannans of low galactose content is not tmmedtately 
apparent It may posstbly be due to the Iower-6 of mannans compared to that of 
galactomannans 

On hydrolyses of Lertcaena lertcocephala, carob, and a number of other galacto- 
mannans by Dnselase /3-D-mannanase, the ohgosaccharide GalMan was produced m 
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significant quantities (Figs 7, 9, 10, and ll), therefore, this enzyme must be able 
to act at some pomts of smgle unsubstituted mannose residues m the galactomannan 
backbone However, smce the enzyme did not produce a high-d p fractron m which 
all mannose residues were substituted wrth galactosyl groups (Tables III and IV), rt 
was concluded that the enzyme could not hydrolyze at all pomts of smgle, unsubsti- 
tuted mannose residues Consequently, the requirements for hydrolysis of galacto- 
mannans by this enzyme are not the same as those proposed for other j&D-manna- 
nases13 I5 34. In general, /3-D-mannanases readily hydrolyze mannohexaose and 
mannopentaose 6 I2 35, but not mannotetraose or mannotriose, thus, it has been 
suggested13 that the hydrolysrs of galactomannans by /_LD-mannanase probably 
mvolves the recognmon of at least 5 or 6 neighbormg mannose residues in the 
mannan cham In a section of this length, the disposition of any gaIactosy1 group on 
either side of the mannan chain, as well as the distance between the groups, may affect 
the association between the cham and the enzyme In the extended conformation 
that galactomannans probably adopt m aqueous solution7*36, galactosyl groups 
separated by no, or by an even number of, mannose residues wouId he on opposite 
sides of the mam chain, and those separated by an odd number of mannose residues 
would he on the same side36 Thus, it IS suggested that Driseiase j?-D-mannanase can 
hydrolyze at points of single, unsubstituted mannose residues rf, and only if, all 
galactosyl groups m the vicuuty (I e , 2-3 mannose residues on either side) of the 
bond to be hydrolyzed are positioned on only one side of the mannan cham Thus, 
this enzyme can readily act at pomt “a” (Scheme I), but not act at pomts “b”, “c”, 
or “d”, owmg to steric hindrance associated with the disposition of galactosyl groups 
At present, it IS not known whether this enzyme preferentially hydrolyzes at point 
A or B in Scheme 1, although from structural considerations it might be proposed 
that hydrolysis at pomt B would be favored 

In a previous communicatron13, it was reported that a /?-D-mannanase from 
honey-locust seeds requires at least two contiguous, unsubstituted mannose residues 
at the point of scission for hydroIysis of galactomannan This proposal was based 
on the absence of the galactose-contammg trisacchande, GalMan,, m /3-D-mannanase 

a 

G = 0(-o-+6) lmked galaCtOsyl groups 
M=/8-D-Cl-4llinked mannose restdues 

Scheme 1 Proposed structural requirements for hydrolysis at smgle unsubstltuted D-mannose 
residues by Dnselase h-D-mannanase Hydrolysis occurs only at pomt “a” Stenc hmdrance due to 
the dlsposn-on of D-galactopyranosyl groups prevents or hmders hydrolysis at pomts “b”, “c”, and 

d” It IS not known whether the enzyme preferentially hydrolyzes at pomt A or B 
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hydrolyzates of carob galactomannan, as well as by the persrstence of a hrgh-dp 
fractron that contamed srgmficantly less than 50% of galactose Thus requrrement 
for hydrolysis of galactomannans by honey-locust P-D-mannanase differs from 
that now proposed for Driselase /?-D-mannanase The greater abrhty of Drrselase 
&D-mannanase to hydrolyze at points of single, unsubstituted mannose residues m 
galactomannans IS paralleled by rts kmetrcs of hydrolyses of hrghly substituted 

galactomannans For example, Drrselase j?-D-mannanase hydrolyzes guar galacto- 
mannan (38 % of Gal)at 83 “/, of the rate (V,,,) ofcarob galactomannan (23 % of Gal), 
whereas honey-locust j?-D-mannanase13 hydrolyzes guar galactomannan at only 
5% of the rate of carob galactomannan 

The usefulness of /3-D-mannanase n-r the analysis of the fine structures of 
galactomannans has been discussed by numerous researchers, but such studies have 
been performed by only one group I5 l6 The maJor reason for this has been the 

drfficultres assocrated wtth obtanung j?-D-mannanases devoid of mterfenng cc-~- 

galactosidase and B-D-mannosldase These drfficulttes have recently been overcome 
by the development of a sample and specrfic assay for b-D-mannanase employmg 
carob galactomannan dyed with Remazol Brrlhant Blue R” and the mtroduction of 
substrate-affinity chromatography for the purrficatron of thus enzyme” The commer- 
cial Dnselase preparation IS a convement source of /?-D-mannanasecontamtng 1 3 jlkat 
of activity on soluble /3-D-mannan per g of crude powder. 

In a study employing /3-D-mannanases from BacrJJus subtrlrs and legume seeds, 
rt has been suggested “Jo that the galactosyl groups in carob galactomannan occur 
m blocks along the mannan backbone However, m the present rnvestlgation, it has 
been found that the ohgosaccharides produced by hydrolysis of carob and other 
galactomannans of simrlar galactose to mannose ratios with Driselase B-D-mannanase 
include sigmficant quantities oflow-6, galactose-contaunngmanno-ohgosaccharides 
Thus mdrcates that m fact, the galactosyl groups are randomly drstnbuted Thus 
proposal IS supported by the findmg that in no instance did the galactose to mannose 
ratto of the high-d, B-D-mannanase-resistant fraction from galactomannans of 
low nutial galactose content mcreases to - I 1 (Table IV) 

The two galactomannans from soybean and Lelrcaena JeucocepJmZa appear, 
from the amounts of ohgosaccharides produced on fl-D-mannanase hydrolysis, to 
have fine structures drfferent from those of other galactomannans Both galacto- 
mannans are hydrolyzed by /3-D-mannanase to a degree greater than that of other 
garactomannans of similar galactose content Soybean-galactomannan hydrolyzate 
contains reIatively large quantities of the ohgosaccharides Man, and GalManz, 
with lesser amounts of Man, Lerxaena Ierccocepkala galactomannan hydrolyzate 
contains GalMan, as the maJor, low-d< product Thus ohgosaccharrde represents at 
least 25% of the total carbohydrates of the hydrolyzate Thus, It 1s concluded that 
large sectrons of Leucaerra Zeucocephala galactomannan consist of the repeating 
umt [(Gal+)Man+Man], and consequently, smce there IS unlikely to be any 
rotatron about the mannosyl+mannosyl glycosldic bond due to steric hmdrance36, 
that all galactosyl groups u-r these sections would be located on one side of the mannan 



228 B. V MCCLEARY 

chain Thrs inference, m view of the prevzously proposed requirements for hydrolyses 
of galactomaunans at single unsubstrtuted mannose residues by Driselase B-D- 

mannanase, IS consistent wrth the hrgh degree of hydrolysis of Leucaena Zeucocephala 
galactomannan, as compared to guar galactomannan, which has the same galactose 
content (z e , 38 %) (Table IV) 

It has been proposed” 37 tnat guar galactomannan has a umform distribution 
of galactosyl groups along the mannan backbone, being composed almost entirely 
of the repeatmg unit [(Gal-+)Man+Man], However, this gaIactomannan 1s 
hydrolyzed by Drzselase p-D-mannanase to a degree of only 6%, whereas similar 
sections m Leucaena Ieucocephala galactomannan appear to be quite susceptible 
to hydrolysis, releasing GalMan, as the major low-d ohgosacchande (Fig 11) 
Thus, it IS suggested that guar galactomannan has a galactose dzstrzbution that 1s 
u-regular to random This proposal 1s supported by the observation that low, 
but detectable, levels of each of the ohgosaccharrdes Man,, GalMan,, Man,, and 
GalMan, are produced on mcubatzon of this galactomannan with P-o-mannanase 

(Fig 9) 
Galactomannans interact strongly wrth a number of polysacchandes18*1g, one 

of these being an extracellular polysacchande from Xantlzomonas campestris, termed 
xanthanzg 3o Mixtures of xanthan and galactomannans with low galactose contents, 
e g , carob galactomannan, form gels at total carbohydrate concentrations as low as 
0 27; However, galactomannans with hrgher galactose contents, e g , guar gaIacto- 
mannan, show only a slight degree of mteraction with xanthan Thus, it has been 
proposed’ ’ 1 ’ that long sections of contiguous. unsubstituted mannose residues at 
the ‘fiunctron zones” are required for interaction of gaIactomannans with xanthan 
and other polysaccharzdes 

In the current mvestzgatzons, the results obtained are in agreement with those 
prevrously reportec! I8 2g 30. However, the degree of interaction of Leucaena leuco- 
cephala galactomannan wrth xanthan gum IS greater than would be expected on the 
basis on its galactose content (Tables V and VI, Fig 13) Some correlation between 
the relative degrees of mteractzon of Leucaena Zeucocephala and carob galacto- 
mannans with xanthan gum (Fig 13) and the relative degrees of hydrolysis by Drzselase 
p-D-mannanase seems apparent Thus, Leucaena galactomannan at 0 1 o/0 (w/v) interacts 
with xanthan gum to a degree approximately equal to that of carob galactomannan 
at 004% (w/v) (ze, 40% as effective, Fzg 13), and the ratio of the degrees of 
hydrolysis of Leucaena and carob galactomannans by Dnselase /3-D-mannanase IS 
approximately 16 31 (Table IV) From the ohgosaccharzdes produced by /I-D- 

mannanase hydrolyses of Leucaena Ieucocephala galactomannan, I e , low levels of 
mannobrose and mannotrzose and hzgh IeveIs of GalMan,, it IS apparent that this 
galactomannan does not contain long sections of contiguous unsubstrtuted mannose 
residues In fact, zt would seem that a sign&ant proportion of the chain (f 25 %) 
consists of the repeatmg unit [(GaI+)Man+Man], with the galactosyl groups m 
these sections positioned on one side of the mannan backbone Thus, zt 1s suggested 
that no long sections of contzguous, unsubstituted mannose residues at the “‘junctzon- 
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Scheme 2 Proposed structural requtrements m D-galacto-D-mannans for gelhng mteractlon with 
other polysacchandes (a) A model proposed for the mteractlon between chams of xanthan (X) and 
galactomannan (G) by Morris et al 1s (b) The current model proposed for the mteractton between 
chams of vanthan (X) and Leucaena Iemocephala galactomannan (L) 

zones”, as previously proposed” 31, are required for mteractron of galactomannans 
with xanthan gum Rather, It IS consldered that xanthan gum may also Interact with 

sectlons of the galactomannan where gaiactosyl groups are posrtloned on only one 
side of the mannan backbone (Scheme 2) Such a theory better explams the lower, 
but slgmficant, mteractron of xanthan gum with guargalactomannan3’ Guargalacto- 

mannan does not contam longsections of contiguous, unsubstltuted mannose residues, 
as shown by the very low levels of mannoblose and mannotrlose released on P-D- 

mannanase hydrolysis 
Dnselase /3-D-mannanase causes a raprd drop m AmyIograph vlscoslty of carob 

galactomannan-xanthan gum solutions, mdlcatmg that the chain length of the 

galactomannan IS crltical m the formatIon of the three-drmenslonai gel network 
Furthermore, carob galactomannan (0 Z %, w/v) in the presence and absence of 
xanthan gum (0 I%, w/v) IS hydrolyzed to apparently the same degree by P-D- 

mannanase, possibly suggestmg that only a very smaI1 proportlon of the unsubstltuted 
sectrons of carob galactomannan IS involved IR mteractlon with xanthan gum at 
the “Junction-zones” 
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