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ABSTRACT

Detailed studies have been performed on the solution and interaction properties of
guar and carob galactomannans modified by treatment with highly purified a-D-
galactosidase, endo-f-D-mannanase and e£xo-P-D-mannanase enzymes.
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INTRODUCTION

The commercially available galactomaunans are derived from the seed eundosperms of
carob (Ceratcnic siliqua), guar (Cyamopsis tetragonolobus) and to a lesser extent
tara (Caesalpinia spinosa) (Dea and Morrison, 1975; Neukom and Nittmer, 1980).
These galactomannans all give solutions of high viscosity at low polymer concen-
tration, but each has its own unique characteristics. Guar gum hydrates rapidly
in either hot or cold water, wliereas complete dissolution of carob galactomannan
requires cooking at elevated temperatures (Hui and MNeukom, 1964). Carob galacto-
mannan interacts strongly with a number of polysaccharides including agar, carra-
geenans and xanthan (Dea and Morrisom, 1975), and these interactions are exploited
commercially. The interesting and novel chemical and physical properties of other
galactomannans such as those from Caesalpinia spinosa (tara gum) and Leucaena
leucccephala seeds (McCleary, 1979a) are currently being realised.

The traditional source of galactomannan is from seeds of the carob tree which was
cultivated many centuries before the Christian era. The ancient Egvptians pre-
pared the strips with which they bound thelr mummies, using carob paste. Carob is
a native of Southeru Europe and the Near Fast and the best quality seeds come from
Siecily, where the trees were probably planted in the 16th-17th century.

Guar emerged as a commercial source of galactomannan in response to the limited

supply of carob ro the U.5.A. during World War II. The guar plant is native to

north-west India and Paklstan where it has been grown for thousands of years for
use as cattle fodder and as a green vegetable, World demand for guaxr gum has
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increased rapidly in recent years and 1s reaching a point where traditional
suppliers such as India, Pakistan and the U.S.A, ave hard pressed 1o meet the
demand, Consequently, considerable effort is being expended to develop guar as an
ecomomic agriculrural crop in other countries, including Australia.

Calactomannans are present in a wide range of legume seeds ip amounts varying from
0.1 to about 35% of seed wedght (Dea and Morrison, 1975). The viscosity angd
thickening properties of most of these galactomannans are similar to those of
carob and guar galactomannans. With the current shortage and high price of carob
seeds, the possibllicy of economically producing, from anorher seed source, a
galactomannan with similar scolution and interaction properrties to careb galacto~
mannan, becomes more atiractive. To some extent tara gum will help fill this
requirement. However, other legumes which produce a similar galactomannan may
prove economically viable, e.g. Crotalaria mucrongta and Caesalpinia vestearia.
Cagsalpinia vesicaria produces coplous quantities of seeds which contain 28.5%
galacromannan (galactose/mannose = 28:72). This galactomannan (limiting viscosity
number, 1330 mL/g) has similar solution properties to guar galactomannan, but
interacts with xanthan to an exrent Intermediare berween that of guar and taras
galactomannans (McCleary, unpublished data). Seshania carmmabina seeds contain
17.5% of a high viscosity galactomannan (limicing viscosity number, 1440 nml/g) but
the polymer has a high galactose content (39%) and the degree of interaction with
xanthan is low.

SOLUTION PROPERTIES OF GALACTOMANBANS

Carob and guar galactomannans have similar solution wisceositles, but differ
markedly in thelr ease of dissolution and in thelr interaction properties. The
limiting viscosity numbers derermined for dilute soluriong of guar and carob
galactomannans are alike i.e. 1330 and 1030 mL/g respectively (McCleary, Matheson
and Small, 1976). However, unlike carob galactomannan, gusr galactomannan has the
ability to hydrate rvapidly in cold water to produce highly viscous solutions. The
viscosities of 1Z solutione of guar and carob galactomannans, hydrated at 25°C,
are 4200 and 100 cps, respectively (Whistler and Hywowitz, 1979). The difficulties
experienced in the dissolution of carob galectomannan are believed te be due to
interchain associatrions which restrict hydration. These assccdiations occur at
reglons 1n the wannan backbone which are unsubstictuted or lightly substituted witch
galactose (Morris aud colleagues, 1977). More such regions are likely to be
present in cavob galactomannpan than In guar galacromannan, due to the lower
galactose content of the former polysaccharide i.e. the galactose/mannose ratlo of
caroh galactomannan is 23:77 and that of guar galactomanman is 38:62 (McCleary,
1979a).

INTERACTION PROPERTIES OF GALACTOMANNANS

Carob galactomannan interacts serongly with a number of polysaccharides including
agar, carvageenans and xanthan (Dea and Morrison, 1973). Gels are formed at
polymer concentrations as low as 0.1% w/v, Guar galactomannan alsc interacts with
these polysaccharides but to a wuch lesser extent than carcb galactomapnan,
resulting only in viscosity enbhancement.

Attenpts to explain the marked difference in interaction of carob and guar galacto-
mannans with other pelvsaccharides, bave Involved detailed investigations of the
"fine-structures” of these galactomannans. Initilal investigations employing X-ray
diffraction (Palmer and Ballantyne, 1950), chemical (Baker and Whistler, 1973) and
enzymic techniques (Courreis and Le Dizet, 1970) indicated that the galactose dis~
tribution along the D-maunan backbone of guar galactomannan was wniform i.e. a
galacrose substituent on every second mannosyl residue; and that in careb galacto~



Effect of Enzywmic¢ Medifieation on Galactomannauns 111

mannan the galactose was distributed in a block-type patrern l.e. blocks of the
D-mannan backbone that are totally (or almost totally) substicuted with siagle
galactopyranosyl groups, which are separated by regions of the D-mancan chain that
are essentially unsubstituced with galactose (Fig. 1). However, recent results
obtained using highly purified enzymes (McCleary, 1979a) and a range of chemical
and physical technlques including periodate oxidarion (Hoffman and colleagues,
1975), n.m.¢. (Grasdalen and Painter, 1980) and X-ray diffraction (Marchessault
and co-workers, 1979}, indicate that, in fact, the galactosyl residues in beth

guar and carob galactomannans are discributed in an irregular to random pattern
{Fig. 1.
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Fig. 1. Possible discribution patrerns of galactosyl residues along
the D-mannan backbone of galactomannans,

It is now generally accepred that agar, carrageenans and xanthan dnreract with
galactomannans at regions in the D-mannan backbone which are either unsubstituted
or lightly substituted with galactose. Recent research has also indicated thar
sections of the mannan backbone whieh are substituted on ouly one side with
galactose, can also interact wich xanthan (Fig. 2) (MeCleary, 1979a).

CALACTOMANNAN HYDROLYZING ENZYMES

A range of palactomannan degradling enzymes has been reported In the literature
(Dey, 1978). These include a-D-galactosidase, endo-p-D-mannanase {(f-D-mannanase),
zalactomannsnase (Whistler and colleagues, 19350), ¢xo-A-D-mannanase {(Lee, 1965),
f~D-mannosidase (Reese and Shibara, 1965), galactomannan depolymerase (Hylin and
Sawai, 1964) and oligo-f-D-mannosyl~{(l~&)~-phosphorylase. Whistler and co-workers
{1950) accurately predicted that the crude preparation of "galactomannanase” they
extracted from germinatling guar seeds contained two or wore guaran hydrolyzing
enzvnes. Lee (1965) showed that enzyme preparations from guar seeds contained
a-D-galactosidase, endo~f~D-mannanase and another enzyme described tentatively as
exo-g-D-mannanase., The galactomannan-depolymerase veported bv Hylin and Sawai
(1964} from seeds of Lewcaena leucocephala is thought to have consisted of a

nixture of B~D-mannanase, a-D-galactosidase and B~D-mannosidase {oy sxo-g-D-
mannanase).

In the current work, the effect of a-D-galactosidase, R-D-mannanase and exo-g-D-
mannanase on the solution and interaccion properties of galactomannans, was
studied. Each of the enzymes used was highly purified and devoid of interfering



i1z BE. B. McCleary and H, Neukow

enzyme activities.
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Fig. 2. Proposed structural requirements in galacromannans for
interaction with xanthan: (a) A model proposed for the
interaction between chains of xanthan (X) and galactomannan
(G) (Morris and colleagues, 1977). (b} A model proposed for
the interaction between chains of xanthan (X) and Leucaena
leucocephala galactomannan (L) (McCleary, 197%a).

endo-E~-D~Mannanase {(B~D-Mannapsse EC 3.2.1.78)

endo-f~D~Mannanase acts by random cleavage of the D-mannan chain, producing a
series of manno- and galacro-manno=oligosaccharides and giving a rapid viscosity
decrease (Dekker and Richards, 1976). Bydrolysis of galactomannans by this enzyme
is affected by the degree of galactose substiruvrion. Furthermore, f~D-mannanase
enzymes from different sources have different abilivies to cleave at peoints in the
mannan backbone which are highly substituted with galacrose (McCleary, 1979b).

Carob galactomannan interacts strongly with xanthan, resulting in gel formation ar
very low peolymer concentrations. The sites of Interaction in careb galactomannan
are the same regions which are most susceptible to hydrelysis by f-D-mannanase i.e.
those essentially upnsubstituted with galactose, However, as shown in Fig. 3, rhe
nresence of Xanthan has licttle effect in protecting carob galactomannan from hydro-
lysis by A-D-mannanase. This suggests that either only a very small proportion of
the available unsubstitured sections of the D-mannan backbone of carob galacto-
mannan are involved in interaction with xanthan at the "junction-zones", or alter-
natively that the interactlon is dynamic, such that once the polysaccharide

molecules separate the “galactose-poor” regions of carcob galactomannan are suscept-—
ible to f-D-mannanase atrack.

Some of the problems experienced in the use of guar gum may be due to the presence
of trace quantities of E-D-mannanase in the commercial flour or in the material
with which the flour is mixed. E-D-mannanase contamimation of guwar flour can

occur by wmicrobial infection of the seed or by de novo synthesis of the enzyme in
the seed. In seed production areas where high rainfall and humldity are experienced
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in the pre-harvest period, seed blackening occurs. A wide range of fungi, includ-
ing Aspergillus sp., Fusariwm sp. and Alternmaria sp. which oceur on, or in guar
seed {(Jalu and Patel, 1969) have been shown to be associated with severe cases of
sead blackening. Each of these fungi produces a wide range of hemicellulases,
including B-D-mannanase, Under the enviropmencal conditions just described, f=D-
mannanase may also be synthesized by the seed.
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Fig. 3. Effect of the presence of xanthan on the hydrolysis of carob
galactomannan by S-D-mannanase. Samples of carob galacto-
mannan (0.2 ml, 0.1%) vere mixed wich xanthan (&, 0.2 ml,
0.1%) or water (4 ) at 80°, stored at 4° and then equili-
brated ro 159 before addition of f~D-mannanase.

In certain gpplicsrions, the galactomarman viscosity~destroying propevties of B-D-
mannanase can be used to advantage. In the production of guar gum, a high proteln
meal {guar meal) 15 obtained as a by=-product (Whistler and Hymowitz, 1879).
However, thls meal contains significant amounts of guar gum due to Incomplete
separation of the seed endosperm from the proteinaceous cotvledonary material
during the willing process. 1If untveated guar meal is fed to monogascric animals
{pigs and poultry) the galactomannan "‘gels” in the intestipal tract resulting in
poor absorption of nutrients as well as either diarrhoea or sticky excrement,
Feeding trials with chickens have shown that this problem can be overcome by
supplementing guar wmeal with commercial enzyme preparations containing £-D-
mannanase. To minimize the cost of enzyme supplementation further research is
needed to optimize the levels of enzyme required, and to identify cthe best source
of a B-D-mannanase with the desired srability, pH activity and hydrolytic proper-
ties,

exo~p-D-Mannanase (EC 3.2,1,25)

This enzyme acts in an exo-fashion, removing single D-mannosyl residues from the

non-reducing end of manno-~polysaccharides and manno-oligosaccharides., AB-D-Manno~
oligosaccharides of a degree of polymerization greater than four are the preferred
substrates for the exo~B-D-manpanase from guar seeds (McCleary, unpublished data)}.
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Like most other sxo-polysaccharases, this enzyme is unable to cleave glycosidie
linkages beyond a branch point and thus it has negligible action on native galac-
ro-mannang, Incubation of high levels of this enzyme (20 nkat on manneopentaitel)
with carob galactomannan for two hours gave no detectable decrease in viscosicy
nor increase in reducing sugar level.

a~D~Galacrosidase (FC 3.2.1.22)

a-D~Galactosidase catalyses the random cleavage of (1+6)-a~-D-linked galactosyl
residues from Lhe D-mannen backbone of galactomanmans (McCleary, 197%a). In
current research it has been found that wo~D-galactosidases from lucerne and guar
seeds can remove essent{ally all of the Dw-galactosyl residues from a range of
galactomannans including those from guar, carcob and lucerne seeds.

The effect of pure a~D-galactosidase and f~D-mannanase on the solution viscosity
of carob galactomannan is shown in Fig. 4. Over the incubation period used (2
hours), a-D-~galactosidase (3.3 nkat on this substrate) removed 33% of the D=
galacrosyl residues from carob galactomannan with ne concomitant decreasc in
viscosity. However, even 0.0004 nkat of f-D-mannanase caused a significent dec~
rease in viscoslty over the same Incubation peried.
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Fig. 4. Effect of w~D-galactosidase and f-D-mannanase on the zolurion
viscosity of carob galactomannan (McCleary and colleagues,
1881). Carob galactomannan (15 ml, 0.1%) 4n 0.1 M acetate
buffer (pH 4.5) was ipcubated at 30° in an Ubbelohde
sugpended-level viscometer with either a~D-galacrosidase
(@) 3.3 nkat (on this substrate), or B-D-mamnanase, (0)
0.4 nkat or (&) 0,0004 nkat. During 65 min incubation, the
galactose content of carob galactomannan was diminished from
23 to 15% by 3.3 nkat of o-P-galactosidase.

The hydrolysis of guar and carob galactomanmans by a-D-galactosidase A from lucerne
seed is shown in Flg. 5. In this experiment essentially all the D-galactosyl
residues were removed aftrer a two hour incubation period, but there was only a
slight decrease in solution viscosity. The large viscosity decrease experienced
over the next four hours was due te an aligument of f~D-mannan~type polymers which
eventually formed particles latge enocugh fo be visible. The solution became dis-
tinctly turbid as a B-~D-mannan precipitate formed and settled from solution. The
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time requiréd for the formacion of this A-D-mannan precipitare was directly velated
to the concentration of pelysaccharide.
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Fig. 5. Effecec of galactose removal on the solurion viscosity and
solubility of galactomannans from guar (@), and carob (®).
CGalactomannan solution (17 mL, 0.1%Z) in 0.1 M acetate
buffer {(pH 4.5) was Incubated with lucerne o-D~galacto~
sidase 4 (6.2 nkat) in an Ubbelohde suspended-level
viscometer at 40°. Numbers represent the galactose confent
of the remaining polysaccharide. At point T, the solution
wag very turbid; at point P, a precipitate had formed.

The viscosity curves and limirting viscosity numbers of o-D-galactosidase treated
guar galactomannan samples, arve shown in Flg. 6. The removal of galactose from
guar galactomannan resulted in galactomannans which had higher limiting viscosity
numbers and steeper viscosity curves, But, 1f the viscosities were plotted agailust
the concentration of the "mannan-backbone” in these polymers, a single curve was
obtained, Independent of the galactose content. This indicares that the solution
viscogity of such galactomannans is totally dependent on the nature of the mannan
backbone. The galactose side groups play a2 very important role in determining the
ease with which galactomannans can be dissolved, but they do not affect the degree
of interaction between galactomannan molecules in dilute solutions {(assuming of
course that the galactose content is sufficlent to maintain solubility). Further-
more, the galactose side groups have no apparent effect on the conformation of
galactomannan molecules in dilute solutions,

The solution properties of rhe a-D-galactosidase modlfled galacromannans are
summmarised in Table 1. At concentrations of 0.4% w/v, solutions of galactomannans
with J-galactose contents ranging from 25 to 387 showed no tendency towavrds gel
formation or retrogradation on storage at 4”. However, those containing between
15 and 207 D-galactose formed gels on storage at 49 for 15 days. On storage for

a further 45 days the gels began to retvograde and became quicte opaque. Solutlons
of palactomannaus which contained less than 107 D-galactose were quite unstable at
309 or 4% and an insoluble mannan-type precipitate rapidly formed. Gel formation
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Fig. 6. Effect of galactose removal from guar galactomannan on
limiting viscosf{ty number. The galactose/mannose ratlos

of the polysaccharides are 38:62 (0), 32:68 (O), 27:73
(®), and 15: 85 (A),

TABLE 1 Effect of Galactose Content on the Solution
Properties of o-D-Galactosidase-Treated Guar

Galactomannan?
Galactose: Storage Storage temperature ’
; Freezing
mannose time
S Lo (days) 300 4° and thawing
38:62 to 25:75 1 S S S
20:80 to 15:85 1 S S G
15 S G G
60 ~ G/P G
Less than 10: 90 1 P P P

aGalactomannan solutiens (0.4%, salt free) were stored under
the described conditions and defined as totally soluble (S)
if there was no evidence of either gel formation (G) or
precipitate formation (P).

and retrogradation are dve to ordered, non-covalent associations between sections
of the galactomannans which are essentially unsubstituted with D-galactose. The
extent of this interaction is dependent on the D-galactose content of the galacto-
mannans, so that those samples containing 25-38% D-galactose have very few regions
which can enter into these associations, whereas those with 15 to 20% D-galactose
interact to form a three-dimensional gel network. Gel formation is due to an
aggregation of the essenrtially unsubstituted mannan regions in a regular ribbon-~
like conformarion, with the non-interacting "galactose-rich' regions serving te
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solubilise the network (Dea and Morrison, 1975). Galactomannans with less than
10% D-galactose have a large proportion of the mannan chain available for inter-
action but have insufficient "galactose rich" reglons to solubilise the network so
an insoluble precipitate forms. Interchain associations are induced by a freeze-
thaw treatment of galactomaunan solutions. Ice crystal formation progressively
raises the effective polymer concentration in the residual unfrozen solution and
thus promotes assoclation (Dea and Morrison, 1975). Thus, although solutions of
treated guar galactomannan of D-galactose content of 15-207% are quite stable on
storage at 4° for 24 hours, a freeze-thaw cycle vesults in gel-particle formation.
Carob galactomannan (237 galactose) behaves in a very similar way.

The effect of galactose removal from guar galactomannan on its degree of inter-
action with xanthan polysaccharide 1is shown in Fig, 7. As the D-galactose content
decreases the degree of interaction increases. Treated guar galactomannan with a
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Fig. 7. Gelling interactlons of galactomaumans with xanthan as
determined with a Brabender (Duisburg) Amylograph. Sample
A is xanthan (0.1%7 w/v) plus carob galactomannan {(0.1% w/v).
Samples B-F are xanthan (0.1% w/v) plus a-D-galactosidase-~
treated guar galactomannan (0.17% w/v) with galactose/mannose
ratios of B, 38:62 (native); C, 34:66; D, 29:71; E, 25:75
and F, 19:81.

D-galactose content of 19% interacts with xanthan to essentially the same degree

as carob galactomannan (23% D-galactose content), aund the galactose distribution

in both these galactomannans has been shown to be irregular to random. Consequent-—
ly, it would appear that the profound difference in the interaction of native guar
and carob galactomannans with xanthan can be explained simply in terms of their
different galactose/mannose ratios, A major difference in the fine-structures
(i,e. the distribution of galactosyl residues along the mannan backbone) of these
two galacromannans, as proposed by other workers, is not necessary to explain this
phenomenon.
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