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Abstract

The effects of water-soluble nonstarch polysaccharides (sNSP) on human metabolism are considered to be beneficial because they

decrease postprandial glycaemia and insulinaemia following ingestion of starch-rich foods. The mechanisms by which sNSP attenuate the

postprandial rise in blood glucose are not well understood but their presence increases the viscosity of gastrointestinal contents, which affects

physiological functions, e.g. gastric emptying and peristalsis. Increased viscosity and decreased water activity during hydrothermal treatment

of starch could influence a-amylase action. Using guar galactomannan as a representative of sNSP, we found that galactomannan has a direct

noncompetitive inhibitory effect on a-amylase with a Ki value of approximately 0.5% (3.3 AM). The inhibition is not time dependent and

studies suggest direct binding of the enzyme to galactomannan; the resulting galactomannan–amylase complex being inactive. Processing of

starch at low water levels greatly affects the catalytic efficiency of a-amylase. The Km value for starch heat treated in limited water is raised

and kcat is lowered relative to starch gelatinised in excess water. Since galactomannan has no effect on the Km of a-amylase, we conclude that

the inhibitory action of the polymer is not secondary to a decrease in available water. Neither does it seem to be a consequence of impaired

diffusion of enzyme, substrate and products because of an increase in viscosity of the medium. Thus, the effects of sNSP in lowering

postprandial glycaemia not only involve modifications of gut physiology, but also include direct inhibition of the first stage in the

biochemical degradation of starch. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dietary nonstarch polysaccharides (NSP) are major con-

stituents of dietary fibre, which is a generic term to describe

indigestible substances mainly derived from the cell walls of

plant foods [1]. Thus, the term dietary fibre is usually

defined physiologically as the edible portions of plants that

are resistant to digestion and absorption in the human small

intestine [2,3]. Water-soluble NSP (sNSP) such as legume

galactomannans and cereal h-glucans can result in the

formation of viscous solutions in the gastrointestinal tract

and delay the absorption of nutrients, e.g. glucose, in the

small intestine [4–7]. The effects of sNSP on human

metabolism are considered to be largely beneficial in that

they decrease postprandial glycaemia and insulinaemia [8–

11] and lower the fasting level of plasma cholesterol, mainly

the low-density lipoprotein fraction [12–14]. One potential

application of sNSP, therefore, is in the prevention and

treatment of metabolic disorders. For example, guar gum,

a galactomannan-rich legume flour, has received consider-

able attention as an oral antidiabetic agent in the treatment

of mainly type 2 (noninsulin-dependent) diabetes [12,15–

18].

Guar gum is derived from the seed endosperm of the

Indian cluster bean (Cyamopsis tetragonoloba (L.) Taub)

[18]. One of the important properties of guar gum is that it

can be easily dispersed in water to form viscous solutions.

This property is exploited commercially; for example, it is

used in the food industry as a stabiliser and thickening agent

in a wide variety of foods, usually at concentrations of less

than 1% [19,20]. The viscosifying action of guar gum is

attributed to its galactomannan content, which in commer-

cial preparations is usually greater than 80% of the gum
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weight [20]. Guar galactomannan consists of an essentially

linear h-D-(1! 4) mannose backbone with irregular sub-

stituted a-D-(1! 6)-linked galactose side groups that results

in increased solubility of the polysaccharide [20,21]. The

molar ratio of galactose to mannose varies slightly with the

seed origin, but is approximately 0.56–0.68 [20,21].

The mechanism by which sNSP delays the absorption of

glucose, and thus attenuates the postprandial rise in blood

glucose, is not well understood [6,7,20]. One reason for

this is that many of the preparations rich in sNSP that have

been used in previous studies are poorly characterised in

terms of their molecular weight and solution properties [20].

Guar galactomannan has been well characterised, however,

and is therefore a useful model polysaccharide in experi-

ments designed to elucidate the biological action of sNSP

[6,20].

The blood glucose lowering effect of guar and similar

sNSP observed in acute studies seems to depend mainly on

the capacity of the polymer to increase the viscosity of

gastric and upper intestinal contents [4–6,20–23]. The

increase in viscosity can affect gastric function (e.g. empty-

ing and sieving) and inhibit propulsive and mixing effects

generated by peristalsis [20,22,24,25]. Under these condi-

tions, therefore, where interactions between substrates and

digestive enzymes are less frequent, not only is there likely

to be a decrease in the rate of digestion of starch by a-

amylase, but the products of amylolysis (e.g. maltose, a-

limit dextrins) will almost certainly be presented to the

mucosa at a slower rate [5,6,20,26]. Evidence of a direct

inhibitory effect of guar galactomannan on a-amylase is

lacking, however. In a limited study conducted some years

ago [27], guar galactomannan was found to inhibit com-

petitively both maltase and dipeptidase activities of intesti-

nal everted sacs. The inhibition disappeared, however, when

intestinal homogenates were used as the source of the

enzymes. Given the different specificity requirements of

the maltase and dipeptidase and that the various kinetic

parameters were influenced by the rate of stirring of reaction

mixtures, the authors of the study concluded that ‘simple’

competitive inhibition was unlikely and that effects on the

viscosity of the medium were probably responsible for the

inhibition.

In one study, we reported a decrease in the in vitro starch

digestibility rate of wheat bread containing guar galacto-

mannan compared with a control bread when incubated with

porcine pancreatic a-amylase [26]. In the same study,

microscopical examination of digesta removed from the

jejunum of pigs fed guar-containing wheat bread revealed

that the wheat starch granules were coated with a layer of

galactomannan. We concluded from this that guar gum may

act at the level of the food matrix as a physical barrier

during starch digestion as a result of the galactomannan

forming a layer around starch granules, which could then

shield the latter from enzyme attack. In vivo, such ‘barrier’

effects would be in addition to viscosity-induced hindrance

to bulk mixing, propulsion and nutrient diffusion and be

expected to contribute to the blood glucose lowering action

of guar.

Pancreatic a-amylase is critically involved in the initial

stage of starch digestion and so we have been studying the

kinetics of amylolysis [28] in seeking mechanistic explan-

ations for the differences in the glycaemic index [18,20] of

different starch-rich foods containing isoglucidic amounts of

available glucose. In this paper, we report on the effects of

guar galactomannan on some properties of a-amylase as

part of our on-going study of seeking a molecular basis for

variations in the digestibility of various native and hydro-

thermally treated starches.

2. Materials and methods

2.1. Reagents

Purified wheat starch with a moisture content of 9.1F
0.06% and normal (nonwaxy) rice starch with a moisture

content of 11.2F 0.02% were obtained from RHM

Research Ltd. (High Wycombe, Bucks, UK) and Cairn

Chemical Ltd. (Chesham, Bucks. UK), respectively. Other

physicochemical characteristics are listed in a previous

publication [28]. A standard food grade of guar gum

containing galactomannan of medium molecular weight

(M90 Meyprogat) was obtained from Rhodia Food (for-

merly Meyhall Chemical Company AG, Kreuzlingen, Swit-

zerland). Galactomannan was purified from the guar gum by

a modification of the original method of Girhammer and

Nair [29] developed in our laboratory for the extraction of a

polysaccharide from a traditional plant food [30]. The guar

galactomannan was extracted and purified using the method

described previously [31]. This includes a maceration step

after extraction of lipid with ethanol, enzyme digestion to

remove starch and protein followed by ethanol precipitation

of the polymer. The final step in the procedure involves

freeze-drying to obtain a solid product. The purification

results in a preparation that is completely free of hydrolytic

enzymes and other proteins and that have improved hydra-

tion properties. The purification also improved binding of

the polymer to plastic ELISA plates. The galactomannan

content of the purified guar was determined using a modi-

fied procedure [31] of the method described by Englyst et

al. [32]. The purity of the galactomannan was very high at

93.5% (w/w) galactomannan on a wet weight basis (mois-

ture content of 5.6%). The galactose/mannose ratio of the

polymer was 0.66 and its average molecular weight, es-

timated from measurements of intrinsic viscosity [30],

was 1.2� 106. Porcine pancreatic a-amylase (type 1 and

claimed to be free of any contaminating proteins) and

various antibodies were obtained from the Sigma Chemical

Co. (Poole, Dorset, UK). The amylase preparation has

approximately 1000 units of activity/mg protein (with a

range, as stated by the supplier, of 700–1400 units depend-

ent on the particular batch) where one unit is defined by the
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manufacturer as releasing 1 mg maltose per 3 min from

starch. The molecular weight of the enzyme is 56000.

General laboratory chemicals were purchased from BDH

Laboratory Supplies (Poole, Dorset, UK) and were the best

grades available.

2.2. Determination of the amylose content of starches

For amylose estimation, 0.1 ml of a 1% suspension of

starch was solubilised in 95% dimethylsulphoxide by heat-

ing for 15 min at 100 jC and then added to 5 ml of 0.5% (v/

v) trichloracetic acid and mixed. A 50 Al volume of 0.01 N

I2–KI solution was added followed by immediate mixing.

The colour was allowed to develop over 30 min and the

absorbance at 620 nm was then determined [28]. The

amylose concentration was calculated by multiplying the

absorbance values, suitably corrected for dilution factors, by

45.8 as recommended by Chrastil [33]. The percentage

amylose content of the starches was 27.5 and 16.1 for wheat

and rice, respectively.

2.2.1. Preparation of polysaccharide suspensions

Wheat and rice starches were suspended in PBS at pH

7.4 and treated exactly as described by Slaughter et al. [28].

Such suspensions represent conditions in which water is in

excess. To simulate the low moisture conditions used in the

preparation of many starchy food products, distilled water

was added accurately and with continuous gentle stirring, to

native wheat starch in the proportion of 0.4 ml/g starch. The

suspensions were heated in open (to allow evaporation) or

sealed (to prevent evaporation) containers in an air oven at

100 jC for 20 min with constant mixing. The samples were

then cooled for 5 min in an incubator at 37 jC before being

diluted in PBS to provide the range of substrate concen-

trations required for the experiments. The moisture contents

of the samples were determined immediately by a routine

oven-drying method (16 h at 103 jC) for duplicate samples

[34], before dilution in PBS. The water content was 10%

and 40% (w/w), respectively, for samples that had been

open or sealed during the initial oven heating process at 100

jC. In every case, suspensions were prepared fresh for each

experiment and ranged in concentration from 0.05% to 1.0%

according to experiment.

Guar galactomannan solutions were prepared in PBS at

double the required final concentration (0.075–1.2%

according to experiment) and allowed to hydrate for at least

18 h at room temperature (20 jC). This extended hydration

procedure was found to decrease the proportion of insoluble

material compared with shorter hydration periods used by

other workers [31,32].

For wheat starch–galactomannan mixtures, suspensions

of starch and galactomannan solutions were mixed in equal

quantities and transferred to 100 ml conical flasks. The flasks

were sealed with a glass marble to reduce loss by evaporation

and agitated gently by swirling for 20 min either at room

temperature or in a water bath at 100 jC (F 1jC).

2.3. Assay of starch hydrolysis catalysed by porcine pan-

creatic amylase

Aliquots (3 ml) of the wheat starch or wheat starch–

galactomannan mixtures were transferred to 6 ml Falcon

tubes placed in a rotating table to provide end-over-end

mixing in an incubator at 37 jC. After 30 min, 10 Al of an
a-amylase solution in PBS containing 0.1 mg/ml BSA was

added to the tubes. At 30-s intervals up to 10.5 min, aliquots

of 0.2 ml were removed from each reaction tube and

immediately microfuged to sediment undigested starch and

other polysaccharides. The supernatant was then transferred

to a clean microfuge tube and placed in boiling water to

inactivate the enzyme. The samples were then frozen for

later analysis of reducing sugar. The reaction mixtures

usually contained 0.033 units/ml (0.5–0.9 nM enzyme),

but for some experiments in which the effect of galacto-

mannan was being studied, the amount of enzyme in the

assay reaction mixture was increased to 0.33 units/ml (5–9

nM). The quantity of enzyme used in each case is given in

the legends to the respective tables and figures. Preliminary

experiments established that prior mixing of the enzyme

with galactomannan for timed periods did not affect the

degree of inhibition. One unit, as defined by the suppliers,

will liberate 1 mg of maltose from starch in 3 min. This unit

does not accord with recommended practice and so catalytic

activities in our experiments were expressed as micromolar

of maltose formed per minute. Our units can be converted to

nanokatal by multiplying by a factor of 0.05 [28].

2.4. Determination of reducing sugar

Reducing sugar released during amylolysis was deter-

mined using the extremely sensitive Prussian Blue assay

used in our previous studies [28] by reference to a standard

curve obtained with maltose up to a concentration of 10 AM.

Maltose was used as the reference sugar because it is a main

source of reducing equivalents in the reaction products.

Also, it has been customary for very many years to express

amylase activity in terms of the rate of release of maltose

both in the scientific literature and by commercial suppliers

of the enzyme.

When galactomannan was present in reaction mixtures,

the method proved unsuitable, however, because the poly-

saccharide seems to become partially hydrolysed during the

procedure required for colour development and the released

reducing sugars result in high blank readings. In preliminary

experiments, attempts were made to remove galactomannan

prior to colour development by precipitation with ethanol

but this proved unreliable. Thus, reducing sugar was esti-

mated in guar-containing mixtures and in nonguar controls

by the 3,5,-dinitrosalicylic acid (DNS) method. Because this

method is much less sensitive than the Prussian Blue one,

the enzyme concentration in the assays for certain experi-

ments had to be increased accordingly (see above), but high

blank values were avoided. The 200 Al sample taken from
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the reaction mixture was diluted to 250 Al with PBS and

combined with 125 Al of 3 M NaOH, 125 Al water and 500

Al of DNS solution [35] and vortexed. The tubes were then

placed in boiling water for 10 min exactly and then allowed

to cool to room temperature before the addition of 5 ml of

water. The absorbance was measured at 530 nm after

standing for 1 h at room temperature. Mixtures containing

known concentrations of maltose up to 3 mM were used to

prepare standard curves from which the concentration of

maltose produced in the enzyme reactions could be calcu-

lated.

2.5. Microscopy

Samples of wheat starch and wheat starch–galacto-

mannan mixtures were examined by normal and polarised

light microscopy. For electron microscopy, native polysac-

charide samples were mounted on aluminium microscopy

stubs using sticky tabs. For samples that had received the

heat treatments described above, approximately 150 Al was
pipetted onto the stub and after settlement of the solid

material, excess fluid was removed from the surface. The

stub was then plunged into dichlorodifluoromethane (Freon)

cooled in liquid nitrogen [36] and placed in a freeze drier

overnight to freeze the starch directly onto the aluminium

stub. The stubs were then sputter coated with gold before

being examined and photographed using a Philips 501 B

Scanning Electron Microscope (SEM).

2.6. Binding studies

Water was preheated to approximately 45 jC and puri-

fied guar galactomannan was gently added, with continuous

stirring, in small quantities to provide a concentration range

up to and including 1% by weight in the final solution (i.e.,

corresponding to 0.94% galactomannan when allowing for

the moisture content of the starting material). The mixtures

were heated to 80 jC approximately for 5 min and then

allowed to cool to room temperature with stirring main-

tained throughout. Sufficient water was then added to bring

the concentration of galactomannan to that required for the

experiments and to allow complete hydration.

To the wells of a Dynatech Immulon (polycarbonate) or a

Falcon (PVC) microtitre plate was added 200 Al of the

galactomannan solutions to produce a range of amounts of

polymer across the plate. Control wells contained 200 Al of
water. The different plastics used in their manufacture affect

the hydrophilicity of the plates and it was hoped that

adherence of the polysaccharide would be favoured by

one or other of the plastics. The plate was dried by placing

it for 6 h in a fan-assisted oven at 70 jC. The plate was then
blocked by overnight treatment at room temperature with

200 Al 1% BSA (w/v) dissolved in PBS containing 0.05%

(v/v) Tween 20 (PBST) added to each well. The plate was

kept in a damp box. The wells were emptied and washed

three times with the PBST solution and then kept at 37 jC

for approximately 40 min to allow the wells to dry. a-

Amylase was diluted in PBST to give a concentration of

approximately 0.03 mg protein/ml and then a 200 Al aliquot
was added to each well, i.e., approximately 6.6 units of

activity per well. The plate was allowed to stand in a damp

box for 3 h at 4 jC and then washed once with PBST

followed by drying. Any a-amylase bound within the wells

was detected by a conventional ELISA technique using

rabbit anti-human a-amylase (which is known from the

manufacturer’s report to cross-react with porcine enzyme)

followed by alkaline phosphatase-conjugated goat anti-rab-

bit IgG. Alkaline phosphatase activity was detected by

addition of a 1 mg/ml solution of p-nitrophenyl phosphate

dissolved in 0.1 M diethanolamine–HCl buffer pH 9.0. For

control purposes, i.e., to detect nonspecific binding of the

antibodies, wells were set up that contained all the reactants

except for either a-amylase or the primary antibody. No

reaction was detected in the absence of amylase or the

primary antibody.

Post-assay, the plates were stained with 0.1% (w/v)

Toluidine Blue, which is a nonspecific stain used for

identifying polysaccharide gums [26], to test for the pres-

ence of galactomannan bound into the wells.

2.7. Analysis of kinetic data

Weighted nonlinear regression fits to the Michaelis–

Menten equation [37] of reaction rates measured at different

substrate concentrations was used to determine the kinetic

parameters. A similar treatment was applied to the inhibition

data.

3. Results

Light microscopic examination under polarized light

(results not shown) of hydrothermally treated (100 jC)
mixtures revealed that when the galactomannan accounted

for one-third of the total solids in the original preheated

mixture (i.e., 1 g starch plus 0.5 g galactomannan per 100

ml), gelatinisation of the starch was incomplete. This con-

clusion was based on the finding that there was retention of

birefringence by some of the starch granules. Also, material

leached from granules during treatment appeared to be

distributed fairly evenly throughout the sample. Based on

previous knowledge and experimental findings, the bulk of

the leached material is assumed to be amylose [28,38].

Granule remnants rich in amylopectin were also visible.

When viewed by polarised light, birefringent ‘B’ granules

could be seen; an indication that some of the starch granules

had not gelatinised, perhaps because the hydrophilic gal-

actomannan had restricted the availability of water for starch

swelling. SEM pictures of native starch and of granules

heated at 100 jC under limited and excess moisture con-

ditions are shown in Fig. 1. Granules heated in excess

moisture were fully gelatinised, as expected. When the
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moisture content was 10%, the starch granules appeared to

be largely intact although slightly distorted perhaps. At 40%

moisture, heating resulted in some swollen and deformed

granules that seemed to lack the disrupted appearance

characteristic of fully gelatinised starch shown in Fig. 1B.

Some fully gelatinised material was also present, however.

When the enzyme was acting on 1% (w/v) native starch,

a significant effect of galactomannan on the hydrolysis rate

could be demonstrated at concentrations of polymer in

excess of 1%. These reaction mixtures were viscous and

difficult to pipette accurately. In addition, mixing of the

reactants during the assays by continuous rotation was not

very effective and so detailed kinetic experiments under

conditions of high viscosity were not attempted. In kinetic

experiments where the effect of 0.5% galactomannan was

tested on amylase acting on a range of concentrations of

gelatinised wheat starch, an inhibitory action was demon-

strated. Km was not affected significantly by the presence of

guar, but kcat/Km decreased by 33% (Table 1). Such action

would normally be interpreted as a noncompetitive effect of

guar galactomannan on starch hydrolysis. Fig. 2 shows a

Hanes (S vs. S/v) plot of data obtained with wheat starch

thermally treated in the presence of galactomannan and it

can be seen that the pattern of inhibition is classically

noncompetitive. Treating the data as such allows calculation

of a Ki value for galactomannan of approximately 0.5%

when it is present in heat-treated mixtures of wheat starch

and galactomannan in excess water.

Fig. 3 shows Dixon (1/v vs. I) plots of some data

obtained for the inhibition by galactomannan of amylase

acting on native and gelatinised nonwaxy rice starch. This

kind of plot is useful for detection of multiple modes of

inhibition; deviation from linearity suggests complex behav-

iour. We chose to examine the inhibition phenomena using a

starch that differed from wheat in physical characteristics

and amylose content [28]. By so doing, we thought that we

Fig. 1. SEM micrographs of native wheat starch granules and of samples heated at 100 jC. (A) Native starch granules; (B) after heating in excess moisture (i.e.,

fully gelatinised); (C) after heating in an open container, which resulted in a final moisture content of 10% (w/w); (D) after heating in a closed container, which

resulted in a final moisture content of 40% (w/w). All of the figures are of identical magnification and the bar in D represents 10.6 Am.

Table 1

Kinetic parameters for porcine pancreatic a-amylase acting on wheat starch substrates

Substrate Vmax (AM min�1) Km (%) kcat (min�1�105) kcat/Km (� 105)

Native starch 11.03F 1.11 0.51F 0.08 0.14F 0.016 0.27F 0.029

Gelatinised starch 136.7F 3.6 0.13F 0.00 1.66F 0.051 12.51F 0.30

Low moisture (10%) 12.97F 0.78 1.29F 0.09 0.16F 0.01 0.12F 0.00

Low moisture (40%) 72.4F 3.02 1.92F 0.10 0.89F 0.04 0.46F 0.00

Heat-treated starch/galactomannana 61.63F 1.9 0.09F 0.01 0.76F 0.02 8.44F 0.65

The low moisture samples were obtained by heating at 100 jC (in the presence of 0.4 ml water/g starch) in open or sealed containers, which resulted in final

moisture contents of 10% and 40%, respectively. Fully gelatinised samples were obtained by heating starch at 100 jC for 20 min in excess water. The

galactomannan–starch mixture was treated in the same way as the fully gelatinised. The parameters were determined from assay mixtures containing 0.033

units/ml amylase.
a The DNS method for reducing sugar was used here.
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could gain some information about whether the inhibition of

amylase activity is attributable mainly to starch–galacto-

mannan interaction [26] rather than an effect on the enzyme

itself. In contrast to the experiments with wheat starch,

described above, the galactomannan was not included in

suspensions of rice starch undergoing gelatinisation but

was added to the assay mixtures just before initiation of

the reaction by the addition of amylase. The Dixon plots

are essentially linear and therefore suggestive of a single

mode of interaction with the enzyme. The Ki values, cal-

culated by a weighted fit of the data, were 0.37F 0.1% and

0.53F 0.2% for native and gelatinised, respectively, i.e., not

significantly different from each other and essentially iden-

tical to the value obtained for galactomannan acting on

wheat starch. The plots intersect on the negative x-axis and

are indicative of noncompetitive inhibition irrespective of

whether native or gelatinised starch is used as the substrate.

No evidence was obtained in preliminary experiments to

suggest that the onset of inhibition is time dependent and so

any galactomannan–amylase interaction must occur rela-

tively rapidly.

The water content of starch suspensions greatly affects

the kinetic properties of a-amylase. As shown in Table 1, at

low moisture contents, the Km for starch hydrolysis is

increased by a factor of 2.5- to 4-fold relative to native

starch suspended in excess water. For starch with 10%

moisture, Vmax is low relative to fully gelatinised wheat

starch, but when the moisture content was 40%, Vmax was

53% of the fully gelatinised value. A comparison with

gelatinised starch is made because the heating protocol

during the production of the starch suspensions of low

moisture content was comparable with the method used

for gelatinising starch in excess water. Catalytic efficiency

as expressed by kcat/Km ratios indicates that starch heated in

conditions of limited water is a poorer substrate than fully

gelatinised starch, but does not differ widely from native

starch. Thus, a rise in Km is partially compensated by a rise

in Vmax. It is noteworthy that the kcat/Km value for starch

gelatinised in excess moisture, but in the presence of

galactomannan, is much greater than the values for starch

in limited water (Table 1).

Fig. 4 shows the results of a binding experiment using

two types of ELISA plate. As the quantity of galactomannan

bound to the wells increases, the absorbance at 405 nm

originating from the release of p-nitrophenol catalysed by

the alkaline phosphatase–anti-IgG conjugate also increases.

The increase is not linear with the polymer content of the

wells, but appears to show a threshold phenomenon such

that binding of amylase increases very sharply between 0.3

and 0.6 mg of galactomannan to reach a plateau between 0.6

and 1 mg. It must be stressed, however, that the polymer

contents described in the figure are the amounts originally

added into the wells, but because of the relatively low

adhesion of galactomannan to the plastic, much of the

polymer seems to be lost during the washing stages of the

ELISA. A lack of firm adhesion of galactomannan was

evident with both types of plates tested. Therefore, unless at

least 0.5 mg is added to the wells initially, an insufficient

amount remains after the washings to permit detection of

galactomannan–amylase interaction. Staining with Tolui-

dine Blue subsequent to the ELISA assay confirmed that a

strong staining for galactomannan occurred only in those

wells that had registered a strong alkaline phosphatase

Fig. 2. Hanes (S/v against S) plot of galactomannan inhibition of a-amylase

action on gelatinised wheat starch. Galactomannan was present at

concentrations of 0 (.); and 0.5% (5). Gelatinised starch and gelatinised

starch–galactomannan mixtures were added to reaction tubes to provide a

range of starch concentrations in the presence of galactomannan at a fixed

concentration of 0.5%. The assays were initiated by the addition of 0.033

units/ml enzyme and initial rates were determined from samples taken at 2-

min intervals. The plots are visual fits but the Km values calculated by

nonlinear regression fitting to the Michaelis –Menten equation were

0.134F 0.042% and 0.083F 0.18% for starch alone and (starch + guar),

respectively. The equivalent values for Vmax were 135.6F 13.3 and

65F 3.8 AM min� 1.

Fig. 3. Dixon (1/v against I) plot for galactomannan inhibition a-amylase

action on native and gelatinised normal rice starch. Native starch at 0.3%

concentration (n); native starch at 0.15% concentration (E); gelatinised

starch at 0.3% concentration (4); gelatinised starch at 0.15% concentration

(.). Galactomannan was added to the reaction mixtures to achieve the

required concentrations. The reaction mixtures contained 0.33 units of en-

zyme activity. All values on the y-axis for the gelatinised samples have been

multiplied by a factor of 10 for ease of plotting all the data within one set of

axes. The lines through the data points are a visual fit to a common intercept

on the x-axis at � 0.4, but Ki values for galactomannan quoted in the text of

the paper were obtained by weighted regression using weights of v4 [37].
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signal. Thus, although it can be concluded that a-amylase

binds to galactomannan, reliable calculations of binding

affinities and/or estimates of the binding density, i.e., the

moles of amylase bound per mole of galactomannan, cannot

be made from our data.

4. Discussion

In our experiments, among the factors that can be

considered to have an influence on the catalytic efficiency

of a-amylase are (a) the physical access of the starch to the

enzyme, (b) the availability of water needed for the hydrol-

ysis of the glycosidic linkages in starch, (c) lowered rates of

diffusion of substrate, enzyme and products because of a

relatively high viscosity of the reaction medium (galacto-

mannan and starch) and (d) nonproductive binding of

amylase to galactomannan. Each of these factors is not

necessarily unrelated to one or more of the others.

The kinetic data reveal that Km values are not affected

significantly by the presence of galactomannan and suggest

that starch–amylase interaction is not compromised by the

presence of this polymer. Studies in vivo have demonstrated

that guar gum can become attached to the surface of starch

granules [26], but the lack of effect on Km and a lack of time

dependency of inhibition implies that there are still suffi-

cient unmasked attack sites on the granule where amylase

can act. The existence of a significant physical barrier to the

enzyme resulting from the galactomannan–starch interac-

tion therefore appears unlikely under the conditions selected

for our experiments.

Galactomannan acts as a noncompetitive inhibitor of a-

amylase, i.e., Km is unaffected by the presence of the

polymer but kcat and hence kcat/Km are decreased. A fall in

kcat could result from decreased water availability and/or

lowered rates of diffusion of products. The diffusion of

reactants and hydrolysis products may be influenced by a

change in the rheology of the incubation mixture since

galactomannan increases the viscosity of water markedly

at relatively low polymer concentrations (0.5–1.0%, w/w).

In fact, a reaction mixture containing both galactomannan

and starch will be much more viscous than a solution

containing starch only [31]. Rheological measurements of

the critical overlap concentration (Ccr), which is the point at

which the viscosity increases dramatically with increase in

concentration of the solute [39], show that this occurs at

0.24% approximately in solutions of galactomannan (molec-

ular weight of 1.3 million). The corresponding concentra-

tion (Ccr) for galactomannan–starch mixtures is expected to

be lower than this, i.e., at the lower end of the range of

mixtures used in our experiments. Because the Km value is

unaffected by galactomannan, it can be argued that viscosity

effects are of little significance in our studies. To place this

argument in enzyme kinetic terms, it is worth remembering

that the ‘on constant’ (kon) for substrate–enzyme binding

appears as a term in the denominator of expressions for Km.

The rate constant (kon) is very dependent on the collision

rate of the enzyme and substrate and is expected to decrease

with a rise in viscosity of the medium. A fall in kon would be

likely to produce a rise in Km; something that is not seen in

our guar experiments. Thus, diffusion per se does not seem

to account for the actions of galactomannan on amylase

action. As part of a previous study of factors influencing

gastric lipase activity, it was shown that increased viscosity

induced by guar gum had no affect on catalytic activity

unless the assay was continued for sufficient time to allow

the build-up of product [40]. It has also been shown that

diffusion of Na + ions is not affected by increased viscosity

generated by guar gum [23]. Therefore, it seems reasonable

to conclude that the diffusion of the product maltose, a

relatively small molecule and a well recognised inhibitor of

amylase, would be little affected by the presence of galacto-

mannan at the concentrations used in our experiments.

The raised Km for starch heated in low moisture con-

ditions seems to point to the importance of water avail-

ability. Although starch granules become swollen, they are

rendered less favourable for amylolysis, which suggests

adoption of a more ordered and thus resistant structure.

With a water content of 40%, a rise in kcat begins to

compensate for the unfavourable Km and therefore catalytic

efficiency is improved relative to native starch. Neverthe-

less, the catalytic efficiency remains low compared with

fully gelatinised starch. That the Km values for both native

and gelatinised starch are unaffected by the presence of

galactomannan can be interpreted as evidence that the action

of this polymer cannot be fully explained by assuming that it

limits the availability of water.

Noncompetitive inhibition could result from absorption

of a-amylase to galactomannan. A region on the enzyme

[28,41,42] could possess some affinity for NSP. Direct

Fig. 4. Direct binding of a-amylase to galactomannan. The figure shows the

results of single, but typical experiments using the Dynatech (polycar-

bonate) plate (o) and a Falcon (PVC) plate (5). Enzyme that became

bound to the polymer was detected by using an antibody directed against

human pancreatic a-amylase followed by alkaline phosphatase-conjugated

anti-rabbit IgG. The phosphatase activity was monitored using p-nitro-

phenyl phosphate as substrate.
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binding of amylase to galactomannan has been demonstra-

ted in our experiments although the affinity could not be

determined. Previous studies of inhibition of a-amylase by

polysaccharides have demonstrated that the system is not

simple. For example, cyclodextrins can inhibit in a com-

petitive mode or a noncompetitive one according to whether

the substrate is amylose or maltopentaose [43], and the

authors of this report suggest that cyclodextrin binds at a

secondary site that is accessible only after maltopentaose

becomes bound to the active site. Whether the putative site

for cyclodextrin is relevant to our findings with galacto-

mannan is unknown and calls for further study.

The Ki value of galactomannan (0.32–0.5%) calculated

assuming classical noncompetitive inhibition, and which

therefore represents a dissociation constant, is almost iden-

tical with the Km value for amylase acting on native wheat

starch [28]. With an average molecular weight of 1.2� 106,

however, a 0.4% solution of galactomannan represents a

concentration of approximately 3.3 AM, which is about two

orders of magnitude greater than the Km for the enzyme

acting on potato amylose [43]. Thus, although galacto-

mannan seems relatively potent as an inhibitor, its affinity

for a-amylase is low compared with a starch substrate.

We conclude that the effects of guar gum in lowering

postprandial glycaemia and insulinaemia not only involve

actions on gut physiology as outlined in the Introduction,

but also include a direct inhibition of the first stage in the

biochemical degradation of starch, i.e., amylolysis
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