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Abstract—The location in the seed, molecular properties and biological role of protein a-amylase inhibitors from
wheat are discussed. Inhibition specificity of albumin inhibitors and structural features essential for interaction with
inhibited amylases are also examined. The possible significance of these naturally occurring inhibitors in relation to
their presence in foods in active form is described. Finally, genetic aspects of the albumin inhibitor production and the
possibility of improving nutritional value and insect resistance of wheat by increasing albumin inhibitor content through

breeding are outlined.

INTRODUCTION

Alpha-amylase inhibitors naturally occurring in plants
or produced by microorganisms can be either low MW
compounds or macromolecules. Low MW inhibitors
include salicylic acid [1], abscisic acid [2,3], the
antibiotic  nojirimycin  (5-amino-5-deoxy-D-gluco-
pyranose) [4], a peptide-like compound [5] and an
oligosaccharide with MW 1500 produced by certain
strains of Streptomyces [6]. A number of oligo- and poly-
saccharidic derivatives with MW in the range 500-8000
very active in inhibiting a-amylases are produced by
several Ampullariellaand Actinoplanesspecies[7]. Among
the high MW inhibitors there are enzyme inactivators
[8~11] as well as highly specific protein inhibitors. Alpha-
amylase inhibitors of a protein nature are present not
only in wheat, but also in other genetically related
(Secale cereale [12] and Avena sativa [13]) and unrelated
(Phaseolus vulgaris [14], Colocasia esculenta [15] and
Mangifera indica [16]) species. Two short reviews on
a-amylase inhibitors from plants have been published in
1975 [17, 18].

In this review on protein a-amylase inhibitors from
wheat, which have received more attention than any
other amylase inhibitor, we try to elucidate the general
significance of these naturally occurring inhibitors and
the implications of their presence in foods.

Detection and assay

As will be discussed later, the inhibition of a-amylase
by protein inhibitors from wheat is a time-dependent
reaction. Therefore, it is necessary to preincubate
a-amylase and inhibitor, before addition of starch, to
observe maximal inhibition. Amylase activity remaining
after preincubation has been determined by a variety
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of methods based on the increase of reducing sugars
[19, 20] or decrease in iodine staining power [21]. A
semiquantitative screening method on starch—agar gel for
detecting a-amylase inhibitors in biological materials
has been described by Fossum and Whitaker [22].
Finally, the Bernfeld’s dinitrosalicylate method has been
adapted for the automated continuous assay of protein
IaEz-a.anylasc inhibitors in column effluent by Vittozzi et al.
23].

The experimental conditions for the inhibitor assay
(such as temperature, pH, ionic strength) have been some-
what arbitrarily chosen, although optimal conditions for
enzyme activity have been preferred when they were
known. In many instances inhibition activity has been
expressed in units based on the amount of inhibitor which
inhibits a certain percentage (usually 50%; or less) of a
fixed amount of a-amylase.

Distribution within the plant

Up to now protein a-amylase inhibitors have been
found only in the kernel. Since 1946 Kneen and Sandstedt
[24], who first described an a-amylase inhibitor from
wheat [25], reported that most of the inhibitor is located
in the endosperm. This observation has been confirmed
by microscopic studies [26] and by the assay of inhibitor
contents in different milling fractions [18]. The linear
relationship observed between inhibitor and starch
contents of different wheat milling fractions indicates
that the inhibitors are closely associated with starch
and are probably endospermic in nature. The production
of wheat inhibitors with kernel development was followed
qualitatively by Sandstedt and Beckord [26] and quanti-
tatively by Pace et al. [27]. The inhibitor production
starts about 8 days after fertilization and rapidly increases
with maturation up to a maximum reached at the full
maturity. The inhibitor content rapidly decreases after
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Table 1. Specificities of protein inhibitors from wheat towards a-amylases from different sources
Inhibitor
of Kneen
Source of et al. Aml Aml Inhibitor I Inhibitor I 0.19 0.28
a-amylase [24] [30] [30] [31] [31] [33] [33]
Mammalian (human saliva) + - + + nd + -
Avian (chicken pancreas) nd nd nd + + + -
Insect (yellow mealworm) + + + nd nd + +
Plant (wheat kernel) - - - nd nd - -
Fungal (Aspergillus oryzae) - - - nd nd - -
Bacterial (Bacillus subtilis) - - - nd nd - -

+ indicates inhibition; ~ indicates no inhibition; nd not determined.

germination ;nodetectable amount ofinhibitors was found
in roots and coleoptiles from germinated seeds [27].

Albumin inhibitors

Early studies on the a-amylase inhibitor from wheat
flour carried out by Kneen et al. [ 24, 25,28, 29] established
its protein nature. The inhibitor, extracted from flour with
water or aqueous ethanol and precipitated by ammonium
sulphate or ethanol, was readily inactivated upon treat-
ment with pepsin and ficin. Moreover, it was non-dialyz-
able and highly sensitive to the action of a number of
oxidizing and reducing agents. It is now well established
that the inhibitor preparations used in this work con-
tained a mixture of protein inhibitors. Recently,
Shainkin and Birk [30] isolated two protein inhibitors
(coded AmI;, and Aml)) from an aqueous extract of
wheat l(erneil by ammonium sulphate fractionation and
ion-exchange column chromatography. Aml, and Aml,
were electrophoretically homogeneous and differed in
their specificity towards a-amylases from different origins
(Table 1), in MWs and amino acid compositions (Table
2). By submitting a water extract from wheat flour to
DEAE-Sephadex column chromatography, Saunders
and Lang [31] isolated two amylase inhibitors (coded I
and II) which showed identical MW and inhibitory

Table 2. Amino acid compositions (mol %) of several amylase
inhibitors purified from wheat (recalculated where appropriate)

activity, but different electrophoretic mobility. An inhibi-
tor coded 0.19 from its gel electrophoretic mobility was
isolated from a typical albumin preparation from wheat
flour by means of DEAE-chromatography and prepara-
tive electrophoresis on polyacrylamide gel by Silano and
co-workers [32-34]. An a-amylase inhibitor, very likely
identical to 0.19, has been very recently purified from a
water extract of whole wheat flour by means of alcohol
fractionation, ion-exchange chromatography and gel
filtration by O’Donnel and McGeeney [35].

Aml,, inhibitor I, and 0.19 showed similar inhibition
patterns (Table 1), almost identical amino acid composi-
tions (Table 2) and MWs all close to 25000. The very
close similarities observed among these three inhibitors
cannot be explained assuming that the same protein had
been isolated independently in different Laboratories.
Saunders and Lang [31] showed by means of direct
comparison that inhibitor I, 0.19 and inhibitor II have
all different electrophoretic mobilities. Moreover, the
isoelectric point of Aml, was much higher than that of
0.19. These data, along with the findings concerning crude
wheat inhibitor preparations [35-37], indicate the exis-
tence of several related forms of wheat proteins capable of
inhibiting mammalian, insect and other a-amylases.
This possibility was confirmed by Deponte et al. [ 38] who
submitted to gel filtration on a Sephadex G-100 column the
albumins extracted from wheat flour with0.15M NaCl and
purified by salting out with ammonium sulphate between
0.4 and 1.8 M. Three albumin fractions with apparent
MWs 60000, 24000 and 12000 (51, 40 and 9% of the

ibi Aml 0.28 0.19 Aml, InhibitorI . . X
II{;?;?;:& [30]‘ [33] [32] [3012 [31] loadefl albumin, respectlve_ly) were obtained. When
submitted to polyacrylamide gel electrophoresis at
Amino acid PH 8.5, the albumin fraction with MW 24000 was highly
Lys 52 5.0 2.6 25 28 heterogeneous and ten anodic components (the main of
His trace  trace L6 14 1.4 which was the 0.19 inhibitor) were clearly evident. All
Arg 6.5 6.4 5.6 6.6 54 these components were active in inhibiting human
Asp 78 7.5 39 6.1 64 salivary and Tenebrio molitor L. x-amylases. Moreover,
Thr 19 27 29 27 28 rio. [ L. a-amy Vi ;
Ser 72 73 63 54 67 they showed very similar amino acid compositions and
Pro 90 76 73 8.2 7.7 As it had already been shown for the 0.19 inhibitor [33],
Gly 9.1 7.8 84 84 104 all the components of the albumin fraction with MW
Ala 9.1 78 134 134 149 24000 reversibly dissociated in the presence of guanidine
3Cys 5.7 82 6.1 6.9 33 hydrochloride or sodium dodecyl sulphate into two
Val 122 108 74 72 84 subunits with MW very close to 13000 [38]. Deponte
%‘ld:‘ %:2’ fg %2 gg ;; et al. [}8] concluded that most of the components of the
Leu 8.0 82 83 82 8.4 albumin fraction with MW 24000 constitute a family of
Tyr 36 33 33 42 36 closely related 1sgmh1b1t_o_rs (coded 0. 1? family from the
Phe trace  trace 16 18 1.6 gel electrophoretic mobility of the main component). It

appears, therefore, that the Aml, of Shainkin and Birk
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Fig. 1. Known and inferred relationships among the a-amylase isoinhibitor families from kernel of hexaploid
wheats. (After Deponte et al. [38]).

[30] as well as the inhibitors I and II of Saunders and
Lang [31] could very likely be components of the 0.19
albumin family. Actually this could also be the case of the
wheat water-soluble protein of Fish and Abbot [39] that,
although not tested for amylase inhibitory activity,
showed physico-chemical properties similar to those of
0.19. The possibility that the components of the 0.19
albumin family are simply deamidated forms of the 0.19
albumin (the slowest moving component at alkaline pH)
has been tested [38] by submitting 0.19 to deamidation in
a pH 9.9 Pi buffer. A number of extra bands with greater
mobilities were observed by gel electrophoresis in a
pH 8.5 buffer system, but no new bands were evident at
pH 4.3. Since the components of the 0.19 family had
different mobilities at pH 4.3 as well as at pH 8.5, it was
concluded that the proteins must differ in ways other than
substitution of glutamic or aspartic acid for glutamine or
asparagine in the primary structure.

The 0.19 family is not the unique isoinhibitor family in
wheat flour albumin. Since 1973 Silano and co-workers
[33,40] showed that the albumin fraction with MW
12000 consists of 5 components which have been indivi-
dually isolated and characterized. It was suggested [33]
that these albumins (coded 0.28 family from the gel
electrophoretic mobility of the main component) consti-

tute a family of closely related proteins. This hypothesis
has been recently confirmed by Redman [41, 42] who
has shown the close homology existing among primary
structures of some components of the 0.28 family. As
shown in Table 1 and 2, the 0.28 inhibitor is clearly differ-
ent from 0.19, but very similar to AmI, of Shainkin and
Birk [30]. It appears that if Aml, is not identical to 0.28,
they certainly belong to the same family. Evidence show-
ing that the components of this family are not deamidated
forms of 0.28 have been reported as well [33].

Although a number of amylase inhibitors have already
been isolated from wheat flour, still more inhibitors are to
be characterized. In fact, several amylase inhibitor
components have been described in the albumin fraction
with MW 60000 [36]; a preliminary investigation of this
fraction has shown that as much as 80% of its protein
components undergoes reversible dissociation into sub-
units with MW 12000 [38]. Further investigations,
possibly using purified inhibitors from this albumin pool,
are needed to clarify whether the a-amylase inhibitory
activity belongs to the dissociable protein components.

The scheme shown in Fig, 1 summarizes diagrammati-
cally all the information available on albumin amylase
inhibitors from wheat as well as the known and inferred
relationships among the different inhibitor groups.
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Gliadin inhibitors

The only a-amylase inhibitor of a gliadin nature from
wheat flour has been described by Strumeyer and Fisher
[42] who extracted from commercial wheat gliadin a pro-
tein inhibitor active towards several amylases including
pig pancreatic a-amylase. Molecular-sieve chromato-
graphy gave a MW of 55000 for the inhibitor., Disc-
electrophoresis of the purified inhibitor showed two
major bands corresponding in electrophoretic mobility
to the a-gliadins. Amino acid analysis of the inhibitor
showed an extremely high content of glutamine (30%)
and proline, but a very low lysine (1%). However, Pace
et al. [27] were not able to detect any inhibitory activity
towards human salivary, T. molitor and pig pancreatic
a-amylases in a number of purified gliadin fractions
including several a-, §- and y-gliadins, prepared according
to the method described by Huebner and Rothfus [44],
and the A-gliadin, prepared with the procedure of Kasarda
et al. [45]. The gliadin fractions were inactive even when
tested at concentrations several hundred-fold higher than
those usually employed for albumin inhibitors.

In a previous work Strumeyer [12] extracted from
wheat flour with 70 % ethanol an inhibitor active towards
human salivary a-amylase at concentrations one hundred-
fold lower than those needed to inhibit pig pancreatic
a-amylase. The inhibition behaviour of this preparation
is identical to that of the inhibitor of Kneen ez al. [24],
Aml,, Aml, [30], the 0.19 and 0.28 families [46] and the
inhibitor of O’'Donnel and McGeeney [35].

It appears that further investigations are needed to
establish whether amylase inhibitors of a gliadin nature
are present in wheat flour. It should be pointed out that
the possibility of extracting amylase inhibitors from
commercial preparations of wheat gliadin or, even, of
wheat gluten is not a proof of their gliadin nature. These
preparations, in fact, may even contain 109 or
more of wheat albumins. Similarly, it cannot be considered
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a proof of gliadin nature that amylase inhibitors can be
extracted from wheat flour or other wheat products with
solvents commonly considered typical for wheat gliadins
such as 709 ethanol, dilute acidic solutions and others.
These solvents, in fact, extract wheat albumins as well
[27]. Moreover, since albumin amylase inhibitors display
their action at concentrations as low as 0.01-0.3 pg/ml,
the possible presence of active albumin impurities, hardly
detectable with the usual homogeneity tests, should be
taken into account when isolating gliadin amylase
inhibitors.

Evidence indicating differing responses of human
a-amylases toinhibition by wheat gliadin has been recently
reported by Gertzman [47].

Inhibition specificity

The inhibition specificity of several inhibitors towards
six a-amylases is shown in Table 1. The inhibitor of Kneen
et al. [24] also inhibited several amylases from Strepto-
myces [48] and some insect amylases including those from
Prodenia litura F. [49] and Tribolium castaneum Herbst
[50]. This inhibitor was not active towards barley and
sorghum a-amylases and barley f-amylase [25]. AmI,
and Aml, also inhibited Prodenia litura amylase [30].
Quantitative inhibitory activity of 0.19 and 0.28 towards
a number of x-amylases from different origins is reported
in Table 3.

The inhibitory activity of the albumin fractions
with MWs 60000, 24 000 and 12 000 towards 58 animal
amylases and ‘a number of g-amylases from cereal
species (Triticum monococcum, Triticum durum, Triticum
aestivum, Hordeum vulgare, Zea mais, Secale cereale,
Oryza sativa and Panicum miliaceum) or from immature
and germinated wheat kernels was also tested [46].
On the basis of the effectiveness with which the 3
albumin fractions inhibit their activities, the amylase
preparations tested were divided into susceptible, par-

Table 3. Inhibition of amylases from mammalian, avian, insect and marine species by 0.19 and 0.28 wheat albumins

Amount of inhibitor (ng) that gives 30%,

Species inhibition of 1 amylase unit*
Scientific name Trivial name 0.19 0.28
Homo sapiens man (saliva) 387 No inhibition
Canis familiaris L. dog 495 Not tested
Felis domesticus cat 744 Not tested
Cavia cobaya guinea pig No inhibition No inhibition
Gallus gallus L. chicken 433 No inhibition
Coturnix c. clturnix L. quail 566 Not tested
Meleagris g. gallopavo L. turkey No inhibition Not tested
Passer Italiae Vieill. sparrow No inhibition No inhibition
Calandra oryzae L. rice weevil 86 38
Tenebrio molitor L. yellow mealworm 212 74
Tribolium confusum Duv. confused flour beetle 36 38
Blattella germanica L. german cockroach 386 496
Periplaneta americana L. american cockroach 368 68
Oryzaephilus surinamensis L. sawtoothed grain beetle 14 30
Sepia officinalis L. a variety of cuttlefish 139 88
Cardium tuberculatum L. red nosed cockle 52 120
Cytherea chione L. cock 42 162
Natica hebraea Martyn snail 89 Not tested
Murex trunculus L. murex 101 Not tested
Maja verrusoca M. Edwards a variety of crab 72 Not tested
Octopus vulgaris Lam., a variety of octopus 50 No inhibition

* One Amylase Unit is the amount of enzyme that gives 50%

hydrolysis of the added starch under described experimental condi-

tions [46]. The 0.19 and 0.28 inhibitors were tested at maximum concentration of 1 pg/ml in the incubation mixture.
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tially susceptible and resistant. Susceptible amylases,
inhibited by any of the 3 albumin fractions, were found
mainly in insects that attack wheat and in marine species.
Partially susceptible amylases, inhibited by only one or
two of the 3 albumin fractions, were present in a few avian
and mammalian species including man. Resistant amy-
lases were largely distributed in cereal, avian, and
mammalian species as well as in insect species that do not
usually attack wheat grain or wheat flour products. At no
stage of development was wheat a-amylase inhibited. The
albumin fraction with MW 12000 was the most effective
in inhibiting insect amylases, but it was inactive towards
avian and mammalian amylases. The albumin fraction
with MW 24000 was the most effective in inhibiting
amylases from marine, avian, and mammalian species.
Although valid interspecies comparisons of amylases
are difficult because amylase activity and action pattern
are easily affected by experimental condition, it appears
that only certain amylases have groupings which can
combine with the amylase protein inhibitors from the
wheat kernel. This suggests that the inhibitors do not act
by competing with starch for the active site of the enzyme;
in this case we would expect all the amylases to be affected.

Features essential for activity

Although the effect of a number of chemical and
physical treatments on albumin inhibitors has been
studied, little is known on the inhibitor structural
features essential for their activity. Inactivation of the
inhibitor of Kneen et al. [24] by a number of oxidizing
and reducing agents has been reported [28]. Both AmI,
and Aml, were inactivated [30] by digestion with pepsm
and pronase, but were not affected by carboxypeptidase
A and B or by 0.02M HCL Aml, lost its activity when
submitted to digestion with trypsin and chymotrypsin,
whereas Aml, was poorly affected by these enzymes. Both
inhibitors were inactivated upon reduction with mer-
captoethanol, and did not lose activity after treatment in
6.4 M urea. Esterification with methanol-HCl or carboxy-
methylation at different pH values caused a stronger
impairment of the inhibitory activity of Aml, towards
human salivary amylase than towards T. molitor amylase.
Cyanogen bromide treatment, at controlled concentra-
tions, removed all the activity of Aml, towards the sali-
vary amylase, but had little effect on the activity of Aml,
or Aml, towards T. molitor amylase. The inhibition by
0.19 of the mammalian amylase, but not that of the insect
amylase, was adversely affected by treatment with CNBr
(1:100 ratio of methionine residues to CNBr), thus
confirming the results obtained with AmlI, by Shainkin
and Birk [30]. While these authors suggested that the
polypeptide chain of Aml, ‘consisted of Aml, plus an
additional peptide segment, Silano et al. [33] proposed
that Aml,, like 0.19, contained two subunits, one of which
was Aml, or another member of the 0.28 family. This
hypothes:s implies that the components of the 0.19 family
(which are all two subunits proteins), and possibly the
albumin inhibitors with higher MWs, actually contain
some of the components of the 0.28 family. Fingerprinting
and sequencing studies of the subunits of the high MW
albumin inhibitors are needed to verify this hypothesis.
At the moment, it should be remembered that the amino
acid compositions of the components of the 0.28 and
0.19 families, although not identical, are very similar.

As shown by circular dichroism measurements in the
far UV, the 0.19 inhibitor is a protein with about 50%;, of
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ordered structure [34]. Significant and largely reversible
changes have been observed in the aromatic CD spec-
trum of 0.19 at alkaline pH values or in the presence of
sodium dodecyl sulphate. These changes, which were
associated with only a partial loss of inhibitory activity,
indicate that ionizable tyrosine groups contribute
significantly to the ellipticity bands of 0.19 in the near
UYV. Incubation for 1 hr at room temperature of a 12 pM
solution of 0.19 at alkaline pH values (up to 11.7) or at
acidic pH values (down to 3.0) did not affect the inhibitory
activity of 0.19 towards both human salivary and T.
molitor a-amylases. The 0.19 inhibitor activity was
resistant to trypsin and thermal treatments, but it was
completely destroyed by incubation with pepsin or by
reduction of disulphide bonds. Incubation of the 0.19
inhibitor in 19 sodium dodecyl sulphate and removal of
the dissociating agent caused only a minor loss of activity.

Inhibition reaction

Kneen and Sandstedt [24, 25] first claimed the reversi-
bility of the inhibition of human salivary a-amylase by
wheat protein inhibitor. After addition of ethanol up to
a 70% concentration to a mixture of amylase and in-
hibitor, the amylase was precipitated and the inhibitor
remained in solution. When the precipitated enzyme was
redissolved and tested again with the inhibitor, it appeared
that the alcohol precipitation had not destroyed the
sensitivity of the amylase to the inhibitor. Kinetic evi-
dences for the reversibility of the inhibition of chick
pancreas a-amylase by several albumin inhibitors (I, II,
and 0.19) and of T. molitor amylase by 0.19 were reported
by Saunders and Lang [31] and Buonocore et al. [51],
respectively. Moreover, the activity of human salivary
and chick pancreatic a-amylases inhibited by 0.19 was
largely restored by addition of maltose. Further evidence
for the reversibility of a-amylase inhibition by wheat
albumins came from the affinity chromatography studies
by Buonocore et al. [52]. These authors showed that a
number of a-amylases from different origins (human
saliva, chick pancreas, octopus digestive gland and
T. molitor larvae) are effectively retained by a Sepharose-
coupled inhibitor column and that such a binding is
reversed by maltose or gelatinized starch. Incidentally,
Buonocore et al. [52] described their method as suitable
for purification of any amylase interacting with the albu-
min inhibitors from wheat. Similar results were also re-
ported by Huper and Rauenbusch [53].

The influence of several parameters (time, order of
addition of reactants, temperature, ionic strength) on
the inhibition reaction has been studied. For the 0.19-
T. molitor amylase system [51] maximal inhibition was
obtained after 10 min preincubation at pH 5.0 and 37°,
and for the 0.19—chicken pancreatic amylase system [31]
after 30 min preincubation at pH 5.8 and 30°. Maximal
activities of the inhibitor purified by O’'Donnel and Mc-
Geeney with human salivary and human pancreatic
a-amylases were observed after a 30 min preincubation at
pH in the range 6.4-8.0 and 5.8-7.0, respectively [35]
Several authors [28, 30, 34, 35] have stressed the im-
portance of the sequence of addition of reactants (in-
hibitor, enzyme, starch) for the extent of the inhibition.
In some cases [30, 35] such an importance has been
attributed to the tendency of the inhibitor to bind with
polysaccharides. However, it is not entirely clear whether
a significant binding of the inhibitor with starch actually
occurs under the conditions of the inhibition assay; it
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is possible that the effects observed are rather due to the
fact that the inhibition reaction is much slower than
starch hydrolysis. )

The inhibition kinetics of a number of inhibitor—
amylase systems have been studied with classical methods.
In all the cases (salivary amylas¢—Kneen’s inhibitor [29],
chicken pancreatic amylase-0:19, or —inhibitor I, or
~inhibitor II [31], and T. molitor amylase-0.19 [51]) a
typical uncompetitive inhibition has been observed.
These data, however, are poorly informative in terms of
reaction mechanisms, because under the experimental
conditions chosen the inhibitor concentration was not
far in excess in comparison to the enzyme concentration,
as it is generally assumed in the classical kinetic treat-
ments of enzyme inhibition. Moreover, the concentration
of wheat albumin inhibitors might also be significantly
reduced during kinetic treatments in view of the reported
affinity of these inhibitors for starch [30, 35].

The kinetic data available and the impossibility of
obtaining 100 % inhibition of the enzyme at any inhibitor
concentration tested are consistent with an active enzyme-—
inhibitor complex. The formation of a T. molitor-0.19
complex was shown by polyacrylamide gel electrophore-
sis and the complex was isolated by filtering an enzyme—
inhibitor mixture through a Sephadex G-100 column
[51]. Preliminary characterization studies of the com-
plex indicated a 1:1 molar stoichiometric combination
ratio [51]. Among several highly purified a-amylases
studied, T. molitor amylase was the only inhibited by both
0.19 and 0.28. The inhibitory activities of these two
albumins were additive thus suggesting independent
binding sites of the two albumins with the insect amylase.
Further support to this standpoint came from the ob-
servation that maltose interferred less effectively with the
binding of 0.28 to the amylase than with the binding of
0.19.

Nutritional significance

Applebaum [54] showed that the addition of a crude
protein extract from wheat bran to a synthetic diet ad-
versely affected development and greatly increased
mortality of T molitor larvae. This author attributed such
effects to the in vivo inhibition of the insect amylase by
wheat protein inhibitors. Since these effects were not
observed when wheat S-amylase (which is not inhibited
by the inhibitors) was present in the diet, it was concluded
that wheat B-amylase actually acts in the larval intestine
and substitutes for the insect intestinal amylase. It
should be considered that wheat a-amylase inhibitors
and wheat f-amylase might have been stabilized in the
larval intestine by the inhibitors of trypsin and of insect
protease which are well known in the wheat kernel
[36, 55-60]. The hypothesis that albumin inhibitors
naturally occurring in wheat might provide a measure of
insect resistance is also supported by the results of Silano
et al. [46] who found that most of the insects that attack
wheat grain and flour seem to have very high amylase
activities and amylases inhibited by wheat albumins,
whereas insect species that do not normally feed on wheat
had relatively low amylase activities and amylases
resistant to inhibition by wheat albumins.

The effect of a-amylase inhibitors during rat feeding
has been studied to some extent by Lang et al. [61] Rats
were kept on a caloric-deficient starch-free diet. Addition
of starch to this basal diet caused an increase in daily
weight gain, and measurement of fecal carbohydrate
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content indicated 1009 availability of the starch. Inclu-
sion into the starch-enriched diet of wheat o-amylase
inhibitors (2, 4 and 8% of the diet) caused a largé de-
crease in starch availability. When the inhibitors were
inactivated by autoclaving, starch availability was more
similar to that of the control. When sucrose replaced
starch in the diet, there was no change in fecal carbo-
hydrate content or in daily weight gain in the presence
of the inhibitors. Consequently it was concluded that
the biological activity of the inhibitors was due to their
ability to interfere with starch metabolism.

Puls and Keup [62] have studied the influence of an
amylase inhibitor preparation from wheat on blood glu-
cose and insulin levels in human volunteers, rats and
dogs. They showed that hyperglycaemia and hyper-
insulinaemia resulting from raw starch loading could be
reduced dose-dependently by addition of the inhibitor
to the starch load. As similar effects were observed in
diabetic and obese patients, these authors suggested
that amylase inhibitors from wheat could possibly be
deliberately employed as therapeutic agents to reduce
postprandial hyperglycaemia and hyperinsulinaemia in
patients suffering from diabetes mellitus, obesity, hyper-
lipoproteinaemia and related diseases. However, when
cooked starch was given instead of raw starch, thesmooth-
ing effect on hyperglycaemia was markedly reduced and
much higher doses of the inhibitors were necessary to
obtain comparable effects. The suggestion was made that
this effect is due to the higher affinity of amylase for
gelatinized starch as compared to raw starch and it was
suggested that an inhibitor with greater affinity for
a-amylase might be more advantageous for therapeutic
use.

The effects induced in chickens by continuous intake of
a starch-rich diet added with a purified albumin prepara-
tion from wheat flour were studied by Macri et al. [63].
Albumin amylase inhibitors were extracted from wheat
flour, precipitated with ammonium sulphate, and en-
closed into cellulose-coated microgranules resistant to
the peptic action in the chicken gizzard. Continuous
intake of gastro-resistant wheat albumins since 1 day
of age, at 0.4% level of the diet, significantly depressed
chicken growth rate, whereas native wheat albumins,
at 0.8 % level of the diet, did not show such an effect. After
4 weeks of treatment, treated chickens showed a growth
rate identical to that of control chickens thus showing that
an adaptation to the presence of wheat albumins in the
diet had occurred. Treated chickens also showed pan-
creas hypertrophy and a number of histological changes
at the pancreas level indicating that degenerative pheno-
mena were in progress. Moreover, the production of
pancreatic amylase of treated chickens was markedly
increased. In relation to possible therapeutic uses of
wheat albumin inhibitors, the changes observed at the
pancreas level as well as the chicken adaptation to the
continuous intake of wheat albumins cast doubt upon
the desirability of using oral administration of amylase
inhibitors to control postprandial hyperglycaemia in
man. In any case these data show that gastro-resistant
preparations can be successfully used to increase in vivo
effectiveness of wheat amylase inhibitors.

All these data show that, in spite of their sensitivity
to pepsin [24, 30], protein a-amylase inhibitors from
wheat, when supplied in large amounts [61, 62], can
overcome gastric digestion in man and other mammals.
The percentage of the amylase inhibitors ingested which
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Table 4. a-Amylase inhibitors from Triticum and Aegilops genera

Activity towards .
. Human salivary T. molitor Triticum and Aegilops species in which the inhibitor
MW of inhibitor fraction a-amylase a-amylase fraction has been found
12000 - + T. aestivum, T. timopheevi, T. turgidum, Ae. longissima,
Ae. bicornis, Ae. umbellulata, Ae. caudata, Ae. squarrosa.
12000 + o+ Ae. speltoides.
T. aestivum, T. timopheevi, T. turgidum, T. urartu, Ae.
24000 + + longissima. Ae. bicornis, Ae. mutica, Ae. caudata, Ae.
squarrosa.
44000 + + Ae. speltoides.
60000 + + T. aestivum, T. timopheevi, T. turgidum, Ae. longissima, Ae.

umbellulata, Ae. caudata.

is not destroyed by gastric digestion presumably depends
upon the composition of the diet, the amount of food
ingested and the physiology of the individuals. Therefore,
it is not easy to establish whether the true caloric value
of a-amylase inhibitor-containing foodstuffs will be
lower than that expected on the basis of their starch
content. Protein a-amylase inhibitors may represent as
much as 19 of wheat flour [36, 38] and, because of their
thermostability, they persist through bread baking being
found in large amounts in the center of loaves [25, 64]. A
number of wheat-based human breakfast cereals contain
a-amylase inhibitory activity [17], and this might also
be the case for other wheat foods such as paste products,
cakes and others.

Therefore, in view of their possible action in vivo,
when maximal nutritional value of the foodstuff is
required, the presence of amylase inhibitors in foodstuffs
is to be considered undesirable and special attention has
to be required to ensure their destruction during food
processing. In particular, the opportunity to prevent the
presence of active amylase inhibitors in the diet of in-
fants and patients affected by impaired proteolysis
should be accurately considered.

Strumeyer [12] has recently suggested that amylase
inhibitors may be responsible for the sensitivity to wheat
flour in coeliac disease (gluten-induced enteropathy).
Individuals with this disorder exhibit a generalized
malabsorption including impaired ability to metabolize
starch and absorb fats [65]. The nutrients are excreted
and the patients suffer from vitamin deficiency and
malnutrition. The role of a-gliadin as a toxic factor in the
pathogenesis of coeliac disease was first suggested by
Hekkens et al. [66, 67] and confirmed by Kendall
et al. [68]. Strumeyer and Fisher [69] claimed that a
gliadin fraction chemically and electrophoretically identi-
cal to the toxic factor isolated by Hekkens et al. [66, 67]
is an effective pancreatic a-amylase inhibitor. These
authors speculated [12, 42] that pancreatic amylase
deficiency might be the primary lesion in coeliac disease
and that the toxic role of a-gliadin might depend upon
its activity towards a-amylase. The Strumeyer’s hy-
pothesis on the etiology of coeliac disease is not in agree-
ment with the generally accepted view that malabsorp-
tion of the starch and the other nutrients is not the pri-
mary lesion in coeliac disease, but rather the consequence
of the subtotal mucosal atrophy which is a typical
symptom of this disorder [65]. Moreover, as already

mentioned elsewhere in this paper, the amylase inhibitory
activity of «-gliadin has been questioned [27] and
preliminary experiments by Auricchio et al. [70] sug-
gested that wheat albumins containing very active
inhibitors of mammalian amylases cause no reaction in
coeliac disease.

Phylogenesis

Protein inhibitors extracted with water from seeds
of a number of Triticum and genetically related Aegilops
species were characterized according to their apparent
MWs, electrophoretic mobilities and specificities in
inhibiting a-amylases from human saliva and T. molitor
larvae [37, 71]. Several amylase inhibitor fractions with
different MWs were found in the seven Aegilops species
tested (Table 4). But Triticum urartu which contained
only one inhibitor fraction (MW 24000) active towards
both the mammalian and insect amylases, no detectable
amylase inhibitory activity was found in the extracts
obtained from the diploid wheats tested (Table 4). The
presence of the inhibitor fraction with MW 24000 in
T. urartu was attributed [ 71] to some transfer of amylase
inhibitor-coding genes from diploid Aegilops species to
diploid Triticum species. The correspondence of the MWs
of the inhibitor fractions obtained from different diploid
Aegilops species suggests that these fractions all derive
from common ancestral genes. Further investigations
are needed to show whether, in agreement to that ob-
served in T. aestivum [38], also in the Aegilops species
the inhibitor fractions with higher MW’s are composed
of subunits with MW 12000. If this is the case, the
appearance or disappearance of an inhibitor peak might
even be the result of any mutation capable of affecting
polymerization properties of the basic peptide units of
the amylase inhibitors. Therefore, in the most simple
hypothesis, the five inhibitor types of Table 4 might
derive from a very limited number of ancestral genes
coding for peptide units with MW 12000 and the distri-
bution of the inhibitor fractions in diploid Aegilops
species might indicate a duplication of these ancestral
genes followed by divergence of duplicated genes
through mutation.

Tetraploid Triticum species (turgidum and timopheevi)
exhibited amylase inhibitor patterns of equal or higher
complexity than diploid Aegilops and Triticum species,
suggesting that different Aegilops diploid species could
have contributed inhibitor-coding genes to tetraploid
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wheats. Vittozzi and Silano [71] suggested that such a
mixed contribution might have occurred through re-
peated hybridizations ameng different Triticum x Aegi-
lops amphiploids, in agreement with the hypothesis of
the polyphiletic origin of polyploid wheats [72]. Both
from qualitative and quantitative standpoints, amylase
protein inhibitors from Triticum aestivum were the sum-
mation of those from T. turgidum plus the ones from
Aegilops squarrosa. These results indicated a significant
homology between the amylase inhibitor-coding genes
of the wheat D genome and those of the Aegilops D
genome and confirmed that Ae. squarrosa is the donor
of the D genome to T aestivum [37].

Coding genes

The location of genes controlling the synthesis of
7 wheat albumin fractions including 0.19 and, presumably,
other components of the 0.19 family has been investigated
by Cubadda [73]. Albumin fractions were extracted
from the kernel of a number of nulli-tetrasomic lines of
Chinese Spring with 0.13 M magnesium sulphate, pre-
cipitated with ammonium sulphate between 0.8 and
1.2 M, and analyzed by polyacrylamide gel electropho-
resis [73]. Only one albumin fraction is controlled by
chromosome 3A, two are coded by chromosome 3B
and the remaining 4 fractions including 0.19 hy chromo-
some 3D. Genes coding for 5 albumin components,
extracted with 709 ethanol from flour and separated
by combined electrofocusing and electrophoresis, were
studied by Aragoncillo et al. [74]. Coding gene for one
of these components (named component 5 and probably
corresponding to 0.19) was located in chromosome arm
3Dp and coding genes for the other 4 components were
in 3BS. In conclusion, although Bozzini et al. [75] as-
signed 0.19 to chromosome 4D, it seems likely that albu-
mins are mainly controlled by homologous chromosome
groups 3, whereas genes coding for gliadins are located
in homologous chromosome groups 1 and 6 [76].
These findings are in agreement with the presence of
0.19 in Aegilops squarrosa [37] and with the absence of
this albumin inhibitor in durum wheats which have a
tetraploid character and lack the D genome. Incidentally,
because of such a property, 0.19 has been used as a marker
for the presence of bread (hexaploid) wheat in durum
(tetraploid) wheat food products [77, 78].

V. Buonocorg, T. PETrRuUcCI and V. SiLANO

Role in the kernel

The heterogeneity pattern of albumin «-amylase
inhibitors from wheat kernel is typical of storage proteins
whose biological role essentially is that of being broken
down to peptides and amino acids upon germination of
the seed to provide a source of nitrogen for the proteins
being synthesized by the developing embryo [79, 80].
Such a tendency towards multiplicity is usually considered
the expression of a high tolerance for mutations deriving
from a not crucial relationship between structure and
function, It might also be due to the allopolyploid
character of many wheats and perhaps to the triploid
nature of the endosperm in angiosperms.

Albumin inhibitors are located in the endosperm and
appear to be closely associated with starch [18, 24-27].
Accordingly to Barlow et al. [81] and Simmonds et al.
[82] albumins strongly adhere to starch granules in the
endosperm and make a significant contribution to endo-
sperm hardness playing the role of cementing substances
between starch granules and storage proteins (mainly
gliadins) Although wheat albumins surrounding starch
granules in the seed have not been tested for a-amylase
inhibitory activity, they exhibited electrophoretic mobili-
ties and differential staining with aniline blue black [83]
identical to albumin amylase inhibitors. Moreover some
purified inhibitors showed a tendency to associate with
polysaccharides [30, 35]. The speculation can be made
that, although inactive towards wheat a-amylase in vitro,
albumin amylase inhibitors affect, during maturation of
the kernel, starch digestion by preventing the access of
amylase to starch granules. As the area surrounding
starch granules, that is filled of albumins and other
water-soluble substances, is capable of rapid swelling on
hydration [81], it seems confirmed the hypothesis of
Wall [84] that during germination wheat albumins might
serve as hydrocols in promoting water absorption. Thus,
upon germination, hydrated albumins get detached from
starch granules which become available to a-amylase. In
the meantime, hydrated albumins are broken down by
proteases, behaving as an easily digestible protein pool
useful for the earliest development of the embryonic
plant.

Although not essential for plant survival, albumin
amylase inhibitors, mostly acquired by polyploid wheats
through hybridization of diploid Triticum and Aegilops

Table 5. Essential amino acid compositions (g/16g of N) of different food proteins

Wheat kernel
Amino acid Egg Milk Meat
Total Albumin Globulin Gliadin Glutenin
Lys 7.2 8.7 10.1 26 4.3 7.7 0.7 2.5
His 24 26 34 21 2.7 26 2.1 19
Arg 6.5 42 6.9 43 64 9.2 3.0 44
Thr 53 4.7 5.1 29 39 44 2.6 33
%Cys 2.7 1.0 1.3 23 34 37 23 1.7
Val 8.8 7.0 7.0 4.0 5.9 54 35 32
Met 38 3.2 2.6 1.8 2.2 1.6 19 1.6
Ile 5.7 1.5 54 4.2 3.7 34 4.0 38
Leu 8.8 11.0 8.1 6.8 74 73 6.8 7.2
Tyr 29 — — 33 4.0 36 32 4.0
Phe 5.7 44 44 5.0 4.0 36 57 4.6
Trp 1.3 1.5 1.1 1.3 1.6 - 0.9 1.8
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species [ 71], might be considered as one of the advantages
acquired by wheat through its evolution. Albumin
inhibitors, in fact, might have given a measure of insect
resistance to polyploid wheats and, therefore, contributed
to their natural selection.

Wheat improvement through breeding

Although for a long time it has been believed that
wheat endosperm albumins were mainly enzymes [85], it
is now well established that the bulk of wheat albumins
consists of a few amylase isoinhibitors families very
likely phylogenetically related and coded by a small
number of parental genes. Therefore, selection through
breeding of wheat varieties with higher contents of albu-
mins appears to be the most rational approach to
nutritional improvement of wheat. For such a breeding
strategy, it can be very helpful, as a screening test, to use
the amylase inhibition assay that is rapid and easy to
perform even on a half seed. The selection of wheats with
higher albumin contents is very desirable as the nutritional
inadequancy of wheat mainly depends upon the low
content of lysine-rich proteins. In fact, storage proteins
(gliadins and glutenins) which make up as much as 80%
of total protein of the kernel are very poor in lysine,
whereas albumins and globulins which have well balanced
amino acid compositions similar to those of milk, meat
and egg proteins (Table 5) only account for the remaining
20%. When evaluating lysine content of storage proteins,
it should be taken into account that the level of lysine in
whole gliadin shown in Table 5 is probably increased by
the presence of some albumin and globulin contaminants
[86]; similarly the lysine content of glutenins is probably
increased by the presence of membrane proteins [87].
We fully agree with Kasarda et al. [87] that the low levels
of lysine in storage proteins make it unlikely that a
substantial improvement in the lysine of wheat can be
achieved by genetic manipulation of these components.
Moreover, in our opinion, it is definitively questionable
that wheat varieties with high-lysine storage proteins
might have desirable technological (dough and baking)
properties. In fact, the insertion of a high number of lysine
residues in the primary structures of gliadins and glute-
nins would probably affect conformations of these pro-
teins and, as a consequence, interfere with the highly
specific cooperative aggregation phenomena on which
dough development is based. In conclusion, it seems more
sensible to focus breeding efforts on the selection of
wheat varieties with increased levels of albumins (and
possibly globulins) at the expense of storage proteins.
Such a standpoint is also supported by the results ob-
tained up to now with selected varieties of other cereal
species whose high-lysine character has been related to a
higher amount of water-soluble proteins. Finally, it
should be considered that wheat varieties with higher
contents of albumin amylase inhibitors might also offer
a higher resistance to insects. It has to be stressed once
more that, in view of the possible action of amylase in-
hibitors in vivo, amylase inhibitory activity should be
destroyed during processing of foods obtained with
wheat varieties containing high albumin amounts.
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